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Abstract

The growth of the World’s population always comes with a higher demand of energy.
Covering this demand requires finding new energy sources and especially ones that manage the
risks of further global warming. Biomass energy is considered as one of the clean energy resources,
and widely available. Lignin is a lignocellulosic biomass polymer that constitutes the second most
abundant polymer in biomass. The interest of lignin in science laboratories is due to its availability

and sustainability that could produce a new supply of fuels and valuable chemicals.

Among the different methods of lignin conversion into fine chemicals, heterogeneous
catalysis seems to be a perfect method because it reduces the activation energies for reaction and
it separates the product from the catalyst. In this work, the conversion of lignin by a heterogeneous
catalyst was explored under ultrahigh vacuum conditions using three surface science techniques:
Infrared Reflection Absorption Spectroscopy, X-ray Photoelectron Spectroscopy, and
Temperature Programmed Desorption. Because of the difficulties of using lignin under UHV
conditions due to its physical properties, lignin model molecules with the same chemical structure
are the only way to gain better understanding of lignin reactivity. In the present work, Veratrol,

1,3-dimethoxybenzene, and 1,4-dimethoxybenzene were used on Pt(111) surface as lignin models.

The reactivity of veratrol on Pt(111) showed the formation of 1,2-benzoquinone by the
dehydrogenation of the two methyl groups, which gave three desorption products: catechol
(observed here for the first time), hydrogen, and carbon monoxide. The isomers 1,3 and 1,4
desorbed hydrogen and carbon monoxide of their monolayer desorption predictably. 1,3-
dimethoxybenzene showed the formation of benzene at certain temperatures. 1,4-

dimethoxybenzene adsorbed on Pt(111) via the carbon species of its aromatic ring.



The three isomers show slightly different adsorption geometries which lead to rather
different decomposition pathways. This study of such complex behavior is a great example of the

sensitivity of selectivity in heterogeneous catalysis, even for very similar isomers.

The detailed thesis is a continuous work of the route forwarding lignin valorization by

increasing the complexity of the models of lignin.
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Chapter 1: Introduction



General Introduction and Research Approach:

1.1 Energy consumption

The demand of energy increases every year with the growing of the world population and
nations becoming industrialized countries. Current sources of energy are primarily based on non-
renewable, which are oil, natural gas, and coal. There are also renewable energy sources including
biomass, geothermal, wind, hydropower and solar energy. It is worth mentioning that the main
resources for world energy supply are the fossil fuels that constitute up to 85% of the world

consumption, as shown in (Figure1.1).!

mOil mGas mCoal mNuclear mHydro m Other renewables

Figure 1.1: The World energy consumption in 2015. Replotted from data published by World
Energy Council .

Unfortunately, the nonrenewable energy resources are limited which means they have a
depletion time. According to the current world’s consumption of fossil fuels, their reserve

depletion times for oil, natural gas and coal are approximately 34, 42 and 70 years, respectively.



This means the coal reserves are the only fossil fuel remaining after 2060, and will be available up
to 2088 (Figurel.2).2 Moreover, fossil fuels emit toxic gases during the burning process; they
produce large quantities of carbon dioxide when they are burned. The pollution resulting from
fossil fuels emissions increases global warming. Therefore, it is a necessity to find sources of
energy that are sustainable and "eco friendly". Biomass seems to be the best candidate since it is a
renewable and sustainable source of energy that can be used to create electricity or other forms of
power. Plus, the biomass energy will reduce the greenhouse gas emission because burning biomass
to create energy releases no new carbon back into the atmosphere.® Instead, it releases what would

be released naturally as the organic matter decomposed.
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Figure 1.2: Years of global coal, oil and natural gas left. Data from CIA World feedstock.?



1.2 Biomass Energy

Biomass energy is defined as the energy that comes from organic materials that stock from
plants including trees, seaweeds, animal wastes and crops. The resources of biomass energy are
considered as the most abundant and widespread energy source in the World. The dry biomass is
known as lignocellulose which consists of three major polymers: Cellulose, Lignin, and

Hemicellulose.*

1.2.1 Lignocellulosic Biomass

Cellulose ranks as the most abundant polymer in lignocellulose.® Exploitation of cellulose
is mainly to produce paper products. Cellulose can be also modified in many different ways
to create new compounds that are useful in a variety of applications. In the biomedical field,
it can be used as blood purification membranes and texturizer. Also, smaller quantities of cellulose
are converted into synthetic fiber called rayon which is used in clothing.® While the second most
abundant polymer in lignocellulose is hemicellulose,® the current uses of hemicellulose are limited
to create some plasticizers. The mechanical strength of pure hemicellulose films can be improved
by making composites with bio-based components.” At present, there is an increasing interest to
develop new applications of hemicelluloses as raw materials for the chemical industry and also in

the fields of food and pharmaceutical industries.®

Lignin which represents up to 30 percent of the lignocellulose biomass is a source of highly
valuable compounds, which are currently produced from oil fractions like Benzene, Toluene and

Xylene.® Next section (1.3) will present the lignin extensively.



1.3 Lignin
1.3.1. Definition and Historical Background

Lignin is an organic complex polymer that forms essential structural material in plants
tissues and some algae, which gives the strength to the plant tissue stiffness to the cell wall. Also,
it retains water and nutrients in the fibers.!® Lignin is one of two major polymers in wood behind
Cellulose and equally with Hemicellulose. Indeed, the lignin natural abundancy represents up to
24 — 33% and 19 — 28%, respectively, to dry wood weights of normal softwoods and temperate-
zone hardwoods.'! Biodegradation of lignin is slower and less complete than degradation of other

organic polymers.?

The first mention of lignin was in 1813 by the Swiss botanist A.P. de Candolle who named
lignin that is derived from the Latin word “lignum” meaning wood. His description of lignin was
a fibrous and tasteless material that is insoluble in water and alcohol but soluble in weak alkaline

solutions.'®

1.3.2. Lignin Composition and Structure

The composition and amount of lignin varies from species to species, tree to tree, and even
in woods from different parts of the same tree. An example of the elemental composition of lignin
from an Aspen wood is 63.4% C, 5.9% H, 30% O (by difference), and 0.7% ash, corresponding
approximately to the formula (CsiHs4011).1* In general, the structure of lignin contains three
different phenyl propane monomer units known also as monolignols, para-coumaryl alcohol,
sinapyl alcohol, coniferyl alcohol (Figure1.3).* The polymer linkages consist of carbon-carbon
bonds (5-5, -5, f-1, -p) and ether bonds (5-O-4, a-O-4, 4-O-5, a-O-y). The B-O-4 aryl ether

bonds are the most frequent coupling linkage that formed up 60% of the whole lignin as shown in



(Table 1.1).* The typical structure of lignin showing the most common linkages is depicted in

Figure 1.4.1°

Para-Coumaryl alcohol

H,CO X OH Coniferyl alcohol
HO
H;CO
’ N OH Sinapyl alcohol
HO
OCHj,

Figure 1.3: Chemical structure of the three main monolignols that forms lignin.

Table 1.1: Proportions of major linkages of lignin.# Copyrights ©2010 John Wiley & Sons, Inc.
Reprinted by permission of John Wiley & Sons, Inc.

Linkage type Softwood [%0] (spruce) Hardwood [%6] (birch)
p-O-4-Aryl ether 46 60

a-0-4-Aryl ether 6-8 6-8

4-0-5-Diaryl ether 3.54 6.5

B-5-Phenylcoumaran 9-12 6

5-5-Biphenyl 9.5-11 4.5
B-1-(1,2-Diarylpropane) 7 7

B-p-(Resinol) 2 3

Others 13 5




OH

OH 0 B-1 T O

Figure 1.4: Chemical structure of lignin with the most dominant linkages.*

1.3.3. Lignin Conversion

Converting lignin into valuable chemicals is very difficult due to its complexity of structure
and its physical-chemical properties like high viscosity, heat resistivity, low vapor pressure and
insolubility.® Therefore, lignin exploitation requires advanced conversion technologies that
transfer it into value added compounds. Pyrolysis is the most studied way of lignin’s conversion
which converts lignin to solid char, liquid oil, and gases, the proportion of which depends primarily
on temperature and heating rate.* Hydrolysis is the process in which water is used to break down
the molecules.* Enzymatic conversion is the bio- degradation of lignin by using enzymes produced

from a living organism.*® Multiple conversion methods and their obtainable products from lignin



and uses are provided in (Figurel1.5).# It is worth mentioning that all of these processes are not yet

at a commercial scale, but are undergoing rapid development.

. Gas: CO,COy,H,,
Pyrolysis CH,
: Thermolysis §
e Liquid oil
i Hydrogenolysis 1 Phenols: phenol, ! Chemicals
T catechol, guaiacol,
| Gasification | __syringol, cresols _
' B N\ 7 T OSGG EEEs e  s S maen  aty
oo Aldehydes:
1 a0 vanillin,
i_-.ljy_d.[(.)l}fl_s.__,: syringaldehyde
Aliphatics:
methane, ethane,
branched alkanes
Oxidation Electricity
Char
Combustion Heat

Figure 1.5: Different conversion processes and their obtainable products from lignin with uses.*

Copyrights ©2010 John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.

However, the separation of products is the major challenge in lignin conversion and it is costly.
Therefore, catalysis seems to be the most promising method for the conversion of lignin, because
the products and the catalyst can be easily separated. The catalysis approach will be discussed

further in next section (1.3.3.1).



The efficiency of lignin conversion can be defined in terms of conversion factors and yield
values that determine how much of the initial lignin has been successfully converted. The
following equation (Eql.1) calculates the conversion as the amount of initial lignin taking part in

the reaction:

L
Conv. [wt — %] = lL 2100 (Eq1.1)

L

Where L is weight of the lignin feedstock input and L, is the weight of the solid residue after the

reaction.
There is also an alternative definition (Eq 1.2) that can be used. As follows:

55
Conv. [wt — %] = T 100 (Eq1.2)

l

Where P; is the weight of the J-th compound product.*

1.3.3.1. Catalysis

Catalysis has been considered an important technology in biomass and lignin conversion.
Mostly, catalysts are required to assist selective bond cleavage, leading to high value compounds.
Various types of catalyst have been tested for different processes and substrates including both

model compounds and lignin extracts.}” A summary of various studies is shown in (Table1.2).



Table 1.2: A summary of various studies of catalysis regarding to conversion of lignin.

Feedstock Catalyst Conversion [%] Major Products

Oranosolv lignin Cu/PMO’® 100 2-Ethycylohexanol,
Methylethycyclohexanol

Alkaline lignin Zr/IMCM-48%° 49.39 Benzene, Toluene and
Xylene

Phenol Pt/HY? 100 Cyclohexane

Anisole Pt/HBeta? 100 Benzene, Toluene and
Xylene

Guaiacol Pt/y-Al,05% Phenol, Catechol, and 3-
Methylcatechol

Guaiacol WP/SiO,% 9-59 Benzene, Phenol, and
Methoxybenzene

4-Propylphenol Pt/AC(N)?* 100 Propylcyclohexane

1.4. Literature Review

Previous work involving Lignin conversion on the Pt (111) surface started with the simplest
model molecules obtained from lignin; Phenol, anisole, 2-phenoxyethanol. Understanding the
behavior of these simple models (mechanism, reactivity, intermediate, and products) gives insight
about the reactivity of lignin. Studying lignin itself is difficult due to its high viscosity, low vapor
pressure, insolubility and heat resistivity which make it hard to deal with under UHV
conditions.®?-%6 Therefore, the project started with the simple models and then we could move
forward by increasing the complexity of molecules in the fragment to get much better

understanding about lignin (Figure1.6).2” In the present work, | increased the complexity of the

10



molecular system related to the $-O-4 aryl ether linkage (which is the most dominant), and we
focussed on di-substituted aryl species: the Veratrol family, which consists of Veratrol, 1,3-
dimethoxybenzene, 1,4-dimethoxybenzene. We study the chosen molecules using surface science
approaches (described in section 1.5) in order to gain insight about their reactivity. The whole
family was studied via IRAS, while Veratrol was the object of an extensive study with multiple
techniques: IRAS, XPS, and TPD. Surface studies of more complex molecules such as Veratrol
and Guaiacol families guide understanding of the reactivity of lignin, and they will lead to the

valorization of lignin.

0
0]
“ P o
0 Veratral
HO OH
~
OH |
o P GO
0 < ! N < l N
4 C
0] 8 ] 2-Phenoxyethanol Anisole Phenol
OMe 1,3-Dimethoxybenzene
HO OMe
0~
Lignin fragment
o)

1,4-Dimethoxybenzene
Figure 1.6: Starting with simple lignin models and gradually increasing the complexity towards

lignin. Adapted from reference.*

From the work of the reactivity of phenol, anisole, and 2-phenoxyethanole on Pt (111)
under ultra-high vacuum conditions, we can summarize the desorption and decomposition
mechanisms as illustrated in the Figurel.7.2” The desorption of phenol from the surface occurs in

two steps: the multilayer desorbs upon reaching 220 K, and the second layer desorbs upon reaching

11



240 K. While the multilayer of anisole desorbs at 240 K, upon reaching 300 K, part of saturated
monolayer desorbs from the surface. The 2-phenoxyethanol desorbs from the surface in two steps:

the multilayer and second layer desorb from the surface upon reaching 240 K and 260 K,

respectively.

on . _/‘OH
g% CO-omeC)-ome ©of i
i OMe OMe pyfoH
% O &
220K Phenol (g) LS 240K % 2-PE (g)
OMe OMe e
g g
%
™
240K % aisdie ) 260K % Ry
240K OMe OMe 0
Phenol (g) @ ©/O\_/
H
|
| PO
300K % Anisole (g) 300 K
0 o) o)
0w g ! L7 Heeo w
PLI11) PY(111) [ PH(111) ]
360 K
Hy 360 K
330K Hz
Hp
H Hp & CO
o) 7 o) 2
O ® O ¢ O ¢
T>400K 330- 450 K T>450 K

Figure 1.7: Reaction pathways and associated temperatures for phenol, anisole, and 2-

phenoxyethanol on Pt (111) under UHV conditions.?’
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The main desorbing products of phenol are hydrogen and carbon monoxide whereas anisole
desorbs four products - anisole, hydrogen, benzene, and carbon monoxide. With 2-
phenoxyethanole the products are benzene, hydrogen, and carbon monoxide. The reactions take
place so fast before determining which bond will cleave first, even though the DFT calculations
indicate the following: for phenol O—H bond cleavage occurs below 200 K. Above 0.7 monolayer
(ML) coverage phenoxy is subject to a competitive reaction pathway; it either generates benzene
and surface oxygen or it decomposes into CO, Hz, and carbonaceous species. Below 0.5 ML
coverage, no CH-containing adsorbates can be observed on the surface: C—C and C—H bond
cleavages are more favorable than the C—O bond cleavage. For anisole, the first reaction starts with
C—H bond cleavage followed by PhO—CH2 bond cleavage (O—C) and further dehydrogenation of
the methyl group to form phenoxy and carbon on the surface. For 2-phenoxyethanol,
decomposition was proposed to start by O—H bond cleavage forming PhOCH2CH-O followed by
two consecutive C—H bond cleavages and then formation of phenoxy. Overall, the decomposition
of all three molecules leads to the formation of phenoxy on the surface which is the key

intermediate of the reactions.®?5-2°
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1.5. Approach

The approach of investigating lignin conversion in the current research involves
heterogeneous catalysis by choosing a single crystal as catalyst and dosing molecules in gas phase
through a UHV system. The main techniques are IRAS, XPS, and TPD. This section highlights

the approach concepts.

1.5.1. Heterogeneous Catalysis

The preferred method for conversion of lignin is heterogeneous catalysis due to its ability
to accelerate the reaction and allow for separation of products.?®2° The catalytic process works to
reduce the activation energy of selected reactions, guiding product selectivity.®?3° This makes
biomass conversion viable. Plus, heterogeneouscatalysis is the best method to separate products
from the catalyst surface, which is quite challenging and costly in other conversion methods like
pyrolysis and hydrothermal.™® In our case, the system of heterogonous reactions is in gas/solid
phases, and the reactions occur at the interface between these phases.?® Commercial heterogeneous
catalysis is performed via nanostructured materials. Here we use a single crystal to simplify and
be able to interpret/identify key processes. Same for pressure, commercial is room or high pressure,

here is UHV.

1.5.2. Pt (111) Model Catalyst

Choosing the surface plays an essential role in heterogeneous catalysis for understanding
the interactions of lignin with the catalyst on the molecular level. The single crystal is well defined
surface which makes the determination of the molecules easier.® The <111> orientation is
thermodynamically stable and also very reactive surface.?® The previous studies showed (Table1.2)

the platinum surface is very promising catalyst in terms of high conversion rates and selectivity in
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the valorization of lignin.?®?12* The Pt (111) single crystal used in this study has the shape of 8

mm diameter and 0.5 mm thick with purity 99.99%.
1.5.3. Ultra-high Vacuum

The most required condition in surface science approaches is maintaining a well-
characterized surface since we are probing interfaces at the molecular level. Moreover, a clean
environment at the atomic level is a significant factor to avoid the interferences of surrounding
particles.?® The ultra-high vacuum (UHV) in the range of 1x1071° mbar is the key part to create an
isolated system in order to probe the interaction of the molecule on the catalyst surface without
any interference of the surrounding environment, and UHV system keeps the catalyst clean and
allows for recleaning if needed (Figure 1.8).° The need of UHV system in surface science

approaches will be discussed further in Chapter I1.
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Figure 1.8: An investigation of 1,4-dimethoxybenzene in gas phase on a solid single crystal Pt

(111) under UVH conditions. Adapted from reference.*

1.5.4. Instrumentation

The main probe technique in this thesis is Infrared Reflection-Adsorption Spectroscopy
(IRAS) that provides valuable information about the adsorption geometry, and the intermediate
species of the decomposition. Also, additional two techniques are involved into the present work,
X-ray Photoelectron Spectroscopy (XPS) measures the elemental of the model molecules on the
solid surface, and Temperature programmed desorption (TPD) to study the molecule desorption

by programmed heating. All of the techniques are under the UHV conditions.
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Chapter 2: Techniques and Experimental Setup.

2.0. Experimental

This chapter illustrates the experimental techniques of this thesis, theoretically and
practically. Since all experiments were performed in ultra-high-vacuum (UHV), | will introduce
the environment and how to achieve it. The main technique of my research is infrared reflection
absorption spectroscopy, IRAS, and therefore this technique will be discussed in detail. Also the
common surface science techniques that relate to this thesis, X-ray Photoelectric Spectroscopy

(XPS) and Temperature Programmed Desorption (TPD), will be discussed in this chapter.

2.1. Ultra-High Vacuum

All the experiments and techniques in the present work are performed in UHV conditions.
The equipment is designed to achieve Ultra High Vacuum (pressure reaches 1x1071° mbar) using
advanced technology in both vacuum pumps and pressure gauges. The UHV techniques started in
the early 1960s when the first Ultra High Vacuum system was achieved.! A number of techniques
used initially for fundamental studies have since been developed into advanced and widely used
methods for routine surface analysis. As technology advances, viable new techniques are still being
invented and established methods are still being improved at, like the IRAS which is the main

technique of this work.?

The UHV in the IRAS’s Chamber is achieved by a combination of a turbomolecular pump
and a mechanical pump. The turbomolecular pump is able to reach pressures below 1x10® mbar
before baking, while the mechanical pump provides 1x102 mbar backing the turbomolecular
pump. Two differentially pumped windows required to allow the infrared beam to cross the

chamber are mounted on opposite sides of the UHV chamber. These windows have 2.75” CF
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flanges and use KBr 38 x 6mm optical crystals with a 1/4” tube for differential pumping.
Fluorocarbon O-rings are used as seals between the chamber and the windows. The entire optical
pathway outside UHV is purged with dry air. Great care should be taken during the manipulation
of the components because all the tools in the chamber are delicate and not easily replaced. The
replacement of anything inside the chamber requires opening the chamber, which means losing

the UHV and necessitating re-achievement of the UHV by “baking out” the whole chamber.

“Baking out” the chamber means heating the walls of the chamber to ~100 C in order to
degas the molecules that stick to the walls inside the chamber to achieve UHV. Degassing the
molecules allows the pressure in the chamber to decrease below 10 mbar while the pumps are
running. The baking of the IRAS’s chamber is done by wrapping a heating tape on the chamber
and connecting it with a voltage source (=80 volt) as shown in (Figure 2.1.A). Then, the whole
chamber is covered by aluminum foil, as shown in (Figure 2.1.B). The foil reflects the thermal
energy back to the Chamber’s walls. The efficient baking out process takes about 24-92 hours. The
pumping system alone is unable to remove the molecules from the chamber’s walls without taking

a very long time; baking accelerates the process.®

Figure 2.1: (A) lllustration of how to wrap the heating tape. (B) Covering the stainless steel with foil.
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2.2. The need for UHV

The surface science approach involves probing interfaces at the molecular level, and
describes the reactions and properties at this level. Providing an environment in which a
completely clean sample surface can be maintained in a cleaned state over time is necessary for
experiments.! Also, it is necessary to reduce the number of molecules in the chamber to a point
where the gas density is low enough to permit experiments involving electrons and ions traveling
distances without interference from gas phase scattering.! The impingement rate, which is the
number of particles that hit a surface per second striking a unit area, is dependent on the pressure as

given by the Hertz-Knudsen equation:

P
Zy=—7 (Eq2.1)

(2mmkgT)?2

Clearly, the rates of impingement will decrease with decreasing pressure. Also, there are other
parameters that need to be taken in account: the sticking coefficients and residence time. If one
assumes at 300K, for a gas with the mass of N2, and the atomic density of a solid surface is 1x10%

in a monolayer.! By using the values in equation (Eq 2.1) we get this:

Zy = (3.8x10°MLS™ )P (Eq 2.2)

Thus, at pressure around 1x10°® torr, the number of molecules that hit the surface is roughly equal
to one monolayer.! On average, every surface atom is struck by at least one molecule from the gas
phase every second. Now, if each of these molecules stuck to the surface and adsorbed, the surface
would be completely covered in only 1 second. Therefore, in order to keep the surface clean, or to
keep a specifically covered surface unaltered by further adsorption for the time it takes to run an

experiment, for instance one hour, then the pressure needs to remain lower, at least:
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(1)(10—6

_ -10
3600 >— 2.77X10""torr (Eq 2.3)

So, the use of an ultrahigh vacuum is a necessity to maintain those surfaces in a contamination-

free state for the duration of the experiment.!

The mean free path, which is the distance that the particles travel on average between
collisions depends on the pressure as well, but inversely. In an ideal gas, with a collision frequency

Z and mean velocity v, its value is given by:

P 1) (Eq 2.4)
Z +\20P 75

Assuming, the collision cross section of N2 is 6 = 0.43 nm?, at a pressure of P = 1 atm = 760 torr,
the mean free path would be just 70 nm; while at P=1.3x10"® atm =1x107° torr, the mean free path
is over 450 km. This means the particle will travel a distance 450 km before a collision occurs. In
electron spectroscopy, the ultrahigh vacuum is required in order to maintain a large mean free path
for the electrons and ions to avoid collisions and scattering events that would result in loss of the

electrons’ kinetic energy.!

2.3 Sample Preparation
Sample preparation consists of a number of sputtering-annealing cycles as discussed in the
experimental sections of chapters 3 and 4. The preparation uses a number of elements/devices

described below.

2.3.1 Sample Holder
The sample holder is used to manipulate the sample and it holds heating elements and

thermocouples used to control the cleaning cycle. The design of the sample holder in our setup is
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a “Z” shaped molybdenum plate; (Figure 2.2). The reason for the “Z” shape is to allow an incidence
angle of the IR beam between 2-10° on the sample (limited by the geometric limitations of the
chamber). The sample holder is mounted on the end of the manipulator, allowing for a 500 mm
linear transfer of the sample holder in the z direction, with a 360° rotational range. The sample’s
position has to be very close to the reservoir in order to be able to achieve the lowest temperature
possible (down to 110K). The manipulator is also mounted on an x-y stage, which allows the arm
to move within a 25 mm range in the x and y directions. The holder is made of molybdenum
material because of its low vapor pressure, high melting point, low thermal expansion, hardness,

and high resistance to corrosive chemicals.

Figure 2.2: A photograph of the sample holder of the IRAS. The photo is taken from the Giorgi Lab

photography database.
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2.3.2 Thermocouples

The heating and the cooling in the system need to be measured. Thermocouples are used
for this purpose. The thermocouples used in our setup are K-type, which have a range of -200 —
1350 C°. K-type thermocouples are made of Chromel and Alumel.* The principle of the
thermocouples is measuring the voltage at the junction of the two metals.* The changing of the
voltage depends on the temperature at the junction and is calibrated, so the temperature can be
directly measured. The junction must be on the sample to measure the temperature of the sample

accurately.

2.3.3 Sputtering

The surface, due to continually use, becomes covered with a layer of atoms or molecules.
So, it is mandatory to clean the surface before running the experiment. Sputtering is the best way
to clean the surface of the catalyst. Sputtering is shooting high energy particles onto the surface in
order to remove the atoms from the surface.® The sputtering gun used in this setup is the Specs
IQEH-A model. It is operated in the range of 1.5 KeV kinetic energy and uses Argon ions with
99.999% purity as gas source. The sputtering is run with the sample at a high temperature, 600K,
with a pressure of 1x10~ mbar with repetitive cycles of 30 minutes each, ideally, three cycles are

followed by annealing.

2.3.4 Annealing

Annealing is the ability to reach a very high temperature--about 1200K on the sample. By
providing enough energy, atoms will be allowed enough mobility on the sample surface to achieve
an optimal surface orientation.® Annealing also will help to desorb the unwanted atoms from the
surface. The annealing follows the sputtering cycles, heating to 1100 K for 2 minutes at UHV

pressure.
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2.4. Infrared Reflection-Adsorption Spectroscopy (IRAS)

This section will discuss further the main instrument of the present research. It starts with
an introduction and a historical background of the technique. Then, it will delve into the principles
behind the IRAS, and its major components. Lastly, the advantages and disadvantages of the

infrared reflection-adsorption spectroscopy will be covered.

2.4.1. An Introduction and Historical Background

Infrared reflection-adsorption spectroscopy is a vibrational spectroscopic technique used
commonly in surface science approaches to study submonolayer films adsorbed on reflective
substrates such as a metal (Platinum in this approach).” Nowadays, the most suitable technique to
study catalytically relevant adsorption systems on such surfaces is IRAS, comparing with other
surface techniques such as Raman Spectroscopy and High-Resolution Electron Energy Loss.® The
method also has different acronyms, such as RAIRS, FT-IRAS, IRRAS, and ERIRS (external
reflection infrared spectroscopy). All of these names refer to the same principle of measurement

which basically uses IR radiation and reflection adsorption geometry.®

The history of infrared reflection adsorption spectroscopy began in the late 1960s, when
the first application of the technique was performed.” But, the full history has to be begin in 1880
when Michelson discovered his interferometer. Only by knowing where FTIR has come from can
it be understood where it is today.'° The Michelson interferometer was not originally designed to
perform infrared spectroscopy. However, Dr. Michelson was aware of the potential use of the
interferometer to obtain spectra, and measured many interferograms manually. The time required
to convert the interferograms into spectra made using the interferometer to obtain spectra
unwieldly. J.W. Cooley and J.W. Tukey invented the fast Fourier-Transform (FFT) which made

Fourier-transform infrared spectroscopy possible in the middle of the 1960s.%°
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Applications of infrared spectroscopy started in the late 1930s, and became well-
established by the characterization of supported catalysis in the 1960s.” The early studies used
powdered or porous substrates with a high specific area (between 1- 1000 m?/g) that allowed
milligram quantities of the adsorbed species to be introduced into the infrared beam.” The 1960s
witnessed a lot of developments for a range of surface science probes capable of determining
adsorbate structures and electronic energy levels on single-crystal and other well-defined
substrates. At the end of the decade, the first characterization of an adsorbate on a single-crystal
substrate was achieved in Pritchard’s laboratory. This group pioneered the integration of IRAS
with other techniques of surface science.” Until the middle 1980s, IRAS was mainly confined to
studying the C-O stretch vibration of chemisorbed carbon monoxide. Around that time, most IRAS
studies were performed with dispersive spectrometers which were based on diffraction gratings
poorly suited to the rapid scanning of broad ranges of the infrared spectrum.” At the end of the
decade, all studies virtually employed a commercial FTIR in the IRAS technique. Chesters was
the first to describe results from FTIR based on an IRAS setup, which gave a clear advantage over
the dispersive spectrometers.!! Since then, many developments have been made to the IRAS
technique in order to improve its performance, such as the optimizing of the signal-to-noise ratio

and the optical configuration.
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2.4.2 The Principle of IRAS

Reflection-absorption infrared spectroscopy is basically an FTIR coupling with a UHV
Chamber, where the IR beam is specularly incident on a grazing angle of adsorbed molecules on
well-defined solid surface like Pt (111) with a high sensitivity (typically 0.1% of a CO monolayer).
The technique provides important information about the adsorption geometry and the integrity of
the adsorbed molecules by creating the possibility for a systematic determination and assignments
of vibrational features in molecular species adsorbed on the single crystal surface. The principle
of IRAS is to excite the vibrational modes of the absorbent by emitting infrared radiation on the
surface. As Figure 2.3 shows, the IR beam emitted from the FTIR (Bruker Equinox 55) is directed
by a flat mirror that reflects the beam at 90° to the parabolic mirror (=30 cm , 90° off-axis), which
focuses the beam on the sample’s surface inside the UHV chamber with an angle of incidence of
7°. The IR beam gets reflected from the surface, but the IR light will be absorbed by the molecules
when the incident IR light matches its vibrational frequencies. After the reflection from the surface,
the reflected beam is collected by the second parabolic mirror and then the beam is refocused

onto the MCT detector.
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Figure 2.3: Schematic diagram of the IRAS system setup with its components.

The absorbed frequencies can be determined by measuring the reflected IR beam. Each molecule
has its own vibrational modes because the frequency at which a given vibration occurs depends on
the strength of the bond and the mass of the atoms. Thus, the technique will provide valuable

information about the chemical structure of the molecule.

The vibration of a molecule in the gas phase gets excited by the interaction of the electric
field of incident IR light with the dipole moment of the molecule. So, let’s zoom in at the surface

in order to understand the absorption process of incident light on the absorbent, (Figure 2.4).
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Figure 2.4: Electric fields of s-and p-polarized radiation incident on a metal surface at an angle

6 to the normal. Primedand unprimed vectors refer to the reflected and incident beams respectively.

The electric field of the incident light has two components; Es is the electric field incident to the
surface with a parallel polarization, and Ep which is the electric field that incident with a
perpendicular polarization to the surface. Also, Es is the reflected electric field with a parallel
polarization, and E,- is reflected electric field with a perpendicular polarization.’ The electric fields
Es and E, are hence almost exactly equal and opposite, and therefore they cancel each other. The
Ep and E,- get enhancement and interact with the perpendicular dipoles moment of the molecule

due to the metal surface selection rule.’

2.4.3. The Components
The technique is integrated by three main components: the IR source; the FTIR optics; and,

the MCT detector. This section will focus on these components.

2.4.3.1. The Infrared Source

The infrared source used in FTIR (Equinox 55) is a globar, which is a solid light source
made of silicon carbide. The fundamental principle depends on black body radiation. The globar

is heated by the resistor heating method via a current source. The silicon carbide rod is heated to a
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temperature up to 1200 K because the intensity of the black body radiation mainly depends on the
temperature. It then combines with a downstream interference filter to produce a radiation having

wavelengths of (2.5-25um).

2.4.3.2. Fourier Transform Infrared Spectroscopy

The Fourier transform infrared spectroscopy is the major component of the IRAS, which
contains a Michelson Interferometer. The purpose of using the interferometer is to measure the
wavelength of IR beam by creating interference patterns. The Michelson interferometer contains

a beam splitter, fixed mirror, and a movable mirror as illustrated (Figure 2.5).8

Fixed Mirror

i Movable Mirror

Source > <>

Beam Splitter

. [ —— i
\‘ ______ 'V’
& Direction of motion

Detector

Figure 2.5: Schematic representation of the Michelson interferometer. Adapted from reference.®

The IR beam initiates from the source to the beam splitter, which divides the input beam into two
beams, partially reflected to the fixed mirror, and partially transmitted to the movable mirror. The

movable mirror moves continuously back and forth along an axis perpendicular to its plane as
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shown in the (Figure 2.5). The two beams are recombined again after they are reflected back to
the beam splitter and then they interfere, partially reflected and partially transmitted. Because of
the effect of interference, the intensity of each beam, one passing to the detector and the other
returning to the source, depends on the difference of path lengths in the two arms of the
interferometer, which is known as optical path difference or optical retardation (5).*? This is
important to understand because after the recombination of the beam on the other side of the beam
splitter the beam will form an image on the detector. The intensity of the composite beam depends
very strongly on the optical path difference (8).2 In fact, the composite beam is an interference
pattern. The variation in the intensity of the beams detected by the detector is a function of the
optical path difference (&) and the graph is plotted with this intensity versus mirror position (cm)
which is known as an interferogram I (3), (Figure 2.6). If the optical path difference (d) is zero,
where both mirrors have the same distance from the beam splitter, then constructive interference
occurs.!? Other values of the (8) will be a partially or totally destructive interference appears. When
a mathematical function known as the Fourier-transform is applied to the interferogram a single
beam spectrum of intensity | versus wavenumber W (cm™) is obtained. This transformation is

expressed mathematically as:

+ oo

W) = J 1(6) cos(2nWés)ds  (Eq 2.5)

— 00

The Fourier transform converts the 1 (8) information to an | (W) plot of intensity versus
wavenumber. These processes are done by computational software called OPUS. Thus, for
transmission measurements, there are two spectra which must be acquired: first spectrum is
acquired before dosing a molecule on the clean Pt (111) surface. This is known as the single beam
reference (SBR) or lo spectrum. The single beam reference always has peaks of the artifacts of the
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environment in the UHV chamber such as vapor water and carbon dioxide. The second spectrum

is acquired after dosing a certain amount of the molecule being tested, which contains peaks of the

absorption molecule.

This spectrum is called the single beam sample (SBS) or | spectrum.

Therefore, by dividing the I by I the transmittance spectrum will be obtained as shown in (Figure

2.6).
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Figure 2.6: Two interferograms are recorded, each of these is Fourier transformed to produce single beam

spectra I and I respectively. Transmittance spectrum is obtained by dividing I by I .*?
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2.3.3.3 The MCT Detector
The Mercury-Cadmium-Telluride (MCT) detector (Infrared associates, model D315/6) is

the last optical tool that receives the IR beam after the reflection from the sample’s surface . It
transfers it to the computer after it is translated by Fourier Transform equations. The MCT detector
used in the IRAS consists of a crystal made of three elements: a thallium bromoiodide (KRS-5W)
window to protect the crystal, a reservoir of liquid nitrogen to cool down the detector; and,
electronics to measure the current. This model is able to detect wavelengths between 2-24 um with
a peak at 22 um (Amax) due to its sensitivity to the infrared light. When the infrared light interacts
with the crystals, electrons from the valance band are excited to the conduction band. By applying
the voltage, the current can be measured, and it is proportional to the number of photons hitting
the detector. Therefore, the measured current gives the measure of infrared intensity. The reason
for the cooling down by liquid nitrogen is to avoid the excitation of the electrons which might

occur because of thermal agitation; this will decrease the level of noise.

2.4.4. The Advantages and Limitations
Like any other technique, the IRAS has a lot of distinctive advantages over many
vibrational surface science instruments, but also it has some limitations. This section will provide

the primary advantages and disadvantages of the IRAS.

2.4.4.1. The Advantages

The high resolution around 1 ¢cm * and high sensitivity (0.1% of a CO monolayer) are some
of the advantages of IRAS over other surface science techniques such as high-resolution electron
energy loss (HREELS) and Raman Spectroscopy. Also, the IRAS can be employed on a variety of

surfaces, single crystal and complex real catalysts, under the UHV conditions.®
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An advantage of this technique which is particularly to the FTIR is that the FTIR can
acquire a spectrum much faster than the dispersive instrument (an instrument does the same job of
FTIR).1® This allows multiple scans of the same sample to be added together. The signal-to-noise

ratio for constant resolution is related to the number of scans added together as follows:

SNR « (N)z (Eq 2.6)

N is the number of scans added together. As an example, a single 4 cm™ resolution scan from
4000-400 cm* on the dispersive instrument takes about 10 minutes.’® The same spectrum on the
FITR takes only one second. This means the FTIR can obtain 600 scans in 10 minutes. As a result,
the FTIR can achieve a signal-to-noise ratio advantage of (600)? a factor of (24.5) versus the
dispersive instrument in the same amount of time. For this reason, the FTIR currently replaces the

dispersive instrument and becomes the instrument of choice for obtaining infrared spectra.

One of the general advantages of IRAS is that it is frequently applied in different research
areas such as Chemistry, Physics, and Biology. The technique is used to identify and characterize
the chemical state, molecular structure, anisotropy, and conductivity of thin films on metallic and

non-metallic surfaces. The applications of IRAS are vary in many different fields.

2.4.4.2. The Limitations

A significant limitation of IRAS currently is the difficulty in studying low-wavenumber
vibration (<600 cmt). The infrared source and types of mirrors used in the FTIR are provided only
in the mid-infrared region, and they cannot provide the low-energy domain. But this disadvantage

will be solved by the development of more intense far-infrared sources.°
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A specific limitation of FTIR, which is the main component of the method, is the single
beam spectrum. The background spectrum measures the contribution of the instrument and the
environment of the spectrum, which is measured at a different point in time than the spectrum of
the sample. Ideally, the instrument and environmental contributions to the spectrum are eliminated
by rationing the sample spectrum to the background spectrum.l® So, if something in the
environment changes while the sample and the background spectra are obtained, spectral artifacts
can appear in the sample spectrum. The common examples are the water vapour and carbon
dioxide peaks.!® To avoid this, the one who works in the experiment has to be aware about the
artifacts in order to indicate where they appear. Using this method, it would be easy to distinguish

where the real peaks and the artifacts are.

One of the general disadvantages of IR spectroscopies is that it cannot detect atoms and
monatomic ions. Because the single atom entities have no chemical bonds, which means there are
no vibrational motions, there is no absorption of infrared radiation. Also, the noble gases like

Argon and Helium cannot be detected because they exist as individual molecules.®
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2.5. X-Ray Photoelectron Spectroscopy
The x-ray photoelectron spectroscopy is being included in the present work. This section

gives an introduction to the technique and its history, then talks about its principle.

2.5.1. An Introduction and Historical Background

X-ray photoelectron spectroscopy is a widely used technique in surface science approaches
because it can be applied to a broad range of materials. The technique is employed to measure the
elemental composition, chemical state, the chemical formula and electronic state of the elements
on the surface of a material.’® The technique requires the UHV condition due to the measuring of

freed electrons.!4

The technique was developed by Kia Siegbahn and his group members at the University
of Uppsala, Sweden in the 1960s, when they recorded the first high resolution XPS spectrum of
cleaved sodium chloride (NaCl).® The discovery made the XPS an available instrument and
Siegbahn was eventually awarded the Nobel Prize in 1981 based on his development of the
technique, which was known by the acronym ESCA (Electron Spectroscopy for Chemical
Analysis).!

2.5.2. The Principle of XPS

The principle behind the XPS is based on the photoelectric effect phenomena outlined by
Einstein in 1905 where the concept was used to describe the ejection of electrons from a surface
when photons impinge upon it.® The soft X-ray is irradiated onto the sample and then the energy
of the detected electrons is analyzed, as illustrated in (Figure2.7). The photons impinge the solid
surface with limited penetrating power, about 1-10 micrometers.* They interact with the atoms in

the surface region, causing electrons to be emitted by the photoelectric effect. The kinetic energy
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of emitted electrons can be measured via an electron analyzer, and illustrated by the following
relation:
Exinetic = AV — Epinaing — &s  (Eq 2.7)

Here hv is the photon energy, Ejpinaing is the binding energy of the atomic orbital from which the
electron arises, and ¢,: is the spectrometer work function.®®

From the equation above, the binding energy plays the main rule, which is regarded as the energy
differences between the initial and final states after the photoelectrons have left the atom. The
binding energy of the photoelectrons leads to the chemical identification of the elemental surface
composition. Also, the number of photoelectrons emitted has a direct relationship to the
concentration of the emitting atoms on the elemental surface.® Therefore, the spectrum is obtained
as a plot of the number of detected electrons per energy interval versus their binding energy. The

shift of binding energy corresponds to the change in the chemical environment.

X-ray source

Electrostatic T
electron lens Electron |
detector |

S

Photon Sample

XPS spectrum

Figure 2.7: A schematic illustration of the X-ray photoelectron spectroscopy.
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2.6. Temperature Programmed Desorption
This section presents Temperature Programmed Desorption method included in the thesis.
It includes an introduction of the TPD and the principle of the technique, both practically and

theoretically.

2.6.1. Introduction of TPD

Temperature programmed desorption is a very powerful surface science method for
studying molecule desorption from a solid surface by programmed heating.” The TPD has been
specially developed in the field of catalysis because it gives a better understanding of the
mechanisms of catalytic reactions, including desorption, surface reaction and adsorption.!® The

technique is applied to a system under UHV conditions.

2.6.2. The practical and theoretical Principles

The general concept behind the TPD experiments is to increase the temperature of the
sample with a linear ramp and measure the rate of desorption from the surface as a function of
time.*® The adsorbents will desorb at different temperatures, depending on the desorption energy.
The sample’s surface is heated by raising the temperature at a programmed rate, while the amount
of desorbing molecules is monitored by a quadruple mass spectrometer (QMS).1” The increasing
of temperature causes the rate of desorption, which corresponds to the amount of species left from
the surface, and eventually falls to zero.® The sample is placed very close to the QMS in order to

detect only the molecules desorbing from the front face of the surface, as shown in (Figure 2.8).2
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Quadruple Mass Spectrometer
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| Pt(111) | < The Sample

UHV

Figure 2.8: A side diagram of the TPD technique. Adapted from reference.?

The spectrum acquired from the QMS plots the mass spectrometer signal (usually measured as
current and proportional to the rate of desorption) versus time (which depends on temperature
according to a predetermined heating ramp).*® In these experiments, the temperature of the sample

(T) is linearly increased as a function of time (t) and can be described by the following equation:

T=T,+ft “B == (Eq 2.5)
Where B is the heating rate and T, is the initial temperature of the sample.®

The desorption rate is the rate of change in the coverage (8) as a function of time and can be

determined the following equation:
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00
Tdes = _E = Kges " (Eq 2.9)

Where Kges is the rate constant of desorption and n is the order of desorption.*

Dividing equation (2.9) by (2.8) the rate of change in the coverage as a function of temperature

can be obtained:

20 kges6™
ar B

(Eq 2.10)

Assuming that the activation energy is independent of coverage, the rate constant (Kqes) follows

the Arrhenius equation:

E
kges = Aexp (— I?;S) (Eq 2.11)

Where Eqes is the desorption energy and R is the gas constant. The determination of the desorption
energy is the main purpose of these experiments as it can be equated to the energy of adsorption
of different species on the surface (adsorbate-surface binding) or to an effective activation energy

for a reaction limited process (Chapter 3).

Now, from the equation (2.10) and equation (2.11) we get the following relation which is known

as the Polanyi-Wigner equation:

— ex (_Edes
ar ~ g P\ Rr

) (Eq 2.12)

Equation (2.12) has two variable terms; the surface coverage () and the exponential
term(— %).15 At the starting of the experiment, the exponential term is small and increases with

raising the temperature, which results in an increase in the rate of desorption. The maximum
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desorption rate occurs at the maximum temperature (Tmax).2° In contrast, at a low temperature, the
surface coverage remains constant and decreases rapidly as the desorption temperature proceeds,
it reaches a zero value at some temperature that gives the overall peak-like shape of the TPD

profile.r
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Chapter 3: Adsorption and Decomposition of a Lignin g-O-4
Linkage Model: Reactivity of Veratrol on Pt(111) by

Combination of XPS, TPD and IRAS Experiments.

| included this collaboration work in my thesis because | performed the IRAS experiments and
analysed its data. Cherif A. Ould Hamou included the first draft of the paper in his thesis. He did
the analysis for TPD and XPS, and he acknowledged in his thesis that this paper will be updated
and be part of my MSc’s thesis. Kusuma Virginna Adiningtyas assisted in performing the XPS
and TPD experiments as part of fulfillment of her coop term. Now, we obtained new data that has

not been presented before. This paper will be published shortly.

Draft Manuscript in preparation for submission to Surface Science.
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Adsorption and Decomposition of a Lignin p-O-4 Linkage Model: Reactivity of Veratrol on
Pt(111) by Combination of XPS, TPD and IRAS Experiments

Cherif A. Ould Hamou,™$ Mohammed Z. Asiri,"$ Kusuma V. Adiningtyas, "l Javier B.

Giorgi.k*

T Centre for Catalysis Research and Innovation, ¥ Department of Physics, | Department of
Chemistry and Biomolecular Sciences, University of Ottawa, 10 Marie Curie Pvt., Ottawa,

Ontario, Canada. KIN 6NS5.

Abstract

To sustain the current attempts in valorizing lignin-based derivatives, the adsorption and
decomposition of veratrol on a Pt(111) surface is studied as a model to understand the reactivity
of the B-O-4 linkage in lignin. The results showed that under ultra-high vacuum conditions,
hydrogen and carbon monoxide are the main desorbing products. Combining X-ray photoelectron
spectroscopy, reflection absorption infrared spectroscopy and temperature programmed desorption
experiments, a reaction mechanism is suggested, starting with the desorption of the multilayer
around 215 K, followed by the decomposition of the monolayer through C-H and O-C bond
cleavage on the methoxy groups. 1,2-benzoquinone is proposed to exist as a key surface
intermediate that keeps decomposing to form catechol, seen for the first time in this work.
Hydrogen, and carbon monoxide that are produced upon further decomposition desorb at 315 K
and 420 K respectively. The appearance of a new peak at 950 cm™ in the IRAS spectra is an

indication of further decomposition of 1,2-benzoquinone on the Platinum surface.

Key-words: Veratrol, mechanism, decomposition, IRAS, TPD, DFT, XPS, lignin
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3.1 Introduction

Lignin is one of the most abundant polymer in wood and consists of network of aromatics
that are linked with each other by oxygenate groups.! Lignin is a sustainable and renewable
feedstock that could provide an abundant supply of valuable chemicals. Among the potential routes
for production of chemicals, heterogeneous catalysis is regarded as the key for lignin conversion
by reducing the activation energies for reaction and targeting products selectively. In the lignin
valorization quest, it becomes important to always increase the complexity of the lignin model
used to have a better overall understanding of the reactivity of lignin itself. In previous published
work, we started with a simple lignin model such as anisole and gradually increased the complexity
of the arm moiety towards 2-phenoxyethanol.?? The aromatic molecules within lignin are cross-
linked with each other by more than one arm moiety and this opens new sight for investigation.
Veratrol, with its two methoxy functional groups on the 1,2 positions, is used here as a model of

the substituted B-O-4 linkage type (Figure 3.1).

Q Veratrol
OH /
OMe OH
O
OMe
HO OMe

Lignin fragment
Figure 3.1: Small lignin fragment with highlighted veratrol molecule in red. Figure adapted from

reference.*
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No experimental or theoretical studies on the reactivity of veratrol on single crystal
catalysts had yet been published. In terms of reactivity, veratrol can undergo a decomposition
scheme that is, in principle, related to aromatics containing similar functional groups, such as
anisole and guaiacol (2-Methoxyphenol). As such, previous studies of the reactivity of anisole and

guaiacol on Pt(111) are relevant.

The reactivity of anisole on Pt(111) has been studied by means of temperature programmed
desorption, X-ray photoelectron spectroscopy and reflection absorption infrared spectroscopy. In
summary, anisole desorbs from the Pt(111) surface in two stages, the multilayer at 260 K and small
fraction of the monolayer at 360 K.2 The core level binding energies of C 1s showed two major
peaks at 283.7 and 285.3 eV that were attributed to carbon species bound to a carbon atom and
carbon species bound to an oxygen atom respectively. Most of the monolayer decomposes into
phenoxy via a C-H bond cleavage on the methyl group below 325 K. At higher temperatures, there
is a competition between Ph-O bond cleavage, forming phenyl then benzene, and a complete
decomposition of the aromatic ring. These results showed that under UHV conditions, the
formation of benzene is dominant and it desorbs from the surface at 400 K. Above 450 K, the

remaining phenoxy completely decomposes into CO and H.2>®

The reactivity of Guaiacol has been studied on Pt(111) by means of surface science
technique and first principle calculations. The decomposition of the guaiacol starts with the
dehydrogenation of the arm moieties. Vohs and coworkers’ studied the reactivity of guaiacol on
Pt(111) by means of temperature programmed desorption and high energy electron loss
spectroscopy. On Pt(111), the physisorbed layer of guaiacol desorbs from the surface at 225 K.
The chemisorbed layer simply decomposes by dehydrogenation of the hydroxyl group to form 2-

methoxy-2,5-cyclohexadien-1-one as key intermediate. Further heating to 285 K, the intermediate
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starts to decompose and the observed desorption byproducts are CO that desorbs at 435 K and H;

that desorbs at 340 K and 435 K. Upon reaching 485 K, only hydrocarbons remain on the surface.

McEwen and coworkers®, on the other hand, studied the reactivity of guaiacol on Pt(111)
by means of a temperature programmed X-ray photoelectron spectroscopy and first principles
calculations. Guaiacol was adsorbed on the surface at 170 K and two major signals in the C 1s
region corresponding to hydrocarbons/aromatic carbon species and carbon bound to oxygen
species are found at 284.4 and 286.2 eV respectively. The desorption of the physisorbed layer was
observed at 240 K. Although the overall binding energies remain unchanged, the use of
synchrotron based XPS allowed to distinguish the different carbon species and it was reported that
the saturation of the monolayer does not occur without some decomposition of guaiacol. At 170
K, the physisorbed and chemisorbed layers, in addition to some decomposed guaiacol are
simultaneously present on the surface. Upon heating to 375 K, guaiacol decomposes by either the
dehydrogenation of the hydroxyl group or the methyl group to eventually form 1,2-benzoquinone
as key intermediate. Above 375 K, the 1,2-benzoquinone keeps decomposing to form

carbonaceous species and CO that quickly desorb from the surface.

Vlachos and coworkers®, studied the reaction mechanism of guaiacol hydrogenation on
Pt(111) by means of density functional theory calculations and linear free energy relations.
guaiacol adsorbs flat on the surface via all the carbon atoms in the aromatic ring. The
decomposition of guaiacol starts with the dehydrogenation of the methyl group. The intermediate
specie can undergo two distinct reaction pathways to form a quinone radical specie as a key
intermediate specie that will eventually get hydrogenated to form catechol. The first reaction

pathway involves further dehydrogenation of the methyl group or demethylation. The second
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pathway will undergo O-H bond cleavage followed by dehydrogenation of the methyl group. The

formation of phenol is speculated on further decomposition of the catechol on the surface.

Heyden and coworkers®, studied the reaction mechanism of guaiacol hydrogenation on
Pt(111) by means of density functional theory calculations and microkinetic modeling. Guaiacol
decomposes into two different reaction pathways that involve either the dehydration of the methyl
group or the hydroxyl group to eventually form 2-hydroxyphenolate as a key intermediate. Then
the intermediate specie gets hydrogenated to form catechol as the major byproduct. The formation
of anisole and phenol is proposed as well but the deoxygenation of the intermediate specie is 4

orders magnitude slower than production of catechol.

Building on previous experiments with anisole and 2-phenoxyethanol, but considering the
uncertainty in reaction pathways and intermediates observed for guaiacol, similar but more
complex molecules require detailed study. This work provides a detailed description of the
interaction and decomposition of veratrol on a Pt(111) surface. The focus is on the influence of
the second arm moiety with regard to the reaction selectivity. The study is conducted by means of
X-ray photoelectron spectroscopy (XPS), infrared reflection absorption spectroscopy (IRAS) and

temperature programmed desorption (TPD).

3.2 Experimental

XPS and TPD experiments were performed under ultrahigh vacuum (UHV) in a stainless
steel analysis chamber with a base pressure of 5 x 101° mbar. The Pt(111) crystal surface was
cleaned by repetitive cycles of 15 min of sputtering (0.5 keV, 1 x 10° mbar Ar*) at 600 K, followed

by annealing to 1100 K, described in detail previously.?
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IRAS experiments were carried out in another UHV chamber dedicated for reflection
absorption infrared spectroscopy where the base pressure is 7 x 1071° mbar. The Pt (111) crystal
surface was cleaned by repetitive cycles of 30 mins of sputtering (1.5 keV, 1 x 10° mbar Ar*) at
600 K, followed by annealing to 1100 K for 2 mins. The sample cleanliness was confirmed by

LEED. Detailed description of the chamber can be found in chapter 5.

Veratrol (+99% purity, Sigma Aldrich) was introduced to the UHV chamber through a leak
valve that was connected to a gas manifold with an attached veratrol reservoir. The reservoir was
heated to 473 K to increase the vapor pressure and ensure the purity of the deposition. The gas
manifold was heated accordingly to prevent condensation and allow a constant, stable flux of
veratrol gas into the chamber. Exposure of veratrol to the surface was typically performed at 1x10°

" mbar pressure and the dosage measured in Langmuirs (1 L = 1.33x10° mbar e s).

3.2.1 XPS

XPS spectra were recorded on a Specs GmbH system (XR50 X-ray source and Phoibos
100 SCD analyzer) using a standard Al Ko source (1486.7 eV) operated at 380 W (14.6 kV, 26
mA). Selected peaks were obtained in high resolution spectra using 0.1 eV step size, 0.5 second
dwell time, and pass energy of 30 eV. For the C 1s and O 1s regions 6 scans were acquired to
increase the signal to noise ratio. The spectra were then fit using CasaXPS analysis software using
a mixed Gaussian-Lorentzian function and Shirley background subtractions for the C 1s region

while a Linear background subtraction was used for the O 1s region.

For the experiments, veratrol was dosed on the clean sample at 130 K and then heated up
to the desired temperature of observation to acquire the spectrum. Once the acquisition was done,

the sample was subject to a cleaning cycle (Ar* sputtering followed by annealing to 1100 K) to
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remove all the residual carbon on the surface. The cleanliness of the sample surface was verified

by LEED and XPS.

3.2.2 TPD

The TPD experiments require the placing of the sample in front of a differentially pumped
quadrupole mass spectrometer (QMS) and ramping up the sample temperature while monitoring
the fragments of interest. For our experiments, the Pt(111) sample was dosed with varying
exposures of veratrol at 110 K and placed 1 mm below a 1 mm diameter hole leading to the
differentially pumped QMS. The temperature-controlled heating ramp was programmed in
LabVIEW and designed to provide and record a linear temperature ramp in the range of 120 K to
800 K, with a ramp rate of 6 K/s. The sample was subject to one cleaning cycle (Ar* sputtering
followed by annealing to 1100 K) to ensure the cleanliness of the surface before each dosage. A
total of 11 channels corresponding to m/z values of 138, 110, 108, 94, 78, 32, 31, 28, 16, 14 and
2, were monitored for the veratrol TPD experiments. The selected m/z values correspond to the

expected species and their respective fragmentation patterns.

Analysis of the TPD data allows the experimental determination of desorption energies Edes
for veratrol. The analysis is performed based on the general rate law for desorption by the simple
approach of Redhead! with appropriately corrected frequency factors. The calculated frequency
factors v are presented in Table 3.2 as obtained using the Campbell approach?3 for molecular
desorption and temperature corrected entropy values from the Knovel’s Database.* The entropy

of veratrol is not available; the entropy value for guaiacol was used as an approximation.
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3.2.3 IRAS

The IRAS experimental spectra were collected at 4 cm™ resolution with 1000 scans. The
molecules were dosed on the clean sample at 130 K and then heated up to the desired temperature
of observation to acquire the spectrum. For temperatures above 400 K, the sample was heated to
the desired temperature and then cooled down to 400 K to acquire the spectrum. The spectra were
manipulated using OPUS analysis software by performing a baseline correction and an
atmospheric compensation for the CO. and H.O regions. Due to geometry and different setup, the
dosage in the IRAS chamber is different from the analysis chamber of the TPD and XPS. Dosage

values are reported and the discussion is performed in terms of comparable relative coverage.

3.3 Results
3.3.1 XPS

Preliminary XP spectra was initially presented by Ould Hamou.* Subsequently, data was
collected and analyzed multiple times to improve data quality and confirm initial interpretations.
The identification of surface species upon dosing veratrol on Pt(111) was initially performed by
monitoring the carbon and oxygen environment of species on the surface as a function of
temperature. Figure 3.2. shows C 1s and O 1s photoelectron spectra after deposition of 20 L of
veratrol on Pt(111) at 130 K, with spectra acquired at varying temperatures. Upon deposition, at
130 K, veratrol shows two peaks in the C 1s spectra, one at 285.4 eV, which is attributed to carbon
atoms bound to an oxygen atom (labeled C-O), and the other one at 283.6 eV which is attributed
to carbon atoms bound only to other carbon or hydrogen atoms (labeled C-C). The binding energy
difference between the carbon peaks is 1.8 eV. After flashing to 180 K, the peak areas and binding
energies remain constant. At 240 K, the C-C and C-O peak areas decrease in intensity as some

desorption takes place and the binding energy difference of the C 1s signals of the C-C and C-O
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peaks remain the same. At 300 K, the C-C and C-O areas decrease in intensity and shift to lower
binding energies of 283.3 and 284.9 eV respectively. The difference in binding energy is 1.6 eV.
At 360 K, the C-C and C-O areas decrease in intensity and shift to lower binding energies of 283.1
and 284.7 eV respectively. Upon heating to 450 K, the C-O peak area vanishes and C 1s area peak

decreases as only adventitious carbon remains on the surface.

Observations of the O 1s region after depositing 20 L of veratrol at 130 K on Pt(111)
correlates with observations in the C 1s region. Upon deposition, at 130 K, veratrol shows one
peak at 532.3 eV. After flashing to 180 K, the peak area and binding energy remain constant. At
240 K, the peak area intensity decreases and shifts to lower binding energy of 531.8 eV as some
desorption and decomposition takes place. At 300 K, the peak area intensity decreases and shifts
to lower binding energy of 531.7 eV as some desorption and decomposition takes place. This is
consistent with the observations made on the C 1s region. At 360 K, the peak area intensity
decreases and shifts to a lower binding energy of 531.6 eV, as some desorption and decomposition

occur from the surface. At 450 K, the peak area vanishes.
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Figure 3.2: XPS spectra acquired at different temperatures for 20 L of veratrol deposited at 130 K.
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Integrating the area of the C 1s region gives insight on how the coverage changes as a
function of temperature (Figure 3.3). The drop in C 1s peak area above 200 K corresponds to

desorption of the multilayer as will be further discussed in comparison with TPD results.

Intensity (arb.units)

200 300 400 500
Temperature (K)

Figure 3.3: Analysis of XPS spectra acquired at different temperatures for 20 L of veratrol

deposited at 130 K. The peak area decreases after 180 K, which corresponds to desorption of the multilayer.

3.3.2 IRAS
The geometry and setup of the IRAS chamber is different from the analysis one, hence the

dosage between the two chambers cannot be directly compared.

Figure 3.4 shows the vibrational spectra of veratrol after deposition of 200 L of veratrol at
130 K, with spectra acquired at varying temperatures. Upon deposition, at 130 K, veratrol shows
seven major peaks in the spectra at 758, 1033, 1127, 1261, 1467, 1515 and 1595 cm™. The peaks

at 1515 and 1595 cm™ are assigned to C-C ring + CCO stretches and the peak at 758 cm™ to C-H
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bending out of plane. The more relevant peaks assigned to O-CHs stretching are observed at 1033
and 1055 cm™ whereas the Ph-O + C-C stretches are assigned at 1233 and 1261 cm™. Weak peaks
corresponding to CHs stretching modes are observed at 2836, 2958, 3004 cm™* whereas CHs scissor
modes are observed at 1443 and 1467 cm™. Finally, a very weak C-H stretching peak is also

observed at 3064 cm™.
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Figure 3.4: IRAS spectra acquired at different temperatures for 200 L of Veratrol deposited at 130
K. Spectra have been offset for clarity. Although initially presented as part of Ould Hamou s thesis 4, since

it was written in paper format, this data is my work.
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The identification of surface species upon dosing multilayers of veratrol on Pt(111) was
performed by monitoring vibrational modes of species on the surface as a function of temperature.
Details of the band assignments and comparison to the vibrational frequencies of liquid anisole are
presented in Table 3.1.

Table 3.1: Vibrational modes and peak assignments of veratrol on Pt(111).

Vibrational mode @ Pt(111) Gas Phase (exp)® Calculated?®

(a) arm vibrations

CH3 asym. ip. str. 3004 3000 3039
CH3 asym. op. str. 2958 2954 2971
CH3 sym. op. str. 2836 2835 2898
HCH (CH3) scissor 1467 1463 1457
HCH (CH3) scissor 1443 1442 1435
CHjs scissor 1335 1330 1421
CHs rock 1181 1176 1157
O-CHgs str. 1055 1052 1042
O-CHgs str. 1033 1028 1019

(b) ring vibrations

C-H str. 3064 3064 3065
C-Cring + CCO str. 1595 1592 1563
C-Cring + CCO str. 1515 1506 1480
Ph-Osym.+C-Cstr.+ 1261 1254 1255
CH bend

Ph-O asym. + C-C str. + 1233 1230 1211
C-H bend

C-H bend 1127 1123 1096
C-H bend 915 e e
Ring breathing 8w - e

C-H bend (out of plane) 758 - e

aApproximate mode description; str, stretching; sym/asym, symmetric/asymmetric; ip, in plane; op, out of phase.
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There are small shifts between the vibrational modes of gas phase veratrol and the ones
observed on Pt(111) mainly due to surface/metal interaction. As above, due to metal surface
selection rules, only the modes that have vibrational dipole moments perpendicular to the surface
can be observed and this gives us an insight about the adsorption geometry of the molecule on the
surface. The observation of strong C-H bending peaks at 758, 915, and 1127 cm™ indicates that
veratrol adsorbs on the surface primarily via carbon atoms of the aromatic ring. Furthermore, the
observation of O-CHs, Ph-O + C-C, C-C ring + CCO stretches and C-H stretching peaks indicates
that the methoxy groups of the veratrol are tilted away from the surface. These observations are in
agreement with previous suggestions for anisole and guaiacol adsorption on Pt(111).2%%10.16 After
increasing the temperature to 240 K, the majority of the IR peak intensities remain the same except
for the peaks at 2958, 3004 and 3064 cm™. These peaks become stronger and sharper. This
behavior is attributed to the rearrangement of molecules in the adsorbed layer to a more

thermodynamically stable geometry.

Upon reaching 300 K, the IR peaks decrease in intensity which is in agreement with the
temperature range of the molecular desorption of the multilayer observed in the XPS. The peaks
corresponding to C-H stretching modes in the CH3 fragment, observed at 2836, 2958, 3004 cm'?,
vanish and the constant presence of the 1033 and 1261 cm™ assigned to O-CHj stretching and Ph-
O + C-C stretching suggest that the veratrol started decomposing by C-H bond cleavage on the
methyl group. Further heating to 330 K leads to the disappearance of the peaks at 1033, 1335 and
1467 cm™ corresponding to O-CHs stretching, CHs rocking and HCH scissoring respectively.
These observations clearly indicate the cleavage of the methyl group, inferring the formation of

1,2-benzoquinone species on the surface. Furthermore, the peaks at 758, 1261 and 1515 cm™* shift
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and the disappearance of the C-H bending mode at 1127 cm™ are associated with the loss of

aromaticity in the ring which emphasizes the formation of 1,2-benzoquinone species.

The intermediate specie seems to be stable up to 360 K. At 400 K, the peak at 1261 cm™
vanish while a new peak emerges at 950 cm™ and the peak at 758 cm™ gets stronger which suggests
that the ring breaks down as the molecule completely decomposes. In addition, no molecular CO
stretching peak has been observed in the 1800-2100 cm™ region, which suggests that the reported

desorption of CO from veratrol decomposition is reaction-limited.

3.3.3TPD

Preliminary TPD data was presented by Ould Hamou in his thesis.* Since then, TPDs were
collected multiple times. While the desorption energy of veratrol and its hydrogen and carbon
monoxide products were corroborated, the observation of new species was used to interpret the
mechanism in new light. This data has greatly improved the importance of the manuscript and it

is an important part of my work.

Molecular desorption of the parent veratrol molecule was monitored at a high coverage as
a function of temperature (Figure 3.5). The data shows that, at early temperatures, the molecular
desorption peak of veratrol occurs at 215 K. This peak is attributed to the desorption of the
multilayer. Previous studies of closely related aromatics have reported similar temperatures and
behavior for the physisorbed layer.2®"817 The only other observed reaction products of the
decomposition of veratrol are catechol, H> and CO. The TPD spectrum for the catechol fragments
(Figure 3.5b) shows that for 3.2 L coverage, catechol molecularly desorbs from the surface with a
peak at 360 K. As the coverage increases, the peak intensity remains unchanged. The dosage

dependence, particularly the lack of observed desorbing aromatics at lower coverages, is in
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agreement with previous literature where it was also shown that aromatics such as benzene, phenol,
anisole and 2-phenoxyethanol decompose completely on the Pt(111) surface for coverages below

0.6 ML.
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Figure 3.5: TPD spectra after veratrol exposure on Pt(111) and selecting veratrol and formed
byproducts (Catechol, Hydrogen and Carbon-monoxide). Different exposures of veratrol have been dosed

at 130 K on Pt(111) and desorption rates are measured using a linear temperature ramp of 6 K/s. The line
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for dashed CO corresponds to molecular desorption of pure CO from Pt(111) with 0.33 ML
coverage.’®¥The dot-dashed line for H, corresponds to desorption temperature of Hydrogen with 2 L

coverage from Pt(111).20:2

Hydrogen shows peaks at 315 K, 420 K and 470 K. In comparison, the associative
desorption of hydrogen from Pt(111) has been previously observed in the temperature interval
between 290-375 K.2%2! This suggests that the desorption peak at 315 K is more likely to be
desorption-limited and the peaks at 420 K and 470 K are reaction-limited. In contrast, CO desorbs
with one peak at 420 K and this corresponds to the molecular desorption of pure CO from Pt(111)
with a 0.33 ML coverage.*®?? The coincidence of the desorption temperature and the sharpness of
the CO peak and the second hydrogen peak suggest that the desorption of CO is also reaction-
limited and that they are the byproduct of a common intermediate species. At this point it is more
likely that the aromatic ring is starting to decompose on the surface. Similar behavior has been
observed with oxygenated aromatic molecules (anisole, 2-phenoxyethanol and phenol) adsorbed

on Pt(111).23>" No other molecular products have been observed.
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Table 3.2: Desorption energies of observed species, calculated by Redhead analysis of the TPD

data.
Species Observations Temperature (K) v (s7) Edes (kJ/mol)
Veratrol Multilayer 215 3.34x10% 64.8
Catechol Molecular desorption 360 9.24x10%® 118
Carbon monoxide Molecular desorption 420 3.95x10% 119
Literature 410% e e
Hydrogen Analyzed as molecular 315 2.62x10% 82.2
desorption 420 373x108 111
470 a28x108 126
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3.4 Discussion

From IRAS, XPS and TPD experimental results, a schematic of the reaction and
decomposition of veratrol on Pt(111) is proposed in (Figure 3.6). Upon dosing, veratrol adsorbs
on the Pt(111) surface at 130 K. Upon heating, the physisorbed layer molecularly desorbs at 215
K. The desorption energy of the multilayer is 64.8 kJ/mol and it is agreement with the enthalpy of

vaporization of 68.1 kJ/mol of veratrol.?*

The first saturated layer totally decomposes on the surface as the temperature is increased
and the only observed byproducts are catechol, CO and H,. At 300 K, the C 1s binding energy
difference between the C-C and C-O XPS peaks reduces to 1.6 eV, suggesting the onset of
decomposition of the parent molecule. The associative desorption of H> at 315 K (which
corresponds to “usual’ temperature desorption of Hz) is another clear indication of the
decomposition of the parent molecule. Furthermore, the peaks corresponding to CHzs stretching
modes observed at 2836, 2958, 3004 cm™ at 300 K, clearly indicate that the dehydrogenation
occurred on the methyl group. This is in agreement with previously published studies of phenol,
anisole, 2-phenoxyethanol and guaiacol on Pt(111) showing that the first reaction step starts with
the dehydrogenation of the arm below 300 K.23>7-1017 Upon heating to 330 K, we observe further
changes in the IR spectrum, the disappearance of the peaks at 1033 and 1127 cm™* corresponding
to O-CHjs stretching and C-H bending mode respectively and the presence of the peaks at 760 and
1250 cm™* corresponding to C-H bending out of the plane and Ph-O+C-C stretching respectively
suggest that the molecule lost its aromaticity. The IR spectrum of 1,2-benzoquinone has vibrational
peaks at 739, 1262 and 1734 cm™ which are attributed to C-H wag, C-C stretch + C-H bend and
C-C=0 stretch respectively. Heyden and coworkers®® studied guaiacol on Pt(111) and suggested

1,2-benzoquinone to be as an intermediate in the possible decomposition pathways of guaiacol on
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Pt(111). They showed that the adsorption energy of 1,2-benzoquinone is ~281 kJ/mol and the most
stable adsorption geometry to be flat with two oxygen atoms parallel to the surface. Thus, the peak
at 1734 cm™ cannot be observed in our study due to metal selection rules. In fact, a clear
observation of the C-C=0 stretch is seen in the data of Vohs et al.” The HREELS data for
guaiacol/Pt(111) shows that the intermediate species of the decomposition loses its aromaticity at
285 K. A peak at ~1740 cm™ starts to appear at 285 K and disappears between 400-480 K. This
peak, which was not identified by the authors, is consistent with the formation of 1,2-
benzoquinone, emphasizing that this species adsorbs in a flat geometry on the surface and keeps
decomposing above 400 K. Desorption of catechol and carbon monoxide correlates with the
disappearance of the C-O peak in C 1s and in the O 1s region at 360 K, and the appearance of a
new peak at 950 cm™ indicates further decomposition of the 1,2-benzoquinone. The calculated
desorption energy of catechol is 118 kJ/mol. Only hydrocarbons and adventitious carbon remain
on the surface at 450 K. This is consistent with the previous reported results of the decomposition

of 1,2-benzoquinone on Pt(111) surface.
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Figure 3.6: Proposed pathway of veratrol decomposition under UHV conditions on Pt(111) built

from surface science experiments. Figure adapted and updated form reference.*
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3.5 Conclusion

In ultra-high vacuum conditions, veratrol adsorbs on the surface at 130 K. The multilayer
desorbs at 230 K and the monolayer starts decomposing by dehydrogenation of the methyl group
below 300 K. The only observed decomposition by products are H> and CO. 1,2-Benzoquinone
seems to be key intermediate in the decomposition pathway of veratrol. The emergence of a new
peak at 950 cm™ in the IRAS spectra is an identification of further decomposition of 1,2-
Benzoquinone on Pt(111) surface. It seems that increasing the complexity by having a methoxy
arm attached in the ortho position opened a new catalytic pathway towards the production of
catechol. The observation of this alcohol is a significant novelty of the showed results that is not

observed before in mono-substituted molecules.
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Chapter 4: Adsorption and Decomposition of a Lignin g-O-4
Linkage Model: Reactivity of Veratrol, 1,3-dimethoxybenzene,
and 1,4-dimethoxybenzene on Pt(111).

| performed all the experiments, acquired and analysed all data in this chapter. This chapter builds
on the pervious chapter focussed on veratrol by comparing the positional isomers 1,2-
dimethoxybenzene (veratrol), 1,3-dimethoxybenzene and 1,4-dimethoxybenzene. Insights
regarding molecular geometry and reactivity are sought based on IRAS data. This manuscript

(chapter 4) will be sent for publication shortly.

Draft Manuscript in preparation for submission to Surface Science.
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Adsorption and Decomposition of a Lignin p-O-4 Linkage Model: Reactivity of Veratrol, 1,3-

dimethoxybenzene, and 1,4-dimethoxybenzene on Pt(111).

Mohammed Z. Asiri,™$ Javier B. Giorgi."*

" Centre for Catalysis Research and Innovation, ¥ Department of Physics, | Department of Chemistry and

Biomolecular Sciences, University of Ottawa, 10 Marie Curie Pvt., Ottawa, Ontario, Canada. KI1N 6N5.

Abstract

Under ultrahigh vacuum conditions, the decomposition of Veratrol, 1,3-
dimethoxybenzene, and 1,4-dimethoxybenzene on Pt(111) is studied as a model to understand the
reactivity of the $-O-4 linkage in lignin. Comparing IRAS data for 1,3-dimethoxybenzene and 1,4-
dimethoxybenzene with Veratrol’s comprehensive data leads to observation of the desorption of
the multilayer and monolayer as well as the generation of decomposition products. Although the
chemical composition and types of bonds are the same in the three molecules, the positional
variation in the isomers leads to different adsorption geometries, desorption energies and

reactivity.

Key-words: Veratrol, 1,3-dimethoxybenzene, 1,4-dimethoxybenzene, Desorption, mechanism,

decomposition, IRAS, lignin.
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4.1. Introduction

The demand of energy increases staidly with the increasing world population, requiring
new resources of energy that are widely available and sustainable. Biomass is a promising resource
to reduce the dependence on fossil fuels and its rich chemistry makes it a good source for a variety
of applications. Biomass conversion can be used in chemical production since it is renewable,
inexpensive, and widely available, and thus the conversion of biomass into high value products is
an important target both economically and socially. In particular, lignocellulosic biomass is one of
the most abundant components in plants including trees, seaweeds, crops and animal wastes.
Lignin is the second most abundant lignocellulosic polymer in wood which represents up to 40%
of the dry biomass weight.>? Due to its unique structure and chemical properties, several of fine
and bulk chemicals can be obtained from lignin.3# Lignin conversion has been studied by different
methods such as pyrolysis, hydrothermal, hydrolysis, and catalysis.>>®’ Heterogeneous catalysis
is a promising method of lignin conversion due to its ability to separate products from the catalyst,

and reducing the activation energy required for the reaction.

In trying to understand the reactivity of lignin, an approach has been taken to select small
molecules as representatives of lignin fragments and progressively add complexity to these
molecules approaching the complexity present in the lignin polymer. Previous studies of lignin
valorization started with sample model molecules such as Phenol, Anisole, and 2-
Phenoxyethanol.8%1%1! These molecules are the simplest representation of the B-O-4 linkage
present in large numbers in lignin. To increase the lignin model complexity, molecules bearing
two methoxy functional groups on the 1,2, 1,3, and 1,4 positions, are used as models of the
substituted adjacent f-O-4 linkage. These molecules are veratrol, 1,3-dimethoxybenzene, and 1,4-

dimethoxybenzene (Figure 4.1).
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1.4-dimethoxybenzene 1,3-dimethoxybenzene Veratrol

Figure 4.1: The three molecules of Veratrol family.

Giorgi and Co-workers studied veratrol on Pt(111) by a combination of three surface
science techniques, X-ray Photoelectron spectroscopy, infrared reflection absorption
spectroscopy, and temperature programmed desorption.'? Veratrol was adsorbed on the surface at
130 K with two major signals in the C1s region at 285.2 eV and 283.5 eV corresponding to carbon
atoms bound to an oxygen atom and carbon atoms bound to carbon atom, respectively. Desorption
of physisorbed layer was observed at 215 K. while the monolayer decomposed by dehydrogenation
of the methyl group below 300 K. 1,2-benzoquinone seems to be the intermediate in the

decomposition pathway of veratrol. The observed byproducts are Hz and CO.*2

Since no experimental or theoretical work has been done for 1,3-dimethoxybenzene and
1,4-dimethoxybenzene with regard to their reactivity on single crystal catalysts, we compare the
reactivity and the decomposition pathway of 1,3-dimethoxybenzene and 1,4-dimethoxybenzene
with 1,2-dimethoxybenzene (Veratrol) by building on previous studies of veratrol on Pt(111). This

study is conducted using infrared reflection absorption spectroscopy (IRAS) on Pt(111) surface.
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4.2. Experimental

Experiments were performed under UHV conditions (pressure =~ 1x107*° mbar). The UHV
regime is achieved by a combination of a mechanical pump and a turbomolecular pump. The
chamber is designed for the Infrared reflection adsorption spectroscopy based on FTIR (Bruker
Equinox 55) coupled with UHV chamber with a grazing reflection angle on the sample (detailed
on Chapter 2 Section 4). The chamber contains a sputtering gun to clean the surface and a

quadrupole mass spectrometer for residual gas analysis.

The experiments started with cleaning the sample (Pt(111) single crystal) via three
repetitive cycles of sputtering of argon ions for 30 minutes at 600 K (1.5 keV, 1 x 10-5 mbar
Ar+), followed by annealing for two minutes at 1100 K after each cycle. After sample cleaning,
the sample cooled down by liquid nitrogen to deposit the molecules at the lowest temperature

(about 120-130 K).

Veratrol (99% purity, Sigma-Aldrich), 1,3-dimethoxybenzene (>98% purity, Sigma-
Aldrich), and 1,4-dimethoxybenzene (99% purity, Sigma-Aldrich) were dosed to the chamber
through a leak valve, the leak valve is attached on the chamber for dosing molecules into the
chamber. The lines heated up to 200° in order to increase the vapour pressure and to ensure a pure

molecule introduced into the chamber.

The collection of spectra was done by the OPUS software at 4 cm™ with 1000 scans. The
first spectrum acquired at~130 K then heated up to desired temperatures and acquired spectra at
different temperatures. Spectra were manipulated by OPUS software to correct the baseline and to

remove the atmospheric distribution for CO2 and H;O.
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The calculation modes in tables (4.1) and (4.2) are obtained from WebMO. The Gaussian
program was used at the B3LYP/6-31G(d) level for isolated molecules in gas phase at the room
temperature. The calculation involved a geometry optimization of the idealized molecule followed
by a vibrational frequency calculation of the optimized geometry. The focus of these calculations
is not absolute accuracy of vibrational frequencies, but rather to identify the main groups involved

in the vibrational modes of the molecules.

4.3. Results
IRAS spectra were obtained for wveratrol, 1,3-dimethoxybenzene and 1,4-
dimethoxybenzene upon the adsorption of a multilayer on Pt(111). Data was then obtained as a

function of temperature and the spectra were analysed using the OPUS software.

4.3.1. Veratrol

Veratrol has been discussed in detail in chapter 3. Here the IRAS analysis is presented
briefly for comparison with its isomers. Veratrol shows seven major peaks on its vibrational
spectra after deposition of 200 L at 130 K. The seven peaks appear in the spectra at 758, 1033,
1127, 1261, 1467, 1515 and 1595 cm™. The peaks at 1515 and 1595 cm™ are assigned to C-C ring
+ CCO stretches and the peak at 758 cm™ to C-H bending out of plane. The more relevant peak
assigned to O-CHjs stretching is observed at 1033 cm™. The Ph-O + C-C stretch is assigned at 1261
cm™. The peak at 1127 cm™ corresponds to a CH bending mode. While the CHj3 scissoring is
assigned at 1467 cm™. The strong observations of C-H bending peaks indicates that veratrol
adsorbs initially on the surface via carbon atoms of the aromatic ring. With increasing temperature,
the majority of peak intensities remain unchanged until at 240 K the peaks of the CH3 fragment

became stronger and sharper, which means the molecule starts to rearrange itself on the platinum
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surface to a more thermodynamically stable geometry. At 300 K, the intensity of peaks goes down
indicating that the multilayer of veratrol has been desorbed. The disappearance of CHz peaks and
the constant presence of O-CHz and Ph-O+C-C stretching suggest that the molecule started
decomposing by breaking C-H bonds on methyl group, as has been previously observed for anisole
and 2-phenoxyethanol.®-°1% Upon heating to 330 K, desorption of the monolayer competes with
decomposition and the disappearance of O-CHz stretching, CHz rocking, and CHzs scissoring peaks
indicate that veratrol decomposition leads to the formation of 1,2-benzoquinone species on the
surface. Further heating to 400 K, the observed peaks at 758 cm, assigned to C-H bending out of
plane, gets stronger and a new peak emerges at 950 cm™ which indicates the ring breaks down as
veratrol completely decomposed. Above 400 K, the remaining peaks disappear emphasizing that

the molecule has been decomposed.

The identification of surface species upon dosing multilayers of veratrol on Pt (111) was
performed by monitoring vibrational modes of species on the surface as a function of temperature.
Details of the band assignments and comparison to the vibrational frequencies of liquid anisole are

presented in chapter 3.

The XPS data emphasized that the desorption of veratrol’s physisorbed layer is around 260
K when the intensity of C-C and C-O peak areas decrease in the C 1s region. The spectra of TPD
also shows at 215 K the multilayer desorbed. In the O 1s region of XPS, the peak area intensity
decreased and shifted to a lower binding energy of 531.3 eV, leading to the desorption of
monolayer at 360 K. Turning to TPD data, the byproducts observed in veratrol decomposition
pathway are H2, CO, and catechol (formed by hydrogenation of 1,2-benzoquinone). While the 1,2-
benzoquinone seems to be the key intermediate of the molecule decomposition pathway.

Desorption of catechol and carbon monoxide correlates with the disappearance of the C-O peak in
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C 1s and in the O 1s region at 360 K, and the appearance of a new peak at 950 cm™ indicates

further decomposition of the 1,2-benzoquinone.

4.3.2 1,3-dimethoxybenzene

Figure 4.2 shows the vibrational spectra of 1,3-dimethoxybenzene after dosing 200L at 130
K, with acquiring spectra at different temperatures. Upon deposition at 130 K, the 1,3-
dimethoxybenzene shows eight major peaks in the spectra at 772, 1053, 1160, 1215, 1270, 1290,
1497, and 1608 cm™. The peaks at 1608 and 1497 cm™ are assigned to C=C stretching, 772 cm™
to C-H bending out of plane and 724 cm™ to ring breathing. The peak at 1054 cm™ is assigned to
C-H bending. The peak at 1215 cm™ is assigned Ph-O antisymmetric stretch. The peak at 1160
cm? is assigned to C-O-C antisymmetric stretch. While the peaks 1290 and 1270 cm
corresponded to C-C stretch and Ph-O antisymmetric stretch, respectively. Weak peaks at 3007
and 2983 cm are assigned to CHs antisymmetric stretching. A relevant peak at 2836 cm™ assigned
also to CHj3 but stretching symmetrically. Two peaks at 690 and 840 cm™ assigned to C-H bending

out of plane.
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Figure 4.2: IRAS spectra acquired at different temperatures for 200L of 1,3-dimethoxybenzene.

Details of the band assignments of the vibrational frequencies of liquid (experimental) and

gas (calculated) phases of 1,3-dimethoxybenzene are presented in Table 4.1.
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Table 4.1: Vibrational modes and peak assignments of 1,3-dimethoxybenzene on Pt(111), on a
Platinum electrode* and as calculated for gas phase molecules.

Vibrational mode Pt(111) Liquid Phase (exp)!*  Gas Phase (Cal)

(a) Arm vibrations

CHs; antisym. str. 3007 3008 3160
CHs; antisym. str. 2983 2969 3090
CHs sym. str. 2836 2840 3027
CHs rock 97 e 1186
C-O-C antisym. Str. 1160 1190 1190
C-O-C sym. Str. 1037 1032 1078

(b) Ring vibrations

C=C stretch 1608 1600 1668
C=C stretch 1596 1573 1548
C=C stretch 1497 1489 1517
C=C stretch 1463 1489 1485
C=C Stretch 1438 e 1389
C-H sym. Def. 1341 1379 1333
C-C stretch 1290 - 1318
Ph-O antisym. Str. 2 e 1253
Ph-O antisym. Str. 1215 e 1205
C-H bend 1084 e 1080
C-H bend 1054 e 1092
C-H rock 992 e 1010
C-H bend 928 e 958
C-C sym. Str 910 918 936
C-H bend (out of plane) 840 - 847
C-H bend (out of plane 772 e 773
Ring breathing 724 e 738
Ph-H  bend (out of 690 - 695
plane)

aApproximate mode description; str, stretching; sym/asym, symmetric/asymmetric; ip, in plane; op, out of phase.
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There are some shifts between the vibrational modes of 1,3-dimethoxybenzene adsorbed
on Pt(111) and those listed in the literature for the gas phase molecule and for the liquid molecule
interacting with a platinum electrode. This is not surprising since the adsorbed species at 130K
under UHV conditions is a condensed phase that has gas, liquid and solid qualities as well as a
significant interaction with the metal surface. Nevertheless, the correlation of the observed peaks
in the spectra can be used as a guide for peak assignment to the corresponding vibrational modes.
Only the modes that have vibrational dipole moment perpendicular to the surface can be observed
due to the surface metal selection rule, and this gives an insight about the geometry of the absorbent
on the metal surface. The observation of the strong peaks at 690, 772, 840, and 1053 cm™ that
correspond to C-H bending mode indicates that the 1,3-dimethoxybenzene adsorbs on the surface
primarily by the carbon atoms of the aromatic ring. Besides that, the observation of C-O-C stretch,
Ph-O antisymmetric stretch means the methoxy group of the molecule is tilted from the surface.
These observations are in agreement with the previous studies of similar molecules; anisole and

veratrol on Pt(111).

Upon reaching 240 K, the IR peaks decrease in intensity significantly which indicates the
multilayer of the 1,3-dimethoxybenzene has been desorbed. Now at 300 K, most IR peaks are
disappearing that indicating largely monolayer desorption from the surface. The peak at 771 cm™
that corresponds to C-H bending split into two peaks 781 and 767 cm™. The molecule most likely
forms benzene on the surface rather than resorcinol (what | expected) because of the observations

of C-H bonds in the aromatic ring.

Upon heating to 330 K, the only observed peak in the spectrum is 759 cm that corresponds
to C-H bending out of plane shifts from 771 and gets stronger. Up to 450 K, the remaining peak

vanishes to conclude to the fully decomposition of 1,3-dimethoxybenzene on the surface. The
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molecule behaves similarly like anisole. Plus, no molecular CO peaks in stretching mode have
been observed at the region of 1800-2100 cm™, which suggests the desorption of CO from 1,3-

dimethoxybenzene is reaction limited.

4.3.3 1,4-dimethoxybenzene

Figure 4.3. shows the vibrational spectra of 1,4-dimethoxybenzene after dosing 2000 L at
130 K, with acquiring spectra at different temperatures. Upon deposition at 130 K, the 1,4-
dimethoxybenzene shows five major peaks in spectra at 723, 831, 1047, 1241, and 1513 cm™ in
the spectra. The peak at 1513 cm™ corresponds to C=C stretching, and the peak at 723 cm™ to Ph-
O antisymmetric stretch. Two peaks at 1047 and 1241 cm™ are assigned to C-O-C antisymmetric
stretch. The peak at 831 cm™ is assigned to C-H bending out of plane. Weak peaks are assigned
CHs symmetric stretch at 2955 and 2835 cm, and CH3 antisymmetric stretch is assigned at 3004
cmt. Two peaks at 760 and 669 cm™ correspond to C-H bending out of plane. A peak corresponds
to C-C stretching at 1298 cm™. However, no conclusive O-H stretch peak can be attributed in the

acquired spectrum.
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Figure 4.3: IRAS spectra acquired at different temperatures for 2000L of 1,4-dimethoxybenzene.

Details of the band assignments of the vibrational frequencies of liquid (experimental) and

gas (calculated) phases of 1,4-dimethoxybenzene are presented in Table 4.2.
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Table 4.2: Vibrational modes and peak assignments of 1,4-dimethoxybenzene on Pt(111), on a
Platinum electrode®® and as calculated for gas phase molecules.

Vibrational mode Pt(111) Liquid Phase (exp)™® Gas Phase (Cal)

(a) Arm vibrations

CHs antisym. str. 3004 3014 3152
CHg; sym. str. 2955 2953 3018
CHas sym. str. 2835 2838 3017
CH3 sym. Def. 1465 1496 1538
CH3 antisym. Def. 1439 1440 1520
C-O-C antisym. Str. 1241 1250 1281
CHs rock 1184 e 1220
C-O-C antisym. Str. 1047 1040 1091

(b) Ring vibrations

C=C stretch 1513 1520 1567
C-C stretch 1298 e 1375
C-H bend 11270 e 1139
C-H bend (outofplane) 831 e 843
C-H bend (out of plane 760 e 805
Ph-O antisym. Str. 723 e 731
C-H bend (outof plane) 669 e 533
Ring breathing 657 e 529

aApproximate mode description; str, stretching; sym/asym, symmetric/asymmetric; ip, in plane; op, out of phase.
As for the other molecules, there are some shifts between the vibrational modes of gas,

liquid and adsorbed 1,4-dimethoxybenzene. In addition pronounced shifts may be observed due to
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the adsorbed/metal interaction, especially for the C-O—C peak that is shifted from 1250 to 1241
cm™* which indicates that the surface influences the adsorption geometry of the molecule. There
are also small shifts between the two liquids of 1,4-dimethoxybenzene because of two different
catalysts Pt(111) and Platinum electrode. Only the modes that have vibrational dipole moment
perpendicular to the surface can be observed due to the surface metal selection rule, and this gives
an insight about the geometry of the absorbent on the metal surface. The observation of the strong
peak 1513 cm™ of carbon double bonds and the peak at 831 cm™ that corresponded to C-H bending
mode indicates that the 1,4-dimethoxybenzene adsorbs on the surface primarily via its carbon
atoms of the aromatic ring. Furthermore, the observation of Ph-O and C-O-C antisymmetric stretch
means the methoxy group of the molecule is tilted from the surface. This means all molecules of

the Veratrol family have a similar adsorption behavior on Pt(111).1?

Heating up to 200 K, the peaks in the C-H stretch regions get stronger and sharper due to
the molecule rearranging itself in the adsorbed layer to a more thermodynamically stable geometry.
Some peaks get stronger like the one at 831 and 1047 cm™ with increasing temperature up to 200
K which means the desorption of multilayer does not occur yet. After increasing the temperature
to 260 K, the intensity of IR peaks decreased, attributed to multilayer desorption. The peaks
corresponding to CHz modes in C-H stretch region vanish and the constant presence of the 1047
and 1241 cm™ assigned to O-CHj stretching and Ph-O + C-O-C antisymmetric stretching suggests

that the 1,4-dimethoxybenzene started decomposing by C-H bond cleavage on the methyl group.

Further heating to 330 K, the IR peaks intensity further decreases leading to the desorption
of monolayer of 1,4-dimethoxybenzene. Just a peak observed at 760 cm™ corresponded to C-H

bending out of plane which suggests the ring breaks down as the molecule decomposes. At 400 K,
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the remaining peak at 760 cm-1 disappears, indicating the eventual full decomposition of the

molecule on the surface.

Finally, no molecular CO stretching peak has been observed in the 1800-2100 cm™ region,
which suggests that the reported desorption of CO from 1,4-dimethoxybenzene decomposition is

reaction-limited.

4.4 Discussion

Veratrol, 1,3-dimethoxybenzene and 1,4-dimethoxybenzne adsorb on the surface at 130 K.
Upon heating, the decomposition pathways of these molecules undergo several bond cleavages. A
summary of the decomposition pathways as determined by combining IRAS results with previous

chapters is shown in Figure 4.4.
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Figure 4.4: The decomposition pathways of Veratrol and associated temperatures for, 1,3-

dimethoxybenzene, and 1,4- dimethoxybenzene on Pt(111) under UHV conditions.
Desorption

Veratrol desorbs form the surface in two steps: the multilayer desorbs at 230 K, while the
monolayer desorption occur upon reaching 330 K. The reported TPD results showed the desorption

energy of veratrol’s physisorbed layer is 64.8 kJ/mol.*? For guaiacol which is expected to behave
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similarly, Vohs and coworkers showed, the multilayer of guaiacol desorbs from Pt(111) surface at

225 K. The reported XPS data confirmed at 360 K the monolayer of veratrol desorbed.*®

1,3-dimethoxybenzene desorbs from the surface in two steps. The multilayer and the
monolayer layer desorb from the surface upon reaching 240 K and 300 K respectively. These
observations are similar to the reported IRAS results for anisole (240 K and 300 K for the
multilayer and monolayer, respectively).® Also for anisole, the TPD results reported that the

multilayer and part of the monolayer desorb at 260 K and 360 K respectively.®

The adsorption geometry of 1,4- dimethoxybenzene is different from the monolayer. The
stronger observation of methyl group at 200 K, suggests the molecule has enough energy to
reorient itself on the platinum surface upon heating to 200 K. The multilayer starts desorbing at

260 K, whereas the desorption of monolayer occurs upon heating to 330 K.
Decomposition

Veratrol decomposes its monolayer by the cleavage of methyl group above 330 K. This
remark indicates the formation of 1,2-benzoquinone on the surface. A related study by McEwan
and coworkers showed, guaiacol on Pt(111) at 375 K starts decomposing by either the
dehydrogenation of the hydroxyl group or the methyl group to form 1,2-benzoquinone as key

intermediate.!” The observed byproducts of veratrol are catechol, Hz, CO.

1,3-dimethoxybennzene adsorbs to Pt(111) surface via carbon atoms of the aromatic ring.
In the decomposition route of 1,3-dimethoxybenzene, the molecules decomposes by a C-H
cleavage on the methyl group at 330 K as reported for similar molecules, anisole and veratrol.%8*2

1,3-dimethoxybenzene most likely forms benzene on the surface as methoxy species are not
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observed below 330 K, and the observation of C-H bending mode at 771cm-1. The only byproducts

expected to be observed are H, and CO.

For 1,4-dimethoxybenzene, determination of intermediates was not forthcoming, and the
expected observed byproducts were H, and CO. No alcohol or quinone species was observed in

the IRAS spectra.

4.5 Conclusion

Under ultra-high vacuum conditions, the complex lignin model molecules, veratrol, 1,3-
dimethoxybenzene and 1,4- dimethoxybenzene adsorbed on the Pt(111) surface at 130 K. The three
molecules desorb their physisorbed layer between 230-260 K. The monolayer for the veratrol
family gets desorption at 330 K. The para and ortho isomers showed some similarity in their
reactivity. The adsorption geometries of the whole family are similar, namely via the interactions
of carbons in the benzene ring with the Pt(111) surface. The common byproducts of the whole
family are H> and CO. No alcohol was observed from 1,3-dimethoxybenzene and 1,4-
dimethoxybenzene, while veratrol produced catechol after forming 1,2- benzoquinone as key
intermediate of its decomposition. Current work involves additional surface science experiments on
Pt(111) to be able to distinguish the intermediate species of the whole family and observe the

byproducts of each molecule.
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Chapter 5: Conclusion
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5.1. Summary and Future Work

This study was a continuation of the previous studies of lignin valorization starting with
three simple B-O-4 linkage models phenol, anisole and 2-phenoxyethanol. In my thesis, we
increased the complexity of models by including two methoxy groups in the three positions 1,2,
1,3, and 1,4. The target was to gain better understanding of the reactivity of lignin itself in order

to exploit it eventually.

The methodology involved Infrared Reflection Absorption Spectroscopy for adsorbed
molecules on a Pt(111) surface as a catalyst. For the simplest molecule, veratrol, we also used X-
ray Photoelectron Spectroscopy and Temperature programmed Desorption on the same surface to

provide additional insight. All experiments of this work were under ultra-high vacuum conditions.

In case of veratrol as an example, the multilayer of molecules desorbed at 215 K. veratrol
kept decomposing by dehydrogenation of the methyl group until 300 K where the monolayer
desorbed. Main products of the decomposition were Hydrogen, Carbon monoxide, and Catechol.

We discovered the key intermediate of veratrol decomposition pathway was 1,2- benzoquinone.

Furthermore, comparing acquired data of 1,3-dimethoxybenzene and 1,4-
dimethoxybenzene with veratrol leads to an insight of their reactivity. For the 1,3-
dimethoxybenzene, the multilayer desorbs from the platinum surface at 240 K, and the monolayer
at 300 K. The molecule most likely forms benzene species in its decomposition pathway. For the
1,4-dimethoxybenzene, the desorption of the molecule occurs in two steps; the multilayer and the
monolayer desorb from the surface upon reaching 260 K and 330 K respectively. Carbon monoxide

and hydrogen are currently the observed byproducts of these two isomers of veratrol family.
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Adsorption geometries for the veratrol family have been studied trough this research.
Indications are that the three isomers adsorbed initially via carbon atoms of the aromatic ring on
Pt(111) surface. IRAS data gave enough results regarding to the geometrical adsorption of studied

molecules.

The increase in molecular complexity from methoxybenzene to dimethoxybenzene leads
to new reactivity. For example the additional substitution leads to the observation of alcohol
(catechol from veratrol), which was not observed before in previous studies of the mono-
substituted molecules. This discovery emphasizes the significant of increasing the complexity of

model molecules.

In this thesis, we studied the adsorption and decomposition of the veratrol family of
molecules (dimethoxybenzene isomers) as models for lignin fragments containing p-O-4 linkage.
Furthermore, it would be interesting to see the decomposition pathway of more complex family of

molecules such as 2-hydroxyethyl-phenol and 2-methoxyphenyl-ethanol families.

Since lignin is a complex polymer, its route of investigation requires always increasing the
level of complexity of models. This would be the remaining work in future to understand the
different reaction pathways of lignin decomposition. Currently, 1,3-dimethoxybenzene and 1,4-
dimethoxybenzene require additional experiments to obtain better understand in regards to their
reactivity. They may produce alcohol as well as veratrol or they may not. TPD and XPS would be

more than enough to distinguish the products and the full decomposition of these molecules.
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