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ABSTRACT OF DISSERTATION

BOTTOM-UP LIGNOMICS: TOWARDS THE DEVELOPMENT OF ADDUCT
ELECTROSPRAY IONIZATION MASS SPECTROMETRIC METHODS TO
CHARACTERIZE AND SEQUENCE LIGNIN OLIGOMERS
Lignin, the second most abundant naturally occurring polymer found in plant cell
wall has the potential of becoming an alternative source for the production of chemical
synthons for the pharmaceuticals and other chemical industries. While much gain has
been made towards the development of degradation methods to break down lignin,
effective analytical methods are still required to rapidly and accurately identify the
products of lignin breakdown experiments. The goal of this work was to develop mass
spectrometric methods for the characterization of lignin oligomers based on the study of
model lignin compounds.
Unlike peptides and oligosaccharides, lignin model compounds that could serve
as analytical standards for methods developments are not commercially available, and
hence, the first project of this dissertation focused on the synthesis of lignin model
compounds containing the b-O-4 bond. The priority was to synthesize compounds
containing all important functionalities that reflect the structure of native lignin. By
employing the known Aldol reaction, lignin oligomers containing the b-O-4 were
synthesized. The synthesized b-O-4 lignin oligomers contained the characteristic
functional groups of native b-O-4 lignin, that is, the phenolic functionality, the aryl
glycerol b-O-4 aryl ether bond and the unsaturated side chain.
The second project was aimed at developing alternative ionization methods for
the characterization of lignin in the negative ion mode mass spectrometry. A chloride
adduct ionization method was developed and used for characterizing and sequencing
lignin oligomers. This method proved to be very useful in stabilizing the adduct ion in the
full scan spectrum mode and also providing useful structural information upon tandem
mass spectrometry.
In the third project, a cationization technique was developed to unambiguously
assign the sequence in which b-O-4 lignin oligomers are connected. A simple and easy to
use sequencing chart was designed and could serve as a guide for predicting the sequence
of larger lignin oligomers. This method offers an alternative approach for the
characterization of lignin oligomers in the positive ion mode mass spectrometry.

The fourth project focused on the ionization response of a new class of b-O-4
lignin compounds. b-O-4 compounds having the same skeletal backbone but different
non-polar groups at the a-position were synthesized, and their ESI response studied.
Results from this study show that a slight change in the structure of a b-O-4 lignin model
compound can change the cationization response to several order of magnitude. Most
importantly, this work for the first time has shown a direct correlation between lignin
ionization response and lignin structure.
The fifth project was aimed at studying the chromatographic behavior of the
diastereomer pair in b-O-4 lignin model compounds. Using three commercially available
HPLC columns, the chromatographic behavior and factors that affect the separation of
the diastereomer pair of the b-O-4 lignin diastereomer on an HPLC column were studied.
By performing tandem mass spectrometry on each of the diastereomers, a fragmentation
mechanism was developed that could be used to unambiguous assign the configuration
(erythro or threo) for the pair of diastereomer in a b-O-4 model.
The results presented in this dissertation adds significant knowledge to the lignin
mass spectrometry literature, and it offers new ionization techniques for the
characterization of lignin oligomers, most importantly, an alternative approach for lignin
analysis using adduct ionization mass spectrometry. The developed methods could easily
be extended for the characterization of larger lignin oligomers.
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Chapter 1
Introduction
1.1 Background
Worldwide demand for renewable energy sources has increased while petroleumbased energy is consumed quickly. The world renewable energy network (2011) reported
that ~ 78% of the world's energy is derived from fossil fuel (natural gas, crude oil, and),
while 19% is derived from renewable sources (wind, solar, biomass, hydrothermal).1-3
The U.S. Energy Information Administration reported that domestic energy production
was equal to 90% of US energy consumption in 2017. As shown in figure 1.1, petroleum
sources accounted for the majority (37%) of the total energy production in 2017, while
natural gas and coal accounted for 29% and 14% respectively. Even though the
percentage of renewable energy was relatively low (11%), it was higher than nuclear
electric power, which stood at 9%. Biomass accounted for about 45% of the total
renewable energy production.4 While there has been a growing increase in energy
production from biomass, the percentage of energy production from renewable sources is
still relatively low. Moreover, essential precursor compounds needed for the production
of useful industrial chemicals and polymers are currently produced from fossil sources.
Energy from fossil fuel is non-renewable and also threatens the safety of our planet by
the emission of harmful gases that courses global warming and degradation and hence
there is a need for a cleaner renewable energy source. Alternative sources of energy
include nuclear, solar, wind, and hydroelectric.5-7 Even though these alternative energy
sources may be classified as renewable energy sources, they cannot produce carboncontaining compounds (aromatic compounds) that are needed in the pharmaceutical and
other industries. Research into the development of sustainable sources of renewable
1

carbon feedstock that will be environmentally friendly and reduce the release of carbon
dioxide into the environment has gained popularity with much focus on biomass. The
production of biomass via the ecologically friendly biological photosynthesis using
atmospheric CO2, water, and sunlight makes it a viable renewable source of carbon
synthons that could replace fossil fuel.7-9 It has been reported that the world annually
generates approximately 80-164 billion tons of dry matter.10 For example, nearly 370
million tons of biomass could be obtained from the forest, and an additional 1 billion tons
could be derived from agricultural lands in the united states.11 Finding a way of
converting these huge dry matter waste into useful end products will significantly reduce
the impact of adverse environmental degradation caused by fossil fuel; additionally,
millions of dollars would be saved on waste disposal.
Governments around the world have bought into the idea of finding a sustainable
and environmentally friendly way of producing energy and chemical feedstocks. For
example, the U.S. Department of Agriculture and the Department of Energy has set a
target aimed at producing 20% of transportation fuels and 25% of chemical feedstock
from biomass by 2030. Similarly, the ministry of economic affairs in the Netherlands has
set the target of producing 30% of transportation fuels and 20-45% of chemical feedstock
from biomass by 2043.12 The European Union recently developed a plan aimed at
providing 20% of total energy consumption from renewable sources.12,13 The importance
of next-generation biomass cannot be overemphasized.
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Figure 1. 1 The U.S energy production by source in 2017.4

3

Solar
6%

Hydroelectric
25%

Wind
21%

Geothermal
2%

Biomass
46%

Figure 1. 2 Sources of renewable energy produced in 2017.4
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1.2 Lignocellulosic Biomass
Lignocellulosic biomass primarily consists of cellulose, hemicellulose, and lignin
(figure 1.3).12,14 These three polymers are arranged in non-uniform three-dimensional
complex structures to a varying degree of complexity based on the type of lignocellulosic
biomass. Due to the non-uniform and complex nature of lignocellulosic biomass, it
remains recalcitrant and resistant to several degradation experiments. A pre-treatment is
always required to separate lignin and hemicellulose from the "precious'' cellulose. In the
pretreatment step, a biological or chemical action is employed to increase the porosity of
the biomass and the subsequent degradation and separation of the three individual
components. The isolated cellulose can be subjected to hydrolysis to produce monomer
sugars which are subsequently fermented to give ethanol.14-15
Of all the three components of lignocellulosic biomass, cellulose is the most
abundant. It is made up of a linear polysaccharide polymer that consists of D-glucose
units which are connected by a β-(1,4) glycosidic linkage and typically exists in plant
microfibrils. The primary bonding in cellulose is hydrogen bonding, which causes strong
intramolecular forces. Hemicellulose is a heteropolymer made up of different monomer
units such as xylose, glucose, mannose, arabinose, etc. Unlike cellulose, which has a
robust crystalline structure that is resistant to hydrolysis, hemicellulose has an amorphous
structure which is readily hydrolyzed by an acid or base. Hemicellulose does not form
microfibrils; it, however, forms cross-linking hydrogen bonding with lignin and cellulose.
Lignin is a phenolic, heavily cross-linked heteropolymer consisting of a racemic mixture
of three hydroxycinnamic alcohol monomer units (coumaryl, coniferyl, and sinapyl
alcohols). The high degree cross-linking in lignin makes it more thermally stable and
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provides elasticity, mechanical strength, and backbone support for hardwood.15-17 The
composition of cellulose, hemicellulose, and lignin in biomass differ significantly
depending on the type of biomass. Dry softwood contains about 40-50% cellulose, 2535% hemicellulose, and 16-33% lignin. Cotton, on the other hand, contains about 90-95%
cellulose. Another biomass residue such as corn stover contains 33-35% cellulose, 2124% hemicellulose, and 12- 22% lignin. Herbaceous plants contain more cellulose with
switchgrass having a cellulose content of 38-40% and a lignin content between 1519%.12.15
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Cellulose

Hemicellulose

Figure 1. 3 Simplified structure of lignocellulosic biomass.
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1.3 Lignin
Lignin is the second most abundant polymer present in the plant cell wall and has the
potential of becoming the world's alternative source for the production of biofuels and
biomass-based chemical synthons.18-23 Lignin has a three-dimensional amorphous
structure made up of a non-repeating unit of methoxylated phenyl propane components.
In-plant cell walls, lignin serves as a gatekeeper to cellulose and forms a heavy cross-link
with carbohydrates. Lignin provides strength, rigidity, and mechanical support to plants
and protects the plant from physical environmental conditions.24-28 Figure 1.4 shows a
simplified schematic diagram of the structure of lignin. The common functional groups
found in lignin include the phenolic functionality, the aliphatic group, hydroxyl, benzyl
alcohol, and noncyclic benzyl ether. Even though the exact structure "native structure" of
lignin is a subject of discussion, several degradation and characterization experiments
such as UV visible and infrared spectroscopies, oxidation/reduction experiments,
ozonolysis reaction, photochemical reactions, nuclear magnetic resonance experiment,
computational studies, etc. have provided insight into the structure and bonding motives
that make up lignin.12,29
Lignin is produced in plants plant via radical oxidative coupling of three
monolignols units; p-hydroxycinnamic alcohol, coniferyl alcohol, and sinapyl alcohol.
Figure 1.5 below shows the three monolignol building blocks of lignin polymers. The
three monomeric units differ with respect to the number of methoxy groups on the ring
ortho to the hydroxyl group. Sinapyl alcohol has two methoxy groups ortho to the
hydroxyl group while coniferyl and p-coumaryl have one and no methoxy groups,
respectively.30,31
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The production of lignin in the plant has been reported to proceed via three major
steps. As shown in figure 1.6, the first step is the production of monolignols in the
symplast through the shikimate and phenylpropanoid pathway.32 The second step
involves the transfer of the synthesized monolignol to the apoplast, in step three, the
monolignols in the apoplast are activated into monolignol radicals by enzymes such as
peroxidases (POX), laccases (LAC), or other polyphenol oxidases. The activated
monolignol radicals subsequently polymerize in a stepwise polymerization mechanism to
form complex lignin polymers. Three different models have been used to explain the
mechanism by which the three monolignol building blocks are transported across the
plasma membrane to the apoplast. The first proposed model involves the use of Golgi
bodies derived from vesicles. The other two models are passive diffusion and the use of
active transporters. The generated free radicals in the apoplast undergo random
polymerization to produce the lignin polymer.32 The coupling is done through any of the
resonance-stabilized structures (figure 1.7). An unpaired electron on one resonance
structure attacks another unpaired electron on a different monomer to form a dimer.
Chain growth occurs by the addition of subsequent monomer units in a mechanism called
"end-wise" polymerization.29,32 The completely random nature of the polymerization
leads to the formation of complex non-repeating units of lignin polymers. The type of
linkages formed depends on the resonance structure doing the coupling. For example, a
coupling involving two resonance structure with the radical located on the b-C of the side
chain will produce a b-b linkage, while coupling between two resonance structures
having a radical located on the b side chain and the 5-position of the aromatic ring will
produce a b-5 (figure 1.8).
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Figure 1.9 shows the most common linkage types found in lignin. Softwoods and
hardwoods have been reported to have a different composition of the common linkages.
Table 1.1 reports the composition of the common linkages in softwood and hardwood.33
The b-O-4 aryl ether is the most abundant linkage, and it accounts for about 60% of all
linkage types in hardwood and about 46% in softwood. The a-O-4 accounts for about 68% of all linkages type in both softwood and hardwood. The b-5 linkage accounts for
about 6% in hardwood and about 9-12% in softwood. Other linkages such as the b-1 and
b-b linkages account for about 7% and 2% in both hardwood and softwood
respectively.33-37
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Table 1. 1 Percent of the common linkages found in softwood and hardwood

Linkage type

Softwood (%)

Hardwood (%)

b-O-4

46

60

a-O-4

6-8

6-8

4-O-5

3.5-4

6.5

b-5

9-12

6

5-5

9.5-11

4.5

b-1

7

7

b-b

2

3

Others

13

5
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1.4 Mass Spectrometry as a Tool in Lignin Analysis
The development of soft ionization techniques for mass spectrometry has enabled
the use of mass spectrometry for the analysis of larger molecules such as polymers and
proteins.38-40 The application of mass spectrometry using soft ionization techniques for
the structural elucidation of lignin has increased.41-49 The three most common soft
ionization techniques are electrospray ionization (ESI), atmospheric pressure chemical
ionization (APCI), and atmospheric pressure photoionization (APPI). ESI is selective and
preferred when an analyte contains a basic or acidic functional group that can donate a
proton (de-protonate) to produce negatively charge analyte or accept a proton or a cation
such as Na+, Li+, K+ to form a positively charged adduct ion. In APCI, a charged plasma
produced from a corona discharge is used to ionize an evaporated sample. APCI works
well for less polar analytes, where the use of ESI is not efficient. The APPI is relatively
new compared to ESI and APCI, and it uses a krypton discharge lamp to produce 10 eV
photons to ionize analytes that have ionization energy below the ionization energy of the
emitting photon (<10 eV). APPI works for compounds with low ionization energy and
hence only applicable to low polarity analytes.41
APCI coupled to a quadrupole ion trap (QIT) MS has been used to characterize
and sequence synthetic and isolated lignin oligomers (i.e., dilignols, trilignols, and
tetralignols) extracted from xylem. Morreel and co-workers studied the bonding types
and sequence of several dilignols, trilignols, and tetralignols isolated from poplar
(Populus spp.) lignome using their gas-phase fragmentation behavior when analyzed
using negative ion mode APCI-MS/MS. They developed a strategy for classifying and
sequencing several oligomers identified in the extracted xylem of poplar (Populus
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tremula and Populus tremuloides). They reported that lignin oligomers readily form
deprotonated analytes, which makes it efficient to be analyzed in the negative ion mode.
Collision-induced dissociation (CID) MS/MS experiments performed produced useful
structural information that was used to characterize the isolated oligomers.50-53

1.4.1 Critical Components of a Mass Spectrometer
The critical components of a mass spectrometer include an ionization source, a
vacuum system, a mass analyzer, and a mass detector.54 The ionization source is needed
to convert neutral analytes into charged analytes. Ionization source can be classified as
hard ionization or soft ionization. Hard ionization techniques classically used to generate
analyte ions from neutral analytes are electron impact ionization, chemical ionization,
and fast atom bombardment. The development of soft ionization techniques electrospray
ionization (ESI) enabled the characterization of higher molecular weight proteins and
polymers using mass spectrometry. A vacuum system is required to preserve the ion's
mean free path. The mass analyzer is a critical component of a mass spectrometer; it is
the component that measures the mass to charge ratio of the charged analyte. The mass to
charge ratio could then be used to calculate the molar mass of the analyte of interest.
Different mass analyzers have a different mode of operation; however, they are all based
on the measurement of physical parameters. For example, the old school magnetic sector
analyzer determines the mass to charge ratio of an ion based on the ion's trajectory in the
magnetic sector mass analyzer. The quadrupole mass analyzer determines the mass to
charge ratio of an ion based on the ion's stability in a quadrupole field. The time of flight
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mass analyzer which is typically used with a MALDI ion source measures the mass to
charge ratio of an ion based on the ion's velocity in a free drift tube.12,54,55 The two types
of mass analyzers used for this dissertation (linear ion trap mass analyzer and the orbitrap
mass analyzer) are discussed below.

1.4.2 Linear Ion Trap Mass Analyzer
The ion trap mass analyzer is a versatile mass analyzer used for a wide range of
analyses such as peptide sequencing and the characterization of small organic molecules.
Notably, the linear ion trap (LTQ) is of immense importance because of its ability to
perform MSn. The linear ion trap is made up of four quadrupolar rod-like electrodes
which are design into three segments with each segment having a DC applied to them;
front rod, center rod and rear rod (figure 1.10). The center rod contains a slit cut through
called the exit slit which serves as an exit for ions ejected from the trap. Ions are confined
in the space generated by the rods by applying the appropriate DC and AC. In contrast to
the three-dimensional ion traps (3D ion traps) where ions are confined by applying
electromagnetic forces in the radial dimensions (x and y dimensions) and the axial
dimensions (z dimensions), ions are confined in the linear ion trap (2D ion trap) by
applying electromagnetic forces in the x and y dimensions only. To trap ions, an equal
amplitude and opposite sign AC within the RF range (An oscillating AC in the range of 3
kHz to 300 GHz) is applied to the pairs of electrodes, typically, a 1.2 MHz frequency is
used, and this is referred to as the main AC. The applied AC confines ions in the radial
dimensions. The design of the linear ion trap increases ion storage capacity and reduces
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the space charge effect. A potential well created by a DC offset confines the ions in the
axial dimensions. The RF applied to confine ions radially also applies a force to the ions
which induce a secular ion motion proportional to the amplitude of the RF and mass of
the ions with larger ions requiring higher amplitude to induce ion motion.56-61
To perform tandem mass spectrometry, an ion of interest is isolated and
fragmented, and the product ions from the fragmentation are detected. The isolation of
the ions of interest is done by simultaneously keeping the ions of interest in the trap and
performing a resonance ejection of all unwanted ions. To perform resonance ejection, a
supplementary ac voltage that is 180o out of phase is applied to opposite electrodes, this
produces a dipolar field. A linear ramp in the rf amplitude causes the ions' secular
frequencies to sequentially come into resonance with the generated dipolar field. The
ions' in resonance with the dipolar field gain energy from the driving rf voltage. This
causes the ions to be excited to higher amplitude in the trap, and depending on
experimental conditions, longer time and higher amplitude of the applied ac voltage will
cause ions to be ejected from the trap.56-61
The collision-induced dissociation (CID) is the most widely used technique of
fragmentation employed in the linear ion trap mass analyzers. In CID, the isolated ions of
interested are allowed to collide with an inert buffer gas (helium) pumped into the trap,
upon collision with the neutral gas, the motion of the ions is slowed down and the kinetic
energy of the ions is converted into internal energy, causing a vibrational excitation and
subsequent bond breakages.61 In this dissertation, the tandem mass spectrometry power of
the linear ion trap was employed in the sequencing of lignin oligomers.
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Figure 1. 10 Schematic diagram of a 2D linear ion trap mass analyzer. Savaryn, J. P.,
Toby, T. K., & Kelleher, N. L. A researcher's guide to mass spectrometry-based
proteomics. Proteomics 2016, 16(18), 2435-2443. Copyright Wiley-VCH Verlag GmbH
& Co. KGaA. Reproduced with permission.
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1.4.3 Orbitrap Mass Analyzer
The evolution of the orbitrap mass analyzer and other high-resolution instruments
have enabled the determination of the molar mass of unknown compounds with a high
degree of accuracy and resolution. The orbitrap mass spectrometer offers a resolving
power and mass accuracy of up to 100 times higher than the quadrupole and ion trap
instruments. The orbitrap mass analyzer (Figure 1.11) is made up of an electrically
isolated coaxial outer electrode shaped like a barrel and a central spindle-like electrode. A
voltage applied to the outer and central electrodes generates an electric field linear along
the axis, and this generates a harmonic oscillation field. Simultaneously, a strong field
generated in the radial dimensions pulls ions to the central electrode. A population of ions
is injected into the orbitrap through a machined slot. The linear electric field generated by
the applied voltage to the outer and central electrode causes the injected ions to oscillate
in a purely harmonic state. Simultaneously, the radial component of the electric field
causes the injected ions trajectory to bend towards the central electrode. The ions remain
in a circular spiral orbiting around the central electrode in the trap while oscillating
harmonically in the axial dimensions. Outer electrodes serve as plates receiver and sense
the moving charged ions (the ion's oscillation frequency) as they oscillate from one
region of the electrode to the other. The image current of the charged ions in the time
domain is collected onto the outer electrodes Analogous to planets in the solar system,
ions remain in a circular spiral orbiting around the central electrode in the trap, while
oscillating harmonically in the axial dimensions. The outer electrodes serve as plates
receiver and sense the moving charged ions (the ion's oscillation frequency) as they
oscillate from one region of the electrode to the other. The image current of the charged
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ions in the time domain is collected onto the outer electrodes. The image current acquired
in the time domain is then converted into the frequency domain using Fourier
transformation, which is subsequently converted to mass spectral data. Practically, a ramp
in the applied electric potential causes the injected ions to align close to the central axial
electrode. Ions with lower masses are aligned tightly to the axis compared to heavier ions,
and this allows ion populations with different mass to charge ratio to simultaneously
oscillate around the axial without bumping into each other. Additionally, an ultra-high
vacuum (<2x10-10 mbar) is employed to preserve the oscillating ion's mean free path.
Since the orbitrap mass analyzer measures the image current produced by oscillating ions
in the time domain, the time of analysis is directly proportional to mass resolution. With
an internal calibration ion, high accuracy mass resolution can be achieved within ppm
errors.55,61-64
Figure 1.12 shows the schematic diagram of the orbitrap mass spectrometer used
for this dissertation (Q- Exactive Orbitrap, Thermo Scientific). It consists of an ESI
source, an S-lens, a transfer octopole, a quadrupole mass filter, a C-trap (a curve RF-only
quadrupole), the orbitrap mass analyzer and a high-energy collision cell (HCD). Ions
generated at the ESI source passes through a series of components including the octopole
before reaching the C-trap. The C-trap is an RF only quadrupole which serves as an ion
storage component. Ions are momentarily stored, accumulated, and thermalized in the Ctrap. Ions in the C-trap are then injected into the orbitrap mass analyzer through a
specially machined slit. The level of resolution required is directly proportional to the
time of analysis. Accurate mass measurement with associated errors and structural
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elucidation of lignin oligomers were determined using this Q-Exactive mass
spectrometer.61

Figure 1. 11 Schematic diagram of an orbitrap mass analyzer. Savaryn, J. P., Toby, T. K.,
& Kelleher, N. L. A researcher's guide to mass spectrometry-based proteomics.
Proteomics 2016, 16(18), 2435-2443. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.
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Figure 1. 12 Schematic diagram of a Q-Exactive mass spectrometer (Thermo Scientific)
(source: https://planetorbitrap.com/q-exactive#tab:schematic).
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1.4.4 Electrospray Ionization
The devolvement of Electrospray ionization (ESI) increased the applicability of
mass spectrometry for the analysis of large molecules such as peptides.65 ESI became the
game-changer for mass spectrometry analysis because it could effectively ionize
molecules with different functionality while causing little to no fragmentation (aka "soft
ionization" technique). In theory, ESI is an atmospheric pressure technique65-68 that
generates ions from the solution phase to the gas phase. Figure 1. 13 shows a schematic
diagram of an ESI experimental setup. A solution containing the analyte is infused into a
thin metal capillary which is held at several kilovolts (typically between 3- 5 kV). When
the mass spectrometer is operated in positive ion mode (ions of interest are positively
charged ions), the metal capillary is held at a positive potential with respect to the ground
on the mass spectrometer.67-69 When the mass spectrometer is operated in negative ion
mode (the ions of interest are negatively charged), the metal capillary is held at a negative
potential with respect to the ground on the mass spectrometer. When operated in the
positive ion mode, electrons in the solution phase flow the wires connecting the ESI
capillary (anode) to the mass spectrometer (cathode), the reverse occurs when the mass
spectrometer is operated in the negative ion mode.54,65-69 The mass spectrometry process
can hence be thought to be an electrochemical process. As the analyte solution is pump
through the capillary needle, positively charged ions are driven towards the tip of the
capillary, this causes an increase in charge density of the positive ions at the air-liquid
interface of the tip of the capillary. As the charge density at the tip of the capillary
increases, the solution at the tip of the capillary is distorted into a Taylor cone. Under the
applied electric field, a fine mist of droplet is subsequently ejected from the tips of the
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capillary. Solvent evaporation causes the droplet to shrink in size which generates
coulombic repulsion until a point where the charge density exceeds the surface tension of
the liquid, at this point, smaller droplets are produced from the initial drop through a
coulombic explosion. The initial droplet is on the millimeter diameter scale; however, a
series of coulombic explosions and continual solvent evaporation causes the final droplet
to shrink in size to nanometers scales. The highly charged analyte ions are then swept
into the mass spectrometer for analysis.54,65-71
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Figure 1. 13 Schematic diagram of an ESI source operated in the positive ion mode.
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1.5 Separation Science in Lignin Analysis
High-performance liquid chromatography is the most common analytical
technique used in the pharmaceutical and other chemical industries for the separation of
mixtures into individual components. It has the advantage of providing both qualitative
and quantitative information of a target compound in an analyte when coupled to the
appropriate detection system. In an attempt to develop a comprehensive analytical
method to characterize lignin degradation products, high-performance liquid
chromatography coupled to high-resolution accurate-mass mass spectrometry was used to
better understand the chromatographic properties of our synthesized lignin compounds.
A typical HPLC system consist of a pump that pumps solvent through the system,
an injector which injects a few microliters of the solution containing the analyte, a
column that separates the analytes into individual components, a reservoir that stores the
liquid mobile phase, and a detection system that detects the analytes as they elute from
the HPLC column. In practice, a sample injected into the HPLC column is partitioned
between a stationary phase and a mobile phase. The stationary phase is typically made of
a porous particle (1-5 μm) with chemically modified surfaces housed in a steel tube. The
most common type of stationary phase is the "reverse phase" stationary phases. The
reverse-phase stationary phase has a wide application for the analysis of small organic
molecules and large molecules such as peptides. The reverse-phase column is made up of
a polar silica base functionalized with a non-polar compound (such as C-18). A polar
mobile phase (typically a mixture of organic solvent and water) is used as the eluting
solvent. Using internal standard and appropriate calibration, qualitative and quantitative
data could be obtained from an HPLC experiment.54,72
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Chapter 2
Synthesis of Dimeric and Trimeric b-O-4 Lignin Model Compounds

2.1 Introduction
2.1.1 General Overview
As previously discussed in chapter 1, lignin is a complex aromatic polymer made
up of three monolignols units H, G and S. The aromatic nature of lignin makes it a useful
source for bio-based synthons that could serve as an alternative to the petroleum-derived
chemicals. Among several linkages found in lignin, the b-O-4 is the most abundant
linkage and accounts for about 40-50 % of all linkages found in lignin. The abundance
nature of the b-O-4 linkage, coupled with its relative labile nature compared to other
condensed C-C bonds in lignin makes it an interesting target for lignin degradation
experiments.18-23,30,31 While much gains have been made towards the degradation of
lignin into useful small aromatic compounds, effective analytical methods are still
required to accurately and rapidly characterize the end products of lignin degradation
experiments. The fundamental challenge to the development of analytical methods to
characterize the lignin degradation product is the lack of commercially available lignin
model compounds. Therefore, to increase our understanding of mass spectrometric
behavior of lignin and to further develop mass spectrometric methods to characterize the
end products of lignin degradation experiments, lignin model compounds with known
structures are needed. This chapter describes the synthesis of nine b-O-4 model dimers
and five b-O-4 model trimers. These synthesized oligomers served as a library of model
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compounds used to develop mass spectrometric methods discussed in subsequent
chapters of this dissertation.

2.1.2 Lignin Model Compounds Containing b-O-4 Linkages
Due to the lack of commercially available lignin model compounds that mimic the
structure and properties of native lignin, research groups that work on lignin degradation
occasionally synthesize in-house lignin model compounds, others also resort to the only
commercially available lignin model compound (figure 2.1). The model compound
shown in (figure 2.1) is the most widely used lignin model compound because if its
commercial availability. This model is particularly popular among the engineering
research fraternity, and this is because the synthesis of alternate models is difficult and
time consuming. Even though this model compound works, it lacks the unsaturated side
chain which exists in the three building blocks of lignin. The unsaturated side chain has
also been observed in lignin oligomers produced from the oxidative radical coupling of
G-monolignol. Therefore, for a model compound to resemble native lignin, it needs to
have an unsaturated side chain. The model compounds synthesized in this chapter contain
the native a, b unsaturated side chain with a g-OH at the end (figure 2.2). All compounds
were synthesized using a method previously developed in our group.73 However, several
modifications were made to improve the overall efficiency and reproducibly of the
method. The main changes that were made to the developed methods are the mole ratio of
the reactants, the quenching procedure, the extraction technique, and reaction conditions.
These changes are discussed below in the results and discussion section.
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Figure 2. 1 Commercially available G-(b-O-4)-G model lignin dimmer.
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Figure 2. 2 In-house synthesized G-(b-O-4)-G model lignin compound.
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2.1.3 Aldol Addition and Condensation Reactions
The coupling of the b-O-4 linkage was achieved through an aldol addition type
reaction. In an Aldol addition reaction, an enol or enolate reacts with a carbonyl function
group of a compound to form a carbon-carbon bond. The coupling leads to the formation
of a β-hydroxy aldehyde or β-hydroxy ketone which can undergo further condensation
reaction via dehydration to form a conjugated enone. In general, Aldol addition can occur
via two mechanisms; an acid-catalyzed mechanism and a base-catalyzed mechanism. The
acid-catalyzed reaction produces an enol which attacks the carbonyl group of an aldehyde
or ketone to produce the Aldol addition product (figure 2.3). The base-catalyzed reaction
produces an enolate which attacks the carbonyl group of an aldehyde or ketone to give
the Aldol addition product (figure 2.4). The β-hydroxy aldehyde or β-hydroxy ketone
product can further be reduced to form the alcohol product.73-74
The based catalyzed reaction approach was employed for this dissertation. The
general reaction mechanism is depicted in figure 2.5. A strong non-nucleophilic base
NaHMDS (Sodium bis(trimethylsilyl)amide) abstract a proton from the acidic carbon (ahydrogen) to produce an enolate. The enolate acts as an electrophile which attacks the
carbonyl group of the second reactant, which acts as an electrophile to give the Aldol
addition product. The reaction conditions and substituents on the reactants affect the
product distribution. The condensation product which results from the elimination of a-H
and b-OH (-H2O) is favored when the reacting enolate is less sterically hindered (no
substituent on the a-carbon). A mixture of products (diastereomeric pairs) is typically
produced from Aldol addition reaction because two new stereogenic centers at the a and
b carbon are produced (figure 2.5).

34

O
OH

H

H+

Ph

O
Ph

O

Aldol addition

* * Ph

+
H

Ph

O

Ph

Enol

Figure 2. 3 Acid catalyzed Aldol addition reaction

O
O
Ph

H

OH-

O
Ph

O

Aldol addition

+
H

Ph

Enolate

Figure 2. 4 Based catalyzed Aldol addition reaction

35

Ph

O

*

*
Ph

Si

Na+

Si

N
O

O

O

O

O

H H

O

O
O

O
O

O

O
O
O
O

O

O
O

O

O

Si

O

*
O
Si

O

O
O

*

O

O

H 2O

OH

*

O
O

O

O
O

*

Si
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After the coupling of two monomers to give a dimer, a reducing agent is used to
reduce the ester groups into alcohols. The general step-by-step synthetic route for the
synthesis of a dimer is shown in figure 2.6. A di-ester of a monomer (structure 1) is
reacted with sodium bis(trimethylsilyl)amide at -78 oC in dry tetrahydrofuran. The
sodium enolate formed is subsequently reacted with silyl protected vanillin (structure 2).
The coupled product (structure 4) is reduced with diisobutyl aluminum hydride to form
structure 5. Tetra ammonium fluoride is then used to deprotect the silyl group on
structure 5 to give the desired product (structure 11). The method used for the synthesis
of model dimers was extended and used to synthesize higher oligomers (trimers). Figure
2.7 shows the step-by-step synthetic route for the synthesis of a trimer. An ethylene
glycol protected monomer (structure 3) is reacted with silyl protected vanillin (structure
2) in the presence of sodium bis(trimethylsilyl)amide at -78 oC in dry tetrahydrofuran to
form a dimer (structure 7). The ethylene glycol group on structure 7 is reduced to an
aldehyde with pyridinium p-toluenesulfonate to give structure 8. The a-hydroxyl group
on structure 8 is then protected with a tert-butyl dimethylsilyl group in the presence of a
base to give structure 9. The Aldol addition strategy is employed again to couple
structure 9 to structure 6 to give structure 10. The ester groups on structure 10 are
reduced with diisobutyl aluminum hydride to give structure 12, which is finally
deprotected to yield the desired product (structure 13).
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Figure 2. 6 General synthetic route of an HG dimer.
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Figure 2. 7 General synthetic route of an HGS trimer.
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2.2 Materials and Methods
Vanillin (99% purity), syringe aldehyde (99% purity), 4-hydroxybenzaldehyde
(98% purity), p-coumaric acid (99% purity), ferulic acid (99% purity), sinapinic acid
(98% purity), imidazole (99% purity), triisopropyl silane (99% purity),
tetrabutylammonium fluoride, diisobutyl aluminum hydride, sodium bis(trimethylsilyl)
amide (95% purity), ammonium chloride and ethyl bromoacetate were bought from Alfa
Cesar. Acetone, ethyl acetate, methylene chloride, anhydrous tetrahydrofuran, ethanol,
and hexane were bought from VWR Analytical. Mass spectrometry grade water and
acetonitrile were bought from Fisher scientific. All reagents were used as received
without further purification. Column chromatography using silica gel with a particle size
of 0.035-0.070 mm was used for purification. Granular anhydrous sodium sulfate was
used to dry all compound to get rid of excess water molecules. Synthesized compounds
were characterized by thin-layer chromatography, 1H nuclear magnetic resonance (1H
NMR), 13C nuclear magnetic resonance (13C NMR), heteronuclear single quantum
coherence (HSQC). All NMR spectra were acquired on a variance model NOVA400
(400mHz) spectrometer using acetone d6 as the NMR solvent. Elemental composition and
accurate mass determination were done by Q Exactive Orbitrap mass spectrometer
(Thermo Scientific, San Jose, CA, USA) in the positive mode. The Q-exactive mass
spectrometer was equipped with an electrospray ionization source with a spray voltage of
3.8 kV, a capillary temperature of 225 0C, a sheath flow gas of 2.0, probe heater
temperature of 45 0C and a direct infusion flow rate of 5 µL/min.
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2.2.1 Synthesis of H-(b-O-4)-G Dimer (Compound 11)
Sodium bis(trimethylsilyl)amide (3 equiv., 2.5 mmol) in 10 mL of anhydrous
tetrahydrofuran was added to a three-neck round bottom flask. The right side of the threeneck flask was connected to a nitrogen source, while the left side and the middle side
were connected to an outlet air bubble tube and an addition funnel respectively. The flask
was placed on an acetone/dry ice. The acetone/dry ice temperature was monitored until it
reached ~78 oC. A di-ester protected ferulic acid (compound 1, EGE) (1 equiv., 0.8
mmol) dissolved in 2.5 mL anhydrous tetrahydrofuran was added dropwise to the
solution in the three-neck flask. The resulting reaction mixture was allowed to react for ~
1 hr. with vigorous stirring using a mechanical stirrer. A silyl protected vanillin
(compound 2, H-tips) (2 equiv., 1.6 mmol) dissolved in 2.5 mL anhydrous
tetrahydrofuran was added dropwise to the reaction mixture. The reaction proceeded for
~3-hr. with vigorous stirring while the temperature was maintained at -78 oC. The
reaction mixture was allowed to warm up to room temperature and was subsequently
quenched by adding 20 mL of saturated ammonium chloride. The quenched reaction was
allowed to sit for ~ 30 mins at room temperature and was then transferred to a separatory
funnel. The mixture in the separatory funnel was extracted with (25 mL´ 3) ethyl acetate.
The three ethyl acetate extracts were combined and dried through sodium sulfate. The
dried ethyl acetate extract was concentrated under vacuum to give a brownish oil residue
(the coupled dimer, compound 4, 94 %) which was used for the next step without
purification. The coupled dimer (compound 4) (1 equiv., 0.68 mmol) was dissolved in 25
mL methylene chloride and transferred into a three-neck round bottom flask. The round
bottom flask was connected to a nitrogen source and place on an acetone/dry ice bath as
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previously discussed. Diisobutylaluminum hydride (4 equiv. 2.73 mmol) in methylene
chloride was added dropwise. The reaction mixture was allowed to react for a 2-hr.
period at a temperature of -78 oC. The round bottom flask was then transferred onto the
bare stir plate to warm up to room temperature. The reaction was allowed to go for
another 2 hrs. and was then quenched by adding 1 mL of methanol. The product was
extracted with ethyl acetate (25 mL ´ 3). The ethyl acetate extract was passed through
sodium sulfate to remove any excess water. The dried ethyl acetate extract was
concentrated under vacuum to produce a light yellowish oil residue (compound 5, 55 %).
The light yellowish oil residue (compound 5) (1 equiv., 0.29 mmol) was dissolved in dry
10 mL tetrahydrofuran and transferred into a round bottom flask and placed on an ice
bath. Tetra-n-butylammonium fluoride (2 equiv., 0.59 mmol) in tetrahydrofuran was
added dropwise. The reaction proceeded for 4-hrs with vigorous stirring. The reaction
was quenched by adding 20 mL of saturated ammonium chloride and extracted with ethyl
acetate (25 mL ´ 3). The ethyl acetate extract was dried through sodium sulfate to
remove any residual water. The dried ethyl acetate extract was concentrated under
vacuum to give a light brownish oil, the desired product (compound 11, 48 %). The final
product was purified by column chromatography using silica gel and a 2:1
acetone/hexane solution as the eluting solvent. For accurate mass determination, ~ 1 mg
of the purified product was dissolved in 1 mL of acetonitrile. 10 µL aliquot of the 1 mg/
mL solution was further diluted with 90 µL of acetonitrile. 100 µL of 10 mM aqueous
sodium Chloride was added to make a 200 mL final volume. The sample was infused
directly into the mass spectrometer, and the spectrum was recorded in the positive mode
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electrospray ionization. For NMR analysis, ~ 8 mg of the purified product was dissolved
in 500 µL of acetone-d6 and analyzed with the NMR.
1

H NMR assignment: δ 3.51-3.55 (2H, 3.53 (d, J = 5.6 Hz), 3.53 (d, J = 5.6 Hz)), 3.70-

3.74 (2H, 3.72 (d, J = 7.3 Hz), 3.72 (d, J = 7.3 Hz)), 3.76 (3H, s), 4.16 (1H, td, J = 5.6,
4.5 Hz), 4.78 (1H, d, J = 4.5 Hz), 6.19 (1H, dt, J = 17.4, 7.3 Hz), 6.50 (1H, d, J = 17.4
Hz), 6.69 (2H, ddd, J = 8.2, 1.4, 0.6 Hz), 6.75 (1H, dd, J = 8.4, 0.4 Hz), 7.10 (1H, dd, J =
1.9, 0.4 Hz), 7.35 (2H, ddd, J = 8.2, 1.2, 0.6 Hz), 7.37 (1H, dd, J = 8.4, 1.9 Hz
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2.2.2 Synthesis of H-(b-O-4)-G-(b-O-4)-S Trimer (Compound 13)
Sodium bis(trimethylsilyl)amide (3 equiv., 5.59 mmol) was added to a three-neck
round bottom flask and set up on a dry ice/acetone bath as discussed above. 25 mL of
anhydrous tetrahydrofuran was added to the sodium bis(trimethylsilyl)amide in the threeneck round bottom flask. Compound 3 (1 equiv., 1.77 mmol) dissolved in 5 mL
anhydrous tetrahydrofuran was added dropwise to the stirred solution in the round bottom
flask via an addition funnel. The reaction proceeded for 1-hr. A silyl protected 4hydroxybenzaldehyde (compound 2) (2 equiv., 3.54 mmol) dissolved in 5 mL anhydrous
tetrahydrofuran was added dropwise to the reaction. The reaction was then allowed to
proceed for another 3 hours and quenched with 25 mL saturated ammonium chloride
solution. The reaction product was extracted with ethyl acetate (25 mL ´3) and dried
through sodium sulfate. The ethyl acetate extract was concentrated under vacuum and the
light yellowish product obtained (compound 7, 106 %) was used for the next step without
purification. The next step was to remove the ethylene glycol protection from the coupled
dimer (compound 7). The ethylene glycol protected dimer (compound 7) (1 equiv., 1.79
mmol) was dissolved in a 100 mL 4:1 acetone/water solution and pyridinium ptoluenesulfonate (1 equiv., 1.79 mmol) was added. The reaction was refluxed for five
hours and quenched with 20 mL ammonium chloride. The acetone was removed under
vacuum, and the remaining aqueous solution was extracted with ethyl acetate (25 mL ´
3), the ethyl acetate extract was passed through sodium sulfate to remove any residual
water and concentrated under vacuum to produce a light yellowish oil residue (compound
8, 75 %). Compound 8 (1 equiv., 1.16 mmol) was dissolved in methylene chloride and
(4.4 equiv., 5.12 mmol) of imidazole and (2 equiv., 2.33 mmol) of tert-butyldimethylsilyl
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chloride was added and refluxed overnight. The reaction was quenched with 25 mL
saturated ammonium chloride and extracted with ethyl acetate (25 mL ´3) and dried
through sodium sulfate. The ethyl acetate extract was concentrated under vacuum to give
a light brown oil residue (compound 9, 68 %). Compound 9 was purified by column
chromatography using SiO2 and a 1:5 ethyl acetate/hexane solution was used as the
eluting solvent.
For the synthesis of the target trimer (compound 13), sodium bis(trimethylsilyl)
amide (3 equiv., 1.90 mmol) dissolved in 30 mL anhydrous tetrahydrofuran in a threeneck bottom flask was placed on an acetone/dry ice bath as previously discussed. A diester sinapinic acid (compound 6) (2 equiv., 1.27 mmol) dissolved in 5mL anhydrous
tetrahydrofuran was added dropwise to the stirred solution in the three-neck flask. The
reaction proceeded for 1-hr. with vigorous stirring. The coupled dimer (compound 9, 1
equiv., 0.63 mmol) dissolved in 5 mL of anhydrous tetrahydrofuran was then added to the
stirred reaction. The reaction was allowed to proceed for 3-hrs. and was then quenched
with 25 mL ammonium chloride solution. The quenched reaction was transferred into a
separatory funnel and extracted with ethyl acetate (25 mL ´3). The ethyl acetate extract
was dried through sodium sulfate and concentrated under vacuum to give the coupled
trimer (compound 10, 53 %). To reduce the ester groups on the coupled trimer
(compound 10) to alcohols, diisobutylaluminum hydride (8 equiv. 2.48 mmol) was added
dropwise to a stirred solution of compound 10 (1 equiv., 0.31 mmol) in methylene
chloride. The reaction was performed on an acetone/dry ice bath for an hour and was
switched to room temperature. The reaction proceeded steadily at room temperature for
another 2 hours and was quenched by adding 2 mL of methanol. A 25 mL ammonium
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chloride solution was then added to the quenched reaction. The quenched reaction was
allowed to sit at room temperature of ~ 30 mins and then transferred into a separatory
funnel and extracted with ethyl acetate (25 mL ´3). The ethyl acetate extract was dried
through sodium sulfate to remove any residual water and concentrated under vacuum to
give a pale yellowish oil residue (compound 12, 55 %). To remove the silyl protecting
group on compound 12, compound 12 (1 equiv., 0.143 mmol) dissolved in 20 mL of
tetrahydrofuran was placed on an ice bath. Tetra-n-butylammonium fluoride (3 equiv.,
0.427 mmol) was added dropwise to the stirred solution. The reaction proceeded for 5
hours and quenched by adding ammonium chloride solution. The quenched reaction was
extracted with ethyl acetate (25 mL ´3) and dried through sodium sulfate to remove any
residual water. The ethyl acetate extract was concentrated under vacuum to give the
desired target trimer (compound 13, 42 %). Compound 13 was purified by column
chromatography using SiO2 with 2:1 acetone/hexane as the eluting solvent.

1

H NMR assignment : δ 3.51-3.56 (4H, 3.53 (d, J = 5.6 Hz), 3.54 (d, J = 5.7 Hz), 3.54 (d,

J = 5.7 Hz), 3.53 (d, J = 5.6 Hz)), 3.70-3.74 (2H, 3.72 (d, J = 7.3 Hz), 3.72 (d, J = 7.3
Hz)), 3.77 (6H, s), 3.81 (3H, s), 4.44 (1H, td, J = 5.6, 4.5 Hz), 4.50-4.60 (3H, 4.54 (td, J =
5.7, 4.5 Hz), 4.58 (d, J = 4.5 Hz), 4.58 (d, J = 4.5 Hz)), 6.20 (1H, dt, J = 17.4, 7.3 Hz),
6.47-6.56 (3H, 6.50 (d, J = 1.5 Hz), 6.51 (d, J = 17.4 Hz)), 6.66-6.72 (3H, 6.69 (ddd, J =
8.2, 1.4, 0.6 Hz), 6.70 (dd, J = 2.5, 0.5 Hz)), 6.84 (1H, dd, J = 8.7, 0.5 Hz), 6.98 (1H, dd,
J = 8.7, 2.5 Hz), 7.35 (2H, ddd, J = 8.2, 1.2, 0.6 Hz

46

2.3 Results and Discussion
2.3.1 Synthesis of b-O-4 Model Dimers
The first step in the synthesis of a b-O-4 dimer (for example, the H-(b-O-4)-G) is
the coupling of two monomer units (compounds 1 and 2) to form a new C-C bond. This
was achieved by employing the well-known aldol addition reaction. The first step is to
use a non-nucleophilic base to abstract an acidic hydrogen of compound 1 to produce an
enolate. The enolate then, in turn, attacks the carbonyl group of the second monomer
(compound 2) to form the C-C bond. A non-nucleophilic base is always used to prevent
competition between the base (in case of a nucleophilic base) and the generated enolate.
The reaction was kept at ~ -78 oC and protected under nitrogen the entire reaction time to
prevent any side reaction. In general, the initial coupling of the two monomers to form
the dimer was straightforward with overall good yield. In the synthesis, the base was used
in excess (3 mol excess), and this was to ensure the complete deprotonation of the
starting material. Since the generated enolate can attack itself to form the cross aldol
coupling reaction, the number of moles of the second monomers (compound 2, the
aldehyde) was doubled. The aldol addition generated two chiral centers at the newly
formed C-C bond (i.e., a-C and b-C), these two new chiral centers lead to the formation
of mixtures of diastereomers of the aldol addition product (compound 4).
The ester groups on the coupled dimer were reduced with DIBAL-H. Classically,
lithium aluminum hydride and sodium borohydride are preferred for the reduction of
esters and aldehyde/ketones, respectively. However, the use of lithium aluminum hydride
would have reduced the double bond on the a, b unsaturated side chain in our
compounds, a feature that makes our compounds unique. The reduction of compound 4
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proceeded well to give compound 5. The most challenging aspect of this step is the
production of alum when DIHAL H reacts with water. To successfully extract the desired
product from the reaction mixture, water is added. However, upon the addition of water,
white gel-like alum is produced, and the products get trapped in the gel. This was a
substantial synthetic bottleneck because the majority of the product gets trapped into the
white gel, which significantly reduced the overall yield of this step. Modifications were
made to the reaction conditions to minimize the effect of the alum and improve the
overall yield. The initial mole amount of NaHMDS used (8 equiv.) was reduced to 4
equiv. The 4 equiv. was found to be sufficient in reducing compound 4 to compound 5
while reducing the amount of alum produced. The order of extraction was also critical.
Initially, the reaction was quenched with methanol (the methanol reacts with excess
DIBAL-H to release hydrogen gas) and then transferred into a separatory funnel.
Saturated ammonium chloride and ethyl acetate were then added to extract the product.
However, a modification in the extraction procedure was found to improve the product
yield greatly. After methanol has been added to quench the reaction, saturated ammonium
chloride was then added to the quenched reaction and allowed to sit down for ~ 30 mins,
and this led to the formation of white chalky alum precipitate which was easier to deal
with than the gel type. This was a crucial step because the alum turns into white chalky
precipitate after letting it sit down for 30 mins. After the product had been extracted and
dried, the last step was the removal of the silyl protected group.
Tetra-n-butylammonium fluoride was used as the deprotection agent. Initial
experiments were done at room temperature using 5 equivalences of tetra-nbutylammonium fluoride to deprotect 1 silyl group on the dimer. However, a by-product
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(the aldol condensation product) was observed at these conditions. To increase the
efficiency and overall yield of the final product, it was important to prevent the aldol
condensation product from forming. This was achieved by reducing the mole equivalence
of tetra-n-butylammonium fluoride from 5 equiv. to 3 equiv. and also by performing the
deprotection reaction at 0 oC. Overall, the modifications of reaction conditions and mole
equivalence improved the overall reaction yield and efficiency.
The optimized method for the synthesis of H-(b-O-4)-G dimer was used for the
synthesis of the remaining 8 b-O-4 dimers. Table 2.1 shows all the nine synthesized
dimers and their starting materials (the two monomer units). It must be noted that the
Aldol reaction is a controlled addition reaction where the identity of products formed are
unambiguous. Table 2.3 shows the accurate mass data with associated error for all nine
dimers reported as their sodium adduct in the positive ion mode. An example of a full
mass spectrum of a dimer (H-b-O-4-G) is shown in figure 2.8.
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Table 2. 1 Structure of Starting Monomer Unit Used to Make the Corresponding Dimer
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2.3.2 Synthesis of b-O-4 Model Trimers
The optimized protocol for the synthesis of b-O-4 dimers was extended and
applied to the synthesis of the b-O-4 trimers (for example, the H-(b-O-4)-G-(b-O-4)-S
trimer). The first step involved the coupling of compounds 2 and 3 under the aldol
conditions. The coupled aldol addition product (compound 7) was obtained in good yield.
Compound 7 was used for the next without purification. Staring the synthesis with
ethylene protected monomer (compound 3) was essential because the ethylene group
could easily be reduced to an aldehyde which is required for the coupling of a trimer. The
reduction of the ethylene glycol protection on compound 7 using pyridinium ptoluenesulfonate produced compound 8 in good yield. Compound 8 was obtained in high
purity and was used for the next step without purification. The oxygen on the a-C on
compound 8 was protected with TBDSM to give compound 9. Even though compound 9
was obtained as a pure product, it was purified further using column chromatography,
and this step was a precautious step to ensure that no trace of compound 8 remains since
a trace amount of compound 8 could affect the next coupling step. TBDMS was preferred
to TIPs because it's less bulky and would not cause much steric hindrance. The aldol
coupling conditions were once again employed to couple compound 9 to compound 6 to
give a trimer (compound 10). Reducing the ester groups on compound 10 to alcohol was
achieved by using excess DIBAL-H. The mole equiv. of DIBAL-H was reduced from the
initial 19 equiv. to 8 equiv. The 8 equiv. was enough to reduce all the ester groups to
alcohol while reducing the amount of alum formed after the quenching. The target trimer
(compound 13) was achieved by deprotecting the Tips and TBDMS group on compound
12 using TBAF. The final product was purified using column chromatography. Figure 2.9
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shows the full scan positive ion mode spectrum of the target trimer (compound 13) (H-(bO-4)-G-(b-O-4)-S) analyzed as the sodium adduct. Additionally, table 2.3 shows the
accurate mass data with associated error for all five trimers reported as their sodium
adduct in the positive ion mode. The optimized protocol for the synthesis of (H-(b-O-4)G-(b-O-4)-S) was used to synthesize the other 4 trimers. Table 2.2 shows the structures
of the synthesized trimers with their corresponding starting materials (monomer unit).
Again, since the aldol addition reaction is a controlled reaction, there is no ambiguity
about the order of the bond formation. Figure 2.10 shows the HSQC data for HGS and
HGG b-O-4 trimers. The HGS spectrum contains the a, b, g protons of the b-O-4 bond.
The aromatic region of the HGS spectrum also shows the three monomer units that make
up the HGS trimer, i.e. the H, G and S monomer unit. Similarly, the HSQC spectrum of
the HGG trimers shows the a, b, g protons of the b-O-4 bond, however, there was no “S
unit” signal in the HGG spectrum because this trimer was made up of one H unit and two
G units. The HSQC experiment served as a compilatory technique.
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Table 2. 2 Structure of Starting Monomer Unit Used to Make the Corresponding Timer
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Figure 2. 8 Full scan spectrum of H-(b-O-4)-H dimer analyzed as the sodium adduct.

Figure 2. 9 Full scan spectrum of H-(b-O-4)-G-(b-O-4)-S dimer analyzed as the sodium
adduct.
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Figure 2. 10 HSQC spectra for HGS and HGG b-O-4 trimers.
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Table 2. 3 Accurate Mass Data for the Synthesized Lignin Oligomers Analyzed as the
Sodium Adduct.

Elemental comp. Calc. m/z [M+Na]+ Obs. m/z [M+Na]+ Error (ppm)

Name

MW

HH

316

C18H20O5Na

339.1203

339.1219

4.7854

HG

346

C19H22O6Na

369.1309

369.1295

-3.6382

HS

376

C20H24O7Na

399.1414

399.1413

-0.4619

GH

346

C19H22O6Na

369.1309

369.131

0.4955

GG

376

C20H24O7Na

399.1414

399.141

-1.1357

GS

406

C21H26O8Na

429.152

429.1542

5.0934

SH

376

C20H24O7Na

399.1414

399.1412

-0.4732

SG

406

C21H26O8Na

429.152

429.1542

5.1647

HGS

572

C30H36O11Na

595.215

595.2172

3.7101

HGG

542

C29H34O10Na

565.2044

565.2055

1.9652

GSH

572

C30H36O11Na

595.215

595.2156

1.0311

SHG

572

C30H36O11Na

595.215

595.2178

4.7402

SGH

572

C30H36O11Na

595.215

595.2159

1.0104
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2.4 Conclusion
In conclusion, nine b-O-4 model dimers and five b-O-4 trimers were successfully
synthesized using a protocol reported by Huang et al. with modification. The synthesized
compounds were characterized by high-resolution accurate-mass mass spectrometry,
proton NMR, and HSQC. The nine dimers are interesting compounds because they
contain all the nine possible structures achievable from the three starting monomer units,
i.e. (H, G, and S). The most important feature of these synthesized compounds is the fact
that they all contain the a b-unsaturated side chain, which is important when considering
bonding types in native lignin. All fourteen compounds contain the necessary bonding
types that are required to be classified as a lignin “like” compound, that is, phenoxy end
group, b-O-4 moiety and an a,b-unsaturated side chain. Reaction conditions such as mole
equiv., reaction temperature, reaction extraction procedures, and reaction time were all
modified to increase the efficiency and yield of the desired product. This synthetic
procedure should be applicable to the synthesis of higher oligomers like tetramers and
pentamers.
To the best of our knowledge, this is the first account of the synthesis of all ninepossible b-O-4 lignin dimers that contain b-O-4 moiety and an a,b-unsaturated side
chain. Secondly, this is the first-time heterogeneous lignin model trimers (HGS, GSH,
SGH, and SHG) have been reported. The synthesis of these model compounds has
opened the door for the development of comprehensive analytical methodologies that
could be useful in the characterization of native lignin and lignin degradation products.
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Chapter 3
Application of Chloride Adduct Ionization Tandem Mass Spectrometry for
Characterizing and Sequencing Synthetic Lignin Model Compounds.

Parts of this dissertation chapter are taken from Asare SO, Kamali P, Huang F, Lynn BC.
“Application of Chloride Adduct Ionization Tandem Mass Spectrometry for
Characterizing and Sequencing Synthetic Lignin Model Compounds.” Energy & Fuels
2018;32(5):5990–5998.84

3.1 Introduction
While much gain has been made in the conversion of lignin into small aromatic
compounds, there is still the need for the development of comprehensive analytical
methods for structural elucidation and characterization of the end products of lignin
degradation experiments. The application of mass spectrometry in the analysis of small
and large molecules has grown over the years. Mass spectrometry has been proven to be
an effective analytical technique for the rapid characterization of mixtures containing
analytes of different functionalities without the need for time-consuming isolation and
purification.76,77 The evolution of high-resolution mass spectrometers has made it
possible to obtain accurate elemental data and exact molecular mass information of an
analyte. Until recently, mass spectrometry was not widely used in the analysis of lignin
because of poor ionization efficiency of lignin and lignin degradation products.
In electrospray ionization mass spectrometry, ions of an analyte are generated by
either removing a proton from an acidic moiety (typically under basic conditions) of the
analyte to form a negatively charged ion, or by the addition of a proton to the analyte to
form a positively charged ion which is then analyzed using a mass spectrometer.54,65,72
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Electrospray ionization is the preferred technique for ionizing neutral molecules, and it
combines desorption and charge transfer as the means of generating ions from neutral
molecules.54,65The preferred method of ionization is simple deprotonation. However,
cationization like ubiquitous sodium and potassium competes with simple protonation
during lignin analysis and hence increases the complexity of the mass spectrum.78
Haupert et al. explored the potential of electrospray ionization utilizing methanol/water as
a solvent in both the positive and negative ion mode to characterize lignin based on the
study of model compounds. They observe a complex full scan mass spectrum made up of
sodium and potassium adduct ions of the analyte of interest, which suggested that
electrospray ionization via simple protonation is not an efficient way of analyzing lignin
compounds.79
Negative ion electrospray is typically preferred when an acidic moiety is present
on an analyte. Lignin and lignin degradation products are mainly made up of phenolic
and carboxylic acid-related compounds, and hence negative ion mode electrospray mass
spectrometry via simple deprotonation should be an effective way of analyzing lignin
related compounds. Haupert et al. reported the development of an electrospray/tandem
mass spectrometry method for the characterization of lignin model compounds using
sodium hydroxide as a deprotonating agent. They reported that sodium hydroxide doped
electrospray ionization was an effective technique for producing deprotonated analyte in
negative ion mode. A further tandem mass spectrometry produced structural information
on their studied model compounds.79 The most important step in mass spectrometry is
efficient ionization, that is, getting all analytes ionized without increasing the internal
energy of the ion to cause ion source fragmentation. In source, fragmentation will
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increase the complexity of the full scan spectrum and hence make characterization
difficult.
Our group recently reported an extensive in source fragmentation observed for
G(a-O-4)G(b-O-4)G when analyze via the simple deprotonation approached. It was
hypothesized that the abstraction of the phenolic hydrogen initiation a charge-driveninsource fragmentation which lead to the formation of resonance stabilized fragment
ions.73 Figure 3.1 shows the full scan negative ion mode mass spectrum of G(a-O-4)G(bO-4)G. Ion peak at m/z 537 was consistent with the deprotonated analyte (MW 538
g/mol), while m/z 179 and m/z 357 was consistent with the fragments ions of a monomer
and dimer respectively of the G(a-O-4)G(b-O-4)G trimer. A proposed mechanism for a
charge-driven-insource fragmentation of the G(a-O-4)G(b-O-4)G trimer is shown in
figure 3.2. This observation proved that simple deprotonation does not work for all
bonding motives. Since it was hypothesized that the cause of the in-source-fragmentation
was initiated by the abstraction of a proton, it was essential to test the hypothesis and find
a solution to the problem. A chloride adduct method was developed and tested. The
chloride ion forms an adduct with the analyte (G(a-O-4)G(b-O-4)G) and generates a
stable adduct ion that is stable and does not undergo insource fragmentation. The chloride
adduct ionization approach proved to be effective in stabilizing analyte ions in the full
scan spectrum mode. Figure 3.3 shows a stabilized adduct ion of G(a-O-4)G(b-O-4)G
timer analyzed as the chloride adduct.
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Figure 3. 1 Full scan Q-Exactive spectrum of G(a-O-4)G(b-O-4)G timer (538 g/mol, m/z
537 for the [M-H-]) trimer analyzed in the negative ion mode using the simple
deprotonation approach.73
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Figure 3. 2 Proposed charged driven fragmentation mechanism of G(a-O-4)G(b-O-4)G
timer initiated by the deprotonation of the phenolic ring B.
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Figure 3. 3 Negative ion mode full mass spectrum of G-(a-O-4)-G-(b-O-4)-G (MW- 538
g/mol) trimer analyzed as the chloride adduct (m/z 573).73
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The purpose of this chapter was to extend the chloride adduct ionization mass
spectrometry method to characterize and sequence model lignin compounds. Huang et
al.73 proved that adding a chloride stabilized the G(a-O-4)G(b-O-4)G procurer ion the
full scan spectrum mode; however, tandem mass spectrometry is required to obtained
crucial structural information for characterization purposes. In this chapter, I
demonstrated that the chloride adduct ionization method could serve as an alternative
ionization method for molar mass determination, and can also provide useful
unambiguous sequence-specific structural information upon collision-induced
dissociation (CID) on the LTQ and high energy collision dissociation (HCD) tandem
mass spectrometry on the Q-exactive mass spectrometer.
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3.2 Materials and Methods
3.2.1 Sample Preparation
The ten synthesized model compounds used for this study are H-(β-O- 4)-H, H(β-O-4)-G, H-(β-O-4)-S, G-(β-O-4)-H, G-(β-O-4)-G, G-(β- O-4)-S, S-(β-O-4)-H, S-(β-O4)-G, S-(β-O-4)-S, and a trimer H-(β-O- 4)-G-(β-O-4)-S. Stock solutions were prepared
in acetonitrile to a final concentration of 1 mM. Working solutions were prepared by
taking 10 µL of the stock solution and adding 90 µL of acetonitrile and 100 uL of 10 mM
ammonium chloride solution to produce 50% ACN:50% aqueous ammonium chloride
solution. The final analyte solution was infused into the mass spectrometer with a 250 µL
syringe pump at a flow rate of 3µL per minute.

3.2.2 Mass Spectrometry
Mass spectrometry experiments were carried out on two different systems. The
first one is a ThermoScientific Q Exactive orbitrap mass spectrometer equipped with a
HESI source. The spray voltage was set between 4−4.5 kV, with a nitrogen sheath and
auxiliary gas flow of 22 and 12 (arbitrary units Q Exactive). The mass spectrometer inlets
temperature was set at 250 °C. Data were acquired in the negative mode using the
ThermoScientific Xcalibur software in the tune mode. For LTQ collision-induced
dissociation (CID) experiments, an isolation window of m/z 3 was used to isolate the ion
of interest, with a q value set at 0.25. A percent normalized collision energy (%NCE)
between 0 and 35% NCE was used to fragment the selected ions, with helium as the
collision gas for an activation time of 25 ms. In HCD experiments, the Q Exactive mass
spectrometer was operated in the advance scan mode, with an isolation window of m/z 3
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to isolate ions of interest. The isolated ions were fragmented with a normalized collision
energy of 18, using nitrogen as the collision gas. The Q Exactive mass spectra were
obtained at a mass resolution of 140 000.

3.3 Results and Discussion
3.3.1 Full Scan Mass Spectra of Studied Compounds
To determine the efficiency of the chloride adduct ionization mass
spectrometry80,81 for the structural characterization of lignin compounds, ten synthetic
lignin model compounds made up of nine dimers, and a trimer was analyzed using the
chloride adduct mass spectrometric method. As already mentioned, a crucial part of any
mass spectrometry experiment is the generation of stable ions in the full scan mass
spectrum that reflects the composition of analytes in the solution phase, and it is therefore
important that the chosen electrospray ionization method can successfully ionize the
analyte without causing fragmentations.
Structural relevant information was obtained by preforming collision-induced
dissociation tandem mass spectrometry (CID/MSn) using a linear ion trap mass
spectrometer, and a high-energy collision dissociation tandem mass spectrometry
(HCD/MS2) using Q-exactive orbitrap mass spectrometer. Initial experiments were
performed to determine the appropriate concentration of ammonium chloride needed to
produce stable adduct ion in the full scan spectrum mode. A 10 mM ammonium chloride
concentration was enough to generate a stable adduct ion. All analyzed compounds
showed a 100 % ion abundance in the full scan spectrum with no observable in-source
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fragmentation. Figure 3.4 A and B shows an H-(b-O-4)-H (MW- 316 g/mol) dimer and
H-(b-O-4)-G-(b-O-4)-S trimer analyzed as to their chloride adduct respectively. The ion
peak at m/z 351 in figure 3.4 A and m/z 607 in figure 3.4 B was consistent with the
chloride adduct ion of the analyzed dimer and trimer respectively. These adduct ions
were used to determine the accurate mass of all analyzed compounds. Table 3.1 reports
accurate mass data with their corresponding error for all studied compounds. The
efficient generation of stable adduct ions in the full scan spectrum mode without causing
in-source fragmentation of the studied compounds confirmed the ability of the chloride
ion as a stable charge carrier for molar mass determination in lignin mass spectrometry
experiments.
An added advantage of chloride adduct mass spectrometry is the isotopic
advantage. Chlorine has two isotopes; 35Cl and 37Cl, with a 3:1 relative abundance. The
observation of these two isotopes in the full scan spectrum mode served as a fingerprint
for confirmation purposes. The insert in figure 3.4 A and B shows the expanded region of
the adduct ion of m/z 351 and m/z 607, respectively. Ion peaks at m/z 353 in figure 3.4 A
and m/z 609 in figure 3.4 B were consistent with 37Cl adduct ions, respectively.
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Figure 3. 4 A. Full scan LTQ spectra of H-(b-O-4)-H (316 g/mol, [M+Cl]- m/z 351)
dimer and B. H-(b-O-4)-G-(b-O-4)-S (572 g/mol, [M+Cl]- m/z 607) trimer. The inset
shows the mass region around the chloride adduct molecular ion highlighting the isotope
pattern.
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Table 3. 1 Accurate Mass Data for the Nine (b-O-4) Dimers and one (b-O-4) Trimer
Analyzed as the Chloride Adduct.

Name

MW

Calc. m/z [M+Cl]

Obs. m/z [M+Cl]

Error (ppm)

316

351.1005

351.0991

-3.94

346

381.111

381.1097

-3.48

376

411.1216

411.12

-3.99

346

381.1101

381.1099

-3.08

376

411.1216

411.1201

-3.61

OH

406

441.1322

441.1307

-3.31

OH

376

411.1216

411.1201

-3.69

406

441.1322

441.1308

-3.1

436

471.1427

471.1411

-3.37

572

607.1941

607.1941

0.056
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3.3.2 (-) CID/MS3 Structural Studies
In an attempt to obtained relevant structural information from the chloride adduct
ionization mass spectrometry of lignin, tandem mass spectrometry was performed on the
studied oligomers: H-(β-O-4)-H (MW- 316 g/mol), H-(β-O-4)-G (MW- 346 g/mol), H(β-O-4)-S (MW- 376 g/mol), G-(β-O-4)-H (MW- 346 g/mol), G-(β-O-4)-G (MW- 376
g/mol), G-(β-O-4)-S (MW- 406 g/mol), S-(β-O-4)-H (MW- 376 g/mol), S-(β-O-4)-G
(MW- 406 g/mol), S-(β-O-4)-S (MW- 436 g/mol), and H-(β-O-4)-G-(β-O-4)-S (MW572 g/mol). Working solutions made in 50:50 acetonitrile/ammonium chloride solution
was infused into the mass spectrum and a spectrum recorded in the negative ion mode.
The ability of a chosen mass spectrometric method to analyze mixtures is very important,
particularly, for our chloride adduct ionization method to be universally applicable, it
should be able to analyze mixtures containing isomers since lignin degradation product is
likely to be composed of different analytes having the same empirical formula. For
example, a mixture containing all nine dimers will have ions of different intensities. Ions
at m/z 381, m/z 411, and m/z 441 will have higher intensities because they constitute the
molar mass overlaps of dimers having the same empirical formula. Therefore, further
structural information is required to differentiate the overlapping peak ions. To achieve
this, multiple-step ion-isolation collision-induced dissociation was performed on ions of
interest, allowing the unambiguous identification of fragment ions specific to each
analyte in the mixture. In a typical example, the ion of interest (chloride adduct precursor
ion) is isolated, and a 15 % NCE is applied. This resulted in the loss of HCl from the
precursor ion to form an [M-H]- with a 100 % relative intensity in the MS2 spectrum. A
further MS3 experiment was performed on the [M-H]- ion by applying a 15 % NCE. The
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MS3 experiments produced characteristic fragment ions that were used to differentiate the
isomers in the dimer series. For example, figure 3.5 A and B shows the MS2 and MS3
spectrum of H-(β-O-4)-G, respectively. The ion peak at m/z 345 in figure 3.5A ([M-H]
peak) was consistent with the loss of HCl from the chloride adduct ion m/z 381. The MS3
spectrum had three fragment ions. Two different fragmentation pathways were proposed
for the fragmentation of the H-(β-O-4)-G dimer. The first pathway involved the loss of
water and formaldehyde (48 mass unit) from the [M-H]- to give ion peaks at m/z 297. Ion
peaks at m/z 179 and m/z 165 were specific to the H-(β-O-4)-G dimer sequence and were
proposed to occur via the second fragmentation pathway which involved the breakage of
the β-0−4 bonds in the H-(β-O-4)-G dimer. All the other eight dimers followed the same
fragmentation pathways producing diagnostic fragment ions specific to each dimer.
These two fragmentation pathways were used to characterize and difference the
overlapping empirical ion peaks.
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Figure 3. 5 LTQ (-) CID spectra of H-(b-O-4)-G (346 g/mol) dimer where A shows the
MS2 spectrum and B shows the MS3 spectrum.
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Figure 3.6 A, B and C shows the MS3 spectrum of H-(b-O-4)-S (376 amu), S-(bO-4)-H (376 amu), G-(b-O-4)-H (376 amu) dimers respectively. It must be noted that
these dimers are isomers and hence produced the same chloride adduct ion ([M+Cl]-) at
m/z 411in the full scan spectrum. The MS2 spectrum was virtually identical because the
loss of HCl from the chloride adduct ion ([M+Cl]-) produced ion peaks at m/z 375. The
MS2 experiment did not provide any useful data for the structural characterization of the
three dimer isomers. The MS3 spectrum of H-(b-O-4)-S (m/z 411) showed a 100 % ion
peak intensity at m/z 327 which was consistent with the loss of [H2O-CH2O] (48 amu)
from the [M-H] ion and unique fragment ions m/z 165 and m/z 209. The loss of [H2OCH2O] (48 amu) was consistent with previous literature50,51,79 which reported a sequential
loss of water and formaldehyde from the α-carbon and g-position of the β-O-4 linkage of
a guaiacylglycerol-beta-guaiacyl ether dimer. The most important feature of this MS3
spectrum is the peak ions at m/z 165 and 209, which were indicative of the HS sequence.
The MS3 spectrum of S-(β-O-4)-H (an isomer of H-(b-O-4)-S) showed ion peaks at m/z
225 and m/z 149 which were consistent with the SH sequence and clearly differentiated
S-(b-O-4)-H from H-(b-O-4)-S. The third isomer G-(β-O-4)-G also showed sequencespecific fragment ions in the MS3 spectrum. The ion peaks at m/z 179 and 195 were
consistent with the GG sequence. Similar fragmentation patterns were also observed for
other sequence isomers. The unequivocal difference in the MS3 spectrum of the three
studied dimer isomers allowed the unambiguous identification and differentiation of the
dimer series that have the same empirical formula but different sequences. These results
confirm the effectiveness of chloride adduct electrospray ionization tandem mass
spectrometry as an alternative technique for characterizing lignin compounds.
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Figure 3. 6 LTQ (-) CID/MS3 spectra of A. S-(b-O-4)-H (m/z 411), B. G-(b-O-4)-G (m/z
411) and C. H-(b-O-4)-S (m/z 411) analyzed as a chloride adduct.
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The chloride adduct ionization technique was extended to the (H-(b-O-4)-G-(b-O4)-S (572 amu) trimer. The MS3 spectrum contained ion peaks at m/z 523, m/z 405, m/z
361, m/z 165, m/z 195, and m/z 209. The ion peak at m/z 523 was consistent with the loss
of 48 mass units ([H2O-CH2O]) from the [M-H]-. Cleavage of the β-O-4 bond on ring A
produced the corresponding dimer fragment at m/z 405 which is consistent with the G-(βO-4)-S dimer anion. Likewise, the ion at m/z 361 was consistent the AB ring dimer anion
(H-(β-O-4)-G dimer) which was produced via the cleavage of the β-O-4 on ring B. The
H-(β-O-4)-G anion further loses [H2O−CH2O] to produce m/z 313. Ion peaks at m/z 165,
195 and 209 were consistent with the ring A, ring B, and ring C of H-(b-O-4)-G-(b-O-4)S trimer respectively. The appearance of the monolignol fragments in concert with the
dimer ions can be used to unambiguously characterize the H-(β-O-4)-G-(β-O-4)-S trimer.

3.3.3 (-) HCD/MS/MS Structural Studies
To test the reproducibility of the chloride adduct ionization method, mass spectra
data for the studied compounds were acquired on a Q-exactive mass spectrometry using a
high-energy collisional dissociation (HCD) experiments were performed. It was observed
that an HCD tandem experiments using a normalized collision energy of 18 was enough
to produce a comparable sequence-specific fragment ion to that obtained from the LTQ
2

CID/MS3 experiments. Figure 3.7 shows the HCD MS spectrum for H-(β-O-4)-H dimer
as the chloride adduct (m/z 351). Ion peak at m/z 267 was consistent with the [M-H-48]ion, ion peaks at m/z 165 and m/z 149 were consistent with the ring A and ring B
respectively of H-(β-O-4)-H dimer. In a second example, a high-energy collisional
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dissociation (HCD) experiment was performed on H-(β-O-4)-G-(β-O-4)-S trimer (figure
3.8). Ion peaks observed in the (HCD) spectrum of H-(β-O-4)-G-(β-O-4)-S trimer was
similar to the ions observed in the LTQ CID/MS spectrum of H-(β-O-4)-G-(β-O-4)-S
trimer. These results proved that a simple tandem mass spectrometry using HCD was
sufficient to provide useful structural information for the characterization of lignin model
compounds.
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Figure 3. 7 Q Exactive (−) HCD/MS2 spectrum of H-(β-O-4)-H dimer.

Figure 3. 8 Q Exactive (−) HCD/MS2 spectrum of H-(β-O-4)-G-(β-O-4)-S trimer.
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3.3.4 (-) CID/MS3 Energy Titration
In other to determine the optimum mass spectrometric conditions for the analysis
of lignin using the chloride adduct electrospray ionization technique, a titration
experiment was performed. In general, to perform a titration experiment, the desired
precursor ion (chloride adduct ion) was isolated in the linear ion trap mass analyzer and
subjected to an increasing CID voltage. Mass spectra were recorded for the entire CID
titration. In a typical experiment, for example, an MS/MS is performed on a chloride
adduct ion by isolating the desired ion in the full scan spectrum and subjecting it to a CID
voltage of 15, this causes a loss of HCl to produce the [M-H-] ion in with 100 % relative
2
intensity in the MS2 spectrum. The [M-H]− peak from the MS experiment was

subsequently isolated at a 0% NCE in the LTQ, and an increasing CID voltage with
increments of 5 from 0% to 35% was then applied.
3

Interestingly, fragment ions in the MS spectrum for the analyzed dimers had
different relative ion abundance. It must be noted that all studied dimers followed similar
fragmentation patterns with the cleavage of the β-O-4 bond to give the signature “ring A”
and “ring B” of each dimer but with different relative ion abundances. The observed
fragment ions with corresponding percent abundance for all analyzed dimers in the MS3
spectrum is reported in Table 3.2. The relationship between the relative ion abundance
and structure of each dimer was evaluated. In general, it was observed that dimers that
lack methoxy group on the “ring B” (dimers with “H’’unit as the ring B) produced lowintensity fragment ions. The addition of a methoxy group on the “ring B” (dimers with
"G" as ring B) caused an increase in the relative abundance of the fragment ions. The
highest relative intensity fragment ions were observed for dimers with two methoxy
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groups on the "ring B" (dimers with "S'' unit as the ring B). While the rationale for this
observation is not completely understood, it was proposed that increasing the number of
methoxy groups on the “ring B” increases the electron density and hence favors the
breakage of the β-O-4 bond. A further mechanistic study is required to completely
understand the correlation between the ion abundance and analyte structure.
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Table 3. 2 MS3 of diagnostic fragment ions at 15 % NCE for the Nine b-O-4 Dimers
MS3 CID 15 %

Name
[M-H]-

[M-H2O-CH2O]-

Ring A

Ring B

(%)

(%)

(%)

(%)

m/z 165

m/z 149

(6.93)

(4.29)

m/z 165

m/z 179

(8.02)

(3.61)

m/z 165

m/z 209

(25.01)

(17.87)

m/z 195

m/z 149

(9.73)

(1.76)

m/z 195

m/z 179

(7.98)

(4.32)

(3.01)

m/z 405

m/z195

m/z 209

(2.44)

(25.07)

(20.61)

m/z 375

m/z 225

m/z 149

(2.19)

(20.71)

(1.04)

m/z 405

m/z 225

m/z 179

(3.68)

(17.78)

(2.54)

m/z 435

m/z 225

m/z 209

(37.19)

(9.60)

m/z 315
H-(b-O-4)-H

m/z 267 (59.39)
(12.79)
m/z 345

H-(b-O-4)-G

m/z 297 (62.68)
(9.56)
m/z 375

H-(b-O-4)-S

m/z 327 (37.99)
(1.17)
m/z 345

G-(b-O-4)-H

m/z 297 (52.46)
(20.14)
m/z 375

G-(b-O-4)-G

m/z 327 (52.30)

G-(b-O-4)-S

m/z 357 (28.99)

S-(b-O-4)-H

m/z 327 (63.46)

S-(b-O-4)-G

m/z 357 (53.41)

S-(b-O-4)-S

m/z 387 (26.45)
(1.03)
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3.4. Conclusion
Mass spectrometry is the technique of choice for rapid characterization
and structural elucidation for complex samples without the need for purification. It is
increasingly becoming the preferred technique for the analysis of lignin degradation
product because of its potential of providing accurate mass information and fast analysis
time. Until recently, NaOH doped electrospray ionization has been the best approach to
ionizing lignin compounds for mass spectrometry experiments. In most cases, NaOH
doped electrospray ionization works to produced useful structural information for
characterization. However, other bonding types can undergo extensive in-source
fragmentation, which makes structural elucidation difficult. In this chapter, I used
chloride adduct electrospray ionization to characterize lignin oligomers. This method was
efficient in producing stable chloride adduct ions, which are essential in accurate mass
determination. Tandem mass spectrometry performed on these adducts ions produced
unambiguous sequence-specific fragment ions that were used to identify and characterize
the studied dimers and trimers. Experiments performed showed that a 0.1 mM
ammonium chloride dopant was enough to produce excellent results without having any
impact on the long-term operation of the mass spectrometer. Results presented in this
chapter show that the chloride adduct electrospray ionization tandem mass spectrometry
is an effective way of gaining useful structural information from lignin mass
spectrometry.

81

Chapter 4
Characterization and Sequencing of Lithium Cationized b-O-4 Lignin Oligomers
using Higher-energy Collisional Dissociation Mass Spectrometry
Parts of this dissertation chapter are taken from Asare, S. O., Huang, F., Lynn, B. C.
“Characterization and Sequencing of Lithium Cationized β-O-4 Lignin Oligomers using
Higher-energy Collisional Dissociation Mass Spectrometry.” Analytica Chimica Acta
1047 (2019) 104–114.85

4.1 Introduction
Research into lignocellulosic biomass, which primarily consists of cellulose,
hemicellulose, and lignin has gained much attention because of its ability to provide
renewable carbon feedstock. While cellulose has been utilized in the production of fuel
and other valuable chemicals, the same cannot be said about lignin, which forms about 30
% of the biomass. Traditionally, lignin has been treated and disposed of as a by-product
in the production of pulp and paper, however, lignin chemistry has gained renewed
interest because of its potential as an alternative source for the production of aromatic
carbon feedstocks to boost the chemical, polymer and pharmaceutical industries.
Depolymerization of lignin using catalysts is being utilized to break down lignin into
useful chemicals; however, lack of effective analytical methods hinders the unambiguous
structural elucidation and characterization of lignin degradation products.12,41
Tandem mass spectrometry is a powerful analytical technique used to provide
useful structural information and characterization for complex mixtures containing
analytes of different functionalities. Particularly, multiple stage collision-activated
dissociation mass spectrometry has been used to characterize and sequence lignin based
on the study of synthetic lignin model compounds.50,51 These experiments rely on the
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relatively weak acidic phenol moieties to produce negatively charged species when doped
with basic solutions followed by mass spectral analysis in the negative ion mode. While
this method has been proven to produce structural information and sequencing of the
many lignin model compounds, it has a major setback for compounds lacking weakly
acidic hydrogen. Additionally, in-source fragmentation has been observed for some
bonding types when analyzed in the negative ion mode. Negative ion atmospheric
pressure chemical ionization has been used to study lignin oligomers.79 Kosyakov et al.82
evaluated the response of several lignin model compounds under three different
ionization sources, i.e., electrospray ionization (ESI), atmospheric pressure chemical
ionization (APCI), and atmospheric pressure photoionization (APPI). They reported that
acetone assisted photoionization on an Orbitrap high-resolution mass spectrometer
showed improved signals compared to the other studied techniques because it enabled the
deprotonation of most analytes in the sample.
Positive ion electrospray is preferred when a molecule has functionalities that can
accept a proton.41,54 Unfortunately, competition between simple protonation and other
ubiquitin ions such as sodium ions and potassium ions does not make the simple
deprotonation approach universally applicable.79 In an attempt to improve the ionization
efficiency and develop alternative ionization methods for analyzing lignin compounds,
Haupert et al.79 doped a mixture containing synthetic model lignin compounds with NaCl
chloride and analyzed it in positive ion mode mass spectrometry. They observe a sodiated
adduct ion for each of the analytes in the mixture; however, no structural relevant
information was obtained upon tandem mass spectrometry experiment. No further
evidence has been reported on the structural elucidation of lignin using positive ion mode
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electrospray mass spectrometry.
This chapter explored alternative cationization techniques to characterize and
sequence synthetic lignin model compounds. Twelve synthetic b-O-4 lignin model
compounds were analyzed using lithium cationization technique using positive ion mode
electrospray ionization tandem mass spectrometry using a high- resolution accurate mass
Q-Exactive mass spectrometer. Tandem mass spectrometry performed on lithiated
compounds produced "diagnostic" fragment ions which were used to characterize and
sequence the studied model compounds. A sequence "rule" based on our results was
developed and could be applied to determine the specific sequence of other b-O-4 lignin
compounds. The results presented in this chapter adds significant information to lignin
literature because we’ve shown for the first time the analysis of b-O-4 lignin compounds
in the positive mode ESI.
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4.2 Materials and Methods
The compounds used in this chapter are the nine dimers; (H-(b-O-4)-H, H-(b-O4)-G, H-(b-O-4)-S, G-(b-O-4)-H, G-(b-O-4)-G, G-(b-O-4)-S, S-(b-O-4)-H, S-(b-O-4)-G,
S-(b-O-4)-S and three trimers; H-(b-O-4)-G-(b-O-4)-S, H-(b-O-4)-G-(b-O-4)-G, S-(b-O4)-G-(b-O-4)-H, of which two of the trimers are isomers. Stock solutions at a final
concentration of 1 mM in acetonitrile (ACN) were made for all studied compounds.
Lithium chloride and sodium chloride solutions were prepared to a final volume of (10
mM) in water. For direct infusion experiments, working solutions were made by mixing
200 µL of stock solution with 200 µL of aqueous lithium chloride (10 mM) to produce
50% ACN: 50% aqueous lithium chloride solution. The working solutions were then
infused into the mass spectrometry spectrometer by a syringe pump at a flow rate of 3 µL
per minute. For sodium chloride experiments, sodium chloride working solutions were
prepared at the same concentration and introduced in the mass spectrometer by a syringe
pump at a flow rate of 3 µL per minute.
Mass spectrometry experiments were performed on a ThermoScientific QExactive Orbitrap mass spectrometer which was equipped with a heated ESI source. The
inlet temperature was set at 225 oC. Data were acquired in the tune mode and processed
using the ThermoScientific Xcalibur software. HCD experiments were performed using
an isolation window of m/z 3 to isolate the precursor ions, normalized collision energy of
18 NCE was then applied. Nitrogen was used as the collision gas. The mass spectrometer
was operated at a 140,000 mass resolution and data acquired in the tune mode.
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4.3 Results and Discussion
4.3.1 Full Scan Spectrum of Studied Dimers
Almost all mass spectrometric analysis of lignin oligomers reported in the
literature focused on negative electrospray ionization. This study seeks to develop
alternative mass spectrometric methods based on cationization techniques for structural
elucidation of lignin oligomers. In a comparative study, S-(b-O-4)-S lignin model
compound was analyzed as the sodium adduct using sodium chloride as a dopant and the
lithium adduct using lithium chloride as a dopant. The full scan spectrum of S-(b-O-4)-S
primarily contained sodium adduct ion of S-(b-O-4)-S (m/z 459) when sodium chloride
was used as a dopant (figure 4.1 A). Similarly, the full scan spectrum of S-(b-O-4)-S
primarily contained lithium adduct ion of S-(b-O-4)-S (m/z 443) when lithium chloride
was used as a dopant figure 4.2 A. Additionally, “foreign” ions were observed in the full
scan spectrum of both the sodium and lithium analysis. These “foreign” ions were
clusters of the analyte, a cation and a neutral dopant. For example, ion peak at m/z 517 in
figure 4.1 A was found to be a cluster of the analyte, sodium cation and sodium chloride
([M+Na+NaCl]+) and ion peak at m/z 485 was found to be a cluster of the analyte,
lithium cation and lithium chloride ([M+Li+LiCl]+). The relative abundance of these
"foreign" ions was insignificant (less than 2%) and could be controlled by modulating the
concentration of the dopant. It must be noted that when no lithium chloride dopant was
used, sodium adduct ions of the analytes were observed, and this is because of ubiquitous
sodium in glass containers. These results show that lignin compounds prefer to form an
adduct with hard cations. Accurate mass data were calculated using the lithium
cationization technique, and the results are tabulated in table 4.1. The observed error
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associated with these measurements were within an acceptable range of (±) 1.7ppm.
Additionally, table 4.1 reports the “signature” fragment ions observed in the tandem mass
spectrum for all studied dimers.

Figure 4. 1 (A) Full scan spectrum of S-(b-O-4)-S dimer (MW 436 g/mol) analyzed as a
sodium adduct ([M+Na]+ m/z 459) and (B) (+) HCD MS2 spectrum of S-(b-O-4)-S dimer
analyzed as a sodium adduct (m/z 459). Fragment ion at m/z 232 corresponds to a sodium
adduct ion of ring B.
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Figure 4. 2 (A) Full scan spectrum of S-(b-O-4)-S dimer (MW 436 g/mol) analyzed as a
lithium adduct ([M+Li]+ m/z 443) and (B) (+) HCD MS2 spectrum of S-(b-O-4)-S dimer
analyzed as a lithium adduct (m/z 443). Two distinct fragment ions at m/z 233 and m/z
216 correspond to a lithium adduct ions of ring A and B respectively.
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Table 4. 1 Accurate Mass Data and “Signature fragment ions” Produced for The Nine b-O-4 Model
Dimers Analyzed As the Lithium Adduct
(+) HCD/ESI MS2

(+) ESI/MS
Name

MW

Calc. m/z
[M+Li]+

Obs. m/z
[M+Li]+

H(b-O-4)H

316

323.1467

323.1465

Error
(ppm)

89

H(b-O-4)G

346

353.1572

353.2571

0.6168
0.3758

H(b-O-4)S

376

383.1686

383.1681

G(b-O-4)H

346

353.1571

G(b-O-4)G

376

G(b-O-4)S

Ring A
[A+Li]+
m/z 173

Ring B
[B+Li]+
m/z 156

m/z 173

m/z 186

0.4534

m/z 173

m/z 216

353.1571

0.0301

m/z 203

m/z 156

383.1677

383.1677

0.0132

m/z 203

m/z 186

406

413.178

413.1782

-0.5183

m/z 203

m/z 216

S(b-O-4)H

376

383.1682

383.1677

0.4933

m/z 233

m/z 156

S(b-O-4)G

406

413.1778

413.1782

-0.9879

m/z 233

m/z 186

S(b-O-4)S

436

443.1892

443.1888

1.0191

m/z 233

m/z 216

4.3.2 Sequencing of b-O-4 Dimers Based on their Positive Ion MS2 Spectra
The literature teaches that sodium cationization tandem mass spectrometry is not
an effective way to obtain structural information from lignin mass spectrometry
experiment, sodium adduct ionization has only been used as a technique to determine the
molar mass of lignin compounds, no structural relevant information has been reported for
lignin oligomers analyzed as to their sodium adduct. To confirm this report, we
performed tandem mass spectrometry on sodiated S-(b-O-4)-S dimer. Figure 4.1 B shows
the tandem mass spectrum of S-(b-O-4)-S dimer analyzed as the sodium adduct (m/z
459). The tandem mass spectrum of S-(b-O-4)-S had only one fragment ion at m/z 232,
this fragment ion was identified as the sodiated “ring B” of S-(b-O-4)-S (figure 4.1 B).
No other fragment ions were observed. This observation was consistent with literature
data which reported the limitation of sodium cationization for structural elucidation and
sequencing of lignin compounds. Tandem mass spectrometry performed on lithiated S(b-O-4)-S dimer produced a different result. Figure 4.2 B shows the tandem mass
spectrum of an S-(b-O-4)-S dimer analyzed as the lithium adduct. Surprisingly, multiple
lithiated fragment ions were observed. Structures corresponding to the fragment ions
observed in the tandem mass spectrum of lithiated S-(b-O-4)-S dimer were elucidated,
and the pathway of fragmentation proposed in Figure 4.3. The ion peak at m/z 395 was
consistent with the loss of [H2O-CH2O] (48 mass unit) from the lithium adduct ion (m/z
443). The loss of 48 mass units was proposed to be a sequential loss of water and
formaldehyde from the a-carbon on ring A and the g-carbon respectively. Ion peaks at
m/z 233 and m/z 216 were consistent with “ring A” and “ring B” of the lithiated S-(b-O4)-S dimer respectively. The observation of structurally relevant lithiated fragment ions
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in the tandem mass spectrum of lithiated S-(b-O-4)-S dimer indicates an enhanced
potential for positive ion sequencing for lignin systems. The interesting aspect of this
result is the sharp contrast in fragment ions observed for the same dimer but analyzed
using two different cationization techniques, that is the lithium and sodium adduct
techniques. The striking difference in the tandem mass spectrum of lithiated and sodiated
S-(b-O-4)-S dimer was attributed to the difference in ionic radius of the two cations,
which results in different charge densities. Comparing the two cations, lithium cation has
a small ionic radius and this causes it to have a higher effective charge density (98 C/
mm3)83, sodium cation on the other hand has a larger ionic size compared to lithium, and
as a result, sodium cation has a lower effective charge density (24 C/ mm3)83. In effect,
lithium cations will have a strong interaction with the dimers and hence form a stable
lithium adduct ions with these dimers. During collisional activation experiments, the
lithium cation interacts with the dimer in the electron-rich regions hence producing a
population of lithiated dimers where all statistically possible cationization sites are
occupied, and this leads to the formation all possible lithiated fragment ions. The sodium
cation with a bigger ionic radius experiences a relatively weaker interaction with
electron-rich regions of the dimers, and hence the sodium cation migrates to a more
stable location (e.g., ring B) to produce the sodiated ring-B fragment ion (figure 4.2 B).
Additionally, table 4.1 shows the list of “diagnostic fragment ions” from the MS2
experiments of all nine b-O-4 dimers analyzed as the lithium adduct.
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Figure 4. 3 Proposed fragmentation pathways for S-(b-O-4)-S dimer analyzed as lithium
adduct.
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4.3.3 Sequencing of b-O-4 Trimers Based on their Positive Ion MS2 Spectra
The developed method to characterize and sequence b-O-4 dimers was extended
to sequence three b-O-4 trimers. The studied b-O-4 trimers were (H-(b-O-4)-G-(b-O-4)G (m/z 549), H-(b-O-4)-G-(b-O-4)-S (m/z 579) and S-(b-O-4)-G-(b-O-4)-H (m/z 579).
As was observed for the dimers, all fragment ions in the tandem spectrum of the studied
trimers were also observed as their lithium adduct. Figure 4.4 A shows the tandem mass
spectrum of H-(b-O-4)-G-(b-O-4)-S trimer. It is worth noting that the H-(b-O-4)-G-(b-O4)-S trimer is made up of three different monomer units (H, G, and S) and hence the
difference in the mass unit between these three monomers will help in identifying the
lithiated fragment ions of each monomer unit. The plausible fragmentation pathway for
the gas phase fragmentation of lithiated H-(b-O-4)-G-(b-O-4)-S trimer is shown in figure
4.5. The gas-phase fragmentation of lithiated H-(b-O-4)-G-(b-O-4)-S trimer is proposed
to proceed via two plausible pathways. The first proposed pathway (a1) is the homolytic
cleavage of the b-O-4 bond on the C ring to produce lithiated radical ion of ring C (m/z
216, structure 7). A lithiated AB ring (m/z 369, structure 2) is formed after a loss of
neutral ring C (pathway a). The second proposed pathway (pathway b) is a concerted
hydrogen transfer-double bond formation and cleavage of the b-O-4 bond between ring A
and ring BC to produce lithiated ring A (m/z 173, structure 8) and a corresponding BC
ring (m/z 413, structure 4). Lithiated ring AB (m/z 369) undergoes further fragmentation
with two plausible pathways; pathway (c) involves the loss of an oxygen from the a-C of
ring B to give lithiated H-(b-O-4)-G dimer (m/z 353, structure 3), the second proposed
pathway (d) proceeded via the loss of neutral CH2O from the b-C on ring A to give
structure 6 (m/z 339). An alternate pathway for the production of lithiated radical ion of
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ring C (m/z 216) (S monolignol-structure 7) is pathway (f) which proceed via the
homolytic cleavage of the b-O-4 bond on ring C of structure 4 (ring BC). There are two
plausible pathways (pathway a1 and f) for the production of ring C; however, pathway
(a1) has a higher probability than pathway (f) because of low abundance of ring BC m/z
413 in the tandem spectrum. Lithiated ring B (m/z 203) structure 9 was proposed to be
produced via pathway (h) by the fragmentation of structure 6. Diagnostic ion peaks at
m/z 173, m/z 203 and m/z 216 in the tandem spectrum of H-(b-O-4)-G-(b-O-4)-S trimer
was consistent with lithiated fragment ions of the three monolignols (H, G, and S) that
makeup H-(b-O-4)-G-(b-O-4)-S trimer. These unambiguous diagnostic fragment ions in
the MS/MS spectrum of H-(b-O-4)-G-(b-O-4)-S trimer proves the efficiency of lithium
adduct ionization tandem mass spectrometry to proving useful data for structural
elucidation. In a second example, H-(b-O-4)-G-(b-O-4)-G (m/z 549) was analyzed using
the lithium adduct ionization tandem mass spectrometry method. Figure 4.4 B shows the
MS2 spectrum of H-(b-O-4)-G-(b-O-4)-G analyzed as the lithium adduct (m/z 549). Ion
peaks at m/z 173, m/z 203 and m/z 186 were consistent with the lithiated ring A, B, and
C of H-(b-O-4)-G-(b-O-4)-G trimer respectively. Ion peaks at m/z 369 and m/z 383 were
consistent with the corresponding dimeric ions (i.e., Ring AB and ring BC) of H-(b-O-4)G-(b-O-4)-G respectively. Diagnostic ion peaks at m/z 173, m/z 203 and m/z 186 in the
tandem spectrum of H-(b-O-4)-G-(b-O-4)-G trimer were consistent with lithiated
fragment ions of the three monolignols (H, G and G) that make up H-(b-O-4)-G-(b-O-4)G trimer. In the third example, the fragmentation pathway of the third b-O-4 trimer S-(bO- 4)-G-(b-O-4)-H (m/z 579) which is an isomer of H-(b-O-4)-G-(b-O-4)-S trimer
followed the proposed fragmentation pathway shown in figure 4.5. Lithiated fragment
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ions consistent ring A, ring B, and ring C were observed in the MS/MS spectrum. Table
4.2 shows the accurate mass data and “signature” fragment ions observed in the tandem
mass spectrum for all studied trimers.

Figure 4. 4 (+) HCD MS2 spectra of (A) H-(b-O-4)-G-(b-O-4)-S trimer and (B) H-(b-O4)-G-(b-O-4)-G trimer analyzed as a lithium adduct (m/z 579) and (m/z 549)
respectively. Three distinct fragment ions at (A) m/z 173, 203 and m/z 216 and (B) m/z
173, m/z 203, m/z 186 correspond to a lithium adduct ions of ring A, ring B, and ring C
respectively.
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Figure 4. 5 Proposed fragmentation pathway for H-(b-O-4)-G-(b-O-4)-S trimer analyzed
as a lithium adduct.
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Table 4. 2 Accurate Mass Data and “Signature fragment ions” Produced for The Five bO-4 Model Trimers Analyzed as the Lithium Adduct. Each Fragment Ion Observed as
The Lithium Adduct.

(+) HCD/ESI MS2

(+) ESI/MS
Name
MW g/mol

HGS
MW-572

Calc. m/z
[M+Li]+
Obs. m/z
[M+Li]+
Error

Ring C

Ring AB

Ring BC

m/z 216

579.2412
m/z 173

m/z 203

m/z 369

m/z 413

m/z 173

m/z 203

m/z 186

m/z 369

m/z 383

m/z 233

m/z 203

m/z 156

m/z 429

m/z 353

m/z 203

m/z 233

m/z 156

m/z 429

m/z 383

m/z 233

m/z 173

m/z 186

m/z 399

m/z 353

549.2308
549.2307
0.332

SGH
MW-572

Ring B

579.2417
0.832

HGG
MW-542

Ring A

579.2416
579.2412
0.7266
549.2308

GSH
MW-572

549.2307
0.332
579.2416

SHG
MW-572

579.2412
0.7266
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4.3.4 Sequencing Rules to Determine Specific Sequence of a b-O-4 Trimer
After a successful sequencing of three b-O-4 trimers, I developed a general
sequencing rule that could be applied to determine the specific sequence (order) in which
the three monomer units of a b-O-4 system are connected. The flow chart in figure 4.6
shows a step by step approach/rules/guidelines to determine the sequence of a b-O-4
trimer. The sequence of all 24 non-redundant b-O-4 timers is shown in table 4.3. To
determine the sequence of a trimer, the first thing would be to identify the lithium adduct
precursor mass (the [M+Li]+ ion). Identifying this ion in the full scan spectrum of the
trimer would limit the possible sequences to six or less (table 4.3). Since every trimer is
made up of three monomer units, the next step will be to identify the three monomer units
from the MS/MS spectrum using the “key ions” table. It is worth noting that the ring C
(or the terminal ring) has a unique m/z compared to both ring A and B and easily
distinguishable in any tandem spectrum. Identifying the unique ring C from the MS/MS
spectrum would reduce the plausible sequences to two. The next will be to identify the
corresponding ring AB and/or BC fragment ions, which will automatically reduce the
possible sequences to one.
In an example, the ion peak at m/z 579 in the MS2 spectrum of HGS trimer
(figure 4.4 A) was consistent with the lithiated ion of the HGS trimer, using the key ions
table in figure 4.6, one could then reduce the possible sequence to six. Ion peaks at m/z
173, m/z 203 were consistent with H and G monomer unit, while the ion peak at m/z 216
was consistent with S-monomer unit (from figure 4.6), the unique ring C. After
identifying the ring C, the next thing is to identify what is attached to the ring C (i.e., ring
BC). Ion peak at m/z 413 was identified to be the lithiated ring BC and consistent with
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GS dimer which therefore completes the sequence, and hence the sequence is confirmed
to be HGS and not GSH or SHG. Using the HGG trimer as a second example, the ion
peak at m/z 549 corresponded to the lithiated ion of the trimer and hence reduced the
possible sequence to six (Table 4.3). Ion peaks at m/z 173, m/z 203 and m/z 186 in the
MS2 spectrum of HGG trimer (m/z 549) indicated that ring A and ring B were either HG
or GH and ring C was a G, however, the observation of the ring BC at m/z 383 which
was consistent with a GG sequence confirmed that the ring C of the HGG trimer was
attached to a G monomer. Hence, the trimer was identified as an HGG sequence and not a
2

GHG sequence. Given an MS spectrum, one can follow the sequencing rules developed
in figure 4.6 to assign the specific sequence in which b-O-4 bonds of a trimer are
connected.
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Table 4. 3 “Signature” Fragment Ions and Corresponding Sequence of b-O-4 Model
Trimers.
[M]Li+ m/z

579

549

609

639

519

[A]Li+ (m/z)
173
203
173
233
203
233
173
203
203
173
173
233
173
233
233
203
203
233
203
233
233
173
173
203

[B]Li+ (m/z)
203
173
233
173
233
203
203
173
203
173
233
173
233
173
233
203
233
203
233
203
233
173
203
173

[C]Li+ (m/z)
216
216
186
186
156
156
186
186
156
216
156
156
216
216
156
216
186
203
216
216
186
186
156
156
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[AB]Li+ (m/z)
369
369
399
399
429
429
369
369
399
339
399
399
399
399
459
399
429
429
429
429
459
339
369
369

[BC]Li+ (m/z)
413
383
413
353
383
353
383
353
353
383
383
323
443
383
383
413
423
383
443
413
413
353
353
323

Sequence
HGS
GHS
HSG
SHG
GSH
SGH
HGG
GHG
GGH
HHS
HSH
SHH
HSS
SHS
SSH
GGS
GSG
SGG
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Figure 4. 6 A step by step flow chart to determine the sequence of a b-O-4 trimer
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4.3.5 A Comparison Between Chloride and Lithium Adduct Ionization
To assess the robustness, pros, and cons of the lithium adduct electrospray
ionization tandem mass spectrometry technique for the characterization and sequencing
of lignin oligomers, a comparison between the cationization method and the chloride
adduct ionization method was made. To accurately determine the molar mass of a
molecule using mass spectrometry, ion peaks observed in the full scan spectrum mass
reflect the molar mass of the neutral analyte in the solution phase. The two most common
ionization techniques used are protonation in the positive ion mode, which is achieved by
using an organic acid, and deprotonation in the negative ion mode achieved by adding a
basic aqueous solution. The use of chloride as a charge carrier produced a stable adduct
ion in the full scan spectrum. The chloride adduct technique was necessitated by our
previous results where we observed an extensive in-source fragmentation in the full scan
spectrum mode of some lignin compounds when analyzed by the simple deprotonation
technique. Chloride was the most relevant, easy to use, and readily available halogen
compared to the other halogens. While useful in producing stable adduct ion for molar
mass determination and also producing useful structural information upon tandem mass
spectrometry, the chloride adducts precursor ion from this experiment lost HCl during the
CID process and hence MS3 experiments were necessary (in most cases) to produce
useful data. This could be a disadvantage to researchers that don’t have access to
instruments that can perform MSn. Additionally, ion loss is inevitable for each stage in
the CID process.
The lithium cationization technique eliminated the need for an MS3 experiment.
The lithium cationization technique allowed the use of our Q-exactive instrument, which
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is limited to only MS2. Among all the cations studied, lithium cation was the only cation
that produced both a stable lithium adduct ion in the full scan spectrum for molar mass
determination and also provided useful information for structural analysis and sequencing
upon MS2 experiments. It provided both rings A and ring B for dimers, and ring A, ring
B, ring C, ring AB and ring BC for trimers upon tandem mass spectrometry. Unlike
chloride which has an isotope of 3:1 abundance, the lithium isotope has a very low
abundance and therefore not very observable in the full scan mode. Both electrospray
ionization techniques (chloride and lithium) were effective in producing useful structural
information for molar mass determination, structural characterization, and sequencing of
the lignin oligomers, including the successful differentiation of isomers.

The

method presented in this chapter can easily be extended to for the characterization of
lignin degradation products and the sequencing of higher molecular weight oligomers.
The literature teaches that most lignin degradation experiments result in the production of
monomers and to some extent, dimers, and trimers. Since larger oligomers would also be
made up of the same three starting monomers (i.e., H, G, and G), our method should be
applicable.
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4.4 Conclusion
In this chapter, I explored the potential of cationization techniques to characterize
and sequence lignin oligomers. Almost all lignin research using mass spectrometry have
focused on negative ion mode mass spectrometry. The most common ionization
technique used to ionize lignin is the simple deprotonation approach. No structural
characterization and sequencing have been reported from the studies of lignin analyzed in
the positive ion. I employed two cationization techniques (sodium and lithium adduct
electrospray ionization) for the characterization of lignin oligomers in the positive ion
mode. I studied nine dimers and three timers containing b-o-4 bonding motives using the
sodium and lithium adduct electrospray ionization techniques. Sodium adduct
electrospray ionization was efficient in producing stable sodiated ions of the analyte
which enabled molar mass determination, however, upon tandem mass spectrometry, the
sodium adducts ions produced limited information which could not be used for the
characterization of the studied compounds. In contrast, lithium adduct electrospray
ionization produced useful data that was used to characterize and sequence the studied
compounds. To the best of our knowledge, this was the first-time valuable structural
information has been reported in the positive ion mode using tandem mass spectrometry.
The work presented in the chapter indicates the preference of lignin compounds to form
stable adduct ions with hard cations. These results have opened a potential alternate
window for the analysis and structural studies of natural lignin. Since natural lignin has
poor solubility in most organic solvents, it is oftentimes derivatized with other functional
groups such as acetyl groups which converts the free hydroxyl groups into other
functionalities to aid its solubility in organic solvents. The conversion of all free hydroxyl
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groups into different functionalities means no free hydroxyl is available for deprotonation
for negative ion electrospray analysis. The method presented in this chapter provides a
potential application of lithium adduct ionization tandem mass spectrometry to analyze
and characterize lignin oligomers, which cannot be deprotonated by traditional simple
deprotonation ESI analysis.
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Chapter 5
Structure Dependent Electrospray Ionization Response of b-O-4 Lignin Model
Compounds
Parts of this dissertation chapter are taken from Asare, S. O., Lynn, B. C. “A
Comparative Study of The Electrospray Ionization Response of b-O-4 Lignin Model
Compounds’’ J. Mass Spectrom. 2019; 54: 540-548.90

5.1 Introduction
Until recently, the use of mass spectrometry in the analysis of lignin was not
universally applicable because of lignin’s poor ionization efficiency. However, recent
development in electrospray ionization has paved the way for the use of electrospray
ionization mass spectrometry for the analysis of lignin. Direct infusion electrospray
ionization41,50,51,84,85 tandem mass spectrometry ESI/MSn and high-performance liquid
chromatography-mass spectrometry86 have been utilized in the study of the ionization
behavior and fragmentation patterns of various bond types in lignin-based on the study of
model compounds. In spite of the growing application of electrospray ionization mass
spectrometry for the analysis of lignin, the fundamental question of the correlation
between the electrospray ionization efficiency and the concentration of the analyte is not
clearly understood. Understanding the relationship between ion intensity in an ESI
spectrum and the solution phase concentrations of the analyte in lignin analysis is
essential because a nonlinear relationship between the concentration of analytes in the
solution phase and ESI response can create problems for accurate quantification.87,88
Electrospray ionization involves the transition of analyte from the solution phase to the
gas phase, and this process largely depends on the analyte properties, matrix effect and
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ionization properties and hence the relative abundance of ion peaks in the ESI spectrum
may not be a reflection of the concentration of the analyte in the solution phase.89 The
literature teaches small changes to the structure of an analyte can cause a significant
change in the ESI response of the analyte. This situation creates problems for
quantification, even when internal standards are used.91 The electrospray ionization
process involves ions transfer from the solution phase to the gas phase, and different
mechanisms have been proposed for this process. The ion evaporation model (IEM), and
the charged residue model (CRM) are the two most commonly proposed mechanisms.

5.1.1 Mechanism of Ion Formation
The first electrospray gas phase ion production mechanism that will be discussed
is the ion evaporation model (IEM)92. The IEM model has been used to explain ion
transfer from the solution phase to the gas phase of low molecular weight analytes,
including inorganic ions. Analytes in solution are typically protonated by adjusting the
solution pH with an organic acid. The IEM is based on the ejection of small solvated ions
from a charged droplet surface. During the ESI process, a Rayleigh charged nano-droplet
with a small radius (less than 10 nm) generates an electric field that is high enough to
eject a small solvated ion from the droplet surface.67,92
The second electrospray gas phase ion production mechanism is the charge
residue model (CRM).93 The CRM model has been used to explain the mechanism of ion
formation during the ESI process for large globular species such as natively folded
proteins. The charge residue mechanism proposes that during the ESI process, a Rayleigh
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charged nano-droplet containing a single analyte undergoes complete solvent evaporation
until dryness, as the solvent shrinks in size, the charge of the disappearing droplet is then
relayed to the analyte. During the lifespan of a droplet, the droplet reduces in size as a
result of continual solvent evaporation, and this leads to an increase in charge density. As
the charge density increases, the surface tension of the droplet can no longer contain the
charged density, and this results in a columbic explosion that produces smaller size
droplets. This process continues until all solvent is evaporated from the droplets leaving
only charged "residue" ions.67,93

5.1.2 Increased ESI Response for Non-polar Analyte
Studies have shown that in an equimolar mixture, analytes with higher non-polar
groups tend to have higher ESI response compared to the analyte with lower non-polar
groups. This phenomenon was initially explained by Iribarne92 et al. using the ion
evaporation model (IEM). They reported that during the lifetime of a droplet, analyte
having a non-polar functional group would spend most of its life at the air-liquid interface
of the droplet surface, this increases the surface activity of these analytes compared to the
analytes with less non-polar groups which will spend most of its life in the droplet's
interior. The increased surface activity will, therefore, result in an increased rate of
desolvation and hence increases the analytes ESI response. Enke and co-workers88,94-96
developed a model that seeks to explain the apparent increase in the electrospray
ionization response for analyte with non-polar functional groups. This model
(equilibrium partition model) teaches that during the electrospray process, the analyte
gets partitioned between a charged surface and the ion paired charge-neutral interior in a
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charged droplet. That is, analytes with different functionality get partitioned in an ESI
droplet, during this process, more polar analytes stay in the interior of the droplet,
counterions in the neutral interior neutralizes the polar analytes in the droplet interior. On
the other hand, analytes having a non-polar side chain will most of the time, stay on the
droplet surface and hence will easily undergo desolvation. Analytes that stay on the
droplet surface (non-polar analytes) will possess a majority of the excess charge which
will in turn cause it to have a higher ESI response than the analytes in the interior. The
equilibrium partition model has been authenticated by several independent research
groups and has confirmed the idea of an enhance ESI response of an analyte due to the
presence of a nonpolar functional group on the analyte.
In the course of the characterization of products from our synthetic work, we used
gas chromatography-mass spectrometry to characterize the product distribution of the
final product on an experiment (ferric chloride catalyzed oxidative coupling of gmonolignol). In one of the experiments, we observed a different product distribution with
an unknown peak accounting for about 5 to 8 % of the total product distribution. We did
a further analysis of this sample using infusion electrospray and tandem mass
spectrometry. To our surprise, the unknown peak that had about 5 to 8 % on the GCMS
analysis turn out to be the most intense peak in the mass spectrum of the direct infusion
electrospray analysis. The unknown peak was later confirmed to be an ethyl ether on the
alpha carbon of the A ring version of the G-(β-O-4')-G from tandem mass spectrometry
experiment. The conspicuous contrast in ESI response of the ethyl version of the G-(β-O4')-G dimer leads us to the study of relative ESI response of lignin compounds.
We hypothesized that having “a non-polar functional group on the a
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position of b-O-4 lignin compound will increase the ESI response of the dimer”. To test
this hypothesis, I synthesized novel b-O-4 model compounds (Figure 5.1) and analyzed
them using lithium cationization electrospray ionization mass spectrometry. Five b-O-4'
lignin compounds having the same skeletal structure, but different nonpolar substituents
were analyzed with electrospray ionization using lithium chloride as a dopant. Factors
such as structure-dependent ion intensities, and factors affecting cluster formation were
also studied.
The compounds used in this chapter were synthesized using FeCl3 oxidative
coupling of a g-monolignol. The reaction is initiated by the abstraction of the phenolic
hydrogen on the g-monolignol by using ferric chloride, to produce a resonance stabilized
quinone-methide intermediate (Figure 5.2). The two resonance-stabilized form of the gmonolignol then couples through the b-C of one monolignol and the 4-oxygen on the
other compound (figure 5.3). The final step is a nucleophilic attack at the a-position of
the quinone methide dimer by the solvent (figure 5.3). The final product depends on the
solvent used for the reaction. The five different solvents used for this reaction are water,
ethanol, methanol, propanol, and butanol. Further reaction conditions and product
distribution are discussed below.
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Figure 5. 1 Structures of five b-O-4' lignin model compounds used in this study. The
dimers have the same skeleton but varying nonpolar character on the a-carbon.
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Figure 5. 3 Schematic diagram for the synthesis of model compounds 1-5. (GGH), R= H,
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5.2 Materials and Methods
5.2.1 Materials
Optima ethyl acetate, water, and acetonitrile were obtained from Fisher Scientific
(Hampton, NH, USA). ACS grade methanol, ethanol, 1-propanol, 1-butanol, and ferric
chloride were supplied by Sigma Aldrich (St. Louis, MO, USA). All chemicals and
reagents were used without further purification.

5.2.2 Synthesis of Model Compounds 1 to 5
Model compounds 1 to 5 were synthesized from the g-monolignol starting
material using published protocol97 with slight modification. All compounds were
synthesized using the same protocol; however, the different solvent was used for each of
the five dimers. For a typical synthesis of compound 1 (GGH), 25 mg (138.9 µmol) of a
g-monolignol dissolved in 5 mL of solvent (water) was placed on a mechanical stirrer and
stirred vigorously. A ninety-five percent stoichiometric amount of ferric chloride (FeCl3)
(21.4 mg, 131.9 µmol) dissolved in 1 mL of water was added dropwise to the stirred
solution of the g-monolignol. The reaction proceeded for one hour with vigorous stirring.
The reaction was quenched after one hour by adding 50 mL of water. The reaction
product was extracted ethyl acetate (10 mL x 3). The ethyl acetate extract was
concentrated under vacuum to give a colorless oil product. The above experimental
procedure was used to synthesize the remaining compounds, i.e. (compounds 2 to 5).
However, different solvents were used for each compound. Methanol, ethanol, propanol,
and butanol were used as solvents for the synthesis of GGM, GGE, GGP, and GGB,
respectively
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5.2.3 Products Purification
A preparative HPLC was used to separate the desired product from the reaction
mixture. An HP 1100 Series HPLC system (Agilent, Santa Clara, CA USA) equipped
with Luna C18 (Phenomenex, Torrence, CA, USA) preparative column (100 ´ 10 mm,
10 µm particle size) was used for the separation. A 40: 60 methanol/water isocratic
elution method was used with a total run time of 20 minutes. Three test tube fractions
containing the target product were combined. The methanol in the combined fraction was
removed under vacuum. The desired product was then extracted from the water phase
with 3 mL of ethyl acetate (1 mL x 3). The ethyl acetate was concentrated under a stream
of nitrogen to give the pure final product.

5.2.4 Mass Spectrometry
A (5 mM) stock solution in acetonitrile was prepared for each b-O-4' dimer.
Working solutions at 0.001 mM, 0.01 mM, 0.1 mM, and 1 mM were prepared by
dilution. A 10 mM stock solution of lithium chloride was prepared in water. Working
solutions at 0.5 mM, 1 mM, 2.5 mM, 5 mM and 10 mM concentration were prepared by
dilution. For direct infusion experiments, equal volumes of each of the five working
solutions containing equimolar amounts were mixed together in an autosampler vial. 100
µL of aqueous lithium chloride was then added to the sample in the autosampler vial to
make a final volume of 200 µL. The sample was then introduced into the mass
spectrometer using a 250 µL syringe at a 5 µL/ mL flow rate. All mass spectra were
acquired on a ThermoScientific LTQ linear ion trap mass spectrometer
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(ThermoScientific, Waltham, MA, USA) equipped with an ESI source. The instrument
was operated in the positive ion mode with a spray voltage of 4-4.5 kV, a scan range of
m/z 150 to m/z 2000, nitrogen sheath and auxiliary gas flow- 12 (arbitrary units). The
inlet temperature was maintained at 250 oC. Data were acquired using the
ThermoScientific Xcalibur software in the tune mode and processed using the
QualBrowser (ThermoScientific, Waltham, MA, USA).

5.3. Results and Discussion
To study the electrospray ionization response of b-O-4 lignin compounds, five
structurally similar b-O-4' lignin model compounds with the same backbone structure but
different non-polar groups on the a-oxygen on ring A were synthesized using water
(GGH-376 g/mol), methanol (GGM-390 g/mol), ethanol (GGE-404 g/mol), 1-propanol
(GGP-425 g/mol) and 1-butanol (GGB-432g/mol) and were used for this study. These
compounds have hydrogen, methyl, ethyl, propyl, and butyl attached to the oxygen on the
alpha carbon, respectively. We recently reported the characterization and sequencing of
lignin oligomers using lithium cationization techniques, and to build off that work; we
report the exact mass and associated error of compounds 1 to 5 using a high-resolution QExactive mass spectrometer (table 5.1). The studied compounds; GGH, GGM, GGE,
GGP, and GGB formed a stable lithium adduct in the full scan positive ESI spectrum
with ion peaks at m/z 383, m/z 397, m/z 411, m/z 425 and m/z 439 respectively.
Ionization response as a function of the non-polar side chain was studied, and the results
are discussed below.
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Table 5. 1 Accurate Mass Data for the Five (β-O-4) Dimers Analyzed As the Lithium
Adduct
Structure
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5.3.1 Effect of the Nonpolar Side Chain on ESI Response
Mixtures containing an equimolar concentration of analytes were prepared and
analyzed using positive ion mode ESI. The initial direct infusion experiment performed
with the studied dimers showed a 100 % peak abundance in the full scan spectrum mode
for all analyzed compounds when analyzed individually. An equimolar mixture of two
compounds (GGH and GGM) showed that the relative ion intensity varied as a function
of the non-polar groups attached to it. The analyte with a non-polar side chain (GGM)
that is a methyl side chain had a higher ESI response compared to the analyte with a
hydrogen side chain (GGH). Figure 5.4 A. A similar trend was observed when a solution
containing three analytes (GGH, GGM, GGE) was analyzed. Figure 5.4 B shows the full
scan positive ion mode ESI spectrum of a solution containing (GGH, GGM, GGE). It
could be seen that the analyte with the longest non-polar size chain (GGE, ethyl side
chain) had the greatest response followed by the analyte with the methyl size chain
(GGM) and the least was the analyte with hydrogen (GGH). The story was the same
when a mixture containing four analytes (GGH, GGM, GGE, and GGP, Figure 5.4 C)
and five analytes (GGH, GGM, GGE, GGP, and GGB, Figure 5.4 D) were analyzed. In
all cases, the ESI response was higher for analytes with the longest alkyl side chain
compared to analytes with no alkyl modification, which showed the least response. On
average, there was a 1.5 to 2 factor increase in ion response per every methylene group
added. This observation was in agreement with literature reports that teaches that a nonpolar side chain on peptides increases the surface activity of the peptides and hence
increases the relative ESI response. The observed trend is analogous to the equilibrium
partition model proposed by Enke et al.8 which relates the hydrophobicity and hence the
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non-polar surface area of a molecule to the relative intensities of ion peaks observed in
the full scan mode. In theory, as analytes in the droplets get distributed within the droplet,
more polar analytes get partitioned between the charged droplet surface and the droplet
interior, where the charge is subsequently neutralized by counterions. An analyte with a
non-polar side chain will compete for space on the droplet surface with analyte without a
non-polar side chain. In effect, the non-polar analyte would outcompete the more polar
analyte for the surface area of the drop and would displace the more polar analyte into the
charge-neutral interior of the droplet. In essence, the more non-polar analyte will occupy
the ion-producing surface and suppress the potential ions signal from the more polar
analyte in the core of the droplet through neutralization. These results are confirmation of
the proposed theory with most the non-polar analyte (GGB) having the highest ESI
response compared to a more polar analyte (GGH). This proposed mechanism explains
why an increase in ESI response is observed when the alkyl side chain length was
increased from GGH to GGB.
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Figure 5. 4 Positive ion mode electrospray ionization mass spectra of an equimolar
mixture of analyte (0.5 mM) and 1 mM LiCl solution of (a) GGH m/z 383, and GGM m/z
397, (b) GGH m/z 383, GGM m/z 397, and GGE m/z 411, (c) GGH m/z 383, GGM m/z
397, GGE m/z 411 and GGP m/z 423, (D) GGH m/z 383, GGM m/z 397, GGE m/z 411,
GGP m/z 425 and GGP m/z 439.
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5.3.2 Relationship Between Analyte and LiCl Concentration
A titration experiment was performed to determine the relationship between
analyte/lithium chloride concentration and ion response in the ESI spectrum. The analyte
and/or lithium chloride concentrations were varied for each titration experiment. Figure
5.5 shows a full scan spectrum for an experiment performed with an equimolar mixture
of all five studied compounds analyzed at three concentrations (0.01, 0.1 and 1.0 mM)
with a fixed lithium chloride concentration (0.5 mM). At low analyte and lithium chloride
concentration (i.e., 0.01 mM analyte and 0.5 mM LiCl), the full scan spectrum
predominantly contained peaks consistent with analyte ions (Figure 5.5 A). When the
concentration of the analytes was increased to 0.1 mM, ion peaks in the full scan
spectrum consisted of singly charged, lithium bound clusters. These singly charged
lithium bound clusters were consistent with two analyte neutrals and a lithium cation
([2A+Li+]+) (Figure 5.5 B) with the most intense cluster ion having a relative ion
abundance of ~20%. The relative abundance of these cluster ions ([2A+Li+]+ ) increased
to ~ 50 % when the concentration of the analyte was increased to 1.0 mM (Figure 5.5 C).
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Figure 5. 5 Positive ion mode electrospray ionization mass spectra from a solution
containing 0.5 mM of LiCl and equimolar mixture of all five b-O-4 lignin model
compounds (GGH m/z 383, GGM m/z 397, GGE m/z 411, GGP m/z 425 and GGB m/z
439) at concentrations of (a) 0.01 mM, (b) 0.1 mM, and (c) 1 mM.
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Observation of multiply charged state clusters with alkali metals in the positive
ion mode ESI spectrum has been reported. The lignin compounds studied did not show
such clusters. The full scan spectrum primarily consisted of analyte ions and other cluster
ions when the lowest analyte concentration (0.01 mM) and a higher lithium chloride
concentration (5 mM) was used. These clusters were found to be analyte, sodium cation
with HCl ([A+Na++HCl]+) (Figure 5.6 A). The ion peaks at m/z 463, m/z 477 and m/z
491 were consistent with clusters of GGE, GGP, and GGB with a sodium cation and
neutral HCl, respectively. The appearance of HCl clusters was attributed to the generation
of neutrals from the ESI process, a characteristic feature of the electrospray ionization
processes that occur when ions are either oxidize or reduced in the electrochemical
circuit. Adduct ion consistent with the addition of sodium cations were observed in most
of the spectra; however, the abundance of these ions was extremely low and hence not
taken into account. At a lower dopant (LiCl) concentration and higher analyte
concentration, the intensity of the sodium ion clusters increased slightly (Figure 5.6 C,
m/z 455 corresponds to sodium adduct of GGB). At a higher analyte concentration (0.1
mM), the sodium adduct clusters ([A+Na++HCl]+) disappeared (Figure 5.5 B). However,
when the concentration was increased by a 10 fold (1.0 mM), peak ions consistent with
[2A+Li+]+ clusters were observed (Figure 5.5 C).
The general trend in the ionization behavior observed for the studied model
compounds could be explained using both the ion evaporation model (IEM) and the
charge residue model (CRM). The IEM model proposes that for [A+Li+]+ ions and
[2A+Li+]+ ion clusters to be observed in an ESI mass spectrum, these ions (i.e. [A+Li+]+
ions and [2A+Li+]+ ion) must sit on the droplet’s surface or must be in dynamic
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equilibrium with the surface of the droplet, and as solvent evaporation continues, these
ions will be removed subsequently as the droplet shrinks in size. The charge residue
mode offers a different perspective for the formation of [A+Li+]+ ions and [2A+Li+]+
cluster ions in ESI experiments. The CRM dictates that the solvated cluster ions in the
interior of a terminal offspring droplets are removed by the last step of the solvent
evaporation process. The ion cluster formation is pronounced at higher analyte and
lithium chloride concentration because at this concentration, there is a high probability of
increasing the analyte and lithium cation concentrations at the last stages of solvent
evaporation and this will result in the formation of higher charge state clusters. The
results presented in this chapter is consistent with the IEM and further elaborate on the
dynamic equilibrium involved in ion production. The IEM model controlled the
formation of ions at analyte concentration and excess lithium cation (10-fold excess of
lithium chloride). The ions in the full scan spectrum at a low analyte concentration and 10
fold excess of lithium cation analysis were predominantly [A+Li+]+ ions which were
consistent with the hydrophobicity of the analytes. Multiple analyte cluster ions
([2A+Li+]+cluster ion) were formed when the total analyte concentration approached the
lithium cation concentration. These clusters were mostly hetero-clusters with the most
predominant ion being the ion peak at m/z 839, this ion peak (m/z 839) was consistent
with GGM+GGB+Li+]+ or [GGE+GGP+Li+]+ cluster ions. The lack of higher charged
state clusters in all these experiments reduces the probability of CRM playing a role in
cluster formation of this experiment.
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Figure 5. 6 Positive ion mode electrospray ionization mass spectra of 5 mM of LiCl and
equimolar mixture of (a) 0.01 mM GGH m/z 383, GGM m/z 397, GGE m/z 411, GGP
m/z 425 and GGP m/z 439, (b) 0.1 mM GGH m/z 383, GGM m/z 397, GGE m/z 411,
GGP m/z 425 and GGP m/z 439, and (c) 1 mM GGH m/z 383, GGM m/z 397, GGE m/z
411, GGP m/z 425 and GGP m/z 439 analyte respectively.
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An experiment was performed to control ion distribution. The analyte
concentration was held at 1.0 mM while a varying lithium chloride concentration was
used. A low ion abundance was observed when a lower concentration LiCl (ie, £ 2.5
mM) was used. There was a sharp increase in the ion intensities for all analytes when a
higher lithium chloride concentration (5 mM, stoichiometric with total analyte) was used;
the ion intensities remain constant at a 10 mM lithium chloride. The abundance of
clusters ([2A+Li+]+) at a sub-stoichiometric ratio (£ 2.5 mM) was relatively high,
however, when the ratio advanced to a 1:1, the ion intensities of the [2A+Li+]+ clusters
reduced appreciably which was consistent with the dynamic equilibrium theory.

5.3.3 Solvent Effect on Ionization Response
The effect of different solvent systems on the ESI response was evaluated. Three
widely used HPLC solvents (methanol, isopropyl alcohol, n-propanol) were studied. The
results were compared to the acetonitrile experiment in terms of the overall ionization
efficiency. When a 1 mM analyte in (methanol, isopropanol, n-propanol) and a 5 mM
LiCl was analyzed, the full scan spectra were similar to that of the acetonitrile. The
ionization response of each analyte ([A+Li+]+ ions) followed the trend already described
above. The observed analyte-analyte cluster ions ([2A+Li+]+) were consistent with the
stoichiometric ratio of analyte and lithium cation. However, different cluster ion
abundance was observed for each of the studied solvents. The total percent ion abundance
of [A+Li+]+ compared to [2A+Li+]+ cluster ions observed for the different solvent system
studies is reported in table 5.2. The observed total ion percent abundance reported in table
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5.2 could be rationalized using the boiling points of each solvent. A direct correlation was
observed between the boiling point of the solvent system used and the relative ion
abundance. The highest percentage (48 %) of analyte-analyte cluster ions ([2A+Li+]+)
was observed for the solvent with the lowest boiling point (methanol BP = 64.7oC). The
relative abundance of [2A+Li+]+ cluster ions decreased to 44 % when a relatively higher
boiling point solvent (isopropyl alcohol BP = 82.6oC) was used. The relative [2A+Li+]+
cluster ion abundance for the isopropyl alcohol experiment (44 %) was similar to the
acetonitrile (BP= 82.0 oC) experiment (45 %). When the highest boiling point solvent
was used (propanol BP = 97 oC), the relative ion abundance of ([2A+Li+]+ ) cluster ions
was the lowest (41 %) among all the studied solvent systems. In contrast, the relative ion
abundance for the [A+Li+]+ ions increased with increasing boiling point of the solvent
system used (Table 5.2). The methanol experiment recorded the lowest relative percent
abundance of [A+Li+]+ at 52 % while n-propanol recorded the highest relative percent
abundance (59 %). The two other solvents (acetonitrile and isopropanol) with similar
boiling points had a similar relative percentage abundance of [A+Li+]+ ions at 55 % and
56 %, respectively. In general, higher boiling point solvents enhanced the formation of
[A+Li+]+ while lower boiling point solvents enhanced the formation of the
[2A+Li+]+cluster ions. Rapid droplet desolvation appears to be a major contributing
factor for the formation of the [2A+Li+]+cluster ions, as evidenced by the methanol
experiment. The reaction rate, the concentration of the analyte, and the rate at which
[A+Li+]+ is loss through ion production determine the equilibrium between the neutral
analyte and [A+Li+]+. Low boiling point solvents would course rapid desolvation which
would, in turn, increase analyte concentration and reduce A+Li+]+ ion loss through ion
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production, thus enhancing cluster formation. In addition to that, the preference of
lithium cation to form a stable complex of a four-coordinate tetrahedral bond with the
electron-rich oxygen at the β-O-4' ether, the α-OH, the γ-OH and methoxy oxygen99
means that the low rate of desolvation of high boiling point solvents would allow the
formation of the more stable [A+Li+]+ (Li+ coordinated to an analyte via a stable
tetrahedral bond) to form.

Table 5. 2 Percent Relative Ion Abundance (%RIA) of ([A+Li+]+) and ([2A+Li+]+
clusters) for the b-O-4' Dimers Analyzed from Solvents with Different Boiling Points.
(1.0 mM dimer with 5 mM LiCl)
Solvent

BP (oC)

%RIA

%RIA

[A+Li+]+ [2A+Li+]+
methanol

64.7

52

48

acetonitrile

82.0

55

45

isopropanol

82.6

56

44

n-propanol

97.0

59

41
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5.3.4 Addition of “Supercharging” Modifiers
It has been reported that the addition of polar aprotic “supercharging” solvents
(modifiers) such as dimethyl sulfoxide (DMSO) and dimethylformamide (DMF) to ESI
working solutions containing higher molecular weight analytes greatly enhances the
formation of higher charged state ions of the studied analytes.99-101 The effect of two
different solvent modifiers (DMF and DMSO) on the ionization response was studied.
These experiments were performed using a 1 mM dimer and 5 mM LiCl working
solutions and varying concentration of the modifier. We did not observe a higher charge
state (multiply charged ions) ions in the full scan mode. However, ion peaks consistent
with [A+Li++DMF]+ and [A+Li++DMSO]+ clusters were observed. The [A-Li +]+,
[A+Li++DMF]+ cluster, and [2A+Li+]+ cluster ions were 20 %, 38 %, and 42 %
respectively at 1 % DMF (table 5.3). An increase in the percent abundance of the
[A+Li++DMF]+ cluster ions was observed with increasing DMF concentration. In
contrast, the percent abundance of [A+Li+]+ and [2A+Li+]+ decreased with increasing
DMF concentration (table 5.3). The full scan spectrum was dominated by the
[A+Li++DMF]+ (54 %) at 5 % DMF with a corresponding decrease in the percent
abundance of [A+Li+]+ and [2A+Li+]+ions to 25 % and 21 % respectively. Results for the
DMSO experiment was similar to that observed for the DMF experiments. At 1 %
DMSO, the percent abundance of the [A+Li++DMSO]+ ion clusters was 49 %, while that
for the [A+Li+]+ and [2A+Li+]+were 15 % and 36 % respectively. The abundance
[A+Li++DMSO]+ cluster ions increased to 58 % at a higher DMSO concentration (5 %),
while the relative abundance of the [2A+Li+]+ cluster ions decreased (25 %). This general
trend could be attributed to several factors, such as the size and the polar nature of the
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supercharging solvent. As already discussed above, Li+ prefers to form a stable
tetrahedral complex with the electron-rich oxygen at the b-O-4' and the α-OH, γ-OH, and
oxygen on one of the methoxy groups. However, considering the polar nature of DMF
and DMSO, one could envisage an active competition between a DMF/DMSO molecule
and a dimer for insertion into the [A+Li+]+ complex to form the [A+Li++DMF]+ or
[A+Li++DMSO]+ cluster ions at the expense of [A+Li+]+ and [2A+Li+]+ ions. The
absence of higher charge state ions such as [A+2Li++DMSO]2+ in this study rules out
CRM as a major contributor to ion formation from this lithium adduct b-O-4' dimer
experiments.

Table 5. 3 Percent Relative Ion Abundance (%RIA) for b-O-4' Dimers Analyzed from
acetonitrile/water containing DMF or DMSO as a Modifier. (1.0 mM dimer with 5 mM
LiCl)
DMF
%

%RIA

Modifier [A+Li+]+

DMSO

%RIA

%RIA

%RIA

%RIA

%RIA

[A+Li++

[2A+Li+]+

[A+Li+]+

[A+Li++

[2A+Li+]+

DMF]+

DMSO]+

1

20

38

42

15

49

36

2

21

46

33

15

51

34

3

23

52

25

16

53

31

4

24

53

23

17

57

26

5

25

54

21

17

58

25
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5.4. Conclusion
The aim of this chapter was to study and understand the relationship between the
electrospray ionization response and the structure of a b-O-4' lignin compound. It has
been reported in the literature that a slight change in the structure of peptide can cause a
change in the ESI response. Specifically, it has been shown that the non-polar group on a
peptide increases the ESI response of the peptide. Until recently, the structure-dependent
ESI response of lignin-related compounds has not been reported. In this study, I studied
the general ionization trend of lignin model compounds as a function of varying nonpolar groups. Five structurally related b-O-4' lignin compounds were synthesized, and
their ionization response was studied. I have shown in this chapter for the first time that a
non-polar group on a b-O-4' lignin compound can increase the lithium cationization ESI
response in the positive ion mode. The formation of multiple cluster ions (analyte-Lianalyte clusters) was found to be more dependent on analyte concentration than dopant
concentration (lithium chloride). The results presented in this chapter confirm our
working hypothesis that a non-polar group on a lignin compound will increase the overall
ionization response of that analyte. These results are essential in the lignin analysis
because they can serve as a guide in predicting ESI response for large lignin oligomers.
When performing the analysis of lignin sample that contains more than one analyte by
electrospray ionization mass spectrometry, one may want to take into account the
different functionality of the analytes.
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Chapter 6
Chromatographic Behavior of the Diastereomers of b-O-4 Lignin Dimers
Parts of this dissertation chapter are taken from Asare, S. O., Lynn, B. C. “The Study of
The Chromatographic Behavior and Fragmentation Pattern of the Diastereomers of
Synthetic b-O-4 Lignin Compounds Using HPLC/MS/MS’’ (In process).

6.1 Introduction
Liquid chromatography is a separation technique that is extensively used in the
pharmaceutical, chemical and academic research environment for the separation of
individual components in a complex mixture containing different analytes, and examples
include environmental samples, reaction mixtures, and biological fluids. A liquid
chromatography-mass spectrometer is preferred when analyzing trace concentration of
analytes and complicated matrices because of the sensitivity and specificity of MS
detection system.102-104
Liquid chromatography-tandem mass spectrometric methods have been
developed to characterize lignin model compounds, lignin degradation products, and
extracted lignin oligomers.86,105-109 Kiyota et al. developed an ultrahigh performance
liquid chromatography-tandem mass spectrometry (UPLC/ESI-CID-MS/MS) in the
negative ion mode with a "Do-It-Yourself" oligomer database to characterize lignin
oligomers extracted from sugarcane.86 By comparing the retention times and
fragmentation pattern of a library of synthesized lignin compounds to that of the
extracted compounds from the sugarcane, they identified thirteen compounds from the
extracted sugarcane mixture ranging from monomers to trimers. Kenttamaa and coworkers109 developed a high-performance liquid chromatography-tandem mass
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spectrometry method using a linear QIT/Fourier-transform ion cyclotron resonance mass
spectrometer (HPLC-ESI-LQIT-FT-ICR-MSn) to characterize lignin degradation
products. They showed that post-column addition of NaOH was useful in ionizing most
of the analytes for mass spectrometry analysis. Bohlin et al.110 employed highperformance liquid chromatography to study the rate of degradation of erythro and threo
diastereomeric pair in b-O-4 ether dimers when subjected to different oxidation
experiments. These experiments monitored the conversion of erythro and threo
diastereomer pair into different products when treated under various oxidation conditions
such as direct enzymatic, mediated enzymatic, and non-enzymatic oxidation conditions.
The stereo preference in the degradation of erythro and threo in a b-O-4 model compound
when treated with chlorine and manganese-based oxidants have also been reported.110
While much success has been gained in the development of LC methods for the
characterization of lignin oligomers, the chromatographic characteristics of the
diastereomer pair found in lignin have not been explored. Moreover, it may be essential
to take into account the effect of these diastereomers in HPLC/MS methods development.
Since the diastereomeric distribution differs in various lignin sources, there is, therefore,
a need to study the effect that each diastereomer contributes to the development of HPLC
methods.
The partition of an analyte between a mobile phase and a stationary phase when it
moves through a separation column in a liquid chromatography experiment can be
influenced by temperature. The equilibrium distribution constant (K) of molecules
partitioned between a stationary phase and a mobile phase is related to DG0, DS0, DH0 and
can be expressed using equation 6.1, where DG0, DS0, DH0 is the change in standard free
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energy, entropy, and enthalpy respectively for the transfer of one mole of an analyte from
the mobile phase to the stationary phase. The changes of the standard free energy can be
given using equation 6.2. Equation 6.1 could be substituted into equation 6.2 to give
equation 6.3. Equation 6.3 could be rearranged to give equation 6.4. The retention factor
k' can also be expressed using equation 6.5, where f is the volume ratio of the stationary
phase to the mobile phase. VR is the retention volume of the solute, and V0 is the
retention volume of the total void volume of the column. Equation 6.5 substituted into
equation 6.4 will yield equation 6.6, which can be rearranged to give the van’t Hoff
equation (equation 6.7). The standard thermodynamic enthalpy (∆H0) and entropy (∆S0)
is often used to explain the retention behavior of an analyte on a chosen column. The
effect of column temperature on a liquid chromatography separation experiment can be
described by the relationship between the retention factor (k’) and the absolute column
temperature using the van’t Hoff equation (equation 6.7). The k' in equation 6.7 is the
retention factor of each analyte, and it is obtained by measuring the retention time of the
analyte (tr) and the retention time of a non-retained compound (to) and plotting it in
equation 6.8. T is the absolute column temperature, R is the universal gas constant (8.314
J⋅K-1⋅mol-1), and ∆H0 and ∆S0 are the standard enthalpy and entropy changes,
respectively. f is the phase ratio and could be determined by finding the ratio of the
volume of the stationary phase to the volume of the mobile phase from the
chromatographic column.111-113

D" # = D%# − 'D( # … … … … (6.1)
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Plotting Ink’ vs 1/T (both experimental variables) will typically produce a straight
line whose slope and intercept can be related to the van’t Hoff equation (6.7) to determine

DH0 and DS0. The retention of analyte on a chromatographic column is an exothermic
process. It could be observed from equation 6.7 that the value of k is inversely
proportional to the temperature. Most temperature-dependent chromatographic
separations on reverse phase columns obey the van't Hoff equation (i.e., a linear plot).111113

However, compounds that exhibit structural modification during a temperature134

dependent chromatographic experiment will likely not follow the van't Hoff equation. For
example, non-linear plots have been observed for the chiral separation of enantiomers of
a conformationally rigid spirolactam or β-blockers.112
The objective of this chapter was to study the characteristic chromatographic
behavior of lignin diastereomers on different reversed-phase HPLC stationary phases.
The chromatographic behavior of the nine b-O-4 model lignin dimers was studied on
three different reverse phase HPLC columns using high-performance liquid
chromatography coupled to high-resolution accurate mass mass-spectrometry. Two peaks
corresponding to the diastereomer pair (Figure 6.1) in each compound behaved
differently on each column. The thermodynamic parameter ∆H0 was estimated from the
van’t Hoff plots. The results presented in this study shed more light into the characteristic
behavior of the diastereomer pair of each b-O-4 dimer. These results give an insight into
the behavior and characteristics of lignin diastereomers and opens the door for targeted
degradation of the diastereomer pair in lignin.
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Figure 6. 1 The two diastereomer pair of a GG lignin dimer.
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6.2 Materials and Methods
6.2.1 Chemicals and Sample Preparation
HPLC/MS grade acetonitrile, methanol, and water were purchased from Sigma
Aldrich. Lithium chloride salt was purchased from Alfa Aesar. All chemicals were used
without further purification. The nine synthesized dimers (HH, HG, HS, GH, GG, GS,
SH, SG, and SS) were used for this study. 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 µg/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.

6.2.2 HPLC/MS Instrument
HPLC/MS analysis was performed on a Shimazu high-performance liquid
chromatography (LC-20AP, Shimazu, USA) made of a quaternary pump, auto-sampler,
and a column compartment 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 inlets
temperature of 250 0C. Data were 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 lithium
cations, the mass spectrometer was equipped with a tee connector to mix the HPLC
eluate with a 10 mM lithium chloride solution at a low flow rate (0.3 μL/min).
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6.2.3 Stationary Phase
Three different HPLC columns were used for this study. A reversed-phase
Zorbax SB-Phenylhexyl column which is packed with porous silica microspheres and
functionalized with a phenyl hexyl stationary phase (100 mm ´ 2.1 mm, 2.5 um spherical
particle size, 100 oA pore size, Kromasil eternity, Brewster, NY) (figure 6.2 C), a
pinnacle DB C-18 reversed-phase column packed with a highly base-deactivated
spherical silica and functionalized with a C-18 stationary phase (100 mm ´ 2.1 mm, 1.9
um spherical particle size, 140 oA pore size, Restek, Bellefonte, PA) (figure 6.2 A) and a
pinnacle DB PFPP reversed-phase column functionalized with a sterically hindered
pentafluorophenyl propyl (100 mm ´ 2.1 mm, 1.9 um particle size, and 140 oA pore size,
Restek, Bellefonte, PA) (figure 6.2 B).

6.2.4 HPLC Experiments
A gradient system using water and acetonitrile was used for this study. Table 6.1
shows the percentage of water and acetonitrile used at each time, with a total elution time
of 25 minutes. A flow rate of 0.3 mL/min, and an injection volume (sample) of 5 µL was
used. All analytes were analyzed as to their lithium adduct ions in the positive ESI mode.
The eluent from the HPLC was introduced into the mass spectrometer via a T-connector
which had a 10 mM lithium chloride solution flowing at a flow rate of 0.1 µL/min. Data
were acquired in the full scan spectrum mode from m/z 50 to m/z 500. For MS/MS
experiments, 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, MS/MS experiments were conducted using the chloride adduct ionization
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technique in the negative ion mode. The NCE was set at 35 during the PRM experiment.
The effect of column temperature was studied using a temperature range from 25 to 45
with a 5 increment. 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.
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Figure 6. 2 Schematic diagram of the stationary phase material of A. C-18 column, B.
pentafluorophenyl propyl column and C. Phenylhexyl column.

139

6.3 Results and Discussion
6.3.1 Retention Behavior of the Studied Compounds
The aim of this work was to study the chromatographic behavior of synthetic
lignin model compounds containing a mixture of diastereomers (erythro and threo) using
three different reverse phase HPLC columns. The three reversed-phase columns were
selected for varying reasons. A pinnacle DB C18 was chosen because of its common and
wide application in HPLC analysis of compounds containing different functional groups,
a pinnacle DB PFPP column was selected because of its compatibility with compounds
containing highly electronegative groups and its ability to function at high aqueous
mobile phase percentage, finally, a Zorbax SB-Phenylhexyl column was used because it
has been proven to be efficient in separating aromatic compounds. A solution containing
one or more analytes were studied on the selected HPLC column using an
acetonitrile/water gradient system and detected as lithium adduct in positive mode mass
spectrometry using a high-resolution Q-exactive mass spectrometer. A series of runs were
made to determine the optimum non-linear gradient solvent system. Two solvent systems
were used, an aqueous and an organic solvent. Pump A had water, and pump B had
acetonitrile. The chromatographic behavior of each compound was studied and discussed
below.
The nine-studied compound H-(b-O-4)-H, H-(b-O-4)-G, H-(b-O-4)-S, G-(b-O-4)H, G-(b-O-4)-G, G-(b-O-4)-S, S-(b-O-4)-H, S-(b-O-4)-G, S-(b-O-4)-S (two peaks per
dimer) exhibited different retention behavior on the three columns. Figure 6.3, 6. 4 and
6.5 show the chromatogram of HH, GG, and SS dimers respectively.
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Figure 6. 3 Extracted ion chromatogram of H-(b-O-4)-H dimer analyzed on a C-18
column (top chromatogram), a PFPP column (middle chromatogram) and a phenyl hexyl
column (bottom chromatogram).

Figure 6. 4 Extracted ion chromatogram of G-(b-O-4)-G dimer analyzed on a C-18
column (top chromatogram), a PFPP column (middle chromatogram) and a phenyl hexyl
column (bottom chromatogram).
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Figure 6. 5 Extracted ion chromatogram of S-(b-O-4)-S dimer analyzed on a C-18
column (top chromatogram), a PFPP column (middle chromatogram) and a phenyl hexyl
column (bottom chromatogram).

All were analyzed individually on the three selected HPLC columns (C18-top
chromatogram, PFPP-middle chromatogram, and Phenylhexyl-bottom chromatogram).
In general, the C-18 column retained the analytes for a longer time compared to
the PFPP column. However, the peak width and resolution for the C-18 column was
about the same as the PFPP column. The increased retention time for the C-18 column
compared to the PFPP column could be rationalized using the type material used as the
stationary phase in each column. As shown in figure 6.2, the C-18 column is made upon a
non-polar functionalized surface having a long 18 carbon chain attached to its surface
while the PFPP column has a functionalized pentaflurobenze on its surface. The analytes
will have a stronger interaction with the C-18 column compared to the PFPP column. The
principle of operation of reverse phase chromatography is based on the hydrophobicity of
the analyte. The C-18 column has a long carbon chain on its surface which makes it
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highly non-polar and hydrophobic. In effect, relatively non-polar analytes will interact
strongly with the C-18 phase and hence have a longer retention time. Additionally,
hydrophobic analytes with alkyl side chain will interact strongly with the C-18 stationary
phase. Also, the retention times increases as the number of carbon atoms increases. This
general principle of operation of the C-18 column explains the retention behavior of the
analyzed dimer series, and in particular, it explains why SS dimer (highest number of
carbon) has the longest retention time.
Typically, the highly electronegative nature of the fluoride ion makes it a very
strong proton acceptor and a good candidate to form a hydrogen bond. The fluoride ion
forms a strong hydrogen bond compare to oxygen and nitrogen, and this is particularly
true when dealing with a bifluoride anion, HF, and inorganic fluoride salts. However, a
fluorine atom attached to a carbon act differently. The covalent nature of a C-F bond
makes the fluoride act as a weak base and hence a weak proton accepter.114 This weakens
the fluoride atom ability to act as a proton acceptor and form a strong hydrogen bond.
Dunitz et. al114 reported that the intermolecular distances between a C-F---H---X in
small-molecule crystal structures are too wide to be considered for effective hydrogen
bond. Their results confirmed that a fluorine atom covalently bonded to a carbon rarely
accepts a proton to form a hydrogen bond. This reason explains why the analyzed
compounds have higher retention on the C-18 column compared to the PFPP column.
The phenyl-hexyl column showed a weak interaction with the analytes, it, however,
proved to be the most efficient column of the three studied columns because it was the
only column that produced a complete baseline separation for all the studied diastereomer
pairs. This observation was consistent with the literature report that suggested that HPLC
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columns with functionalized phenyl surfaces are efficient in separating polar aromatic
analytes.109

6.3.2 Distribution of Diastereomers in the Studied Compounds
The percent abundance of each diastereomer (E: T) in each dimer was determined
from the peak area of each diastereomer in each chromatogram. The literature teaches
that there is approximately equal amount of E: T in a GG dimer. To accurately determine
the percent of E and T in each dimer, complete baseline separation of the two
diastereomer peak was essential. The percentage of each diastereomer peak was
calculated by first summing up the total peak area of the two peaks and then diving the
peak area of each diastereomer by the total peak area of the two diastereomers, the
fraction was then multiplied by 100 to obtain the percent peak area of each diastereomer.
The calculated E: T percent was based on the phenyl hexyl column experiments because
it was the only column that produced a complete baseline separation for all
diastereomers.
The overall percent abundance for the first peak (erythro diastereomer) was
higher in eight out of the nine analyzed compounds with the exception of the HH dimer
(Table 6.1). The percent peak abundance of the second diastereomer (threo) was larger in
the HH dimer. The ratio of E: T differed in each dimer series, for example, the ratio of E:
T was 23:76, 66:34 and 85:15 respectively for the HH, HG, and HS respectively. For the
G series, the E: T ratio calculated for GH, GG, and GS were 55:45, 57: 43 and 76:24,
respectively. It must be noted that the observed E: T ratio for GG dimer was comparable
to the literature value, which is reported to be approximately 50:50.110 For the S series,
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the E: T ratio in SH was 62:38, while the SG and SS were 65:35 and 70:30, respectively.
In general, the addition of a methoxy group to the "ring B" across a dimer series reduced
the percent abundance of the second diastereomer across all analyzed dimers (Table 6.1).
In a general Aldol addition reaction, a racemic mixture is expected if there are no
asymmetric induction effects. However, the ratio of diastereomers can be affected by the
reactants and reaction conditions. The intermediate enolate formed (either Z-conformer
or E-conformer at the C-C double bond) upon the abstraction of a proton dictates the ratio
of the diastereomer pair (erythro and threo) figure 6.6. An erythro diastereomer is
exclusively formed when the intermediate enolate adopts a Z-configuration while a threo
diastereomer is exclusively formed when the intermediate enolate adopts an Econfiguration. It has been reported that under certain reaction conditions (strong base,
polar aprotic solvents and cold temperature < -70 oC), the E-conformer is predominantly
formed.119-123 This could explain the general trend for the distribution of diastereomers in
our dimer series. In the H-H dimer, for example, an E-conformer enolate is expected to
be the predominant intermediate enolate because of the reaction conditions and also
because of the lack of any additional functional groups that will produce an asymmetric
induction effect. In effect, the threo diastereomer is expected to dominate the product
distribution. This was confirmed by our chromatographic results where the ratio of
erythro and threo was 23:77 percent. As we introduce a methoxy group to the ring
(example HG dimer), a combination of steric hindrance and the inductive effect would
affect the formation of the E-conformer enolate, and hence a distribution of conformers (
that is E and Z) would be obtained, and this will affect the distribution of the observed
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diastereomers. This explains why increasing the methoxy group changes the distribution
of the observed diastereomers.
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Figure 6. 6 The E and Z conformer of “ring B” (starting material) upon abstraction of the
a-hydrogen.
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Table 6. 1 Physical parameters determined from the chromatographic experiments (D-1 and D-2 represents the first
and second diastereomer in each dimer respectively.
Compound
Name

HH

HG

MW

GH

Hex

Diastereomer

C18

PFP

HEX

ratio

r2

∆H
(KJ/mol)

D-1

13.58

8.87

7.63

23

0.996

-19.1±0.02

D-2

13.89

9.13

7.79

77

0.993

-20.1±0.06

D-1

13.72

9.45

9.34

66

0.996

-19.5±0.01

D-2

13.81

9.6

9.5

34

0.997

-21.4±0.07

D-1

15.27

10.7

10.79

85

0.999

-19.8±0.03

D-2

16.11

11.32

11.31

15

0.999

-23.1±0.04

D-1

13.82

9.22

9.37

55

0.998

-17.1±0.06

D-2

14.07

9.43

9.6

45

0.997

-17.8±0.06

316

346
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HS

Retention time/min

376

346

Table 6.1 (continued)

GG

GS

SH

SS

13.89

9.61

9.44

57

0.998

-15.6±0.07

D-2

14.10

9.82

9.71

43

0.996

-17.3±0.07

D-1

15.33

11.04

10.86

76

0.998

-16.5±0.03

D-2

16.27

11.72

11.43

24

0.999

-20.3±0.09

D-1

13.58

9.21

10.79

62

0.998

-14.3±0.05

D-2

13.80

9.37

11.31

38

0.997

-14.9±0.09

D-1

13.56

13.60

9.28

65

0.997

-12.9±0.01

D-2

13.86

13.92

9.59

35

0.996

-15.1±0.01

D-1

15.29

10.97

10.73

70

0.998

-15.5±0.06

D-2

16.16

11.67

11.3

30

0.996

-19.5±0.02

376

406

376
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SG

D-1

406

436

6.3.3 Separation of Mixtures
To determine the efficiency of the selected columns to separate a mixture
containing multiple analytes, a solution containing two or more analytes were analyzed.
Different mixtures were made, for example, three different mixtures containing HH, HG,
HS; HH, GG, SS, and SH, SG, SS respectively were analyzed on the three studied
columns. The separation of HH, HG, and HS on the C-18 column was poor (figure 6.7
top panel). The chromatogram was characterized by several peaks co-eluting with poor
peak resolution. Four peaks were observed instead of six. The PFPP column (figure 6.7
middle panel) and the phenyl hexyl column (figure 6.7 bottom panel) produced an
improved separation. Six peaks corresponding to each diastereomer in the mixture were
observed on both columns. The second analyzed mixture containing SH, SG, and SS
produced a chromatogram that was significantly different from the HH, HG, and HS
chromatogram. The C-18 column produced six peaks (figure 6.8 upper panel). The first
and second pair of peaks corresponded to the diastereomer pairs in SH and SG
respectively. The fifth and sixth peak corresponded to the diastereomer pair in SS. Figure
6.7-middle panel is a PFPP column separation of SH, SG, and SS. Surprisingly, the
separation on this column was extremely poor characterized by a broad peak with the
four diastereomers of SH and SG co-eluting, however, baseline separation of the two
diastereomers of SS was achieved (figure 6.8 middle panel). The phenyl hexyl column
produced six sharp peaks (figure 6.8 lower panel) that were completely resolved with
each peak corresponding to a diastereomer in the mixture containing SH, SG, and SS.
With respect to the homogenous dimers (HH, GG, and SS), six peaks were observed on
the C-18 column, however, these peaks were broad and lacked a complete baseline
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separation (figure 6.9 top panel). The PFPP column produced a slightly improved
separation for the homogenous dimer series (HH, GG, and SS) with the two
diastereomers on HH in the mixture completely resolved. Although there was an overall
improved resolution of the peaks using the PFPP column compared to the C-18 column,
GG and SS diastereomer pair were not completely resolved (figure 6.9 middle panel). Six
completely resolved peaks corresponding to each diastereomer in HH, GG, and SS in the
mixture were observed for the Phenylhexyl column (figure 6.9 lower panel).
The structure and selectivity of the PFPP column could explain the overall difference in
peak shape and retention of the studied model compounds compared to the other
columns. The PFPP column is made of a functionalized silica phase with a
pentafluorophenyl ring attached to the silica via a propyl chain, this surface has been
proven to exhibit both reverse and normal phase properties and thus offer an improved
selectivity for polar compounds compared C-18 columns. 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 a and p-p interaction. The phenyl hexyl column
provided an improved selectivity for aromatic compounds because of the p-electron-rich
phenyl group that interacts with the aromatic rings of the analytes.115,116 These
similarities between the PFPP and the phenyl hexyl columns explain the similarity of the
characteristics between the retention times of analyzed compounds analyzed with the
PFPP and phenyl-hexyl.
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Figure 6. 7 Extracted ion chromatogram of a mixture containing H-(b-O-4)-H, H-(b-O4)-G and H-(b-O-4)-S dimers analyzed on a C-18 column (top chromatogram), a PFPP
column (middle chromatogram) and a phenyl hexyl column (bottom chromatogram)
respectively.

Figure 6. 8 Extracted ion chromatogram of a mixture containing S-(b-O-4)-H, S-(b-O-4)G and S-(b-O-4)-S dimers analyzed on a C-18 column (top chromatogram), a PFPP
column (middle chromatogram) and a phenyl hexyl column (bottom chromatogram)
respectively.
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Figure 6. 9 Extracted ion chromatogram of a mixture containing H-(b-O-4)-H, G-(b-O4)-G and S-(b-O-4)-S dimers analyzed on a C-18 column (top chromatogram), a PFPP
column (middle chromatogram) and a phenyl hexyl column (bottom chromatogram)
respectively.

We explored the possibilities of separating a solution containing a mixture of
isomers (GS and SG) on the three studied columns. Figure 6.10 shows a chromatogram
of a mixture of GS and SG dimers. While all four diastereomers in the mixture were
separated on the three studied columns, it was only the phenyl hexyl column that
produced a complete baseline separation. The chromatogram (figure 6.10 bottom panel)
was characterized by sharp peaks that were completely resolved. This overall observation
proves that the phenyl hexyl column is superior to the other studied column when
separating aromatic, rich compounds.
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Figure 6. 10 Extracted ion chromatogram of a mixture containing two isomers (G-(b-O4)-S and S-(b-O-4)-G) analyzed on a C-18 column (top chromatogram), a PFPP column
(middle chromatogram) and a phenyl hexyl column (bottom chromatogram) respectively.
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6.3.4 Effect of Column Temperature
The effect of column temperature on the chromatographic behavior of the studied
compounds was done on the phenyl hexyl column. This column was chosen because it
was the only column that offered a complete baseline separation for each pair of
diastereomer of each compound. Five different column temperatures ranging from 25 45°C with a 5 0C increment were used. Several initial experiments using different
isocratic elution conditions were made, and a system of 15:85 ACN/Water was
employed. The retention factor of each diastereomer pair was calculated using equation
(equation 6.8) and the chromatographic parameters (tr and t0) obtained from the
chromatographic experiments. Urea was used as the non-retained analyte. In general,
increasing the column temperature resulted in improved peak shape, width, and an overall
decrease in retention times. Figure 6.11 shows an overlaid chromatogram of G-(b-O-4)-S
dimer analyzed at different temperatures on the phenyl hexyl column. 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. A second example is shown for the analysis of G-(b-O-4)-H
dimer in figure 6.12. This observation was consistent with literature report which
suggests that a decrease in retention time as a function of increasing temperature is
caused by an exothermic enthalpy change associated with the transfer of solutes from the
mobile to stationary phase.111-113 Moreover, at high temperatures, the hydrophobicity of
the mobile phase increases, subsequently causing low retention of analytes in reverse
phase chromatography.117
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25 OC

30 OC
35 OC
40 OC
45 OC

Figure 6. 11 Overlaid extracted ion chromatogram of G-(b-O-4)-S dimer analyzed at
different column temperature on the phenyl hexyl column.
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25 OC

30 OC

35 OC

40 OC

45 OC

Figure 6. 12 Extracted ion chromatogram of G-(b-O-4)-H dimer analyzed at different
column temperature on the phenyl hexyl column.
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Corresponding van’t Hoff plots were constructed and DH0 of each peak
determined from the slope of the van't Hoff plot. The van’t Hoff plots, i.e., ln k as a
function of 1/T were linear and highly correlated for all of the studied analytes. The
correlation coefficient was higher (r2 > 0.995) in most instances. The thermodynamic
parameter D H0 was calculated from the slope of the van’t Hoff plots and reported in table
1. The D H0 values ranged between 15-23 KJ/mol, and as could be observed from table 1,
compounds with an "S unit" as the ring B had higher DH0 values. In general, the higher
the standard enthalpy values, the more the hydrophobic character of the retention process.
The DH0 values reported here hence indicates that the hydrophobicity of separation and
linear dependence of the capacity factor versus inverse temperature proofs that the
retention mechanism occurs via hydrophobic interaction and the retention mechanism
does not change with temperature.

6.3.5. Predicting Configuration Based on MS/MS Data
The fragmentation pattern of b-O-4 lignin models has extensively been studied
and documented. In general, two fragmentation mechanisms have been proposed. For
simplicity, we will call the two-proposed fragmentation mechanism F-1 and F-2. The first
mechanism (F-1) proceeds via the loss of 48 mass units from the [M-H] ion consistent
with the loss of H2O and CH2O to give a dominant [M-H-48]- ion peak in the MS/MS
spectrum. The second mechanism (F-2) involves the cleavage of the b-O-4 bond on the
[M-H]- ion to produce fragment ions "ring A" and "Ring B." It is important to note that
these two-proposed fragmentation mechanisms were based on direct infusion mass
spectrometry, and hence, it is composite information of both diastereomer pairs in a
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dimer. In an attempt to develop an HPLC/MS method to characterize lignin degradation
product from organsolv oak lignin residue, Kenttamaa and co-workers109 separated the
two diastereomers of guaiacylgly- cerol-β-syringyl ether (GS) on a phenyl column and
performed tandem mass spectrometry on each individual diastereomer. They observed a
significant difference in the relative ion abundance of each diastereomer pairs (RS/SR
and RR/SS). They reported that the mechanism of fragmentation of one deprotonated
diastereomer pair proceeded via the F-1 mechanism while the other pair proceeded via
the F-2 mechanism. They concluded that a further mechanistic study would be required to
unambiguously assign the configuration of each diastereomer pair, i.e., either (RS/SR or
RR/SS). Their study was however limited to a single model compound (GS dimer), and
hence it would be difficult to draw any meaningful conclusion.
We subjected the diastereomer pair in each of the nine studied dimers to tandem
mass spectrometry. To obtain results that are comparable to the literature report, the
tandem mass spectrometry was done in the negative ion mode utilizing the chloride
adduct technique. The nine analyzed dimers were categorized into three groups based on
the tandem mass spectrum of their individual diastereomer. The first group consists of
dimers having an "H unit" as the ring B, i.e. (HH, GH, and SH). The second and third
groups consist of dimers having a "G unit" as the ring B (GG, SG, and HG) and "S unit"
as the ring B (HS, GS, and SS) respectively. These three groups had different
characteristic fragmentation pattern in their MS2 spectrum. For dimers in group 1 (HH,
GH, and SH), the tandem mass spectra of the first diastereomer (D-1) was consistent with
the F-2 mechanism where the "sequence-specific" fragment ions were the most abundant.
The tandem mass spectra of the second diastereomer in this group were consistent with
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the F-1 mechanism where the deprotonated ion peak losses H2O-CH2O to produce the “48” ion. For example, figure 6.13 shows the (-) HCD mass spectrum of the first
diastereomer of HH and figure 6.14 shows the (-) HCD mass spectrum of the second
diastereomer of HH dimer. Ion peaks at m/z 165 and m/z 149 in figure 6.13 are the
"sequence-specific" fragment ions, and hence the mechanism of fragmentation is
consistent with the F-2 mechanism. In contrast, the most abundant ion peak in figure 6.14
is m/z 267, which corresponds to the "-48" ion and hence the mechanism of
fragmentation is consistent with the F-1 mechanism. The opposite trend was observed for
the second group (HG, GG, and SG). The first diastereomer (D-1) in the second group of
dimers (HG, GG, and SG) upon tandem mass spectrometry fragmented to give the "-48"
ion while the second diastereomer upon tandem mass spectrometry fragmented to give
"sequence-specific" fragment ion. For example, the ion peak at m/z 327 in figure 6.15 is
the most abundant ion in the tandem mass spectrum of the first diastereomer (D-1) of the
GG dimer and it corresponds to the “-48” ion and hence consistent with the F-1
fragmentation mechanism. On the other hand, ion peaks at m/z 195 and m/z 179 in figure
6.16 are the most abundant ions in the tandem mass spectrum of the second diastereomer
(D-2) of the GG dimer and it corresponds to the "sequence-specific" fragment ion and
hence consistent with the D-2 fragmentation mechanism. The mechanism of
fragmentation of the two diastereomers of the third group of dimers (HS, GS, and SS)
was the same as that of the second group of compounds (HG, GG, and SG), however, the
difference in ion abundance was not as striking at that observed for the second group.
Figure 6.17 and 6.18 shows the tandem mass spectrum of the first and second
diastereomer of the SS dimer respectively. The tandem mass spectrum of the two
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diastereomers had an almost equal abundance of the "sequence Specific" fragment ions,
however, to assign a fragmentation mechanism (that is either F-1 or F-2), one would
almost have to exclusively rely on the appearance or non-appearance of the "-48" ion. Ion
peak at m/z 387 in the tandem mass spectrum (figure 6.17) of the first diastereomer (D-1)
of the SS dimer corresponds to the "-48" ion, in contrast, this ion is missing in the tandem
mass spectrum of the second diastereomer of the SS dimer (figure 6.18). On the basis of
this observation, one could "loosely" assign the F-1 and F-2 fragmentation mechanism to
the first and second diastereomers in the SS dimer, respectively.
While the absolute reason for the difference in the fragmentation pattern of the
two diastereomers of the same compound is not known, speculations could be made. The
fundamental question of interest is "is the first peak, always an erythro (E)? And is the
second peak always a threo (T)? Even though the synthetic reaction conditions and
reaction substrates could be used to predict product distribution, is there a possibility that
the two diastereomers (E and T) could switch in terms of their chromatographic
separation? While is it almost impossible to answer this question from a chromatographic
standpoint, our tandem mass spectrometry data suggests that the two diastereomers could
switch positions.
It has been reported that the erythro conformer prefers to fold and form a torsion
angle of 600 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 1760.118 Based on literature precedence and our results, it
appears that the Erythro conformer is likely to undergo the F-2 mechanism to produce the
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"sequence-specific" fragment ions while the threo conformer will likely undergo the F-1
mechanism to produce the “-48” ion.

Figure 6. 13 (-) HCD mass spectrum of the first diastereomer of HH dimer which is
consistent with “F 2” fragmentation pathway. Ion peaks at m/z 165 and m/z 149 are
“sequence specific” fragment ions.

Figure 6. 14 (-) HCD mass spectrum of the second diastereomer of HH dimer which is
consistent with “F 1” fragmentation pathway. Ion peak at m/z 267 is the “-48” fragment
ion.
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Figure 6. 15 (-) HCD mass spectrum of the first diastereomer of GG dimer which is
consistent with the “F 1” fragmentation pathway. Ion peak at m/z 327 is the “-48”
fragment ion.

Figure 6. 16 (-) HCD mass spectrum of the second diastereomer of GG dimer which is
consistent with the “F 2” fragmentation pathway. Ion peaks at m/z 195 and m/z 179 are
“sequence specific” fragment ions.
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Figure 6. 17 (-) HCD mass spectrum of the first diastereomer of SS dimer which is
consistent with the “F 1” fragmentation pathway. Ion peak at m/z 387 is the “-48”
fragment ion.

Figure 6. 18. (-) HCD mass spectrum of the second diastereomer of SS dimer which is
consistent with the “F 2” fragmentation pathway. Ion peaks at m/z 225 and m/z 209 are
“sequence specific” fragment ions.
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6.4 Conclusion
The chromatographic behavior of nine b-0-4 lignin model compounds were
studied on three commercially available HPLC columns. The study was aimed at
examining the efficiency of the chosen HPLC column to separate the diastereomer pair in
each dimer effectively. A water/acetonitrile gradient system with a post-column lithium
chloride addition was employed. Full baseline separation was achieved for all studied
compounds on the phenyl hexyl column. Even though the separation on the C-18 column
was poor, it was found to be superior to the PFPP column. It is generally accepted that
chromatographic interaction separation which involves the partition of an analyte
between a mobile phase and stationary is enthalpy driven which normally involves an
exothermic solute sorption process. A temperature programming experiment using
water/acetonitrile isocratic elution showed that the chromatographic retention mechanism
of these diastereomers are hydrophobically driven with analytes having more methoxy
groups exhibiting higher DH0 values.
The fragmentation pattern of the two diastereomer pairs of each dimer was also
studied. We observed that the two diastereomer pair in each dimer produced ions of
different abundance upon tandem mass spectrometry. Based on the literature report and
further mechanistic studies of the tandem mass spectrum of each diastereomer, two
different mechanisms of fragmentation (F-1 and F-2) were assigned to each of the
diastereomer pairs. The results presented in this chapter throws more insight into the
fragmentation behavior of the two diastereomer pairs of a b-O-4 lignin model compound
and may be helpful to scientists interested in studying the fragmentation mechanism and
target degradation experiments of the two diastereomers of a b-O-4 lignin compound.
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Chapter 7
Conclusion
Lignin, the second most abundant natural polymer, has become an interesting area
for research and development. The aromatic nature of this naturally occurring polymer
makes it a potential alternative source for the production of aromatic synthons for the
pharmaceutical and chemical manufacturing industries. The initial challenge in lignin
research was the lack of workable methods to break down lignin into useful small
molecules. Over the years, much gain has been made in the area of lignin degradation.
Even though not commercially available, there are several methods that have been
developed by several research groups that can be employed for the effective degradation
of lignin into useful lignin degradation products. An important step in the overall lignin
research is the ability to identify the end products of lignin breakdown products. The
technique of choice that has been used over the years to characterize large oligomers is
nuclear magnetic resonance methods. Particular, the 2D HSQC experiment has been used
to confirm the linkages in lignin and identify lignin degradation products. However,
NMR methods are time-consuming, and, in most cases, results obtained from these
experiments are complicated and difficult to interpret because lignin degradation products
are typically made up of a complex mixture of different analytes. Effective analytical
methods are therefore required to support the rapid and accurate elucidation of lignin
degradation products.
Mass spectrometry is a powerful analytical technique that has been proven to be
useful for the structural elucidation of compounds ranging from lower molecular weight
analytes to peptides and proteins without the need of time-consuming purification of
samples; furthermore, mass spectrometry has the ability to provide simple and straight
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forward data in a short period of time. The use of mass spectrometry in the analysis of
lignin was not widely applicable until recently. This is because of lignin's poor ionization
efficiency. The evolution of electrospray ionization has helped the application of mass
spectrometry in lignin analysis. Base catalyzed simple deprotonation negative ion mode
electrospray ionization is the most widely used mass spectrometric method for lignin
analysis. While this technique works in most cases to provide excellent results, setbacks
such as insource fragmentation for some bonding types have been reported. This setback
is a major disadvantage of the negative ion mode mass spectrometry for the analysis of
lignin related compounds. The aim therefore of this research was to develop a universal
mass spectrometric method to characterize and sequence lignin oligomers.
The first hypothesis of this work was "tandem mass spectrometry can produce
unambiguous fragmentation pattern." To test this hypothesis, it was essential that I
develop lignin model compounds. Unlike peptides and oligosaccharides that are
commercially available, lignin model compounds are scare and not commercially
available. Almost all research groups that work on lignin rely on the most common
commercially available lignin model compound (the famous GG dimer). Groups that
have synthetic prowess often employ in house synthesized compounds. Chapter two of
this dissertation described the synthesis of fourteen b-O-4 lignin model compounds. The
aldol chemistry was employed to synthesize nine dimers and 5 timers. The synthesized
compounds contain all relevant functional groups, namely the b-O-4 linkage, a phenolic
side and an a,b-unsaturated alcoholic side chain. Synthesized products were
characterized by 1H NMR, 2D HSQC, and high-resolution mass spectrometry. I have
successfully described an optimized step by step synthetic route for the synthesis of
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lignin model compound containing the b-O-4 linkage. The method presented in this study
could easily be extended for the synthesis of higher molecular weight oligomers such as
tetramers and pentamers. To the best of my knowledge, this is the first account of the
synthesis of all nine-possible configuration of the b-O-4 dimer, and the synthesis of a
heterogeneous trimer such as the HGS and the SGH.
The most widely mass spectrometric method used for the analysis of lignin
degradation products is simple deprotonation electrospray ionization mass spectrometry.
This technique utilizes a basic solution as a dopant to deprotonate a weakly phenolic
functionality on the lignin compound followed by analysis in the negative ion mode mass
spectrometry. This technique has been successfully used to characterize and sequence
lignin based on the study of model compounds. It has also been coupled to a highperformance liquid chromatography to characterize the lignin degradation product.
However, in the course of our research, we observed that the simple deprotonation
technique does not work for all bonding types. For example, a-O-4 bond undergoes an
extensive insource fragmentation under simple deprotonation, which leads to a
complicated mass spectrum that is difficult to interpret. In chapter three of this
dissertation, I employed the chloride adduct electrospray ionization tandem mass
spectrometry as an alternative method for ionizing lignin. The addition of a chloride
anion in the form of an ammonium chloride dopant stabilized the precursor ion the full
scan spectrum mode. This enabled the exact molar mass determination of the studied
compounds. To test the working hypothesis ("tandem mass spectrometry can provide
unambiguous fragmentation pattern"), tandem mass spectrometry was performed on each
of the studied compounds. Sequence-specific fragment ions for each studied compound
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was obtained. These useful sequence-specific fragment ions were used for structural
elucidation of the studied oligomers. The sequence data was successfully used to
different three dimer isomers. The ionization method presented in this chapter adds
significant knowledge to the mass spectrometry lignin literature. Not only is this method
able to stabilize analyte ions in the full scan mode, but it also provides useful structural
information for characterization and sequencing purposes upon tandem mass
spectrometry. The overall hypothesis was then adopted and accepted.
The application of mass spectrometry for the analysis of lignin has exclusively
focused on negative ion mode mass spectrometry. Until recently, not much has been
reported on lignin analysis using positive ion mode mass spectrometry. In chapter four of
this dissertation, I explored the potential of using cationization techniques to analyze
lignin oligomers. Two cations were employed in this study. Sodium cation generated
from a sodium chloride dopant solution and lithium cation generated from a lithium
chloride dopant solution. Results of the sodium cations studies confirmed the inability of
sodium electrospray ionization mass spectrometry to characterize the lignin compound as
reported in the literature. The literature teaches that sodium electrospray ionization mass
spectrometry is only good at providing stable analyte adduct ions in the full scan
spectrum mode that could be used for molar mass determination. However, when lithium
cation was employed, different novel results were obtained. Stable lithium adduct ion of
all studied model compounds was observed in the full scan positive ion mode. This
enabled the molar mass determination in the positive ion mode. Tandem mass
spectrometry performed on the lithium adduct ions produced useful structural
information. Structural information obtained from tandem mass spectrometry
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experiments were used to sequence the studied lignin oligomers. Results obtained were
used to develop a sequencing protocol that was applied to sequence the studied
oligomers. By sequencing, I mean the ability to tell the monolignol order in which a b-O4 trimer is connected. For example, the sequencing rules were used to determine the
sequence of three b-O-4 trimers. One could unambiguously tell that a b-O-4 trimer with
the same molar mass (for example HGS, SGH, and GSH) is connected in the order of
HGS and not GHS. Results presented in this chapter show the capabilities of the lithium
electrospray ionization tandem mass spectrometry as an effective mass spectrometric
method to unambiguously tell the sequence in which a b-O-4 trimer is connected,
something that no analytical technique can do, including 2D NMR. The sequencing
methodology presented in this chapter could easily be extended to larger oligomers. The
lithium cationization technique has opened another analytical window for the
characterization of lignin related products. Lignin break down products are typically
derivatized to aid the solubility in organic solvents. These derivatizations oftentimes
convert the free hydroxide on lignin into other functionalities, and hence no weakly
acidic hydrogen will be available for simple deprotonation experiments. To the best of
my knowledge, this is the first account of an electrospray ionization method in the
positive ion mode for the characterization and sequencing of lignin oligomers. Results
presented in this chapter again support the hypothesis that "tandem mass spectrometry
can provide unambiguous sequence information."
While the use of mass spectrometry in lignin analysis has seen a growing
acceptance, the fundamental question of the structure-dependent electrospray ionization
response has not been studied. We were motivated to pursue this line of research because
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it answers the fundamental question of the electrospray ionization efficiency of lignin
compounds. Secondly, we observed a conspicuous difference in the ionization response
of the same analyte analyzed using GCMS and direct infusion mass spectrometry. The
literature teaches that a small change in the structure of an analyte can cause a significant
change in its ESI response. Chapter five of this dissertation focused on the electrospray
ionization response of lignin compounds. The working hypothesis of this study was
"addition of a non-polar group to a b-O-4 lignin compound will increase the electrospray
ionization response”. To test this hypothesis, a series of b-O-4 lignin dimers having the
same skeletal structure but different non-polar side chains (i.e., hydrogen, methyl, ethyl,
propyl, and butyl) at the a-position were synthesized and analyzed. By using lithium
cationization techniques, we’ve shown for the first time that the addition of a non-polar
group to a b-O-4 lignin compound increases the ionization response in the full scan
mode. In general, the addition of a methylene group increased the ionization response by
a factor of about 1.5 to 2. While organic modifier such as DMF and DMSO has been
shown to increase the overall charge state of larger molecules in the full scan ESI
experiments, we did not observe such results. Results presented in this chapter have wide
ramifications for the lignin mass spectrometry world. One can now look at the functional
groups attached to a b-O-4 lignin compound and predicts its cationization efficiency in
the positive electrospray ionization mode. To the best of my knowledge, this is the first
time the electrospray ionization efficiency of lignin compounds has been reported.
The sixth chapter of this dissertation focused on the study of the chromatographic
behavior and fragmentation mechanism of the two diastereomers present in the b-O-4
compounds. The separation of the individual components in a mixture is an important
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step because most mixtures are made up of several individual analytes with varying
characteristics and properties and hence separating them into their individual components
is sometimes necessary before introducing them into the mass spectrometer. Using three
commercially available reverse-phase columns, the chromatographic behavior and factors
that affect chromatographic separations such as solvent system and column temperature
were studied. It was concluded that the chromatographic retention mechanism of the
diastereomers in the b-O-4 compounds is hydrophobically driven with analytes having
more methoxy groups exhibiting higher delta retention times. A further mechanistic study
of the individual diastereomer showed the power of tandem mass spectrometry in
structural elucidation by producing unique fragmentation pattern for each of the
diastereomer pairs in each compound.
The overall aim of exploring and developing alternate mass spectrometry methods
for the characterization of lignin related compounds was achieved by building lignin
model compounds that have functionalities similar to natural lignin. This research has
provided alternative electrospray ionization methods for structural elucidation of lignin
oligomers, specifically, chloride adduct ionization in the negative ion mode and lithium
adduct ionization in the positive ion mode. These methods were used for the structural
elucidation and sequencing of lignin oligomers based on the study of model compounds.
Furthermore, this research has led to the synthesis of a library of model compounds that
could be used as analytical standards for method development.
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Future work
This dissertation has presented alternate mass spectrometric methods for the
characterization of lignin related compounds. The strategy was to develop a "bottom-up"
approach for lignin analysis. The "bottom-up lignomics" approach involves the
development of mass spectrometric methods based on the study of model compounds
with known structure and functionalities. The application of the lithium cationization
technique to characterize higher molecular weight lignin oligomers of up to m/z 1823
derived from FeCl3 catalyzed oxidative coupling of lignin monomers was recently
reported by our group.124 Future research work would focus on applying these mass
spectrometric methods to characterize higher molecular weight compounds derived from
lignin degradation experiments in a "top-down lignomics" approach.
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Appendices
APPENDIX A: Examples of 1H NMR of Synthesized Dimers

Figure A1. 1H NMR spectrum of HG dimer
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Figure A2. 1H NMR spectrum of HGS timer
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Figure B1. (-) CID/MS3 spectrum of H-(b-O-4)-H
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Figure B2. (-) CID/MS3 spectrum of S-(b-O-4)-G dimer.
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Figure B4. (-) CID/MS3 spectrum of G-(b-O-4)-S dimer.
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Figure B5. (-) CID/MS3 spectrum of S-(b-O-4)-S dimer.

177

434.3
404.2 416.3
400

420

440

460

480

500

APPENDIX C: Example EIC of Dimers Analyzed at Different Column
Temperature

Figure C1. Extracted ion chromatogram of H-(b-O-4)-G dimer analyzed at different
column temperature (25-45 oC) on the phenyl hexyl column.
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Figure C2. Extracted ion chromatogram of H-(b-O-4)-H dimer analyzed at different
column temperature (25-45 oC) on the phenyl hexyl column.
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APPENDIX D: Van’t Hoff Plots for Analyzed Dimers
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Figure D1. Van’t Hoff plot for HH, HG ang HS dimers.
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Figure D2. Van’t Hoff plot for GH, GG ang GS dimers.
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