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Abstract

The dissociative adsorption of three carboxylic acids (acetic acid, propanoic acid, and
acrylic acid), allyl alcohol, and allyl aldehyde on Si(100)2x1 at room temperature has been
investigated by X-ray photoelectron spectroscopy (XPS) and temperature programmed
desorption (TPD), as well as density-functional theory (DFT) calculations. The C 1s features
obtained by XPS measurement for acetic acid, propanoic acid, and acrylic acid show that
formation of bidentate carboxylate at a low exposure is followed by that of unidentate
carboxylate at a higher exposure, with approximately equal population for both adstructures.
The signatures of C 1s features attributed to methyl (285.7 eV), ethyl (285.3 eV), ethenyl
(285.0 eV), and bidentate carboxyl (286.8 eV) and unidentate carboxyl (289.8-289.3 eV)
carbons were observed for the studied carboxylic acids. The results showed that the carboxyl
group is more reactive than the alkyl or alkenyl group towards the Si(100)2x1 surface, with
O—H dissociation preferred over [2+2] C=C cycloaddition and the other plausible reaction
products. This was also supported by our DFT calculation which showed that the bidentate
carboxylate adstructure is the most stable configuration among the calculated adstructures for
the aforementioned carboxylic acids. The combined temperature-dependent XPS and TPD
studies provided strong evidence for the formation of ketene, acetaldehyde and CO from
acetic acid, CO and ethylene from propanoic acid, and CO, ethylene, acetylene, and propene
from acrylic acid. Furthermore, the TPD results provided further evidence for the preferred
structure of the adsorbate from each of the carboxylic acid on the surface.

In addition to carboxyl group, reactivity of the hydroxyl and carbonyl functional
groups relative to that of ethenyl group was studied by investigating the reaction of allyl
alcohol and allyl aldehyde on Si(100)2x1 at room temperature. The C 1s XPS results
supported O—H dissociation for allyl alcohol and [2+2] C=0 cycloaddition for allyl aldehyde
over the [2+2] C=C cycloaddition. The similarity between the observed C 1s features for
allyl alcohol and allyl aldehyde helped to identify the structure of the adsorption products of
these two molecules on the surface. The presence of the related C 1s feature of C=C for allyl
alcohol and allyl aldehyde, and the absence of C 1s feature of C=0 for allyl aldehyde

provided strong evidence to support that [2+2] C=C cycloaddition does not occur in the
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presence of hydroxyl or carbonyl groups. Furthermore, by comparing the experimental
results and the adsorption energies of the adstructures calculated by DFT, it was concluded
that these molecules do not react with the Si dimers through both of their functional groups,
while the reaction of only one of the two functional groups is preferred on the surface.
Formation of ethylene, acetylene, and propene from allyl alcohol and allyl aldehyde,
simultaneously to CO from allyl alcohol, was concluded from the corresponding TPD results,
which also confirm the structure of the adsorbates on the surface.

The present research shows that reactions involving oxygen-containing functional
groups are favoured over the other plausible reactions including [2+2] C=C cycloaddition on
the Si(100)2x1. The preference of the surface to react with one of the two functional groups
calls for future studies for the selective functionalization of Si(100)2x1 with potential

applications in molecular electronics.
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Chapter 1

Introduction

1.1 Background and motivation

Fabrication of smaller transistors has been one of the most important goals in the
semiconductor manufacturing industry since 1960’s. It is expected that the quest for
continued miniaturization will not stop until the size of a single molecule is reached.
Miniaturized transistors, therefore, will have a direct impact on device scaling and on
fabricating even faster processors. As the fundamental aspects of this subject, molecular-
level phenomena that control the chemical reactions occurring at the semiconductor
interfaces have attracted a lot of attention. In addition to the extensive development of
inorganic materials being used in the semiconductor industry, significant progress has also
been made to incorporate organic materials by taking advantages of their diverse
functionality and properties. It is expected that hybrid organic-inorganic devices will exhibit
the best properties of both inorganic and organic materials. This has created a new field of
research generally known as “Organic Functionalization of Semiconductor Surfaces” that
makes use of novel surface chemistry not found in “Classical Chemistry”.'”*

Investigating the properties of the hybrid organic-inorganic materials is one of the
fundamental steps that link organic functionalization of silicon surface to molecular
electronics. The future advancement of electronics at the molecular level depends on the
synthesis of materials with specific properties, in addition to developing the methods needed
for assembling the molecules. However, besides the problem relating to the contact of the
single molecule in a molecular device, assembling individual molecules is another challenge
associated with molecular electronics. Despite a wide range of materials with potential
electronic applications have been studied, the stability, conductivity, and control of the direct
and reverse charge transfer have been among the main challenges associated with these
materials. It is known that the conjugated n-electrons of a material with a well-defined
electronic structure readily transfer the electron. In order to provide electron conduction

through a molecule, as prerequisite in a molecular electronic device, the molecule should be



strongly attached to the surface. If the bonded species contain unpaired electrons or ©
electrons, electronic conduction will occur through the delocalized electrons. To make a
fundamental contribution toward this area of research, the reaction products for the
adsorption of the molecules containing O and n-electrons were studied in the present

research.

1.1.1 Structure of Si(100)2x1 surface

Silicon crystals have the diamond structure, in which Si atoms with the sp’
hybridization are bonded to four nearest atoms in tetrahedral coordination.” Each covalent
bond is 2.35 A with the bond energy of 226 kJ mol™. A perfect crystal of Si can be cut along
any arbitrary direction. As the simplest planes, the low-index Miller planes represent the
basic building blocks of surface structure. The three low-index planes for an element with
the diamond structure such as silicon include (100), (110), and (111). The so-called dangling
bonds are created on the surface where the crystal is cut. It should be noted that cutting the
surface requires the cleavage of bonds. Bond breakage results in having surface atoms with a
lower coordination number, creating the so-called dangling bonds."> The silicon atoms on
the surface of Si(100) will pair their two dangling bonds to minimize the surface energy and
to reduce the number of dangling bonds. This process is called “surface reconstruction” that
results in the Si dimer rows with a (2x1) pattern on the surface. Figure 1.1 shows different

views of the reconstructed Si(100)2x1 surface.
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Figure 1.1 Schematic diagram of the constructed Si(100)2%1 surface.

Si(100)2x1 is the most widely used semiconductor surface in the electronics industry.
The reactivity of Si(100)2x1 is related to the dimer bond, which may be considered as
comprising of a full ¢ bond and a partial & bond."**® The asymmetric charge distribution in
the Si dimer results in nucleophile and electrophile sites as Si°*=Si®" (known as buckled
dimer), which ultimately control the reactivity and selectivity of the Si(100)2x1 surface. The
asymmetrically tilted dimer has been earlier confirmed by low temperature (LT) scanning
tunneling microscopy (STM).'® The dimer rows provide unique reactive sites on Si(100)2x1

for organosilicon chemistry.

1.1.2 Reactions of diverse organic molecules on Si(100)2x1

Si dimer is known to react with different types of organic functional groups through a
diverse range of reaction mechanisms. The similarity of the Si dimer to the carbon double
bond has enabled a large number of reactions to occur on the Si(100)2x1 surface. Pericyclic
reactions including [2+2] and [4+2] cycloaddition, also known as Diels-Alder reactions, are
some of the typical reactions on Si(100)2x1 involving molecules containing C=C and/or
C=0. The reactivity of the Si=Si dimer to form the [2+2] and [4+2] cycloaddition products

at room temperature (RT) has been demonstrated by many studies."**'" It should be noted



that the [2+2] cycloaddition reactions are symmetry-forbidden in the classical organic
chemistry, while [4+2] cycloaddition reactions are symmetry-allowed according to the
Woodward-Hoffman selection rules.'” Figure 1.2a illustrates the interaction between a pair
of m electrons between two alkenes in the [2+2] cycloaddition reaction, which does not lead
to the formation of a four-membered ring. However, this reaction can take place only by
ultraviolet light excitation or at high temperatures. In contrast, the reaction between a diene
(with two alternating C=C) and an alkene can readily lead to [4+2] cycloaddition reaction in
which two new o bonds are formed (Figure 1.2b). In comparison to classical chemistry, it
has been proposed that the buckled Si(100)2x1 dimers , shown in Figure 1.2c, allow the
alkene to form the o bond with the Si(100)2x1 surface resulting in the formation of [2+2]
cycloaddition products. The mechanisms of these reactions on Si(100)2x1 are largely
unclear. The reactions of unsaturated hydrocarbons, including alkene, alkyne, and aromatic

hydrocarbons, aldehyde, and ketones, belongs to this general class of reactions.'>**!°

[2+2] Cycloaddition [4+2] Cycloaddition| | [2+2] Cycloaddition

Wi

|
ﬁ tilted Si dimer

(a) (b) (c)

Figure 1.2 Schematic diagram for the cycloaddition reaction.



In addition, the nucleophilic-electrophilic character of the buckled Si dimer has
enabled reactions of many other molecules through the dative bonding of the heteroatom (O,
N, S), which usually leads to H dissociation on the Si(100)2x1. The buckled up and down Si
atoms of the dimer are nucleophilic (electron rich) and electrophilic (electron deficient),
respectively, due to donation of significant charge from the down atom to the up atom. A
molecule containing a strong nucleophilic atom can easily attack the electrophilic site of the
Si dimer to form a dative bond. The subsequent dissociated hydrogen will be bonded to the
nucleophilic Si atom of the dimer. Formation of H-dissociation product observed for
carboxylic acids, amino acids, alcohols, primary and secondary amines, and thiols belong to
this other general class of reaction.'**'°

Earlier studies on the surface chemistry of a large number of molecules with a single
functional group on Si(100)2x1 show that the nature of the functional group plays an
important role in controlling whether cycloaddition or H-dissociation would occur. The
study of the competition among different reactive pathways, including [2+2] C=C
cycloaddition, [2+2] C=0 cycloaddition and O—H dissociation, upon adsorption of

multifunctional molecules on Si(100)2x1 represents one of the main goals of the present

work.

1.2 Overview of surface analysis techniques

1.2.1 X-ray photoelectron spectroscopy (XPS)

In XPS, also known as electron spectroscopy for chemical analysis (ESCA), an X-ray
photon with the energy of hv is absorbed by the material, which causes the ejection of an
electron from a core shell into vacuum. The energy of the photon should be more than the
binding energy (BE) of the electron, which corresponds to the energy needed for the electron
to leave from its specific energy level to the vacuum. The relevant notation of nlj shows the
transition of the electron. This notation includes n (the principal quantum number), | (the
quantum number describing the orbital angular momentum), and j (spin angular momentum

of the electron). The kinetic energy (KE) of the ejected photoelectron is experimentally



measured by the spectrometer. These parameters are related through the equation:
EB=hv-EK.'® The schematic diagram of the ejection of an electron from 1s orbital by X-ray

can be seen in Figure 1.3.

Ejected K electron
(1s electron)

Vacuum h.:L

Fermi
valence band su/Ari#4477 |ncident X-ray

Las (hv)
L1

K -5

Figure 1.3 Schematic diagram of the XPS process.

XPS generally provides information about the chemical composition of the surface
through the determination of the oxidation states of elements at the surface. Change of the
chemical environment of the atoms leads to the BE shift of the core shell electrons. The
relevant BE shift or chemical shift for the core shell electrons are directly dependent on the
charge transfer in the outer electronic level by the redistribution of the charge for the valence
electrons. Changing the partial charge for the elements with different chemical environment
involved in the chemical bonding causes a chemical shift in the corresponding BE." For the
cases that atom keeps its oxidation state in different materials, its core level BE increases
while the electronegativity or the electron withdrawing power of the attached atoms or
groups increases. >’

In the present work, XPS was used to initially observe any change of the chemical
shifts in the C 1s BEs due to different chemical environment correlating to various

adstructures produced by the adsorption of the molecules. Secondly, the sample was



annealed to different temperatures to study the effect of annealing on the disturbance and
dissociation of the bonds within the adsorbates resulting in the C 1s chemical shifts for the
remaining features before the desorbates are totally eliminated from the surface. The term of
“temperature-dependent XPS” is used for the XPS measurements after annealing the surface

to different temperatures and re-cooling the sample to the room temperature.

1.2.2 Temperature Programmed Desorption (TPD)

In TPD also known as thermal desorption spectroscopy (TDS), the adsorbate-covered
surface is heated with a linear rate and thermally desorbed species are detected with a mass
spectrometer. The TPD results give useful information about the nature and the geometry of
the adsorbates on the surface. The rate of evolution of the adsorbed molecules is given by
the Arrehnius equation:

—dN/dt=K,N™ exp(—E4/RT)
where N is the number of adsorbed particles per unit area; K, is the frequency factor; m is
desorption reaction rate; Eq4is the activation energy for the desorption pathway; T is absolute
temperature, and t is the time.?'

In the present work, TPD was mainly used to qualitatively determine the nature of the
desorption features from the surface saturated by the adsorbed molecules. Furthermore,
pathways involving bond dissociations required for the formation of various desorbates could
be inferred from the TPD profiles. The combined temperature-dependent XPS data with the
TPD profiles provide complementary information about the nature of the desorbates and the
composition of the remaining adsorbate as a function of annealing temperature which lead to

better understanding of the possible desorption pathways.

1.3 Experimental setup

All the experiments were performed in a home-built dual-chamber ultra high vacuum
(UHV) system (Figure 1.4) with a base pressure better than 1x 10" Torr. The sample

preparation chamber was equipped with an ion-sputtering gun, and a four-grid retarding-field



optics for both reverse-view low energy electron diffraction and Auger electron
spectroscopy. The XPS and TPD mass spectrometry studies were carried out in the analysis
chamber. A 14x10 mm” substrate was cut from a single-side polished, p-type, B-doped
Si(100) wafer (0.4 mm thick) with a resistivity of 0.0080-0.0095 Q cm. The sample
mounting and preparation procedures have been described in detail elsewhere. > It should be
noted that the entire sample holder used in the present work has been rebuilt out of tantalum
to further minimize any environmental effects. The surface was cleaned in the preparation
chamber by cycles of Ar” sputtering (20 mA emission current, 1.5 kV beam energy) for 20
min at room temperature followed by annealing to 900 K for 5 min. The sample was then
flash-annealed to 1100 K for 20 sec to obtain the 2x1 reconstructed surface. The cleanliness
of the 2x1 surface was further affirmed by the sharpness of the electron diffraction pattern
and by our XPS data that showed no significant contamination.

The adsorption of five chemicals, all colorless liquid under ambient condition, used in
the present work on the Si(100)2x1 surface was studied. These molecules include three
carboxylic acid (acetic acid, 99.9% purity; propanoic acid, 99.5%; and acrylic acid, 99.0%),
allyl alcohol (or 2-propenol, 99.0%), and allyl aldehyde (or 2-propenal, 90.0%). Except for
acetic acid (Baker), the other four chemicals were purchased from Sigma-Aldrich. All of
these chemicals were purified by several freeze-pump-thaw cycles before exposure to the
silicon surface through a variable leak valve. The high purity of the exposed chemical was
confirmed by its cracking pattern obtained in-situ. All exposures were performed at RT and
reported in unit of Langmuir (1 L = 10 Torr sec), with the pressure monitored by an
uncorrected ionization gauge. Studies on a series of exposures have been performed and
only TPD and XPS experiments for the low and saturation exposures have been reported,
unless stated otherwise.

TPD studies were conducted by using a differentially pumped 1-300 amu quadrupole
mass spectrometer (VG Quadrupole SXP Elite). A home-built programmable proportional—
integral—differential temperature controller was used to provide linear temperature ramping at
an adjustable heating rate. The temperature was measured by using a type-K thermocouple

(wrapped in a Ta foil) mechanically placed in good contact with the front face of the sample.



It should be noted that TPD experiments were taken at 3.5 K sec™ for acetic acid, while the
heating rate used for the other molecules was 2 K sec™. The temperature scale was calibrated
by the desorption maximum of recombinative H, desorption from the monohydrides.” To
ensure that the selected masses originate only from the species desorbed from the Si surface,
the sample was positioned within 1 mm to the entrance (2 mm dia.) of the differentially
pumped housing of the mass spectrometer. Unless stated otherwise, the desorption profiles
have been smoothed by adjacent averaging for clarity.

XPS experiments were performed by using an electron spectrometer (VG Scientific
CLAM-2), consisting of a hemispherical analyser of 100 mm mean radius and a triple-
channeltron detector, with a twin-anode X-ray source that supplied unmonochromatic Al K,
radiation at 1486.6 eV photon energy. XPS spectra were collected with an acceptance angle
of £4° at normal emission from the silicon sample, and with a constant pass energy of 50 eV,
giving an effective energy resolution of 1.4 eV full-width-at-half-maximum (FWHM) for the
Si 2p photopeak. The binding energy scale of the XPS spectra has been calibrated to the Si
2p feature of the bulk at 99.3 eV. Spectral peak fitting based on residual minimization with
Gaussian—Lorentzian lineshapes was performed by using the Casa XPS software. For
temperature-dependent XPS measurements, the sample was flash-annealed to the preselected

temperature and cooled back to RT before collecting the XPS spectra.



Figure 1.4 Photograph of the Experimental Set up.
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1.4 Computational Details

Electronic structure calculations were performed by using the density functional
theory (DFT) method** with the Gaussian 03 software package.”> The employed hybrid
B3LYP functional is composed of Becke’s 3-parameter gradient-corrected exchange
functional”® and the Lee-Yang-Parr correlation functional.”” The DFT/B3LYP method has
been shown to provide generally good agreement with the experimental data for the
adsorption of many molecular systems on Si(100)2x1.” For most of the calculations
presented in the present work, four basis sets, including 6-31G(d), 6-31+G(d), 6-31++G(d),
and 6-31++G(d,p), were employed unless stated otherwise. All the calculations gave similar
results for the optimized geometries and total energies, with the larger basis set generally
providing a lower total energy. The interpretation of the results for all the molecules of
interest is based on the largest basis set [6-31++G(d,p)]. The Si(100)2x1 surface was
simulated by a double-dimer surface of the Si;sH;¢ cluster. The adstructures of each
molecule were fully optimized without any geometrical constraint on the Si;sH;¢ cluster. The
corresponding adsorption energy, AE, was estimated by the difference between the total
energy for the optimized structures of the adsorbate-substrate configurations (ASCs) of the
molecule adsorbate on the Si;sH;¢ model surface and the sum of the total energies of a free
molecule and of a SijsHe cluster. All the total energies were obtained without zero-point
correction and no basis set superposition error correction was made to AE. Frequency
calculation was also performed for all of the optimized geometries, in order to ascertain that
the local minima correspond to the equilibrium structures and not transition-state structures.

The free-molecule geometry, along with the calculated energy [in the units of hartree
or atomic unit (a.u.)] obtained by DFT for the molecules studies in the present work are

presented in Figure 1.5.
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(a) acetic acid (b) propanoic acid (c) acrylic acid
(-229.10592157 a.u.) (-268.42372759 a.u.)  (-267.18702375 a.u.)

153 134
Xy J
151 148
136 121 136 122
9 122 9 122
(d) allyl alcohol (e) allyl aldehyde
(-193.13837178 a.u.) (-191.92999052 a.u.)
134
J
124¢
147
J
122

Figure 1.5 Geometry and the total energy calculated by using DFT/B3LYP with 6-
31++G(d,p) for (a) acetic acid, (b) propanoic acid, (c) acrylic acid, (d) allyl alcohol, and (d)
allyl aldehyde. The energy is reported in units of hartree or atomic unit (a.u.). All the bond
lengths are in unit of pm.
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1.5 Objectives and scope

The main objective of the present work is the production and characterization of the
hybrid organic-inorganic material interface based on the functionalization of Si(100)2x1 with
bifunctional carboxylic acid, alcohol, and aldehyde, for potential applications in molecular
electronic devices, biosensors, and biomedicine devices. By linking one of functional groups
to the Si surface (through the formation of Si—O or Si—C bonds), a multifunctional molecule
could utilize the other functional groups to interact with other molecules, in effect changing
the reactivity of the prefunctionalized surface. Surface reactions involving a large number of
functional groups on Si(100)2x1 have been widely studied and described in the
literature.'*”'® To date, the reactivity of the carboxylic acids, and in general of the
bifunctional molecules, has been largely unexplored. This is due to the acidity and high
reactivity of these more complicated molecules that could potentially cause the experimental
difficulties to the UHV chambers and the equipment. Furthermore, exposing the more
complicated molecules, depending on their phase equilibrium at room temperature, in the
UHV chamber requires a special dosing system. In addition, formation of many possible
reaction products between the multifunctional molecules and the Si(100)2x1 surface
complicates the data interpretation.

In the present work, the reactions involving different functional groups are
investigated in order to determine the reactivity of these molecules, and the selectivity of the
surface for particular functional groups in the molecules of interest. In the case of the
carboxylic acids, acetic acid is one of the main constituents of amino acids, the building
block of proteins. The study of the surface chemistry of acetic acid on Si(100)2x1 is
therefore partially motivated by its biological interest (Chapter 2). To study the selectivity of
the surface towards bifunctional carboxylic acid, acrylic acid, as the smallest unsaturated
carboxylic acids with C=C and COOH functional groups, was studied. To understand the
importance of the C=C bond in the carboxylic acid, propanoic acid, as the saturated form of
acrylic acid, was also studied (Chapter 3). In order to compare with the results taken for
acrylic acid, the effect of having the hydroxyl (OH) or carbonyl (C=0) group instead of
carboxyl group, was further studied by keeping the C=C group in allyl alcohol and allyl
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aldehyde . Choosing these two molecules provided the results for studying the competitive
reactions of the Si(100) surface with C=C or OH in allyl alcohol, and with C=C or C=0 in
allyl aldehyde (Chapter 4). The reactions for different functional groups studied in the
present thesis, altogether lead to better understanding of the nature of the interfacial bonding
between the substrate and the molecular moiety, and of their effects on the electronic
properties of the hybrid organic-inorganic material. A thorough characterization by XPS was
carried on clean Si(100) surface exposed with these molecules. The observed chemical shifts
in the C Is BEs, together with O 1s BEs, provide the important clues about the understanding
plausible geometry of the adstructures at low and high exposures. The geometries of the
adstructures calculated by DFT, also provide further support for the chemical environments
of the atoms within different proposed adstructures. Moreover, the TPD experiments were
used to detect the products evolved from the thermal chemistry of the adstructures. For all of
the molecules, several interesting thermal evolution pathways were investigated and
presented schematically for a better understanding. The observed thermal desorption
products offer a new window into novel chemistry mediated by the 2x1 surface.

By studying the molecules containing one or two functional groups from carboxyl,
hydroxyl, carbonyl, and alkenyl functional groups, it is possible to conclude that that the
Si(100)2x1 surface is more selective to form O—H dissociation product from carboxyl (for
acetic acid, acrylic acid, and propanoic acid) and hydroxyl (for allyl alcohol) groups than
other possible reaction products, including [2+2] C=C or C=O0 cycloaddition products. The
preferred formation of [2+2] C=0O over C=0 cycloaddition product (for allyl aldehyde) was
also determined and discussed in detail.

In conclusion, the taken efforts presented the formation of an interfacial Si—O and/or
Si—C covalent bond on the surface through one of the functional groups of the adsorbed
molecule. In fact, the competition between different functional groups of a molecule
determines the preferred reaction with the surface. The unreacted functional group will
provide a reactive site for further reaction on the surface, to extend a longer molecular chain
for potential application in molecular electronics. As a summary, it was observed that O—H

dissociation within carboxylic acids and alcohol is preferred over the other plausible
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reactions including [2+2] C=C and C=0 cycloadition reactions. Furthermore, the reactivity
of the O-containing functional groups including carboxyl, hydroxyl, and carbonyl was
investigated to be more reactive than the alkenyl group, in the present work (Chapter 5).
The outline of the following Chapters can be summarized here. All the data chapters
(Chapter 2, Chapter 3, and Chapter 4) will include DFT calculations together with XPS and
TPD experimental results for different molecules. In particular, the adsorption products and
thermal chemistry of acetic acid will be discussed in Chapter 2, while those of acrylic acid
and propanoic acid will be presented in Chapter 3. The corresponding results for allyl
alcohol and allyl aldehyde will be described in Chapter 4. Finally, the conclusions of the

present work together with an outlook on future studies will be briefly noted in Chapter 5.
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Chapter 2

Dissociative adsorption and thermal evolution of acetic acid on
Si(100)2x1: Surface-mediated formation of ketene and

acetaldehyde from unidentate and bidentate acetate adsorbates

2.1 Introduction

Organic functionalization of semiconductor surfaces such as Si(100)2x1 has attracted
a lot of recent attention,' '’ due to its potential applications in organic-inorganic hybrid
semiconductor devices, molecular electronics, chemical and biological sensors, and optical
materials.>'' "> Understanding the behaviour of organic molecules on Si(100)2x1 surface is
fundamentally important, because the electronic and chemical properties and selectivity of
the inorganic substrate can be modified by the organic adsorbate.” The reactivity of the
Si(100) surface comes from the two directional dangling bonds of individual surface atoms.
Under appropriate preparation conditions, the Si(100) surface reconstructs to the 2x1 surface,
on which the dangling bonds of the adjacent Si atoms pair up to create the surface dimer
rows.>>° The dimer bond may be considered as comprising of a full 6 bond and a partial &
bond, and it provides a unique reactive site for studying organosilicon chemistry. The
reactivity of the Si=Si dimer in the pericyclic reactions such as the [2+2] and [4+2]
cycloaddition reactions, of which stereochemistry can be predicted by the Woodward-

1,2,3,10

Hoffmann rules, '® has been demonstrated by many studies. The asymmetric charge

distribution in the Si®’=Si>" dimer results in nucleophile and electrophile sites that ultimately
control the reactivity and selectivity of the Si(100)2x1 surface.
Surface reactions on Si(100)2x1 have been reported for many organic molecules with

single or multiple functional groups, including unsaturated aliphatic hydrocarbons

17-22 18,2224 25-27

(ethylene, acetylene

28-33

), aromatic hydrocarbons (benzene
34-36 37,38

), halogenated

hydrocarbons, amines, amino acids, carbonyl compounds (aldehyde,**°

39,41 42-46 d 47-49
2

ketone™™"" ), alcohols, and aliphatic and aromatic carboxylic acids (formic aci
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vinyl acetic acid,”® benzoic acid,”"** and 4-aminobenzoic acid™). Among the wide range of
organic functional groups, the carboxyl group is one of the key constituents of amino acids,
the building blocks of peptides and proteins. The interaction of the carboxyl group with the
Si=Si dimers is therefore of special interest to understanding the chemical reactivity and

selectivity of biomolecules in general with this widely used semiconductor.

34-36,54 43,44,46

Dissociative reactions of amines and alcohols with the dangling bonds of
Si(100)2x1 at room temperature (RT) have been discussed in the literature. Formic acid,
benzoic acid, and 4-aminobenzoic acid have also been found to dissociate, through the O—H
bond to form the unidentate formate, benzoate, and aminobenzoate on the Si(100)2x1
surface. Furthermore, unidentate vinyl acetate adstructure has been proposed by Hwang et
al.” for the 2x1 surface, upon selective O—H dissociative reaction of vinyl acetic acid (a
bifunctional unsaturated carboxylic acid) over the [2+2] C=C or C=O cycloaddition reaction.
To date, no experimental study has been reported for the adsorption of acetic acid (the parent
carboxylic acid from which glycine or a-amino acetic acid is derived) on Si(100)2x1. Of the
two density functional theory (DFT) computational studies for acetic acid on the 2x1 surface,
Kim and Cho® presented two adsorption pathways to illustrate that both unidentate acetate
and the [2+2] C=O0 cycloaddition reaction product are energetically feasible. However, only
the unidentate acetate adstructure is expected to remain on the Si dimers because desorption
of the latter adstructure is easily activated at RT. In the other DFT study, Carbone and
Cominiti*® investigated several fragmentation pathways of the adstructures of acetic acid
arising from the O—H and C—H bond cleavages. The resulting unidentate adstructure
(obtained from O—H bond cleavage) becomes an intra-dimer bidentate acetate after the
dissociated H atom has relocated onto a neighbouring dimer site. From the C—H bond
breakage, the resulting adstructure could further fragment on the surface to a methyl and a
carboxylic acid groups. The adsorption of acetic acid on a sister surface, Ge(100)2x1, at RT
has been recently studied by Filler et al.,”” Kim and coworkers,”®>’ and Kim and Cho.*’ In
particular, by using scanning tunneling microscopy (STM)’’ and DFT calculations,”®> Kim
and coworkers inferred the presence of both unidentate and “end-bridged” bidentate acetates

on Ge(100)2x1 at RT, with the “on-top” bidentate acetate becoming feasible only after
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annealing to 400 K.” The unidentate and “end-bridged” bidentate acetates have been earlier
investigated by Filler et al. by using DFT, XPS, and Fourier transform infrared (FTIR)
spectroscopy.”’ They also observed the conversion of bidentate acetate to unidentate acetate
upon increasing coverage at RT, while an increase in the bidentate acetate signature was
found after annealing the surface to 400 K. These studies highlighted the important role of
the semiconductor surface in mediating selective reactions not found in wet chemistry.

In the present work, we investigate the adsorption of acetic acid on Si(100)2x1 and
the thermal evolution of the adsorption products by using XPS and TPD. Our results show
the formation of bidentate acetate at low exposure and of both unidentate and bidentate
acetates at the saturation coverage, upon O—H dissociative adsorption of acetic acid on the
2x1 surface at RT. Our DFT calculations show that of the several energetically possible
reaction products arising from [2+2] C=0 cycloaddition, C-OH dissociation, and ene
formation, the unidentate and bidentate acetates are the most stable adstructures. The
adsorption behaviour of acetic acid on the Si(100)2x1 surface observed in the present work is
found to be different from that on Ge(100)2x1 reported earlier.”’ Our TPD results further
reveal the formation of acetaldehyde and ketene from adsorbed acetate on Si(100)2x1 for the
first time. In organic chemistry, the formation of aldehyde from carboxylic acid commonly
involves a two-step process: reduction of carboxylic acid to primary alcohol, followed by its
oxidation to aldehyde.'® The development of new methods for producing ketene has also
been of considerable interest due to the important role of ketene as a reactive intermediate in
many reactions.®’ The present work shows a one-step process of generating acetaldehyde
and ketene directly from the acetate adstructures on the Si(100)2x1 surface, suggesting that
the 2x1 surface could be used as an important platform for discovering new synthesis

methods.

Kim and coworkers referred the bonding of the carboxyl O atoms to two Ge atoms in two
adjacent dimers as “end-bridged” bidentate and that to two Ge atoms in a single dimer as
“on-top” bidentate.”®”” In the present work, we refer to these adstructures, respectively, as
inter-dimer bidentate’’ and intra-dimer bidentate.
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2.2 Results and Discussion

2.2.1 DFT computational study of adsorbate-substrate configurations

Figure 2.1 shows eight possible adstructures on the double-dimer Si cluster model
surface arising from (a, b, ¢, d) O—H dissociation, (¢) C—OH dissociation, (f, g) ene reaction
via C4—H dissociation, and (h) [2+2] C=O cycloaddition, i.e. all with the CCO backbone
intact. Frequency calculations for these ASCs (defined here as the optimized geometries for
the combined adsorbate-Si;sH;¢ structure) confirm their stabilities, with none being a
transition state. Evidently, the four ASCs (Figures 2.1e, 2.1f, 2.1g, 2.1h) resulting from the
latter reactions are found to have discernibly less negative adsorption energies AE (and total
energies) than the ASCs (Figures 2.1a, 2.1b, 2.1c¢) arising from O—H dissociation. In
particular, the AEs for the inter-dimer bidentate ASC (—280.2 kJ mol™', Figure 2.1a) and
intra-dimer bidentate ASC (—262.5 kJ mol”, Figure 2.1b) are more negative than the
unidentate I ASC (—247.2 kJ mol”', Figure 2.1¢). The formation of an additional Si—O bond
in both bidentate ASCs (Figures 2.1a, 2.1b) leads to a more strongly adsorbed structure than
the unidentate I ASC (Figure 2.1c). Furthermore, the less stable intra-dimer bidentate ASC,
relative to the inter-dimer bidentate ASC, could be due to more strain in the Si—O—C bond
angle (120° for the former ASC compared to 135° for the latter ASC, not shown in Figure
2.1). We also obtain a second unidentate II ASC involving the dissociated H atom and
acetate bonded to two adjacent Si dimers (Figure 2.1d), instead of a single Si dimer as in
unidentate I ASC (Figure 2.1c). This ASC (with AE =-154.7 kJ mol™) is notably less stable,
because, unlike the unidentate I ASC, it involves additional energy for relocating the
dissociated H-atom to the closest dangling bond site of an adjacent Si dimer. For the
optimized geometry of the unidentate I ASC shown in Figure 2.1c, the bond lengths for C-O
and C=0 are 135 pm and 122 pm, respectively. On the other hand, the bond lengths for both
C=O0 bonds within the bidentate ASCs (Figures 2.1a, 2.1b) are ~128 pm, which lies between
those of a single and a double bonds. Our frequency calculation also reveals that the
wavenumber found for this 1% C=O bond (1437-1560 cm™) in the bidentate ASCs is
between those for the C—O (1265 cm™) and C=0 bonds (1765 cm™) for the unidentate ASC.
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The relevant C—C and O—Si bond lengths and the O—C—O bond angle are also indicated in
Figure 2.1. Table 2.1 summarizes the adsorption energies and total energies of the most
stable ASCs (Figure 2.1a, 2.1b, 2.1c¢) obtained with the 6-31G(d), 6-31+G(d), 6-31++G(d),
and 6-31++G(d,p) basis sets. It is of interest to compare the present adsorption energies with
the corresponding energies for acetic acid on Ge(100) calculated by Kim and Cho.”* In
particular, their result shows that the stability of the calculated ASCs on Ge(100) follows a
different order (intra-dimer bidentate > unidentate I > inter-dimer bidentate) than that

reported here for Si(100).

Table 2.1 Comparison of the adsorption energies AE and total energies (in square
parentheses) for the three most stable adsorbate-substrate configurations (ASCs) of acetic
acid on Si(100)2x1 obtained by DFT/B3LYP calculations with 6-31G(d), 6-31+G(d), 6-

31++G(d), and 6-31++G(d,p) basis sets.

AE (kJ mol™) Int'er—dimer In‘Era—dimer Unidentate I
[Total Energy (a.u.)] bidentate bidentate
6-31G(d) 45t 8311,;579581 [—45_8219,421.57309] [—45_2321?42‘40522]
6-31+G(d) [—4 5_ 82 19_;779 18] [_45_8217,421.71246] [—45_8215;.67663]
6-31++G(d) [_45_ 82 19,;36073] [—45;3217.35()399] [—45_23215.568820]
6-31++G(d,p) [—4 5_ 82 18,(3)623 85] [—45_8216.§§7 11] [—45;32ﬁ;§21 29]
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(a) Inter-dimer bidentate (b) Intra-dimer bidentate Side view
(-280.2 kd mol*) (-262.5 kJ mol™) c
C a

~ <,
)
(c) Unidentate | (d) Unidentate I (e) C—OH dissociation
(-247.2 kJ mol") (-154.7 kJ mol™") (-196.9 kJ mol)
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4
N
e
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Figure 2.1 Optimized geometries of the adsorption structures of acetic acid on Si(100)2x1:
(a) inter-dimer bidentate, (b) intra-dimer bidentate, (c) unidentate I, (d) unidentate II, (¢)
C—-OH dissociation, (f) ene I, (g) ene II , and (h) [2+2] C=O cycloaddition reaction products.
The corresponding adsorption energies (AE) calculated by 6-31++G(d,p) basis set are given
in parentheses. All the bond lengths are in unit of pm.
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2.2.2 XPS study of the adspecies at room temperature

Figure 2.2 shows the XPS spectrum of the C s region for a saturation exposure of
acetic acid as deposited on Si(100)2x1 at RT, along with the more stable unidentate
(unidentate I, Figure 2.2a) and bidentate (inter-dimer bidentate, Figure 2.2b) ASCs. The C 1s
spectrum for the 100 L (saturation) exposure (Figure 2.2¢) exhibits two broad bands. Three
Gaussian profiles with an approximate full-width-at-half-maximum of 2.2 eV have been used
in our curve-fitting procedure to identify the prominent C local chemical environments. In
particular, the C 1s features at binding energies (BEs) of 285.7, 286.9, and 289.8 eV with
respective relative intensities of 0.500, 0.247 and 0.253 (or approximately 2:1:1) have been
found. It should be noted that the corresponding XPS spectrum for a lower exposure (5 L) of
acetic acid reveals only the band at the lower BE, which could be fitted with the first two
features (with nearly equal intensities) of the spectrum obtained for the saturation exposure
(Figure 2.2¢).

In accord with our DFT calculations, the ASCs arising from O—H dissociation (Figure
2.1a, 2.1b, 2.1c¢) are the most stable (with the most negative AE values). Evidently, the
chemical environments of the methyl carbon (C,) in the three ASCs are very similar, while
the carboxyl carbon in the bidentate ASCs (Cy, Figure 2.1a, 2.1b) is different from that in the
unidentate ASC (C., Figure 2.1¢c). Given that the electronegativity follows the ordering:'® Si
(1.8) <H (2.1) < C (2.5) <O (3.5), the methyl carbon (C,) is expected to be partially
negatively charged and therefore would exhibit a lower C 1s BE than the carboxyl carbons
(Cp and C,). The C Is feature at 285.7 eV (Figure 2.2c) can therefore be attributed to C,.
The attachment of the carboxyl carbon to the electronegative oxygen atoms through C=0 and
C-0 gives the partial positive charge to C, and C.. In order to understand the difference
between C;, and C., we show a schematic model for the conversion of unidentate ASC
(Figure 2.2a) to the resonance structures of the inter-dimer bidentate ASC in Figure 2.2d. An
electron located at the O site of the C=0 group in the unidentate ASC (Structure I) combines
with the electron in the Si dangling bond to form a new Si—O covalent bond, creating the
bidentate ASC (Structure Ila). Electron delocalization in the OCO moiety leads to the other

two resonance structures (Structures IIb and Ilc), giving rise to the resulting hybrid resonance
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structure shown as Structure II (Figure 2.2b). Inclusion of the electron from the Si dangling
bond in the formation of Structure II in effect reduces the partial positive charge of Cy,
therefore lowering the corresponding BE. The C 1s features at 286.9 eV and 289.8 eV can be
assigned to Cy and C,, respectively. The observation of the lower-BE band (containing
contributions from C, and C,) for the lower exposure indicates the preferred formation of the
bidentate ASCs in the early stage of the adsorption process, which is consistent with the more
negative adsorption energy (or AE) compared to that of the less stable unidentate ASC (Table
2.1).

The observed C 1s features at 285.7, 286.9, and 289.8 eV shown in Figure 2.2c can
therefore be assigned to C,, Cy, and C, respectively. Given the respective intensity ratio for
Ca:Cp:C, to be approximately 2:1:1, we conclude that the bidentate ASCs (including inter-
dimer and/or intra-dimer ASCs) and unidentate I ASC must have nearly equal population.

Hwang et al.”

have also observed a similar double-peak C 1s spectrum for Si(100)2x1
saturated with vinyl acetic acid and assigned the higher-BE feature to the carboxyl C (Cs in
Figure 5 of Ref. 50) of the unidentate vinyl acetate. Furthermore, they attributed the lower-
BE feature to the —CH, (C; in Figure 5 of Ref. 50) and H,C=CH- groups (C; in Figure 5 of
Ref. 50), with the former appeared to have a notably higher fitted intensity than the latter,
despite the expected stoichiometric ratio of 1:2. They also assigned the residual intensity in
the lower-BE feature (C4 in Figure 5 of Ref. 50) to the possible requirement for asymmetric
line-shapes in the fitting and/or to surface contamination and other decomposition surface
products. We believe that their resolved peak at the lower BE could be fitted alternatively
such that C; and C4 can be attributed respectively to the carboxyl C of the unidentate and
bidentate adstructures. Furthermore, the stoichiometric ratio of 2:1 for C,:C; in the
unidentate and bidentate configurations should have been taken into account. In an
investigation of the adsorption of formic acid on Si(111), Huang et al.”* showed that the
dissociation of formic acid to unidentate formate adstructure is consistent with the C 1s shift
from 290.2 eV to a lower BE 0f 289.6 eV. Moreover, Baumann et al.® have observed a C 1s
chemical shift of 2.7 eV for the carboxyl carbon from 290.7 eV for physisorbed acetic acid
on Cu(110) also to a lower BE of 288 eV for its chemisorbed bidentate acetate. These latter
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studies provide indirect support for our aforementioned C 1s assignment to the carbon atoms

in the unidentate and bidentate adstructures.

Relative Intensity (a.u.) 2

A .
294 290 286 282
Binding Energy (eV)

Figure 2.2 Schematic diagrams of (a) unidentate and (b) bidentate adstructures, and (d) the
plausible resonance forms of the hybrid resonance structure (b). (c) XPS spectra of the C 1s
region for a saturated exposure (100 L) and a 5-L exposure of acetic acid on Si(100)2x1 at
300 K.
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2.2.3 XPS and TPD studies of the thermal evolution of adspecies

Figures 2.3 and 2.4 show the corresponding temperature-dependent XPS spectra of
the C 1s and O 1s regions of a saturation exposure of acetic acid on Si(100)2x1, respectively.
Evidently, the unidentate carboxyl C 1s peak at 289.8 eV (C,) decreases in intensity upon
annealing to 489 K (Figure 2.3b) and disappears completely after annealing to 711 K (Figure
2.3c). Similarly, the intensity of the bidentate carboxyl C 1s feature at 286.9 eV (Cy) also
follows a similar decreasing trend and become totally extinguished at the annealing
temperature of 933 K (Figure 2.3d). For the methyl C 1s peak at 285.7 eV (C,), the peak
position appears to shift to a lower BE (284.0 eV) while undergoing reduction in intensity
upon annealing to 711 K (Figure 2.3¢). This is followed by a dramatic reduction at the
annealing temperature of 933 K (Figure 2.3d), at which a new feature at 283.3 eV that is
commonly attributed to SiC is found to emerge. In Figure 2.3g, we summarize the observed
intensity changes of these four C 1s features (C,, Cyp, C,, and SiC) along with the total C 1s
intensity, all relative to the intensity of Si 2p, as a function of the annealing temperature.
Thermal evolution of the observed C 1s features therefore indicates that the carboxyl C (Cy,
C.) appears to have been removed from the surface at a temperature (~711 K) lower than the
methyl C (C,), which also suggests a C—C bond cleavage that leads to the direct attachment
of the dissociated methyl group to the Si surface. Furthermore, unlike all of the carboxyl C
that have apparently been totally removed at 711 K, the methyl group appears to remain on
the surface and undergoes further dehydrogenation to eventually become SiC upon further
annealing to 933 K. It is of interest to note that nearly half of the total C (corresponding to
most of the carboxyl C and some of the methyl C) has left the surface upon annealing to 711
K, with the remaining being converted to SiC that cannot be removed even at an annealing
temperature of 1376 K.

In Figure 2.4a, a broad O 1s feature at 532.7 eV is observed for a saturation exposure
of acetic acid on Si(100)2x1 at RT. The observed O 1s BE position is in good accord with
those of Si—0 (531.9 eV) and C=0 (532.8 eV) reported for vinyl acetic acid.”® Upon
annealing to 933 K (Figure 2.4d), the O 1s feature is found to undergo a slight reduction in

intensity and become sharper, suggesting that the O-containing adspecies are becoming more
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homogenous on the surface as other adspecies are desorbed from the surface with increasing
annealing temperature. The O 1s feature becomes greatly reduced at 1154 K (Figure 2.4¢),
which evidently is higher than the temperature at which most of the carboxyl C 1s feature is
removed (711-933 K, Figure 2.3g). This suggests that unidentate and bidentate acetates
fragment on the surface into adspecies (to be discussed below) that desorb at 489-933 K, and
individual O atoms that desorb from the surface above 1000 K (likely as SiO) or diffuse into
the bulk. Finally, the residual O 1s intensity above 1154 K likely corresponds to thermal
oxides (Figure 2.4g).

Relative Intensity (arbitrary unit)

PR T L
294 292 290 288 286 284 282 280 400 600 800 1000 1200 1400
Binding Energy (eV) Temperature (K)

Figure 2.3 XPS spectra of the C 1s region for a saturated exposure of acetic acid on
Si(100)2x1 at (a) 300 K, and upon sequential flash-annealing to (b) 489 K, (¢) 711 K, (d) 933
K, (e) 1154 K, and (f) 1376 K. (g) shows the corresponding temperature profiles of the C 1s
intensities (I¢ 1) for SiC at 283.3 eV, C, at 284.0-285.7 eV, Cy at 286.9 eV, and C, at 289.8
eV, along with the total C s intensity (Cy), all with respect to the intensity of Si 2p (Is;i 2p).
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Figure 2.4 XPS spectra of the O 1s region for a saturated exposure of acetic acid on
Si(100)2x1 at (a) 300 K, and upon sequential flash-annealing to (b) 489 K, (¢) 711 K, (d) 933
K, (e) 1154 K, and (f) 1376 K. (g) shows the corresponding temperature profile of the O 1s
intensity (Io 1) with respect to the intensity of Si 2p (Is;2p).
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In addition to the temperature-dependent XPS spectra that show the adspecies
remaining on the 2x1 surface after the sample has been annealed to different temperatures,
we also perform TPD experiments to investigate the desorption products evolving from the
surface as a function of temperature. Figure 2.5 shows the TPD profiles of selected mass
fragments with m/z 2, 15, 28, 29, 42, 43, and 44 for a RT saturation exposure of acetic acid
on Si(100)2x1. We also monitor other mass fragments, including m/z 60 and 45
corresponding to the parent mass (CH;COOH") and COOH" fragment of acetic acid **
respectively, all of which do not exhibit any notable TPD features, suggesting no molecular
adsorption of acetic acid at RT. For m/z 2, a large desorption feature at 810 K is observed
(Figure 2.5a), which is consistent with the recombinative desorption of H, from silicon
monohydride.® The TPD feature with the next highest intensity is observed at 625 K for
m/z 28 (Figure 2.5¢), which corresponds to the parent mass of CO. The TPD features for the
remaining mass fragments all appear to have notably smaller relative intensities. In
particular, m/z 42 corresponds to the parent mass of ketene, CH,=C=0, the cracking pattern
of which also contains m/z 41 and 14 with substantial intensities.** The corresponding TPD
profile (Figure 2.5¢) exhibits a maximum at 580 K. Desorption maxima have been found to
be near the same temperature of 565 K for the TPD profiles of m/z 44 (parent mass), 43, 29
(base mass) and 15 (Figure 2.5), all of which correspond to the cracking pattern of
acetaldehyde CH;CHO.** Furthermore, m/z 44 could also correspond to the parent/base
mass of CO,.

In Figure 2.6, we show plausible mechanisms for the formation of ketene and
acetaldehyde from the unidentate acetate adspecies induced by thermal annealing. In
particular, the unidentate acetate (Structure I) undergoes an elimination reaction of
CH,=C=0, upon nucleophilic attack of the bonded O atom on a methyl H atom (Figure 2.6a,
Ia), with the resulting surface byproducts of H and OH. The adsorbed unidentate acetate
could also thermally evolve to CH;CHO by elimination of an adsorbed H atom after C—O
bond cleavage, leaving the O atom on the surface (Figure 2.6b, Ib). In addition, breakage of
C—C and C—0 bonds in the acetate could produce dissociated methyl group, O and H atoms
on the surface, generating the observed CO desorbate (Figure 2.6¢, Ic). On the other hand,
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breakage of the C—C and Si—O bonds of the adstructure would also lead to dissociated
methyl group and H atoms on the surface and CO; as the desorbate (Figure 2.6d, Id). Carbon
dioxide could also in principle be generated from breakage of two Si—O bonds, in addition to
the C—C bond (Figure 2.6¢, IIa), in the adsorbed bidentate acetate (Structure II). The
bidentate acetate can also convert to unidentate acetate via a single Si—O bond cleavage
(Figure 2.6f, IIb). It should be noted that interconversion among dissociated H, O and OH
groups on the surface produced in the proposed pathways (Figures 2.6a, 2.6¢) and the Si,0
structure (Figure 2.6b) could also occur.

The desorption maximum for CO or m/z 28 (625 K, Figure 2.5¢) is slightly higher
than ketene (580 K, Figure 2.5¢) and acetaldehyde (565 K, Figure 2.5b, 2.5d, 2.51, 2.5g).
This indicates that there could be an additional desorption state at a higher temperature than
565 K, thus shifting the desorption maximum to 625 K. This observation is consistent with
the proposed mechanism for CO formation from the unidentate acetate (Figure 2.6¢) that
requires nearly the same energy (844 kJ mol™) to break the necessary bonds, in comparison
to those for the formation of ketene (858 kJ mol”, Figure 2.6a) and acetaldehyde (752 kJ
mol™, Figure 2.6b). It should be noted that the typical bond dissociation energies (in
kJ mol'l) are 310 for Si—Si, 800 for Si—0, 447 for Si—C, 293 for Si—H, 459 for C-0O, 385 for
C—C, 399 for C—H, and 469 for O—H.® The considerably stronger intensity observed for the
m/z 28 therefore suggests that the pathway for CO formation is kinetically favoured on the
2x1 surface. Despite the discernibly smaller desorption intensities observed for the ketene
and acetaldehyde formation, it is important to emphasize that the Si(100)2x1 surface plays a
pivotal role in mediating such types of thermally induced surface reactions. The conversion
from bidentate to unidentate acetate requires breakage of a Si—O bond (800 kJ mol™), as
depicted in Figure 2.6f, which could occur during the thermal evolution process providing an
additional source for unidentate acetate. The latter supply could account for the generally
broad TPD profiles (with possible additional desorption state) that are found to extend into
higher temperature.

It should be noted that there has been some ambiguity in the observation of CO;

desorption from unidentate and bidentate organic adstructures. In their EELS and TPD study
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of the adsorption of formic acid on Si(100)2x1, Nishijima and coworkers*” have commented
that only 10% of the unidentate formate has dissociated to CO and CO,. Later, the same
group reported strong evidence of desorption of CO but not CO, from their TPD data.*®
Recently, a TPD and FTIR study of the adsorption of formaldehyde on Ge(100)2x1 by Filler
et al.”” has reported CO, desorption, which led the authors to propose the formation of a
bidentate formate adstructure by a “carbon-oxygen coupling” mechanism. Given that the
energy required for bond breaking in CO, production (1185 kJ mol™) is higher than that for
CO formation, the desorption for m/z 44 is expected to occur at a higher temperature (than
565-625 K) in the present work. However, the observed desorption maximum for m/z 44
occurs at 565 K, essentially identical to those found for m/z 43, 29 and 15 as part of the
cracking pattern of acetaldehyde (Figure 2.5). We could therefore rule out the direct CO,
formation pathway from unidentate acetate (Figure 2.6d) and attribute the observed m/z 44 as
part of the acetaldehyde evolution. Furthermore, the formation of CO; from bidentate
acetate, as proposed in Figure 2.6e, requires additional Si—O bond breaking and therefore an
even larger bond breaking energy than the unidentate route (Figure 2.6d), which also makes
this pathway improbable.

Our TPD results are consistent with our temperature-dependent XPS data. The
reduction of the carboxyl C 1s XPS features in both unidentate and bidentate adstructures at
489-911 K occurs in the same temperature region (400-750 K) as the formation of ketene
(Figure 2.6a) and acetaldehyde (Figure 2.6b) as well as CO (Figure 2.6¢). For CO, there is
evidently a clear shoulder (with substantial intensity) at 750 K in the m/z 28 TPD profile
(Figure 2.5¢). This suggests the continued production of CO desorbate and the surface
methyl C as indicated in Figure 2.6c after the evolution to ketene and acetaldehyde. The
observed gradual shift in the methyl C 1s XPS feature to that of SiC supports the gradual
dissociation of the methyl group to C and H atoms with increasing temperature above 711 K.
With the H atoms so produced undergoing recombinative H, desorption at 700-1000 K
(Figure 2.5a), the remaining methyl C is being converted to SiC.

In the case of acetic acid on Ge(100)2x1, Filler et al.”” presented a DFT calculation

that showed that the unidentate acetate adstructure is slightly more stable than the bidentate
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acetate adstructure (by 2.2 kcal mol™ or 9.2 kJ mol™), using a Ge4Si; H,s cluster as the model
for the Ge(100)2x1 surface. Furthermore, their IR data revealed the presence of both
unidentate and bidentate adstructure at RT (while their XPS data could not resolve the C 1s
feature for the bidentate), and the conversion of bidentate to unidentate with increasing
exposure above 0.03 L. They also concluded that increased conversion of unidentate to
bidentate adstructure occurred upon annealing to ~400 K, for a saturation coverage of acetic
acid on Ge(100)2x1. In contrast, the present work provides evidence of bidentate acetate (in
addition to the unidentate acetate) on Si(100)2x1 from our XPS data for the first time. Our
data show adsorption of bidentate acetate at a lower exposure than the unidentate acetate but

no direct conversion of bidentate to unidentate adstructure at RT.
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Figure 2.5 TPD profiles of the selected fragments of m/z (a) 2, (b) 15, (c) 28, (d) 29, (e) 42,
(f) 43, and (g) 44 for a saturation coverage of acetic acid on Si(100)2x1 at 300 K.
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Figure 2.6 Schematic models for thermal evolution of unidentate acetate (structure I) and
bidentate acetate (structure II), depicting the formation of (a) ketene, (b) acetaldehyde, (c)

CO, and (d,e) CO, desorbates, and (f) their interconnection



2.3 Summary

XPS and TPD experiments have been performed for the first time on acetic acid on
Si(100)2x1. Of the eight ASCs considered here, DFT calculations show that the bidentate
acetate gives the most stable ASCs, followed by the unidentate acetate ASCs. XPS spectra
collected at different exposures demonstrate the preferred formation of bidentate ASC at a
low exposure, followed by the unidentate ASC formation at a higher exposure, which
therefore confirms the relative stabilities of the bidentate and unidentate ASCs. The
observation of a more stable bidentate ASC on Si(100)2x1 is in good accord with those
observed for metal surface but in contrast to that found for Ge(100)2x1. Furthermore, the
combined temperature-dependent XPS and TPD data reveal several plausible thermal
evolution pathways that lead to the formation of ketene, acetaldehyde and CO, with almost
half of the ASCs dissociated into methyl groups that become SiC with increasing annealing
temperature to 933 K. These thermally induced reactions indicate the essential role of the
2x1 surface in mediating the formation of ketene and acetaldehyde. The directional dangling
bonds on the Si(100)2x1 surface therefore provide a unique testing ground to investigate
novel silicon organic chemistry. As one of the most fundamental biological molecules,
acetic acid provides an important reference for studying more complex carboxyl-containing
molecules, including amino acids. With the carboxyl group serving as the main anchor to the
Si surface, derivatives of acetic acid with multiple functional groups can be used effectively

as a linker molecule to further functionalize the Si(100)2x1 surface.
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Chapter 3

Selective adsorption and thermal evolution of bifunctional
carboxylic acids: Competition of O-H dissociation and other

reaction products in acrylic acid and propanoic acid on Si(100)2x1

3.1 Introduction

The surface chemistry of organic molecules with multiple functional groups on the
Si(100)2x1 surface is of fundamental interest and also provides the key to selective organic
functionalization of Si in many potential applications, particularly in molecular
electronics.'” Selective reactions of one of the functional groups with the Si dimers will
leave the others intact for further reactions with other molecules, which offers a versatile
approach to modifying the surface reactivity of the (functionalized) Si(100)2x1 surface. The
reactivity of a pristine Si(100)2x1 surface is directly related to the localized, directional
dangling bonds of the Si dimer rows. A large number of studies have focused on [2+2] and
[4+2] cycloaddition reactions with the Si dimer."*® These studies treated the Si=Si bond in
the Si dimer analogously as the C=C bond, with the partial = bond in the Si dimer making the
Si=Si bond weaker than its C=C analog.®® Although thermal [2+2] cycloaddition reactions
are symmetry-forbidden by the Woodward-Hoffman selection rules,'® the [2+2]
cycloaddition products of many alkenes can be readily formed on Si(100)2x1 at room
temperature (RT),'" due to the existence of asymmetrically tilted dimers in the Si dimer

rows, as revealed by low-temperature scanning tunneling microscopy (STM) studies.'>'? Tt

6,14-20 6,15,19-21

is well-known that unsaturated hydrocarbons including ethylene, acetylene, and
many other aliphatic, cyclic, and aromatic hydrocarbons containing C=C °® can readily form
[2+2] and [4+2] cycloaddition products with the Si dimers. However, the mechanisms of
these surface reactions are not well understood." In addition, the nucleophilic-electrophilic
character of the buckled Si dimer has made surface reactions of carboxylic acids, alcohols,

and amines possible through the dative bonding of the heteroatom followed by H
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dissociation."'’ Depending on the functional groups of the incoming molecule, competition
between cycloaddition reactions and reactions involving dative bonds could lead to markedly
different functionalized Si surfaces. The nature of the functionalized Si surface can therefore
be controlled by judicious choice of the functional groups in the multifunctional molecules.

The surface chemistry of carboxylic acids on a single-crystal semiconductor surface
such as Si(100)2x1%7% and Ge(100)2x1 *' 7 has continued to attract much recent attention.
These studies focused on the essential role of the semiconductor surface in mediating

selective reactions not found in wet chemistry. Similar to (primary and secondary) amines

34-37 38—-42

and alcohols, of which respective N-H and O—H dissociation are found upon
adsorption, exclusive O—H dissociative adsorption is observed experimentally in aliphatic
and aromatic carboxylic acids. In particular, the formation of unidentate carboxylate for
formic acid,”*** acetic acid (CH;—~COOH),**¢ vinyl acetic acid (CH,=CH-CH,—COOH),”

benzoic acid,”® and 4-aminobenzoic acid ** on Si(100)2x1, and for acetic acid *'>*

on
Ge(100)2x1 was reported to be the predominant process. Richardson and co-workers have
shown that benzoic acid and 4-aminobenzoic acid also form bidentate carboxylates on a
Si(100)2x1 surface modified by Na.**° However, our recent work on the adsorption of
acetic acid on Si(100)2x1%° indicated that the formation of the more thermodynamically
stable bidentate acetate always occurs at a low exposure before that of unidentate acetate at a
higher exposure, both upon O—H dissociative adsorption on the clean Si(100)2x1. This
observation is also in marked contrast to its bifunctional homolog of vinyl acetic acid, for
which Hwang et al.”’ concluded from their photoemission data that the formation of only
unidentate vinyl acetate on the 2x1 surface, upon O—H dissociative reaction, is preferred over
the [2+2] C=C or C=0 cycloaddition reactions.

Like vinyl acetic acid, acrylic acid (CH,=CH—-COOH) contains a C=C double-bond

and a carboxyl functional groups. Despite this apparent similarity, acrylic acid has an

A compatible with the Si-Si dimer bond length (2.3 A). Acrylic acid therefore offers an
alternating double bond structure (not found in vinyl acetic acid) essential for providing

electron conduction in molecular electronics applications. The delocalized backbone can be
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considered as a special type of functional group that enables the formation of dative bonds
between Cg and O and the Si dimer (referred to here as [O, C] bidentate), in direct
competition with O—H dissociation. Conversely, should O—H dissociation prevail as the
preferred route, the “unreacted” backbone would facilitate new bonding possibilities with
incoming molecules, including, e.g. [2+2] and [4+2] cycloaddition reactions, and
nucleophilic addition reaction at Cg. The electrophilic site (Cg) in the “enoate”
(=Cp=C—-COO-) provides a reactive site for nucleophile reaction. This nucleophile reaction
could promote further reactions to build an extended molecular chain on the functionalized
surface. In contrast, an adsorbed vinyl acetic acid molecule could not facilitate this type of
reactions due to the lack of a similar electrophilic site, leaving only the unreacted C=C group
to undergo alkene-related reactions. To date, no experimental study has been reported for the
adsorption of acrylic acid on Si(100)2x1. Only one recent DFT computational study
involving pseudo-potential has been reported by Favero et al.,** who concluded that O—H
dissociation of both acrylic acid and vinyl acetic acid occurs on Si(100).

In the present work, we investigate the RT adsorption of acrylic acid on Si(100)2x1 and
follow the thermal evolution of the adsorption products by X-ray photoelectron spectroscopy
(XPS) and thermal programmed desorption (TPD) mass spectrometry. These results are
compared with those of its saturated homolog, propanoic acid (CH3;—CH,—COOHR)), i.e.
without the C=C double bond. Our data shows the formation of bidentate acrylate at a low
exposure, followed by that of unidentate acrylate at a higher exposure, resembling that found
for propanoic acid (and acetic acid)*® on Si(100)2x1. In addition to the bidentate and
unidentate O—H dissociation products (acrylates) observed experimentally, our DFT
calculations reveal several other less energetically stable reaction products arising from [O,
C] bidentate formation, C—OH dissociation, [2+2] C=C and C=0 cycloaddition, as well as
ene formation. Our TPD results indicate the evolution of CO, ethylene, acetylene, and

propene from the adsorbed acrylate on Si(100)2x1. Despite the plausible dative bonding

remains the preferred adsorption pathway for acrylic acid on Si(100)2x1, which in turn
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allows the delocalized backbone free to react (link) with other incoming molecules to provide

further functionalization.

3.2 Results and Discussion

3.2.1 DFT computational study of adsorbate-substrate configurations

Figure 3.1 shows eight possible ASCs on the Si;sH;¢ model surface arising from (a, b,
c¢) O—H dissociation, (d) [O,C] bidentate, (¢) C—OH dissociation, () [2+2] C=C
cycloaddition, (g) [2+2] C=0 cycloaddition, and (h) ene reaction via C,—H dissociation.
Frequency calculations for these ASCs confirm their stabilities, with none being a transition
state. Evidently, the five ASCs (Figure 3.1d, 3.1e, 3.1Figure 3.1f, 3.1g, 3.1h) resulting from
the latter reactions are found to have discernibly less negative adsorption energies AE (and
total energies) than the ASCs arising from O—H dissociation (Figures 3.1a, 3.1b, 3.1¢). In
particular, the AEs for the inter-dimer bidentate ASC (—284.9 kJ mol”, Figure 3.1a) and
intra-dimer bidentate ASC (—266.4 kJ mol”, Figure 3.1b) are more negative than the
unidentate ASC (-248.8 kJ mol™, Figure 3.1c). The formation of an additional Si—O bond in
both bidentate ASCs (Figures 3.1a, 3.1b) leads to a more strongly adsorbed structure than the
unidentate ASC (Figure 3.1c). Furthermore, the greater strain in the Si—~O—C bond angle
(120°, not shown in Figure 3.1) for the intra-dimer bidentate ASC compared to that of inter-
dimer bidentate ASC (135°) accounts for the former ASC being less stable than the latter
ASC. The formation of an additional Si—O bond in the same dimer as in the intra-dimer
bidentate ASC (Figure 3.1b) from the unidentate ASC (Figure 3.1c) would require relocation
of hydrogen from one dimer to its neighboring dimer, contributing to the less negative AE for
the intra-dimer ASC than the inter-dimer ASC. Figure 3.2 shows the three most stable ASCs
resulting from O—H dissociative adsorption of propanoic acid on Si(100)2x1, with the inter-
dimer bidentate (with AE of —281.2 kJ mol™) being more stable than the intra-dimer
bidentate (—262.8 kJ mol™") and unidentate (—247.8 kJ mol™") ASCs. The other three less
stable ASCs, including C—OH dissociation, ene, and [2+2] C=0 cycloaddition products, are
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also depicted in Figure 3.2. Table 3.1 summarizes the adsorption energies and total energies
of the most stable ASCs for acrylic acid (Figures 3.1a, 3.1b, 3.1¢) and propanoic acid
(Figures 3.2a, 3.2b, 3.2¢) obtained with the 6-31G(d), 6-31+G(d), and 6-31++G(d,p) basis
sets.

For the optimized geometries of the acrylate (Figure 3.1¢) and propanoate unidentate
ASCs (Figure 3.2¢), the bond lengths for C—O and C=0 are 135 pm and 122 pm,
respectively. On the other hand, the bond lengths for both C+O bonds within the
corresponding bidentate ASCs (Figures 3.1a, 3.1b, and 3.2a, 3.2b) are 127-129 pm, which lie
between those of a single and a double bonds. Our frequency calculation also reveals that the
wavenumber found for this 1% C=O bond in the acrylate bidentate (1390-1534 cm™) and
propanoate bidentate ASCs (1402-1558 cm™) is between those for the C—O (1200-1212 cm™)
and C=0 bonds (1742-1762 cm") for the respective unidentate ASC. The C—C and C=C
bond lengths for the three acrylate ASCs are 146-148 pm and 134 pm, respectively, while the
respective C—C and C=C bond lengths for gas-phase acrylic acid are 148 pm and 134 pm,
which suggests that the ethenyl (CH,=CH-) group is not directly affected by the dissociative
adsorption. Not surprisingly, the bond lengths for the CH;—CH, (153-155 pm) and CH,—CO
bonds (150-151 pm) for the three propanoate ASCs (Figure 3.2) are found to be different
from the corresponding bond lengths for the CH,=CH (134 pm) and CH—CO bonds (146-148
pm) for the respective acrylate ASCs (Figure 3.1), while the bond lengths and bond angles in
the carboxyl groups are found to be essentially the same between the respective propanoate
and acrylate ASCs. It is also not surprising that for the bond lengths for the CH;—CH; (153
pm), and CH,—CO (151 pm) [as well as C=0O bonds (121 pm)] for the gas-phase propanoic
acid molecule are almost the same as the corresponding bonds in the bidentate (and

unidentate) propanoate ASC (Figure 3.2c¢).
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Table 3.1 Comparison of the adsorption energies AE and total energies (in square

parentheses) for the three most stable adsorbate-substrate configurations (ASCs) of acrylic

acid and of propanoic acid on Si(100)2x1 obtained by DFT/B3LYP calculations with 6-

31G(d), 6-31+G(d), and 6-31++G(d,p) basis sets.

6-31++G(d,p)

[-4619.38676]

[-4619.37968]

AE (kJ mol™)
[Total Energy (a.u.)]
. . Inter-dimer Intra-dimer )
Acrylic Acid bidentate bidentate Unidentate

-315.7 -298.2 -274.8

6-31G(d) [-4619.34005] [-4619.33336] [-4619.32445]
-296.5 -278.0 -260.2

31+

6-31+G(d) [-4619.36154] [-4619.35449] [-4619.34771]

-284.9 -266.4 -248.8

[-4619.37298]

Inter-dimer

Intra-dimer

6-31++G(d,p)

[-4620.62205]

[-4620.61504]

Propanoic Acid bidentate bidentate Unidentate
3117 2943 2742
6-31G(d) [-4620.57444] [~4620.56778] [-4620.56012]
—292.7 -274.7 -259.3
31+
6-31+G(d) [-4620.50467] | [-4620.58780] | [-4620.58195]
—281.2 -262.8 —247.8

[-4620.60934]
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(a) Inter-dimer bidentate (b) Intra-dimer bidentate Side view
(-284.9 kd mol) (-266.4 kJ mal)

4 4
(c) Unidentate (d) [O, C] bidentate (e) C—OH dissociation
(-248.8 kJ mol") (-217.8 kd mol") (-200.1 kJ mol")
C. ?
134

(f) [2+2] C=C cycloaddition (g) [2+2] C=0 cycloaddition (h) Ene
(-171.9 kd mol™) (-86.5 kd mol) (-63.4 kd mol™)

°J

i rf’ff

Figure 3.1 Optimized geometries of the adsorbate-substrate configurations of acrylic acid
on Si(100)2x1: (a) inter-dimer bidentate, (b) intra-dimer bidentate, (c) unidentate, (d) [O,C]
bidentate, (¢) C—OH dissociation, (f) [2+2] C=C cycloaddition reaction, (g) [2+2] C=0O
cycloaddition reaction, and (h) ene products. The corresponding adsorption energies (AE)
calculated with a 6-31++G(d,p) basis set are given in parentheses. All the bond lengths are

given in unit of pm.

9
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(a) Inter-dimer bidentate (b) Intra-dimer bidentate (c) Unidentate

(-281.2 kJ mol) (-262.8 kJ mol) (—247.8 kd mol")
C 7 Ca 7
@ 153 C. + @153
-
w?m
12729 129

0

(e) Ene (f) [2+2] C=0 cycloaddition

d) C-OH dissociation
(-90.1 kJ mol™")

(-200.2 kJ mol') (-173.4 kJ mol")

9

e 3 e
3 el

Figure 3.2 Optimized geometries of the adsorbate-substrate configurations of propanoic
acid on Si(100)2x1: (a) inter-dimer bidentate, (b) intra-dimer bidentate, (¢) unidentate, (d)
C-OH dissociation, (e) ene, and (f) [2+2] C=O cycloaddition reaction products. The
corresponding adsorption energies (AE) calculated with a 6-31++G(d,p) basis set are given in
parentheses. All the bond lengths are given in unit of pm.
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3.2.2 XPS study of room-temperature adsorption of acrylic acid and propanoic
acid

In the present work, we have carried out XPS measurements for a number of
exposures of acrylic acid and propanoic acid on Si(100)2x1, ranging from 1 L to 500 L.
Figure 3.3 shows the XPS spectra (Figure 3.3c) of the C 1s and O 1s regions for a low
exposure (2 L) and a saturation exposure (130 L) of acrylic acid on Si(100)2x1 at RT, along
with the unidentate (Figure 3.3a) and (inter-dimer) bidentate ASCs (Figure 3.3b). Evidently,
two C s bands for the 130 L exposure while only one broad band at the lower binding
energy (BE) for the 2 L exposure are observed (Figure 3.3c). This observation would
suggest that different adstructures are being formed at the low and high exposures. Three
Gaussian profiles, each with an approximate full-width-at-half-maximum of 2.0 eV, have
been used in our curve-fitting procedure to identify the prominent C local chemical
environments. In particular, the C 1s features at 285.0, 286.8, and 289.3 eV BE with
respective relative integrated intensities of 0.674, 0.153, and 0.172 (or approximately 4:1:1)
have been found. The corresponding XPS spectrum for the lower exposure (2 L) was fitted
with the first two features with the relative intensities of 2:1 at the same BEs as that obtained
for the saturation exposure (Figure 3.3c).

In accord with our DFT calculations, the ASCs arising from O—H dissociation
(Figures 3.1a, 3.1b, 3.1c) are the most stable (i.e., with the most negative AE values).
Evidently, the chemical environments of the ethenyl carbons (CH,=CH—, designated as C,)
in the three most stable ASCs are different from the carboxyl carbons, whereby the carboxyl
carbon in the bidentate ASCs (Cy, attached to O through two C+O bonds, Figures 3.1a, 3.1b)
is different from that in the unidentate ASC (C,, attached to O through a C=0 and a C-O
bonds, Figure 3.1c). Given that the electronegativity of C (2.5) is less than that of O (3.5),'
the carboxyl carbons (C,, and C,) are expected to be partially positively charged and
therefore should exhibit a higher C 1s BE than the ethenyl carbons (C,). The C 1s feature at
the lowest BE (285.0 eV, Figure 3.2¢) can therefore be attributed to the ethenyl C, atoms.
For the two C 1s features at the higher BEs, we have previously attributed them to the
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bidentate and unidentate carboxyl carbons for the adsorption of acetic acid on Si(100)2x1 26
Following this recent work on acetic acid, we show a similar schematic model for the
conversion of unidentate ASC (Figure 3.3a) to the resonance structures of the inter-dimer
bidentate ASC in Figure 3.3d. Combining one electron from the C=O group in the
unidentate ASC (Structure I) with the electron in the Si dangling bond produces a new Si—O
covalent bond, creating the inter-dimer bidentate ASC (Structure I1a). Electron
delocalization in the OCO moiety leads to Structures Ila, IIb, and Ilc, while participation of
Structure IId. These four resonance structures altogether correspond to the hybrid resonance
structure shown as Structure II (Figure 3.3b). Inclusion of the electron from the Si dangling
bond in the formation of Structure II in effect reduces the partial positive charge of Cy,
therefore “lowering” the corresponding BE. Consequently, the C s features at 286.8 eV and
289.3 eV can be assigned to Cy, and C,, respectively. The observation of only the lower-BE
band (containing contributions from C, and C,) for the lower exposure (Figure 3.3c, lower
panel) indicates the preferred formation of the bidentate ASCs in the early stage of the
adsorption process, which is consistent with the more negative adsorption energy (or AE)
compared to that of the less stable unidentate ASC (Table 3.1). The observed C 1s features
at 285.0, 286.8, and 289.3 eV shown in Figure 3.3c can therefore be assigned to C,, Cy,, and
C. respectively. Given the respective intensity ratio for C,:Cy:C, to be approximately 4:1:1
for the saturation exposure, we conclude that the bidentate ASCs (including inter-dimer
and/or intra-dimer ASCs) and unidentate ASC must have nearly equal population.

It is of interest to compare the C 1s spectra of acrylic acid to that of acetic acid
reported by us recently.”® Like acrylic acid, the bidentate and unidentate ASCs are observed
for acetic acid.”® However, replacement of the methyl group in acetic acid by the ethenyl
group in acrylic acid is not expected to affect the respective XPS features of the bidentate
carboxyl C (Cy), because it is the participation of the electron from the neighbouring Si dimer
[from Structure I (Figure 3.3a) to Structure II (Figure 3.3b)] and its delocalization that
reduces the partial positive charge of this carbon (Figure 3.3d). The presence of the ethenyl

group will only increase the number of resonance forms (to 4 in acrylic acid from 3 in acetic
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this replacement will affect the BE position of the C 1s feature of the carboxyl carbon (C,)
for the unidentate acrylate ASC by changing the partial positive charge of C, relative to that
of acetate ASC.*® The free C=0 group in the unidentate acrylate ASC can be represented as
C'—O" in Structure Ic (Figure 3.3¢), of which the positive charge on C is shared with
Structure Ib (Figure 3.3¢) due to electron delocalization. This delocalization in effect
reduces the average partial positive charge on the C. atom, resulting in a lower C 1s BE for
unidentate acrylate ASC (289.3 eV) than that of acetate (289.8 eV).? It should be noted that
delocalization of the @ electrons in the C=C and C=0O bonds of unidentate acrylate ASC
reduces the double-bond character of the C=C and C=0 bonds in the hybrid resonance form
(Structure I’, Figure 3.3¢), which in turn reduces the C=0 stretching mode by 23 cm™ from
our calculated wavenumber for unidentate acetate (1765 cm™)?° to that for unidentate
acrylate (1742 cm™). Similar reduction has also been observed experimentally** and found
in our frequency calculation for gas-phase acetic acid (1822 cm™)?° relative to acrylic acid
(1799 cm™).

Figure 3.3h shows the C 1s and O 1s XPS spectra for a low (2 L) and a saturation
exposures (30 L) of propanoic acid at RT on Si(100)2x1. Similar to the spectra for acrylic
acid (Figure 3.3c), the C 1s band at the lower-BE observed for the low exposure (lower
panel) can be attributed to bidentate propanoate (Figure 3.3g), while the additional band at
the higher BE observed for the higher exposure (upper panel) can be assigned to unidentate
propanoate (Figure 3.3f). The C Is features at 285.3 eV, 286.8 eV and 289.2 eV, obtained
after appropriate curve fitting, can therefore be assigned to C,, C, and C.. There is only a
slight difference between the C, 1s BE of the ethyl group (CH3;—CH,—) of the propanoate
(285.3 eV, Figure 3.3h) and the ethenyl group (CH,=CH-) of acrylate (285.0 eV, Figure
3.3c). This small difference is not surprising because the conjugation effect reduces the
double-bond character of C, in the unidentate and bidentate acrylate ASCs. Furthermore, the
Cy 1s and C, 1s BEs for propanoate ASCs (Figure 3.3h) are found to be essentially the same
as the corresponding BEs for acrylate ASCs (Figure 3.3c). We have attributed the similarity
in the BE between C,, 1s of bidentate acrylate ASCs and that of bidentate acetate to electron
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delocalization within the OCO moiety. This delocalization is essentially the same also for
bidentate propanoate, which therefore leads to similar C, 1s BE. Moreover, as discussed
above, the difference in the C, 1s BE between the unidentate acrylate and unidentate acetate
is due to the smaller partial positive charge produced by the conjugation effect in the
acrylate. In the case of unidentate propanoate, however, the difference in the C. 1s BE
(289.2 eV) from that of unidentate acetate (289.8 eV) is caused by the greater electron
donating character of the ethyl group (relative to the methyl group) that also reduces the
partial positive charge of the C. atom.

It is of interest to note that the earlier studies on vinyl acetic acid®’ and acetic acid™
on Si(100)2x1 by other workers have also reported a double-band profile for the C 1s
spectra, but concluded the formation of only unidentate carboxylates on the surface. In our
recent work, we discussed in detail our observation for acetic acid on Si(100)2x1 and
compared with the result reported for vinyl acetic acid.”” The present work on acrylic acid
and propanoic acid on Si(100)2x1 has provided further support for our analysis for acetic
acid. By presenting a model for the formation and the resonance structures of the bidentate
carboxylate for the first time, we attribute the differences in the C 1s spectra observed for
acetic acid, acrylic acid and propanoic acid on Si(100)2x1 to the formation of bidentate
carboxylate at a lower exposure followed by that of unidentate carboxylate at a higher
exposure.

Figure 3.3c also shows the corresponding O 1s spectra for the 2 L and 130 L RT
exposures of acrylic acid on Si(100)2x1. In particular, a broad feature at 532.8 eV is
observed, with the width and the intensity for the 130 L exposure discernibly larger than
those for the 2 L exposure. Similar observations can be made for the corresponding O 1s
spectra of propanoic acid on Si(100)2x1 shown in Figure 3.3h. The observed O 1s BE
position is in good accord with those of Si—O (531.9 eV) and C=0 (532.8 e¢V) reported for
vinyl acetic acid”’” and acetic acid,”® which supports that the carboxylates are the preferred
ASCs in accord with the C 1s data. It should be noted that due to the large natural linewidths

of the O 1s transitions it is generally difficult to resolve the underlying features.
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Figure 3.3 Schematic diagrams of (a) unidentate and (b) bidentate acrylate adstructures, and
the plausible resonance structures of (d) bidentate and (e) unidentate acrylate, and of (f)
unidentate and (g) bidentate propanoate. XPS spectra of the C Is and O 1s regions for (c) a
saturation exposure (130 L) and a 2-L exposure of acrylic acid and (h) a saturation exposure
(30 L) and a 2-L exposure of propanoic acid, all on Si(100)2x1 at 300 K.
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3.2.3 XPS and TPD studies of the thermal evolution of acrylate adspecies

Figures 3.4 and 3.5 show the respective XPS spectra of the C 1s and O 1s regions of a
saturation exposure (130 L) of acrylic acid as deposited on Si(100)2x1 and after successive
flash-annealing up to 1350 K. Evidently, the unidentate carboxyl C 1s peak at 289.3 eV (C.)
decreases in intensity upon annealing to 525 K (Figure 3.4b) and disappears completely after
annealing to 770 K (Figure 3.4c). The intensity of the bidentate carboxyl C 1s feature at
286.8 eV (Cy) follows a similar decreasing trend and becomes totally extinguished at 1050 K
(Figure 3.4d). For the ethenyl C 1s peak at 285.0 eV (C,), the peak position appears to shift
to a lower BE (284.0 eV) while undergoing reduction in intensity, indicative of desorption of
adspecies (to be discussed below), upon annealing to 525-770 K (Figure 3.4c). This is
followed by a marked reduction in its intensity upon annealing to 1050 K (Figure 3.4d), and
the emergence of a new feature at 283.3 eV commonly attributed to SiC. This SiC feature
remains unchanged upon annealing above 1185 K (Figure 3.4¢) to 1350 K (Figure 3.4f). In
Figure 3.4g, we summarize the observed intensity changes as a function of the annealing
temperature for these four C 1s features (C,, Cy, C,, and SiC) along with the total C 1s
intensity, all relative to the intensity of the Si 2p peak at 99.3 eV. A more gradual removal of
the observed carboxyl C (Cy, C,) 1s features from the surface is observed over the 525 K-
1050 K region. Meanwhile, the intensity of the ethenyl C (C,) undergoes first a gradual
reduction from 525 K to 770 K, followed by an abrupt reduction at 1050 K. Unlike all of the
carboxyl C that have apparently been totally removed near 770 K, some of the ethenyl group
appears to remain on the surface, as represented by the “intermediate” feature near 284.0 eV
(Figure 3.4¢), and undergoes further dehydrogenation to eventually become SiC upon further
annealing to 1050 K." Tt is of interest to note that 33% of the total C (corresponding to most
of the carboxyl C and some of the ethenyl C) has left the surface upon annealing to 770 K,
with the remaining C being converted to SiC that cannot be removed even at an annealing
temperature of 1350 K.

In Figure 3.5, the broad O 1s feature at 532.8 eV observed for the saturation exposure
of acrylic acid on Si(100)2x1 is found to undergo a slight reduction in intensity upon

annealing to 770 K (Figure 3.5¢). Apparently, the O 1s feature also becomes sharper with a
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small shift to a lower BE, suggesting that one of the oxygen atoms (C=0) of the adspecies
with the higher BE has dissociated from the ASC, leaving the other O with the lower BE
bounded to Si (Si—O) at a higher annealing temperature. The O 1s feature becomes greatly
reduced at 1050 K (Figure 3.5d), which evidently is higher than the temperature at which
most of the carboxyl C 1s feature is removed (770-1050 K, Figure 3.4g). This suggests that
the adsorbed acrylates dissociate on the surface to adspecies (to be discussed below) that
desorb at 525-1050 K, and to individual O atoms that desorb from the surface above 1000-
1350 K (likely as SiO) or diffuse into the bulk. The O 1s intensity is completely removed
above 1350 K (Figure 3.5g).
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Figure 3.4 XPS spectra of the C 1s region for (a) a saturated exposure (130 L) of acrylic
acid on Si(100)2x1 at 300 K, and upon sequential flash-annealing to (b) 525 K, (¢) 770 K, (d)
1050 K, (e) 1185 K, and (f) 1350 K. (h) shows the corresponding temperature profiles of the
C Is intensities (I¢ 5) for SiC at 283.3 eV, C, at 284.0-285.0 eV, C,, at 286.8 eV, and C, at
289.3 eV, along with the total C 1s intensity (Ci), all with respect to the intensity of Si 2p
(Isi 2p)-
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Figure 3.5 XPS spectra of the O 1s region for (a) a saturated exposure (130 L) of acrylic
acid on Si(100)2x1 at 300 K, and upon sequential flash-annealing to (b) 525 K, (¢) 770 K, (d)
1050 K, (e) 1185 K, and (f) 1350 K. (g) shows the corresponding temperature profile of the
O Is intensity (Io 1s) with respect to the intensity of Si 2p (Is; 2p).
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In addition to the temperature-dependent XPS spectra that show the adspecies
remaining on the 2x1 surface after the sample has been annealed to different preselected
temperatures, we also performed TPD experiments to investigate the desorption products
evolved from the surface as a function of temperature. Figure 3.6A shows the TPD profiles
of selected mass fragments with m/z 2, 26, 27, 28, 39, 41 and 42 for a RT saturation exposure
(130 L) of acrylic acid on Si(100)2x1. We also monitored other mass fragments, including
m/z 45, 55, and 72 corresponding to COOH", CH,=CH—CO", and the parent mass
(CH,=CH-COOH") of acrylic acid, respectively.* No notable TPD features of these latter
two mass fragments are found, which indicates no molecular adsorption of acrylic acid.
Furthermore, the lack of TPD feature for m/z 45 provides further support that any adsorption
process that keeps the COOH group intact (i.e. not directly involved in bonding with the
surface), such as the [2+2] C=C cycloaddition product, does not occur. For m/z 2, a strong
desorption feature at 810 K is observed (Figure 3.6Aa), which is consistent with the
recombinative desorption of H, from silicon monohydride.*® The next strongest desorption
feature is observed at 595 K for m/z 28 (Figure 3.6Ad), which corresponds to the parent mass
of CO. The TPD features for the remaining mass fragments all appear to have considerably
smaller relative intensities. In particular, the TPD profile for m/z 26 exhibits two peaks
(Figure 3.6Ab). The first m/z 26 peak at 595 K, together with the corresponding m/z 27
(Figure 3.6Ac) and 28 features (Figure 3.6Ad) found at the same temperature, can be
assigned to the desorption of ethylene (CH,=CH,), with the parent/base mass of m/z 28. The
second m/z 26 peak observed at a higher temperature of 760 K corresponds to the parent
mass of acetylene (HC=CH).* The very weak profile for m/z 42 (Figure 3.6Ag) is correlated
with desorption of propene (CH,=CH—CHj), * the cracking pattern of which also contains
m/z 27 (Figure 3.6Ac), 39 (Figure 3.6Ae¢), and 41 (Figure 3.6Af), all with desorption maxima
occurring at the same temperature of 595 K. Our TPD results for acrylate acid are consistent
with our temperature-dependent XPS data. The reduction of the carboxyl (Cy, C.) and
ethenyl (C,) C 1s features in both unidentate and bidentate ASCs at 525-800 K occurs over
essentially the same temperature range as the formation of ethylene and acetylene as well as

CO (Figure 3.6A).
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Figure 3.6B shows the TPD profiles of selected mass fragments with m/z 2, 25, 26,
27, and 28 for a saturation exposure (30 L) of propanoic acid on Si(100)2x1. Similar to
acrylic acid, the lack of TPD features of the parent mass (m/z 74) and m/z 45 (COOH") and
m/z 29 (CH3—CH2+) indicates no molecular adsorption. Furthermore, the intense m/z 2
feature at 805 K again indicates recombinative desorption of H, (Figure 3.6Ba). The other
masses m/z 25, 26, 27, and 28 (Figure 3.6B) with desorption maxima all appearing at 700 K
correspond to desorption of ethylene (with the parent mass of m/z 28). The m/z 28
desorption profile could also have some contribution from CO (which also has a parent mass
of m/z 28). Although it is possible that m/z 28 could also come from desorption of ethane
(CH3—CHys), the TPD profiles for m/z 29 and m/z 30, belonging to the cracking pattern of
ethane, did not show any notable feature. This maybe because the formation of ethane
requires pre-dissociation of C—C leading to the formation of the unstable CH;—CHj; ethyl
radical.
Figure 3.7A shows plausible mechanisms for the formation of CO, ethylene, and acetylene
from the unidentate and bidentate acrylate adspecies induced by thermal annealing. The
mechanism for the formation of propene (mass 42) inferred from the TPD data is unclear and
will not be discussed further. It should be noted that although the mechanisms likely involve
multi-step reaction processes, we only present a simple model for bond dissociation to
illustrate the formation pathways of these desorbates. In particular, the unidentate acrylate
(Structure I) undergoes a C—C and C—O bond cleavage (Structure Ia) to produce CO (Figure
3.7A, pathway a). The dissociated ethenyl radical group (CH,=CH?") stays on the surface

(Structure Ibc) to subsequently abstract a H atom from Si—H, forming the ethylene desorbate
(Structure Ib) via pathyway b (Figure 3.7A). Furthermore, at a higher temperature (760 K,
Figure 3.6Ab), the surface ethenyl radical could itself also undergo H abstraction (Structure
Ic), producing the acetylene desorbate via pathway c. From the typical bond dissociation
energies (in kJ mol™) for Si—Si (310), Si—0 (800), Si—C (447), Si—H (293), C-0 (459), C—C
(385), C—H (399), and O—H (469),*” we estimate the energy required for the formation of the
observed desorbates. In particular, the energy needed to break a C—C and a C—O bonds for
the formation of CO from Structure la (Figure 3.7A) is 844 kJ mol™. Furthermore, the
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subsequent formation of ethylene from the ethenyl radical requires additional energy to break
a Si—H bond (293 kJ mol™") while the formation of acetylene needs to cleave a C—H bond,
with a higher bond dissociation energy (399 kJ mol™). This energy consideration is therefore
consistent with the observation of the desorption maxima for the CH,=CH, fragments (m/z
26, 27, 28) at a lower temperature (595 K, Figure 3.6A) than the corresponding HC=CH
fragments (m/z 26) at 760 K, Figure 3.6A). The broad profile for m/z 28 (Figure 3.6Ad)
suggests plausible contributions from more than one feature desorbed at different
temperatures, which is in accord with our schematic model depicting the formation of CO
before ethylene (Figure 3.7A, pathways a and b).

The dissociation of C—C bond in the bidentate acrylate (Structure IId) could also
produce the surface ethenyl radical through pathway d (Figure 3.7A), which leads to the
formation of ethylene and acetylene (pathway e). Fragmentation of the remaining OCO
radical (Structure Ile) could also produce CO (pathway e’). It should be noted that
conversion from bidentate acrylate (Structure II) to unidentate acrylate (Structure I) could
also occur during the thermal evolution process. Finally, in addition to the main CO,
CH,=CH;, and HC=CH desorbates, dissociated O, H, and OH stay on the surface as
byproducts that can be removed from the surface at the higher annealing temperatures.

It is of interest to note that the desorption maxima for the CO and ethylene related masses
appear at a higher temperature (700 K) for propanoic acid (Figure 3.6B) than those for
acrylic acid (595 K, Figure 3.6A), suggesting different dissociation pathways for the
propanoates. Figure 3.7B shows the proposed mechanisms involving fragmentation of
unidentate (Structure I1If) and bidentate propanoates (Structure IVg) to CO and ethylene,
both with m/z 28. Apparently, simultaneous breakage of C—C, C—O and C—H bonds in
propanoates (to produce CO and ethylene) requires more energy (1243 kJ mol™) than that to
produce CO (844 kJ mol™") and ethylene (1137 kJ mol™) from acrylates, which would lead to
higher desorption temperatures for the desorbates from propanoates, as observed in our TPD

experiments.
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Figure 3.6 TPD profiles of selected fragments of (A) m/z (a) 2, (b) 26, (c) 27, (d) 28, (e) 39,
() 41, and (g) 42 for a saturation coverage (130 L) of acrylic acid, and (B) m/z (a) 2, (b) 25,
(c) 26, (d) 27, and (e) 28 for a saturation coverage (30 L) of propanoic acid, on Si(100)2x1 at
300 K.
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Figure 3.7 Schematic models for thermal evolution of unidentate and bidentate (A) acrylate
and (B) propanoate on Si(100)2x1, depicting the formation of CO, ethylene, and acetylene,

and of CO and ethylene, respectively.
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3.3 Summary

XPS and TPD experiments have been performed, for the first time, on acrylic acid
and propanoic acid on Si(100)2x1. Of the calculated ASCs for acrylic acid and propanoic
acid, the bidentate ASCs are found to be more stable than the unidentate ASCs, both of
which are more stable than the other calculated ASCs. In accord with our recent study on
acetic acid,’® the present XPS data provides evidence for the formation of bidentate acrylate
and propanoate at a lower exposure than the corresponding unidentate carboxylate on
Si(100)2x1. At the saturation coverage, both the bidentate and unidentate ASCs are present
in equal population. The presence of the bidentate and unidentate ASCs reflects the
selectivity of the 2x1 surface in mediating the formation of the O—H dissociation products
over other possible reaction products (e.g., cycloaddition reactions, ene formation and C—OH
dissociation). Furthermore, the combined temperature-dependent XPS and TPD data for
acrylic acid reveal several plausible thermal evolution pathways that lead to the formation of
CO, ethylene, and acetylene, with 90% of the dissociated ethenyl group (or nearly 60% of the
total C) converting to SiC with increasing annealing temperature to above 770 K. The
formation of ethylene and acetylene provides further evidence for the selectivity of the
surface towards O—H dissociation, which leaves the ethenyl group intact for subsequent
thermally induced production of these desorbates. For propanoic acid on Si(100)2x1, only
CO and ethylene were observed in the TPD experiment. The lack of any detectable CO,
feature for acrylic acid and propanoic acid in our TPD experiments is consistent with the
thermal evolution of acetic acid on Si(100)2x1.2° The selectivity of the directional dangling
bonds on the Si(100)2x1 surface therefore preferentially enables the linkage through the
carboxyl group while leaving the other functional groups intact for further functionalization
of the 2x1 surface. As a bifunctional molecule, acrylic acid provides an important reference
for studying molecules containing carboxyl and alkenyl groups. The delocalized
the surface pre-functionalized with acrylic acid. Further studies comparing the selectivity of
the Si(100)2x1 towards other multifunctional molecules will lead to further insight into the

surface organosilicon chemistry and molecular electronics.
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Chapter 4

Selective surface chemistry of allyl alcohol and allyl aldehyde on
Si(100)2x1: Competition of [2+2] C=C cycloaddition with O-H
dissociation and with [2+2] C=0 cycloaddition in bifunctional

molecules

4.1 Introduction

Surface chemistry of multifunctional organic molecules on Si(100)2%1 has attracted a
lot of attention in the past decade.'’ The electrophile-nucleophile character of the buckled
silicon dimers™® on the Si(100)2x1 surface provides unique control of how this surface
reacts with different functional groups. The buckling of the Si dimers enables the [2+2]
cycloaddition reaction with alkene at room temperature (RT), which is normally symmetry-
forbidden in classical chemistry by the Woodward-Hoffman selection rules.'® To date,
surface reactions of alkenes (with the C=C functional group), *''* aldehydes*>*® and

25,27,28

ketones (both with the C=0 functional group) on Si(100)2x1 have been reported to

form [2+2] and [4+2] cycloaddition products, while those of alcohols (with the OH

29-34 3544

functional group), carboxylic acids (with the COOH functional group), and primary
and secondary amines have resulted in H dissociation products.® These studies illustrate
the critical role of the silicon surface in mediating selective chemical reactions largely
involving a single functional group.

In order to investigate the selectivity of the 2x1 surface toward the aforementioned
functional groups, we employ a molecule that contains multiple functional groups as the
adsorbate, and study its thermal surface chemistry by using X-ray photoelectron spectroscopy
(XPS) and temperature-programmed desorption (TPD), along with density functional theory
(DFT) calculations. In our recent work on acrylic acid,* the simplest unsaturated carboxylic
acid containing two functional groups, we compared the reactivity of the carboxyl group and
ethenyl group in this bifunctional molecule with those of saturated carboxylic acids: acetic

acid” and propanoic acid, both containing just the carboxyl group.** In particular, we
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showed that the Si(100)2x1 surface selectively favours O—H dissociation of the carboxyl
group over [2+2] C=C cycloaddition of the ethenyl group and other possible reaction
products in acrylic acid. As was also found for acetic acid* and propanoic acid,** O-H
dissociation in acrylic acid also leads to bidentate and unidentate carboxylate adspecies.

Using the ethenyl group as the “reference” functional group, we now extend our study
of relative reactivity and selectivity of the carboxyl group* to other functional groups in a
bifunctional molecule on Si(100)2x1. In particular, allyl alcohol (or 2-propenol,
CH,=CH-CH,0H) and allyl aldehyde (or 2-propenal, CH,=CH—-CHO) offer the hydroxyl
group (OH) and carbonyl group (C=0), respectively, as the second functional group, in
addition to the common ethenyl group (CH,=CH-). In acrylic acid* (and carboxylic acids in
general), the carboxyl group itself could be considered as consisting of two smaller
functional groups, the OH and C=0. The present work, in effect, compares the competition
of the ethenyl group with each of these smaller functional groups individually in their
reactions with the 2x1 surface. To date, no experimental study has been reported for the
adsorption of allyl alcohol and allyl aldehyde on Si(100)2x1. Only one DFT computational
study [using the B3LYP/6-31G(d) method] of allyl alcohol on model Si(100) and Ge(100)
cluster surfaces has been reported by Li et al.*> Their calculations showed that O—H
dissociation results in more thermodynamically favourable products than [2+2] C=C
cycloaddition products.

In the present work, we present XPS and TPD studies to follow the thermal evolution
of the adsorption products of allyl alcohol and allyl aldehyde on Si(100)2x1. Together with
our DFT calculations, these experimental results show that for allyl alcohol O—H dissociation
is preferred over [2+2] C=C cycloaddition, as was proposed by Li et al.** and was also
observed for other carboxylic acids.*'** For allyl aldehyde, [2+2] C=O cycloaddition is
found to be more favourable than [2+2] C=C cycloaddition by our XPS measurement, in
spite of the less negative calculated adsorption energy obtained for the former product than
that for the latter by our DFT calculation. The present work therefore further affirms the
remarkable stability of the ethenyl group relative to any of the following functional groups:

OH, C=0 (this work), COOH,* and C1*®*" as well as other heteroatom-containing groups,’
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on the 2x1 surface. These latter functional groups (except Cl) can therefore be used as the
linkage to connect the molecule to the 2x1 surface, leaving the ethenyl group free for further
reactions. Furthermore, the present experimental result also shows that multiple linkages
through simultaneous interactions of two functional groups with the surface (such as the [O,
C, C] tridentate and the [O, C] bidentate adstructures) do not occur, despite the considerably
more negative adsorption energy calculated for these multiply bonded adstructures. The
formation of ethylene, acetylene, and propene fragments found in our TPD experiments for
both allyl alcohol and allyl aldehyde adspecies further supports that the common unreacted
moiety (the ethenyl group) remains intact and free to undergo further thermal chemistry upon

adsorption on Si(100)2x1.

4.2 Results and Discussion

4.2.1 DFT computational study of adsorbate-substrate configurations

Figure 4.1 shows four plausible adstructures on the double-dimer model surface of
the Si;5H;¢ cluster, involving O—H dissociation (ASC I) and [2+2] C=C cycloaddition (ASC
IT) for allyl alcohol, and [2+2] C=O cycloaddition (ASC IV) and [2+2] C=C cycloaddition
(ASC V) for allyl aldehyde. Table 4.1 summarizes the calculated adsorption energies and
total energies of the four ASCs obtained with four different basis sets: 6-31G(d), 6-31+G(d),
6-31++G(d), and 6-31++G(d,p). Evidently, all four basis sets provide very similar values,
with the larger basis set generally giving a lower total energy but a less negative adsorption
energy. There is a more notable change in the adsorption energy between the 6-31G(d) and
the next larger basis set [6-31+G(d)] than that between the larger basis sets. The change
between the 6-31++G(d) and the largest 6-31++G(d,p) basis sets appears to be more
noticeable for ASC I, likely due to the improved modeling of the diffuse bonding involving
O—H dissociation. The results obtained with the largest 6-31++G(d,p) basis set will be used
for the following discussion.

Evidently for allyl alcohol, the adsorption energy (and total energy) for the O—-H

dissociation product (—249.4 kJ mol”, Figure 4.1a) is considerably more negative than that

68



for the [24+2] C=C cycloaddition product (—169.1 kJ mol™, Figure 4.1b). The dative bonding
between O and the electron-deficient site of the Si dimer leads to the attachment of allyl
alcohol to Si through O followed by O—H dissociation to eventually form ASC I. For the less
stable ASC II, the reduction of the m bond results in the formation of two Si—C bonds in the
cycloaddition reaction, which is expected to give a lower C 1s binding energy (BE) than that
in C—C and C=C. For allyl aldehyde, the calculated adsorption energy of the [2+2] C=0
cycloaddition product (—164.7 kJ mol™, Figure 4.1d) is found to be less negative than that of
[2+2] C=C cycloaddition product (—~174.8 kJ mol™, Figure 4.1¢). However, the similarity of
these values indicates that both ASCs IV and V are equally probable thermodynamically.
The presence of C=C only in ASC IV should give rise to a notable difference in the C 1s BE
between ASCs IV and V, which would allow us to distinguish these structures from our XPS
measurement (to be discussed below).

Our frequency calculations show that the wavenumbers for C—O (1071 cm™) and
C=C stretching vibrations (1715 cm™) for ASC I are slightly higher than the corresponding
calculated values for isolated allyl alcohol molecule (1045 cm™ and 1708 cm™, respectively).
Similarly, the wavenumber for C=C stretch (1692 cm™) for ASC IV is also essentially the
same as the corresponding calculated value for isolated allyl aldehyde molecule (1683 cm™).
The similarity in the wavenumbers for C=C vibrations in ASC I and ASC IV to those of their
respective isolated allyl alcohol and allyl aldehyde molecules is not surprising, because the
ethenyl group is not directly involved in binding to the surface. On the other hand, no
corresponding calculated wavenumber for C=C is found for ASC II and ASC V due to the
formation of C—C bonding as a result of [2+2] cycloaddition.

Our DFT calculation also reveals two unique, multiply bonded ASCs, including an
[0, C, C] tridentate CH,—CH—CH,—O complex obtained from [2+2] C=C cycloaddition and
O-H dissociation of allyl alcohol (Figure 4.1c), and an [O, C] bidentate CH,~CH=CH—-O
complex derived from the delocalized form (CH,CH=CH=0) of allyl aldehyde (Figure
4.1f). Despite having the most negative adsorption energies, these ASCs are improbable due
to kinetic effects and the need for additional molecular motions to facilitate the required

multiple attachments to the Si(100)2x1 surface. As discussed below, these ASCs can be
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ruled out by our XPS measurement.

Table 4.1 Comparison of the adsorption energies, AE, and total energies (in square
parentheses) for plausible adsorbate-substrate configurations (ASCs) of allyl alcohol and
allyl aldehyde on Si(100)2x1 obtained by DFT/B3LYP calculations with 6-31G(d), 6-
31+G(d), 6-31++G(d), and 6-31++G(d,p) basis sets.

AE (kJ mol™)
[Total Energy 6-31G(d) 6-31+G(d) 6-31++G(d) 6-31++G(d,p)
(hartree)]
O-H

-276.7 -261.0 -261.1 —249.4
dissociation

[-4545.27532] | [-4545.29652] | [-4545.29823] | [-4545.32457]
ASCI
[2+2] C=C

—-175.6 —-169.3 —-169.7 -169.1
cycloaddition

[-4545.23682] | [-4545.26162] | [-4545.26340] | [-4545.29397]
ASCII
[2+2] C=0

-173.1 —-163.8 -163.9 —-164.7
cycloaddition

[-4545.03698] | [-4545.05824] | [-4545.05981] | [-4545.08393]
ASC1V
[2+2] C=C

—-185.2 -174.9 —-174.9 —-174.8
cycloaddition
ASC V [-4545.04158] | [-4545.06246] | [-4545.06401] | [-4545.08776]
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(a) O—-H dissociation ASC | (d) [2+2] C=0 cycloaddition ASC IV
(-249.4 kJ mol ") (-164.7 kJ mol")

(b) [2+2] C=C cycloaddition ASC I (e) [2+2] C=C cycloaddition ASC V
(-169.1 kJ mol") (-174.8 kJ mol")

(c) [O, C, C] tridentate ASC Il (f) [O, C] bidentate ASC VI
(=370.3 kJ mol) (-282.0 kd mol)

Figure 4.1 Optimized geometries of the adsorbate-substrate configurations (ASCs): (a) O—H
dissociation ASC I, (b) [2+2] C=C cycloaddition ASC II, and (c) [O, C, C] tridentate ASC III
products of allyl alcohol, and (d) [2+2] C=0 cycloaddition ASC 1V, (e) [2+2] C=C
cycloaddition ASC V and (f) [O, C] bidentate ASC VI products of allyl aldehyde, all on
Si(100)2x1. The corresponding adsorption energies calculated with the 6-31++G(d,p) basis
set are given in parentheses.
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4.2.2 Room-temperature adsorption of allyl alcohol and allyl aldehyde on
Si(100)2x1

In the present work, we have carried out XPS measurements for a number of
exposures of allyl alcohol and of allyl aldehyde on Si(100)2x1, ranging from 0.1 L to 120 L.
The saturation exposure for allyl aldehyde (60 L) is found to be discernibly lower than that
for allyl alcohol (106 L), in good agreement with the generally higher reactivity of aldehyde
relative to alcohol.

Figure 4.2 shows the XPS spectra of the C 1s and O 1s regions for a low exposure
(0.45 L) and a saturation exposure (106 L) of allyl alcohol deposited on Si(100)2x1 at RT.
The C 1s spectra for both exposures exhibit a single broad band, which we appropriately
fitted with two Gaussian profiles, each with an approximate width of 1.8 eV full-width-at-
half-maximum (FWHM), in order to identify the prominent C local chemical environments.
In marked contrast to the XPS results for acetic acid,* acrylic acid and propanoic acid,*
similar features are obtained at both low and high RT exposures for allyl alcohol on
Si(100)2x1, suggesting the presence of adstructures with similar C 1s environments for both
low and high exposures. In particular, the C 1s features at BEs of 284.8 eV and 286.4 eV are
found to have, respectively, relative integrated intensities of 0.031 and 0.014 (with an
approximate intensity ratio of 2:1) with respect to the intensity of Si 2p for both low (Figure
4.2Aa) and saturation exposures (Figure 4.2Ab). The C 1s BEs for the C=0, C-0O, C=C,
C—C, C—Si bonds are generally found at 287.8-288.5 eV, 7 285.4-286.9 ¢V, %% 284 8-
285 eV,14’17’2O 284 .4 eV,”’zO and 283.7—284.3,14’17’20’27 respectively. The absence of the C—Si
feature below 284.3 eV in our C 1s spectra could therefore be used to rule out the existence
of ASC II (Figure 4.1b) and ASC III (Figure 4.1c). The observation of the C 1s features at
284.8 eV (C,) and 286.4 eV (Cy) attributed to C=C and C—O moieties, respectively, indicates
the predominant formation of ASC I. Given the higher electronegativity of O (3.5, Pauling
scale) with respect to C (2.5),'® Cy, (with an O atom attached) should be partially positively
charged and it should therefore exhibit a higher C 1s BE than the ethenyl (CH,=CH-)
carbons (C,), as observed in Figure 4.2Aa. The nearly constant C 1s intensity ratio of C,:C

with respect to exposure (Figures 4.2Aa, 4.2Ab) suggests that no new ASC (other than ASC
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I) is formed at a higher exposure. The C,:C;, value of 2:1 is also in excellent accord with the
stoichoimetric ratio of C, to Cy, in ASC I. In the case of O 1s, the corresponding BE observed
at 532.7 eV (Figures 4.2Ba, 4.2Bb) is not very useful for identifying the adstructures (i.e.
between ASC I and ASC II/III) because of the similarity in the electronegativities of Si (1.8)
and H (2.1) and the generally broad widths found for the O 1s peaks.

The XPS spectra of the C Is and O 1s regions for a low exposure (0.2 L) and a
saturation exposures (60 L) of allyl aldehyde on Si(100)2x1 at RT, shown in Figure 4.3, are
found to be remarkably similar to those of allyl alcohol (Figure 4.2). In particular, two
Gaussian profiles at 284.7 eV and 286.3 eV, each with a width of 1.6 eV FWHM, can be
fitted to the broad C 1s bands observed for both exposures, giving relative integrated
intensities of 0.037 and 0.019 with an approximate intensity ratio of 2:1. As with the allyl
alcohol case (Figure 4.2), the BE positions of the observed C 1s peaks at 284.7 eV (C,) and
286.3 eV (Cy) (Figure 4.3) correspond to the C=C and C-O bonds, consistent with the [2+2]
C=0 cycloaddition product (ASC IV). It should be noted that, despite the difference in the
local chemical environment of C, between ASC IV (bonded to Si) and ASC I (bonded to H),
the corresponding BEs are found to be essentially the same because of the similar
electronegativities for Si (1.8) and H (2.1). The observed C 1s BE positions for C, and C,
also rule out the formation of [2+2] C=C cycloaddition product (ASC V), because no
signatures of C—Si (expected at 283.7-284.3 ¢V)'*'"%?7 and C=0 (at 287.8-288.5 eV)>
are observed in the C 1s spectra (Figure 4.3). Despite the discernibly more negative
adsorption energy for ASC V (Figure 4.1¢) than that for ASC IV (Figure 4.1d) obtained in
the DFT calculations, the present XPS measurement is therefore instrumental in identifying
the adsorption structures. In contrast to the C=C bond, the asymmetric electron density of
the C=0 bond is more compatible with the electrophile-nucleophile character of the Si=Si
dimer, which favours the formation of [2+2] C=O cycloaddition product. Furthermore, we
can also rule out the formation of [O, C] bidentate ASC VI (Figure 4.1f), because three
distinct C 1s features corresponding to C—Si, C=C, and C—O (with equal intensity) expected
for this structure are not observed. In addition, the O 1s feature at 532.6 eV shown in Figures

4.3Ba and 4.3Bb for allyl aldehyde is also found at the similar position to that of allyl alcohol
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(532.7 eV, Figures 4.2Ba, 4.2Bb). This similarity is not surprising because the O atom is
attached to a Si and a Cy, atoms in both ASC I (Figure 4.1a) and ASC IV (Figure 4.1d).

4.2.3 Thermal evolution of allyl alcohol and allyl aldehyde adspecies on
Si(100)2x1
Figures 4.2 and 4.3 also show the C 1s and O 1s XPS spectra for RT saturation

exposures of allyl alcohol and allyl aldehyde, respectively, on Si(100)2%1 upon successive
flash-annealing to selected temperatures. Evidently, the C,, 1s peak for O—H dissociation
product (ASC I) of allyl alcohol (Figure 4.1a) at 286.4 eV decreases in intensity gradually
upon annealing to 545 K (Figure 4.2Ad) and disappears completely after annealing to 800 K
(Figure 4.2Ae). For the ethenyl C, 1s peak at 284.8 eV, little change to the intensity is
observed up to the annealing temperature of 545 K. Upon further annealing to 800 K, the C,
Is peak position appears to shift to a lower BE (284.3 eV) and undergoes a small reduction in
intensity due to possible fragmentation and desorption of the smaller fragments. Continued
annealing to 1090 K completely removes the C, 1s feature (Figure 4.2Af), and introduces a
new feature at 283.1 eV, commonly attributed to SiC, the intensity of which remains
unchanged at the highest annealing temperature of 1390 K (Figure 4.2Ag). The latter could
be due to dehydrogenation of the remaining C, containing fragments and its conversion to
SiC on the surface in this temperature range. In Figure 4.2Ah, we summarize the observed
intensity changes of these three C 1s features (C,, Cy, and SiC) along with the total C 1s
intensity, all relative to the intensity of Si 2p, as a function of the annealing temperature. The
temperature profiles clearly indicate the presence of a transition region between 545 K and
1090 K, where thermal desorption and fragmentation occur. It is of interest to note that
nearly 45% of the total C (corresponding to almost all of the C, and some of the C,) has been
eliminated from the surface upon annealing to 800 K, with the remaining converted to SiC
that cannot be removed even at the annealing temperature of 1390 K. The corresponding
temperature profile for the O 1s feature, shown in Figure 4.2Bh, depicts a gradual reduction

in intensity up to 800 K, followed by a marked decrease upon further annealing to 1390 K.
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Between the annealing temperature of 545 K and 800 K, the O 1s feature has evidently
become sharper and shifted from 532.7 eV (Figure 4.2Bd) to a slightly lower BE of 532.1 eV
(Figure 4.2Be). This spectral change suggests that part of the O-containing moiety has
undergone dissociation and/or desorption from the surface, producing Si—O on the surface
with a lower O 1s BE. The reduction in the O 1s intensity above 800 K is likely due to
desorption of SiO fragments or O diffusion into the bulk.

For a saturation exposure of allyl aldehyde on Si(100)2x1, the corresponding spectral
changes in the C 1s and O 1s features as a function of annealing temperature (Figure 4.3)
appear to be similar to those found for allyl alcohol (Figure 4.2). In particular, the C, s
temperature profile for allyl aldehyde (Figure 4.3Ah) closely follows that of for allyl alcohol
(Figure 4.2Ah), with minimal reduction in intensity upon annealing to 800 K followed by
complete extinction after further annealing to 1090 K. A notable difference observed in the
Cy 1s temperature profile for allyl aldehyde (Figure 4.3Ah) from that for allyl alcohol (Figure
4.2 Ah) is that the temperature of its complete extinction occurs at a higher annealing
temperature (1090 K) for the former than that for the latter (800 K). The C 1s spectrum for
the 800 K annealing temperature (Figure 4.3Ae) appears to have shifted to the lower BE side.
The small shift to the lower BE found for C, 1s (284.3 eV) is consistent with the attachment
of an ethenyl group (with the C 1s peak commonly found at 283.9 ¢V),*® after dissociation
from the CH—O moiety attached to the Si surface (Figure 4.1d) at 800 K. The dissociation
removes the effectively electron withdrawing ethenyl group and reduces the partial positive
charge on the C of the remaining di-c bonded CH—O moiety, causing the C, 1s peak to shift
to a lower BE (285.5 eV). For allyl aldehyde, the related peak for SiC at 283.0 eV (Figure
4.3Ae) is found at a similar annealing temperature (1090 K) (Figure 4.3Af) as that for allyl
alcohol (Figure 4.2Af). In accord with the allyl alcohol case, SiC begins to form above 800
K (Figure 4.3Af) and the spectral intensity becomes slightly reduced upon further annealing
from 1090 K to 1390 K. Furthermore, nearly 80% of the total C of the adsorbed allyl
aldehyde has been converted to SiC, in marked contrast to allyl alcohol where only 55% of
the C remains as SiC. This difference in the SiC formation indicates more C-containing

desorbates for allyl alcohol than allyl aldehyde, which suggests limited desorption channels
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for the C-containing species for allyl aldehyde on Si(100)2x1. For the O 1s temperature
profile, there is virtually no change in the O 1s intensity for allyl aldehyde up to 800 K
(Figure 4.3Bh), in contrast to the early onset of the gradual reduction in O 1s intensity at 425
K for allyl alcohol (Figure 4.2Bh). This difference in the onset temperature suggests that
more energy is required for the dissociation or formation of O-containing fragments for allyl
aldehyde than allyl alcohol. Above 800 K, the O 1s intensities for both allyl aldehyde and

allyl alcohol evidently undergo marked reduction, with total removal at 1390 K.
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Figure 4.2 XPS spectra of the C 1s (left column) and O 1s regions (right column) for (a) a
0.45 L and (b) a saturated exposures (106 L) of allyl alcohol deposited on Si(100)2x1 at 300
K, and for sample (b) upon sequential flash-annealing to (c¢) 425 K, (d) 545 K, (e) 800 K, (f)
1090 K, and (g) 1390 K. (h) Corresponding temperature profiles of the C 1s intensities (I¢ 15)
for SiC at 283.1 eV, C, at 284.3-284.8 eV, and C,, at 286.4 eV, along with the total intensity
for C 1s (Ci), and of the total O 1s intensity (Io 1), all with respect to the intensity of Si 2p
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Figure 4.3 XPS spectra of the C 1s (left column) and O 1s regions (right column) for (a) a
0.2 L and (b) a saturated exposures (60 L) of allyl aldehyde deposited on Si(100)2x1 at 300
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In addition to the temperature profiles obtained from our XPS measurements that
depict the thermal evolution of the adspecies remaining on the 2x1 surface, we also
performed TPD experiments to follow the desorption products that evolve from the surface
as a function of temperature. Figure 4.4 compares the TPD profiles of selected mass
fragments with m/z 2, 26, 27, 28, 39, 40, 41, and 42 for a RT saturation exposure of allyl
alcohol and of allyl aldehyde on Si(100)2x1. We also monitored other mass fragments,
including m/z 30 (CH=OH"), and m/z 31 (CH,=OH"), and m/z 57 (CH,=CH-CH=OH" or
the parent mass) of allyl alcohol, as well as m/z 55 (CH,=CH-C=0") and m/z 56
(CH,=CH-CHO" or the parent mass) of allyl aldehyde.*® Except for the observed TPD
profiles of the masses shown in Figure 4.4, none of the other monitored masses exhibit any
TPD features, which suggests that neither allyl alcohol nor allyl aldehyde adsorbs
molecularly on Si(100)2x1 at RT. For both allyl alcohol and allyl aldehyde, the most intense
desorption feature is observed for m/z 2 at 810 K (Figures 4.4Aa, 4Ba), which corresponds to
recombinative desorption of H, from silicon monohydrides.*’

For allyl alcohol on Si(100)2x1, the TPD profile for m/z 26 exhibits two peaks at 585
K and 770 K (Figure 4.4Ab). Given that the cracking pattern of propene (CH,=CH—-CH3)
contains m/z 26 (C,H,"), m/z 27 (C,H3"), m/z 39 (C3H3"), m/z 40 (CsHy"), m/z 41 (C3Hs ',
base mass) and m/z 42 (C3H6+, parent mass),48 the weak m/z 26 peak found at the same
temperature as those of these other mass fragments (585 K, Figure 4.4A) therefore supports
the molecular desorption of propene. The stronger m/z 26 peak at 770 K corresponds to
desorption of acetylene (with m/z 26 as its parent and base masses), in accord with similar
desorption temperature found in earlier work.***" Furthermore, the TPD profiles of m/z 28
(C,H,", parent and base masses) and m/z 27 (C,H3"), corresponding to the cracking pattern of
ethylene, also reveal a peak maximum at 770 K, suggesting that the desorption of both
acetylene and ethylene fragments comes from a common source. (It should be noted that the
cracking pattern of ethylene also includes m/z 26, present as a minor component.) The broad
TPD profile of m/z 28, with a significant desorption intensity over 450-850 K not
accountable in the TPD profile of m/z 27, therefore suggests additional contribution from CO
(with parent mass of m/z 28), in good accord with our temperature-dependent XPS data
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(Figure 4.2Ah, 4.2Bh), which shows intensity reduction of both Cy, 1s and O 1s upon
annealing in this temperature range.

Similar to allyl alcohol, allyl aldehyde also exhibits TPD profiles with desorption
maxima at 700 K for m/z 39, m/z 40, m/z 41 and m/z 42 (Figures 4.4Be-h), but with
considerably weaker intensities. These desorption features can be attributed to propene
desorption, and the observed higher desorption temperature (700 K, compared to that found
for allyl alcohol, 585 K) suggests that propene production requires a higher energy pathway
for allyl aldehyde than that for allyl alcohol. The rather weak desorption intensity of the base
mass, m/z 41, for propene desorption also indicates that the corresponding contributions to
m/z 26 and m/z 27 from propene desorption cannot account for the strong desorption
intensities found for these two masses, suggesting additional sources. The strong desorption
features at 700 K found for m/z 26, m/z 27, and m/z 28 all correspond to the desorption of
ethylene. However, given that the desorption maximum for m/z 26 (Figure 4.4Bb) is almost
the same as that of m/z 28 (the parent and base masses of ethylene), additional contribution
likely from acetylene (with its parent and base masses at m/z 26) must be present. Unlike
allyl alcohol (Figure 4.2Bh), no loss of O 1s intensity over the 425-800 K annealing
temperature range is observed for allyl aldehyde (Figure 4.3Bh), which therefore suggests
that the observed TPD profile for m/z 28 (Figure 4.4Bd) does not have any contribution from
CO desorption.

It is also of interest to note that the absolute desorption intensity (not shown) for any
selected mass fragment observed for allyl aldehyde is found to be considerably smaller than
that for allyl alcohol (by at least a factor of 20). This observation indicates that the adspecies
of allyl aldehyde prefer dissociation over desorption, in good agreement with the
corresponding higher total C 1s XPS signal after annealing to 1390 K found for allyl
aldehyde (Figures 4.3Ah) than that for allyl alcohol (Figure 4.2Ah).

Figure 4.5 shows the schematic pathways proposed for the formation of ethylene,
acetylene, and propene as well as CO from the O—H dissociation product ASC I (Structure I)
for allyl alcohol, and for the formation of ethylene, acetylene, and propene from the [2+2]

C=0 cycloaddition product ASC III (Structure II) for allyl aldehyde. It should be noted that
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the actual mechanisms likely follow more complicated reaction steps than that presented
here, to only show the necessary bond dissociation involved in the formation of these
desorbates. In particular, we present a similar model for the formation of ethylene and
acetylene from the respective allyl alcohol and allyl aldehyde adstructures on the 2x1
surface. For both Structure I (Figure 4.5A) and Structure II (Figure 4.5B), a C—C bond

cleavage produces a dissociated ethenyl radical (CH,=CH?) that stays on the surface,

generating the respective intermediates. The Ibc intermediate (Figure 4.5A) subsequently
abstracts a H atom likely from Si—H (Structure Ib) through pathway b or undergoes C—H
dissociation in the cleaved surface ethenyl radical (Structure Ic) through pathway c,
producing ethylene and acetylene, respectively. The remaining O—CH,; fragment singly
bonded to the surface could undergo total dissociation, producing the observed CO desorbate
(and dissociated H atoms). Similarly, the IIfg intermediate (Figure 4.5B) also abstracts a H
atom from the surface (Structure IIf) through pathway f, producing ethylene, or undergoes
C—H dissociation in the surface ethenyl radical (Structure IIg) through pathway g, producing
acetylene. With the dissociated H,C—O fragment firmly di-c bonded to the Si surface, it is
not surprising that CO cannot be released as a desorbate.

For the formation of propene desorbates from allyl alcohol (Figure 4.5A), Structure I
could undergo C—O dissociation (Structure Id) through pathway d to produce a propenyl
radical (CH,=CH—CHa*), which becomes propene through abstraction of a H atom from the

surface (Structure 1d’). For allyl aldehyde, the formation of propene from Structure I1
(Figure 4.5B) likely proceeds through pathway h involving C—O dissociation and double H
abstraction, the mechanism of which is unclear. The generally higher temperature of the
desorption maxima (700 K) observed for propene-related mass fragments (m/z 27, 39, 40, 41,
and 42) from allyl aldehyde (Figure 4.4B) relative to that (585 K) from allyl alcohol (Figure
4.4A) is consistent with the higher energy required for the multi-step process expected from
pathway h relative to that required for pathway d.

For m/z 26, 27 and 28, considerable desorption intensities are found over the 600-800
K range for both allyl alcohol and allyl aldehyde, in good accord with the similar bond

dissociation energies required for the production of ethylene and acetylene. As depicted in
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Figure 4.5, both Structure I and II involve C—C bond dissociation (with a typical bond
dissociation energy of 385 kJ mol™)*° to generate the ethenyl radical as the precursor,
followed by Si—H (293 kJ mol™) and C—H dissociation (399 kJ mol™) to produce ethylene
and acetylene, respectively. These pathways require rather similar energies, therefore giving
rise to desorption intensities in the observed similar temperature range. In addition, for allyl
alcohol on Si(100)2x1, the desorption maxima for propene desorption (585 K) have been
found to be lower than those for ethylene and acetylene (770 K) (Figure 4.4A). This
observation is consistent with the preferred formation of the more stable propenyl radical in
pathway d over the ethenyl radical in pathway a (Figure 4.5A), which also accounts for the
stronger desorption intensities found for the propene-related fragments than those for

ethylene and acetylene.
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Figure 4.4 TPD profiles of selected fragments of m/z (a) 2, (b) 26, (c) 27, (d) 28, (e) 39, (f)
40, (g) 41, and (h) 42 for a saturation exposure of (A) allyl alcohol and (B) allyl aldehyde on
Si(100)2%1 deposited at 300 K.
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Figure 4.5 Schematic models for thermal evolution of the O—H dissociation and [2+2] C=0
cycloaddition products to ethylene, acetylene, and propene for (A) allyl alcohol and (B) allyl
aldehyde, respectively, on Si(100)2x1, and to additional CO desorption for allyl alcohol.
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4.3 Summary

XPS and TPD experiments have been performed for the first time on allyl alcohol and allyl
aldehyde on Si(100)2x1. The C Is and O 1s spectra of allyl alcohol show that the O-H
dissociation product is preferred over the [2+2] C=C cycloaddition product, in agreement
with the DFT calculation. For allyl aldehyde, even though DFT calculation shows that the
adsorption energy for the [2+2] C=C cycloaddition product is more negative than the C=0
cycloaddition product, our XPS data supports the formation of the C=0O cycloaddition
product. These results are consistent with the efficacy of the electrophilic O in allyl alcohol
and of the electrophilic-nucleophilic C=0 bond in allyl aldehyde in establishing direct
interactions with the Si buckled dimer on the 2x1 surface. Furthermore, the combined
temperature-dependent XPS and TPD data can be used to infer plausible thermal evolution
pathways that lead to the observed formation of ethylene, acetylene, and propene, resulting
from the O—H dissociation product of allyl alcohol and the [2+2] C=0 cycloaddition product
of allyl aldehyde. The formation of these desorption products reflects the selectivity of the
directional dangling bonds on the Si(100)2x1 surface for preferred reactions with the
hydroxyl and carbonyl groups over the ethenyl group. Desorption of CO is also observed
from the former and not the latter, while the formation of SiC from the dissociated ethenyl
group above 1050 K indicates the remarkable stability of the C=C bond. As bifunctional
molecules that leave the ethenyl group intact upon adsorption on the 2x1 surface, allyl
alcohol and allyl aldehyde, like acrylic acid, therefore serve as viable linker molecules to

provide further functionalization of this important semiconductor surface.
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Chapter 5

Conclusion

Dry functionalization of Si(100)2x1 under ultra-high vacuum condition by a number
of bifunctional organic molecules has been investigated in the present thesis. The main goal
was to study the competition between several possible reaction pathways that result in
selective formation of desirable adsorption products on the surface of Si(100)2x1. The
preferred products are formed through the attachment of one of the functional groups of the
molecule with the Si(100)2x1 surface. The remaining unreacted functional group can
undergo further reactions to construct more complex molecular structure on the surface.

The reactivity of the alkyl, alkenyl, carboxyl, hydroxyl, and carbonyl of the five
molecules, including acetic acid, propanoic acid, acrylic acid, allyl alcohol, and allyl
aldehyde, was investigated in the present work. Acetic acid, the second smallest carboxylic
acids, was used as the reference molecule in the present research. Our XPS results showed
that acetic acid adsorbs on the surface through O—H dissociation, forming bidentate and
unidentate acetates at low and high exposures, respectively. The XPS results were supported
by our DFT calculation, which showed that O—H dissociation products were more stable than
the other thermodynamically plausible products. We have presented a model based on the
electron delocalization to explain the observed C 1s chemical shifts of unidentate and
bidentate carboxyl carbons based on the difference in the partial charge. Furthermore, TPD
results showed that acetaldehyde, ketene, and CO are the main desorption products from the
surface.

The study was followed by investigating the surface chemistry of acrylic acid,
containing an ethenyl (CH,=CH) group in addition to the carboxyl group, on the Si(100)2x1.
It was observed that acrylic acid, as a conjugated molecule, attaches to the surface through
Si—O bond after the O—H dissociation. Similar to acetic acid, the formation of bidentate and
unidentate acrylates at low and high exposures, respectively, was revealed by our XPS
results. Electron delocalization of acrylate can also be used to provide insights into the

chemical shifts in the C 1s BEs of the both bidentate and unidentate adstructures. It is of
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interest to note that C=C is known to form the [2+2] C=C cycloaddition product with the
Si(100)2x1 surface. However, the present study demonstrates that acrylic acid prefers to
attach to the surface through O—H dissociation rather than [2+2] C=C cycloaddition.
Furthermore, propanoic acid, as the saturated form of acrylic acid, was studied in order to
compare the effect of the presence of C—C vs C=C on the reactivity of carboxyl group with
the surface. Formation of ethylene, acetylene, propene, and CO from acrylic acid, and of
ethylene and CO from propanoic acid was observed in our TPD experiments.

In order to compare the reactivity of each of the two components of the carboxyl
group: the hydroxyl and carbonyl groups, the reactions of allyl alcohol and allyl aldehyde
(both with an ethenyl group) were investigated. The experimental results showed that O—H
dissociation product for allyl alcohol and [2+2] C=O cycloaddition product for allyl aldehyde
are favoured over the other possibilities, including [2+2] C=C cylcoaddition and the reactions
through both functional groups with the surface. Our XPS results were used to further
deduce the structures of the reaction products according to the observed C 1s BE shifts.
Thermal evolution profiles also revealed the formation of ethylene, acetylene, propene for
both allyl alcohol and allyl aldehyde.

For the five organic molecules studied in the present work, it was observed that the
O-containing functional groups including carboxyl, hydroxyl, and carbonyl are favoured to
react with the Si(100)2x1 surface. The presence of alkenyl (i.e. ethenyl in the present work)
does not interfere with the reaction of these functional groups with the 2x1 surface.
However, it is known that molecules containing only the alkenyl group readily form
cycloaddition products with Si(100)2x1. It is concluded that the asymmetric buckled Si
dimer atoms play the key role in reactions with the functional groups (that could get close to
the surface) through electrophilic-nucleophilic interaction.

The present research provides the trend for the stronger relative reactivity of
carboxyl, hydroxyl, and carbonyl functional groups over the ethenyl and methyl groups in
reactions with the Si(100)2x1 surface. As a follow up of the present work, we propose to
study the reactivity of more complex multifunctional molecules on Si(100)2x1 to provide the

fundamental knowledge for using more complicated molecules (including three or more
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functional groups) to imprint functionalization on the Si(100)2x1 surface. In particular, it
would be of interest to study the reactions of the remaining C=C in the alkene-related
reactions, including addition reactions with hydrogen halides such as HCIl and HBr, in the
halogen addition reactions with Cl, or Br,, and in the [4+2] cycloaddition reactions with
other alkene molecules (such as butadiene) or with the molecules containing C=C and C=0
such as allyl aldehyde. The goal is to build an extended multifunctional molecular structure
attached to the surface in a controlled way. If the reactions of C=C with hydrogen halide or
halogen proceed as expected, the resulting carbon attached to the halogen atom will be a
highly reactive site for further nucleophilic substitution reactions. The reaction of a
halocarboxylic acid (such as chloroacrylic acid) with Si(100)2x1 can therefore be used
instead of the multi-step functionalization reactions. However, it is expected that the high
reactivity of the more complicated molecules will present more experimental challenges, in
addition to producing undesirable reaction products with multiple attachments to the surface.
As a second future project, the surface chemistry of 2-butenedioic (HOOC—CH=CH—COOH)
on Si(100)2x1 should be investigated with the objective to determine whether one or both
carboxyl groups will react with a surface. If only one of them attach to the surface through
O—H dissociation, the other one can be used to attach to a second surface. In this case, the
conjugated system in the whole molecule can be used for conducting the electron between
two surfaces. However, if both of the carboxyl groups react with the surface, the current will
go through one attached site and return to the surface through the other site. This molecular
structure could provide a novel form of molecular electromagnet. By using state-of-the-art
vacuum techniques, the functionalization of the surface can be achieved in a site-selective
way to equip the surface with appropriate functional groups capable of interacting efficiently
either with more complicated molecules including proteins, DNA, and living cells or indeed

with a second surface.
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