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ABSTRACT 
We aim at how strain effect on surface properties of silicon and mineral materials (calcite(10.4) 
and cement-based material) at the atomic-level. We designed two mechanical devices with the 
capability of combining them with infrared (IR) spectroscopy and a drop shape analyzer system 
to provide an atomic-scale explanation. Density functional theory (DFT) is also used to support 
the experimental findings and to provide a deeper understanding of material's behavior under 
strain. First, the effect of strain on surface reactivity and surface chemistry of hydrogen 
terminated silicon (H-Si(111)) is studied. The strain effect on microstructure of H-Si(111) is 
discovered using IR spectra taken after applying strain at various values (0.006-1.0 / percent), 
which aids in the construction of a correct model for our DFT calculations. The surface 
reactivity of unstrained and strained H-Si(111) against liquid water is then studied at various 
reaction times. The surface reactivity of samples against liquid water is controlled using the Si-
H band intensity as a probe. The surface chemistry of strained H-Si(111) after reactivity with 
water is discovered using IR spectra and DFT calculations. Second, we studied how the binding 
energy, the vibrational frequencies and the adsorption geometries of carbon monoxide on the 
calcite(10.4) surface are modified when the solid is subjected to strain. The parameters 
controlling the thermodynamics of adsorption such as the adsorption energy, the vibrational 
frequencies of the adsorbed molecules and the interaction energy between the molecules have 
been calculated using DFT calculations. Moving forward, our research is inspired by a desire 
to detect the energy dissipation mechanism in cement-based materials, which is actually one of 
the most widely used compounds in construction. To do so, a series of polyurethane triple-shape 
polymers were synthesized, and polymer-coated SiO2 particles were added to the cement 
matrix. The contribution of each compound (polymer, SiO2 particle, and cement matrix) to 
energy dissipation and crack propagation in strained modified cement samples was determined 
using in-situ IR spectroscopy. 
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ZUSAMMENFASSUNG 
Unser Ziel ist es, den Einfluss der Dehnung auf die Oberflächenchemie von silizium- und 
mineralbasierten Materialien (Kalzit(10.4) und zementbasiertes Material) auf atomarer Ebene 
zu untersuchen. Hierzu haben wir zwei mechanische Geräte entwickelt, die mit 
Infrarotspektroskopie und einem Kontaktwinkelanalysesystem kombiniert werden, um eine 
Erklärung im atomaren Maßstab zu liefern. Die Dichtefunktionaltheorie (DFT) wird  
verwendet, um die experimentellen Ergebnisse zu unterstützen und ein tieferes Verständnis des 
Materialverhaltens unter Belastung zu ermöglichen. Zuerst wird der Einfluss der Spannung auf 
die Oberflächenreaktivität und die Oberflächenchemie von Silizium mit endständigem 
Wasserstoff (H-Si(111)) untersucht. Dehnungseffekte auf die Mikrostruktur von H-Si(111) 
werden mit Hilfe von IR-Spektren aufgedeckt, die nach der Anwendung von Dehnungen bei 
verschiedenen Werten (0.006-1.0 / Prozent) aufgenommen wurden. Diese Daten sollen zur 
Konstruktion eines korrekten Modells für unsere DFT-Berechnungen dienen. Anschließend 
wird die Oberflächenreaktivität von ungespanntem und gespanntem H-Si(111) gegenüber 
flüssigem Wasser bei verschiedenen Reaktionszeiten untersucht. Die Oberflächenreaktivität 
von Materialproben gegenüber flüssigem Wasser wird unter Verwendung der Si-H-
Bandenintensität als Sonde kontrolliert. Die Oberflächenchemie von gespanntem H-Si(111) 
nach Reaktivität mit Wasser wird mithilfe von IR-Spektren und DFT-Rechnungen aufgeklärt. 
Zweitens haben wir untersucht, wie sich die Bindungsenergie, Schwingungsfrequenzen und 
Adsorptionsgeometrien von Kohlenmonoxid auf der Kalzit(10.4)oberfläche verändern, wenn 
der Festkörper einer Belastung ausgesetzt wird. Die Parameter Adsorptionsenergie, 
Schwingungsfrequenzen der adsorbierten Moleküle und die Wechselwirkungsenergie zwischen 
den Molekülen, welche die Thermodynamik der Adsorption steuern, wurden unter Verwendung 
der Dichtefunktionaltheorie berechnet. Für die Zukunft ist unsere Forschung von dem Wunsch 
inspiriert, den Energiedissipationmechanismus in zementbasierten Materialien zu erkennen, die 
aktuell eine der am häufigsten verwendeten Verbindungen im Bauwesen sind. Hierzu wurden 
eine Reihe von Polyurethan-Triple-Shape-Polymeren synthetisiert und der Zementmatrix 
wurden polymerbeschichtete SiO2-Partikel zugesetzt. Der Beitrag einer jeden Komponente 
(Polymer, SiO2-Partikel und Zementmatrix) zur Energiedissipation und Rissausbreitung in 
belasteten modifizierten Zementproben wurde mit In-situ-IR-Spektroskopie bestimmt. 
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Chapter 1 
1. INTRODUCTION 

 

1.1. General Remarks 
Silicon represents the most technologically relevant surface used for applications in photonics 
or electronics while mineral materials such as calcite and cement-based materials constitutes 
a large portion of building raw materials, three of which constitute important classes of hard 
materials to be exploited for their properties. This thesis is devoted to study the strain effect 
on surface properties of mentioned materials at an atomic-scale. Controlled strain is applied 
externally as a uniaxial force using our self-made three-points mechanical devices. The surface 
properties of the hard surfaces probed using the applied strain are (1) oxidation and surface 
reactivity, (2) strain-induced changes in parameters controlling the thermodynamic of 
adsorption such as (adsorption energy, the vibrational frequencies) and geometry of the 
adsorbed molecule, and (3) energy dissipation process by monitoring the stretching vibration 
of compounds for cement-based samples. Vibrational spectroscopy, and in particular, infrared 
absorption spectroscopy is among the most powerful probes of fundamental processes in 
microelectronics and mineral materials. It provides insight into critical aspects of surface 
structure and reactivity by analyzing the surface vibrational frequencies, band intensities, and 
line shape. Using this technique, structural information in the atomic scale is obtained with an 
in-situ Infrared spectrometer during the mechanical test or taking IR spectra after applying 
mechanical force. Considering the need for innumerable assumptions and models for the latter, 
density functional theory (DFT) was additionally used to corroborate the findings from the 
experimental part. 
 

1.2. Motivations 
Lately, the number of researches about silicon has increased, all thanks to the enormous usage 
of this substance for the necessary parts in microelectronic devices1-2. The growth of SiO2 on 
the silicon surface is the main reason for its excellent electrical properties1, 3-4. In modern 
integrated circuit (IC) technology, because of lowering overall package height of profile and 
obtaining more functional dice per wafer unit area, decreasing the size of microelectronic 
circuits makes them so interesting5-7. In addition, due to down-scaling, the quality of the gate 
oxides is governed by the quality of the structural transition layer8-9. Therefore, although Si 
oxidation has been studied for many years, the formation dynamics of Si/SiO2 interfaces 
remains unresolved making it a vital area of research. At the same time, considerable effort has 
been invested in manipulating Si oxidation kinetics. For example, uni- and biaxial strains have 
been used in manufacturing Si-based devices, taking advantage of the fact that tensile stress 
increase the overall rate of thermally grown oxides10. The effect of strain on increasing the 
reactivity of Si surfaces is studied, however, an atomic-level understanding of the specific 
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effects of strain on surface chemistry is presently not fully understood. It is therefore, 
imperative that the effect of strain on oxidation kinetics be studied in detail. Figure 1.1 shows 
a schematic representation of our hypothesis about the strain effect on microstructures and 
changing surface reactivity. 
 

 

Figure 1.1. Schematic illustration of general concept behind the strain-induced changes on 
the microstructure which lead to increasing surface reactivity. Dark and blue colors 
represent silicon atoms, whereas white and pink colors represent hydrogen atoms. Our 
hypothesis was that strain caused changes in the microstructure of H-Silicon(111), such as 
hydrogen diffusion and the formation of new bonds. The formation of new bond like Si-H-
Si is shown in the picture of ɛ-H-Silicon(111). 

 
It's unsurprising that stretching a surface has an impact on the chemistry going on there. 

Strain alters the distance between surface atoms, causing the adsorbates' properties to vary11. 
The only question is whether this change can be significant enough to matter, at least in certain 
circumstances. If this is the case, a subject of physical chemistry called "elastochemistry" could 
shows its influence in this field. In our study, density functional calculations have been used to 
explore the effect of surface strain on the properties of the carbon dioxide on calcite(10.4). 
Calcium carbonate (CaCO3) is a common mineral that makes up a significant portion of the 
Earth's crust12. Calcite is the most stable polymorph of CaCO3, and it is found in all natural rock 
types13. We investigated how adsorbed CO characteristics are affected by uniform strain in a 
plane parallel to the surface of calcite(10.4). Figure 1.2 indicates the application of calcite as 
gas reservoir. 

Moving forward, our study is motivated by the investigation of the strain effect on cement- 
based materials, which today is one of the most popular compound in building materials. 
Fracture mechanics, is a field of mechanics pursuing the study of the propagation of cracks in 
materials14. On the subject of performance of unreinforced and reinforced concrete, crack 
formation and crack growth have massive roles15. Fracture as a physics problem is a challenge 
since many of the features seen in an experiment on failure exhibit complex phenomena. 
Understanding why and how is important both for fracture mechanics and for the fundamental 
reasons that give rise to such behavior, and the understanding of how strong materials are, and 
why, is quite challenging. Having said this, the main goal of this part of the thesis is to investigate 
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the energy properties of SiO2@polymer–matrix composites during the fracture process. The 
primary characteristic of concrete deforming and fracturing is energy absorption, which can 
reflect the dynamic process of micro-cracks developing, strength reduction and ultimate 
fracture. Consequently, by analyzing energy dissipation properties of these materials during the 
fracture process, the damage properties (such as the crack initiation, propagation, coalescence 
and interaction) can be effectively reflected. Here, considering the absorption and 
transformation of IR spectroscopy energy into the molecular vibration, we use the indirect 
method to study the damping capability of our samples. Figure 1.3 depicts a schematic 
representation of the above-mentioned explanations for the study's concern. 

 

 

Figure 1.2. Schematic illustration of calcite(10.4) surface as one of the main gas adsorption 
reservoir. Carbon, oxygen, and calcium are represented by the colors black, red, and blue, 
respectively. 

 

 

Figure 1.3. Schematic illustration of SiO2@polymer-matrix composite before and after 
mechanical test. The multiple pathways of energy adsorption by materials compounds are 
represented by the IR graph derived from the in-situ IR measurement during the 
mechanical test. Blue, yellow and orange colors represent the cement-matrix, SiO2 particles 
and polyurethane, respectively. Our assumption was that the mechanical energy is often 
transferred through the entire process of specimen deformation and destruction that can 
be detected through the bond vibrations.  
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1.3. Research Objectives 
There are three interrelated core objectives within this thesis: the investigation of (1) the 
surface reactivity of strained hydrogen terminated silicon during oxidation process; (2) the 
effect of strain on the factors that determine the thermodynamics of CO molecule adsorption 
on calcite(10.4); and (3) energy dissipation mechanism in reinforced cement-based materials 
during bending. To achieve both of these research objectives the following three items will be 
addressed: 

(a) strain impact on chemical reactivity of hydrogen terminated silicon at the bond level. 
(b) strain impact on adsorption energies, stretching vibration of CO molecule at different 

coverages and geometry of adsorbed CO on calcite(10.4). 
(c) understanding how our modified cement samples (SiO2@polymer–matrix composites) 

react to mechanical loading and, as well, their mechanism in energy dissipation. 
 

1.4. Research Methodology 
To achieve the aims and objectives, multiple stages of research are required.  

Stage 1: The initial stage is comprised of an extensive literature review, used primarily to 
highlight the major gaps and omissions in previous research in order to establish a framework 
for the research.  

Stage 2: Method development to achieve the desired outcome of an experiment. This 
includes the design and fabrication of new mechanical devices with desirable dimensions to fit 
appropriately into an inert atmosphere unit, such as a glovebox. Furthermore, the devices were 
combined with an IR spectrometer and contact angle instrument to enable in-situ 
measurements.  

Stage 3: DFT calculations are carried out to provide deeper interpretation of experimental 
parts, accompanied by accurate theoretical modeling.  
 

1.5. Layout of the Thesis 
Following the introduction presented, Chapter 2 contains a literature review of the published 
studies which are most relevant to the presented issues on this research, and the concept 
behind strain and stress in crystal structure, silicon surface preparation and DFT calculations. 

Chapter 3 presents details of our self-made mechanical devices, their performance to apply 
strain and the proposed equations to calculate the value of curvature, stress, strain and force 
in different bending levels.  

In Chapter 4, we indicate how silicon surface chemistry is influenced by strain. The IR spectra 
presented from the strained samples and DFT calculations show significant changes induced by 
strain on surface structure and surface reactivity. Monitoring the surface reactivity on strained 
surface, with the measurements of in-situ contact angle, was the motivation of our last part’s 
study.          

In Chapter 5, we started with obtaining detailed information on structural, and physical 
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properties of natural cleaved calcite(10.4) surfaces. In the experimental part, the vibrational 
frequencies of adsorbed CO species were determined by polarization-resolved infrared 
reflection absorption spectroscopy (IRRAS). Since there were no previous experimental data of 
this type, the interpretation of the results was aided by employing density functional theory 
calculations to determine adsorption geometries, binding energies, and vibrational frequencies 
of carbon monoxide on the calcite(10.4) surface. Finally, the results regarding the calculated 
adsorption parameters on strained calcite(10.4) surface is reported.  

In Chapter 6, we focus on the second group of materials for this thesis. We intend to discover 
the mechanisms of energy dissipation in SiO2@polymer–matrix composites in order to evaluate 
the damping behavior of the samples. The most important point considered in our study, was 
to use in-situ infrared spectroscopy combined with our self-made mechanical instrument, so 
that we can apply loads and IR radiation simultaneously. It is assumed that the obtained IR 
spectra can be the source of useful information about the reaction of modified samples to 
mechanical loading and, also their mechanism in energy dissipation. 

The final chapter, Chapter 7, summarises the main findings of the research, draws 
conclusions and identifies the shortcomings. Then we present recommendations for the 
anticipated applications of the current findings, and make suggestions for further research 
studies. 

 

1.6. Summary 
As initially highlighted in Section 1.1, strain is an overlapping core objective in all groups of 
samples, silicon, calcite and cement, in this study. Appending the current reports of the effects 
of applied strain on chemical, mechanical and optical properties of such materials, this thesis 
enunciates the need for the study of these effects at an atomic-scale. Thus, the goal of this 
dissertation is to provide deeper insight into strain impact on surface properties of silicon and 
mineral materials. To achieve some of the desired information, the newly constructed 
experimental device (three-point mechanical bending machine) combining an IR spectrometer 
and contact angle devices has been elaborated. Collecting these essential experimental data 
and precise DFT calculations act as the foundation for further knowledge that will contribute 
to the reaction of materials’ atomic-scale to external force. 
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Chapter 2 
  

2. THEORETICAL BACKGROUND 
 
In this chapter, we mention the theory behind all the concepts and DFT calculations used in this 
thesis. In the first place, we introduce the theory of strain in semiconductors and some relevant 
studies are described, this part will clarify the importance of current study. In the following part, 
we overview some relevant researches regarding the calcite structure and the importance of 
strain effect on adsorption process. In the next section, the concept of using admixtures 
(polymers and SiO2 particles) in cement-based materials, and the importance of studying energy 
dissipation in such materials is explained. Further, the concept of strain and stress in crystal 
structures, structure of single crystal silicon surface, silicon surface preparation and summary of 
surface wetting and contact angle, are detailed. Lastly, a brief explanation is presented for the 
theoretical background behind the electronic structure calculations.  
 

2.1. Strain in Si semiconductor devices  
In semiconductor physics, strain is a well-known concept16. Scaling solid-state devices has the 
unique property of improving cost, performance, and power, giving any company with the most 
up-to-date technology a significant competitive advantage in the market16-17. As a result, over 
the last 40 years, the microelectronics industry has pushed transistor feature size scaling from 
10 µm to 30 nm17-18. Scaling was mostly just a matter of reducing the feature size at this time. 
However, major changes occurred during specific periods, such as the industry's transition from 
Si bipolar to p-channel metal-oxide-semiconductor (MOS), then n-channel MOS, and finally 
complementary MOS (CMOS) planar transistors in the 1980s, which has remained the 
dominant technology for the past two decades17. The biggest difficulty ahead was that planar 
CMOS transistor scaling is coming to a stop when transistor sizes reach tens of nanometers. 
One of the path chosen by industry to address this problem was inducing lattice strain into the 
Si channel without any further shrinking of the transistor gate length. In comparison to previous 
high-mobility, III-V semiconductors, this technique drastically modifies the band structure and 
addresses Si transport deficiencies17. For example, the hole conductivity may be lowered by a 
factor of 1/4 by changing the position of Si atoms in the face-centered cubic unit cell, which 
enhances mobility and results in a 100 percent increase in transistor current and remarkable 
performance gains17. 

Meanwhile, remarkable efforts were undertaken for manipulating Si oxidation kinetics. 
Bearing in mind that the overall rate of thermally grown oxides elevates due to tensile stress, 
manufacturing of Si-based devices has been performed by uni- and biaxial strains10. With the 
aid of obtained data from the second-harmonic generation (SHG), the stress effect on chemical 
reaction was discovered19. It was shown that the reactivity of strained bonds, related to 
unstrained bonds at the same interface, being increased by macroscopic tensile strain. In 
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addition, Daum et al. explained sub-oxide forms during oxidation by measuring the evolution 
of resonance in SHG spectra of (111)-oriented surfaces20. These studies result in a necessity to 
study on the strain effect on oxidation kinetics. So far, basic aspect of initial stages of oxidizing 
unstrained hydrogen terminated Si(111) surfaces has been clarified. Using Si-H stretch 
spectrum as a probe, we were able to estimate the rate of surface oxidation process, which is 
especially sensitive to oxygen incorporations21-22. Chabal et al. found out a non-integer order 
of 1.5 in the Si-H consumption rate as an indicator of a multistep mechanism of oxidation21. In 
another study by Federico et al.23, they concluded that in density functional theory, perfect 
hydrogenated Si(111) doesn’t react towards H2O vapor and O2 at room temperature. The 
reason for increasing the chemical reactivity due to strain effect, on the other hand, is yet 
unclear. That's why, both experimentally and theoretically, we're looking into the atom-scale 
strain effect on H-Si (111) surface reactivity. 

 

2.2. Adsorption of CO on calcite(10.4) 
2.2.1. Strain effect on adsorption process 
Surface strain is caused via chemisorption, and straining a surface changes the characteristics 
of adsorbed molecules, according to a number of researches11, 24-26. The structure of a silicon 
surface can be modified by bending it, as proved by Webb, Lagally, and their students27-28. They 
worked with a thin silicon(100). Steps are separated by two types of terraces on this surface: 
on one side, the dimer rows are parallel to the steps, while on the other side, they are 
perpendicular to the steps. These terraces provide a variety of low electron diffraction (LEED) 
patterns. Because the size of these terraces is altered by strain, the relative LEED intensities 
change when the slab is bent. Ibach and co-workers29-32 have shown a ‘‘reciprocal" 
phenomenon in which chemisorption on the surface of a very thin slab causes it to bend. If 
adsorption causes strain, then straining the surface should be able to influence adsorption. 
Menzel's team33 used noble gas ions to cause local strain under a metal surface. They 
subsequently demonstrated that the stretched surface had different adsorption properties 
than the unstrained surface. Other researchers34-36 have stressed a surface by developing a very 
thin metal coating on a separate metal substrate. The atoms in the film are stretched or 
compressed if the two lattices are mismatched but the growth is in registry. 

This has an impact on the film's chemisorption properties. In this type of experiment, the 
chemisorption properties are affected by strain as well as electronic effects generated by 
attaching to a different metal substrate. Experimentally, the two effects cannot be 
distinguished. The effect of surface strain on the characteristics of the adsorbates was also 
investigated using density functional calculations. The activation energy for Ag atom diffusion 
on an Ag surface is modified by strain, according to Ratsch, Seitsonen, and Scheffler37. 
Consequently, it’s not surprising that stretching a surface has an impact on the chemistry that 
occurs there. Strain alters the distance between surface atoms, altering the characteristics of 
adsorbates. The only question is whether this change can be significant enough to matter in 
some circumstances.  
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2.2.2. Calcium carbonate (CaCO3) 
Calcium carbonate (CaCO3) is a common mineral that makes up a large portion of the Earth's 
crust12. Calcite is the most stable polymorph of CaCO3, and it is found in all natural rock types13. 
This ionic molecule is found in abundance in living creatures, and it is integrated into bones, 
teeth, and mussel shells, as well as playing a key part in biomineralization13, 38. Calcite has been 
used as a building material, for agricultural soil treatment, as a sorbent, for pharmaceutical 
uses39, and in optical systems that take advantage of its birefringence40. This carbonate also 
plays a key role in the composition of the planet's atmosphere as the greatest carbon dioxide 
repository41. Thus, understanding calcite surfaces, their precise structure, and chemical 
characteristics is crucial.  

Calcite is an ionic crystal made up of calcium cations (𝐶𝑎!") and carbonate anions (𝐶𝑂#!$) 
that are bound together by ionic bonding. The structure has an 𝑅3&𝑐 space group and is trigonal 
(rhombohedral holohedral percent 3&2/𝑚)42. The thermodynamically most stable calcite(10.4) 
surface, with a surface energy of roughly 0.59 J m-2, is the easiest to cleave43. Furthermore, the 
calcite(10.4) surface is nonpolar, classified as a type I surface by Tasker, and so has no charge 
(q = 0) and no dipole moment (m = 0)44. As a result, the majority of past surface investigations 
for this material have focused on this surface. Within the (1×1) unit cell (with a unit cell size of 
5.0 × 8.1 Å, the calcite(10.4) surface (a structural model is replicated in Figure. 2.1), there are 
two calcium atoms and two carbonate groups, both of which are present in the top layer. 
Because the two carbonate groups are rotated in relation to one another, the upmost oxygen 
atom along the [421&] direction points either to the left or to the right45-46. 
 

 

Figure 2.1. Top (a) and side (b) views of the (1×1) calcite(10.4) surface model (a = 5.0 Å and 
b = 8.1 Å). The marked green section shows the atoms exposed at the surface, revealing 
that the oxygens are located at two different but equivalent positions. (red: oxygen, black: 
carbon, blue: calcium). 

 
Geometrical complexity is a feature of calcite reservoirs47, which takes into account pore 

size, permeability, stress caused by changes in thermal characteristics throughout the drilling 
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operation, and the geology of the rock itself48-50. Temperature and pressure fluctuations that 
occur naturally in the reservoir's rocks cause stress, producing a deformation in the rock 
structure (strain)51. The stress–strain curve of calcite has been studied experimentally. 
According to the data, the elastic zone of calcite is between 0 and 5% strain52-53. Therefore, 
natural thermodynamics and environmental changes frequently impact the geometrical 
features of reservoir rocks. These variables could change the distribution and volume of gas in 
the reservoir as it was shown54. Here, we study the influence of strain on the adsorption of CO 
molecule in tight-gas carbonate reservoirs, which are represented by calcite, using density 
functional theory calculations. 

 

2.3. Strain effect on cement-based materials 
Even for the progressive science of today, finding the fracturing process of material is an 
essential problem for science and engineering. However, the effects of geometry, loading 
conditions, and material characteristics on the strength of materials have been studied 
empirically from ancient times. Concrete, the globally-popular construction substance, is used 
in major infrastructure projects such as bridges, tunnels, dams, railways, and wharves. Due to 
the rapid economic development and urbanization, there’s a visible increase in the amount of 
concrete usage, especially in China55. However, as the usage duration of concrete extends, 
many problems threaten its durability56-58. Such as cracks, erosion of large-scale areas or even 
collapse, these issues occur frequently, which have decreased the safety and reliability of 
construction. The life expectancy of about 600000 bridges in America is 42 years, with an 
estimated $ 76 billion in need to deal with the damage problems. According to the ASCE’s 
Failure to Act report on the costs of poor infrastructure, deficient bridges and pavements cost 
$ 58 billion in 2020. If these bridges remain unattended, the costs would jump to $ 651 billion 
by 204055. In Europe and some Asian countries, the annual repair cost has exceeded the cost 
of newly built constructions. Then in the recent decades, the concrete repairmen industry has 
become diverse and developed rapidly59-61. Another problem regarding concrete structures is 
the energy dissipation and ductile properties15. The stress-strain relationship in concrete is non-
linear and this material does not generally obey hook‘s law, thus it’s not possible for an elastic 
limit to be identified. The result of this phenomenon is the sudden failure of concrete, which 
classifies this material as a brittle one15. The foundation of concrete matrix damage is the crack 
propagation which may occur at the aggregate-paste interface62. The position of crack initiation 
is depended to the bonds and the local stress positions. Therefore, to be able to discuss this 
action, interfacial transition zone (ITZ) comes into attention. ITZ is considered as the weakest 
zone in the matrix, which affects the strength of concrete extremely63. ITZ is referred to the 
zone around the aggregates or fiber in which the microstructure of the paste is different than 
that of the main paste64. To make an example, it is stated that increasing flexibility is usually 
associated with bond’s failure in the ITZ of fibers, which required large amount of energy. For 
the ability of improving mechanical characteristics of concrete, the weak zones must also be 
strengthened. Also, for dealing with the mentioned challenges of concrete and improving its 
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performance on these areas, adding special materials to concrete can be a good solution. 
However, this method is nothing close to being new. The oldest available written scripts date 
back to 190965.  

The polymer addition into concrete mixture could be also useful for eliminating concrete 
limitation66. In many decades, this mixture was also used for widening the material’s 
application. There are different ways of utilizing polymer, as binder with or even without 
cement in form of polymer modified concrete, polymer reinforcement concrete and even 
fillers67. For improving the interfacial zone, polymer is used as binder, and to fill the void, 
polymer is used as filler66. The result is low porosity concrete. There are variety of polymers for 
concrete additives, such as elastomer (natural rubber, synthetic rubber), thermoplastic 
(Polyvinylalkohol (PVA), styrene-acrylic, etc.), thermoset (epoxy), bituminous (tar, asphalt) and 
latex modification66. Adding polymer into the mixture of concrete can help improving the 
earthquake resistant and damping capacity66. Shape-memory polymers (SMPs) are a group of 
stimuli-responsive polymeric material68. A feature in this type of polymer is that, if demanded, 
shape changes can be implemented by appropriate programming procedures69. The most 
prominent among the available abilities of polymer shape-memory, is a one-way, thermally-
induced shape-memory effect68. Shape Memory Polymers (SMPs) are a fraction of smart 
materials. They have high potential for being used, e.g. actuators, electromechanical systems, 
clothing manufacturing, morphing and deployable space applications, control of structures, 
self-healing, biomedical devices and etc70. The SMPs have the ability to change their shape in 
response to an external stimulus; the most typical one is thermal activation. Heating SMP above 
the glass transition temperature Tg, turns it into a soft, rubbery and easy shape-changer 
material. Cooling SMP below Tg afterwards, helps the material to retain the given shape (shape 
fixing characteristic)71-72. With heating SMP above Tg again, it returns to its original permanent 
shape autonomously73.  Using high amount of cement is essential in attaining a higher 
compressive strength. However, cement is a major cause of pollution. Utilizing materials with 
replacing the proportion of cement may lead to a rise in the compressive strength of concrete, 
and also a check to pollution. In addition, using silica particles in concrete mix increases the 
compressive, tensile and flexural strength of concrete. M. Nill et. al. (2009)74 studied the 
combined effect of micro silica and colloidal nano silica on properties of concrete. As the 
outcome, he discovered that concrete will attain maximum compressive strength when it 
contains 6% micro silica and 1.5% nano silica. The highest electrical resistivity of concrete was 
observed at 7.5% micro and nano silica. The capillary absorption rate is lowest for the 
combination of 3% micro silica and 1.5% nano silica. B. W Jo et al. (2007)75 studied the 
characteristics of cement mortar with Nano SiO2 particles experimentally and observed higher 
strength of these blended mortars for 7 and 28 days. The microstructure analysis showed that 
SiO2 acts as a filler to improve microstructure, and activator to the pozzolanic reaction. Alireza 
Naji Givi et al.76 studied the effect of nano SiO2 particles on water absorption of RHA blended 
concrete. They came to the conclusion that cement could be replaced up to 20% by RHA in 



2. THEORETICAL BACKGROUND 

11 

presence of nano SiO2 particle up to 2%, this process improves physical and mechanical 
properties of concrete. 

Therefore, this part of thesis presents the mechanical microscopic properties of cement-
based composite, caused by SiO2 particles coated with polymer (Figure 2.2). Then, we discuss 
the fracture morphology, microstructures, and the effect of these modifications on energy 
properties of matrix with the help of in-situ IR spectroscopy during mechanical loading. 
Eventually, the limitations and future perspective related to this study are introduced. 
 

 
Figure 2.2. Schematic illustration of polymer (diphenylmethane diisocynate (MDI), poly 
ethylene glycol (PEG) and dimethylolpropionic acid (DMPA)) coated SiO2 particles used as 
admixture into the cement past. Different molecular weight of PEG (600 and 1500 g mol-1) 
is used. 𝑁 −𝐻 and 𝐶 = 𝑂 associated with the urethane groups which is expected to be 
observed in IR results after synthesis of polymer. 

 

2.4. Definition of strain and stress 
2.4.1. Strain tensor 
Deformation causes strain in crystals, which is defined as relative lattice displacement 16, 77. To 
demonstrate this concept, we utilize a 2D lattice model in Figure 2.3. As illustrated in Figure 
2.3a, we can describe the unstrained lattice with two unit vectors 𝑥., 𝑦., which correspond to 
the lattice basis vectors in a basic square lattice. The two vectors are distorted in both 
orientation and length when the lattice is deformed uniformly, as seen in Figure 2.3b.  
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Figure 2.3.  2-dimensional diagram for (a) an undeformed lattice and (b) a deformed lattice 
16. 𝑥( and 𝑦( are two unit vectors to represent the unstrained lattice, and in the simple square 
lattice, they correspond to the lattice basis vectors.  

 
The strain coefficients 𝜀%&  are dimensionless and define the lattice's deformation. The strain 

tensor which is a 3 × 3 matrix is represented as:  

𝜀̅ = 3
𝜀'' 𝜀'( 𝜀')
𝜀*' 𝜀** 𝜀*)
𝜀)' 𝜀)* 𝜀))

4	 (2-1)       

A tensor is a mathematical notation that describes a linear relationship between two 
physical quantities and is usually represented as an array. A tensor can take the form of a scalar, 
vector, or matrix. A scalar is a tensor with zero order, a vector is a tensor with first order, a 
matrix is a tensor with second rank, and so on. The tensor of strain is a second-order tensor. 
The strain tensor for a general varying strain can be expressed as: 

𝜀%,& =	
,-!
,'"

	,  𝑢% =	𝑢' , 𝑢* , 𝑢)	, 𝑥& = 	𝑥, 𝑦, 𝑧 (2-2) 

where 𝑢%  is the displacement of lattice point under study along 𝑥&.  
Strain components can be specified also in other way as: 

𝑒'' =	𝜀''; 		𝑒** = 𝜀**; 		𝑒)) = 𝜀)) (2-3) 

which describes the infinitesimal distortions caused by a volume change. 𝑒'*, 𝑒*), and 𝑒)' 
are the other strain components that are specified in terms of angle changes between the basis 
vectors. 

𝑒'* =	𝜀'* +	𝜀*' (2-4) 

𝑒*) =	𝜀*) +	𝜀)* (2-5) 

𝑒)' =	𝜀)' +	𝜀') (2-6) 

 

2.4.2. Stress tensor 
Externally imposed forces can cause crystal deformations; in other words, because a solid 
resists deformation, deformations will generate forces 16. The force in reaction to strain in a 
unit area is known as stress. Stress is a second-order tensor with nine components and is 
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written as, 𝜏%&, 𝛼, 𝛽 = 𝑥, 𝑦, 𝑧. Figure 2.4 depicts the stress distribution on the surface of an 
infinitesimal volume cube, where 𝜏'' is a force applied in the 𝑥 direction to a unit area of a 
plane whose outward-drawn normal is in the 𝑥 direction, and 𝜏'* is a force applied in the 𝑥 
direction to a unit area of a plane whose outward-drawn normal is in the 𝑦 direction. 
 

 

Figure 2.4.  Illustration of an infinitesimal cube's surface stress componets16. 𝜏!"  where 
𝛼, 𝛽 = 𝑥, 𝑦, 𝑧 represents force applied in the 𝛼 direction to the unit area of the plane 
whose outward-drawn normal lies in the 𝛽 direction. 

 
Based on the correlation between force and stress, we could resolve the force into 

components along the coordinate axes, i.e., 𝐹'',	𝐹*' , 𝑎𝑛𝑑	𝐹)' .	The stress components in this 
plane are: 

𝜏'' =	
.##
/

  (2-7)     

𝜏*' =	
.$#
/

 (2-8)     

𝜏)* =	
.%#
/

 (2-9)     

In the case of the uniaxial stress T along the [100] direction (applied strain direction in our 
study), all stress components but 𝜏'' are zero, and 𝜏'' = 𝑇. 

𝜏 = 3
𝑇 0 0
0 0 0
0 0 0

4 (2-10) 

 

2.5. Structure of single crystal silicon surface 
The basic structure of the most widely used single crystal surfaces is discussed in this section. 
Each Si atom is bonded to four others in a tetrahedral arrangement, giving the Si unit cell a 
diamond-like structure. This configuration corresponds to two interpenetrating Face-Centered 
Cubic (FCC) lattices, one of which is displaced from the other by 1/4 of a lattice constant in each 
direction78. Single crystal silicon substrates are used instead of polycrystalline substrates in the 
fabrication of microelectronic devices because they have a more uniform structure, making 



2. THEORETICAL BACKGROUND 

14 

their properties more consistent and predictable. In the semiconductor industry, the Si(100) 
and (111) orientations are the two most widely used structures. The miller indices for a cubic 
crystal structure are (100) and (111), respectively (Figure 2.5). 

 

 

Figure 2.5.  Crystal structure representing (a) (100) orientation (b) (111) orientation. 
 

A substrate with a specific plane exposed is created by slicing single crystal silicon through a 
specific plane. Each of these planes is distinct due to differences in atom count and atom 
binding energies. Physical, chemical, and electrical properties vary as a result of these 
differences. Despite the fact that Si(100) is the orientation used in devices, Si(111) has gotten 
a lot of attention because it's easier to make smooth, defect-free H-terminated surfaces from 
which deeper insights into mechanisms can be gained.  

 

 

Figure 2.6.  Structure of Si(111) (a) Top view, (b) Side view. The hexagonal symmetry of Si 
atoms is shown in top view image. Green and blue Si atoms are located under the surface 
and on the surface, respectively. The distance between Si atoms is 3.84 Å. 

 
By comparing the positions of the silicon atoms in the structure, the epitaxial formation on 

a Si(111) substrate can be understood (Figure 2.6). The hexagonal symmetry is obvious: Si 
atoms can be located at the hexagons' vertices79. Half of them (the green ones) are located just 
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under the surface. The other half (the blue ones) are on the surface with a dangling bond 
parallel to the Si(111) interface. The distance between these atoms is 3.84 Å79. Surface 
reactivity is increased by the presence of dangling bonds, which can be reduced by surface 
reconstruction or capping these bonds with foreign atoms. The chemisorption of atomic 
hydrogen to the dangling bonds stabilizes the surface and prevents it from reacting further. As 
will be shown later, this is one of the key reasons for treating the silicon surface with hydrogen 
fluoride (HF). 

 
2.5.1 Silicon surface preparation 
The microelectronics industry's need for chemical etching of silicon oxide led to the invention 
of aqueous HF etching, a surprisingly simple process for producing stable surfaces in air. 
Although fluorine termination was once thought to be responsible for this stability80, it was 
discovered more than two decades ago that HF-etched Si surfaces are H-terminated and 
contain no fluorine surface termination81. This conclusion was initially confusing because, as 
shown in Figure 2.7, Si-F is formed when the last oxygen of the oxide is removed, and the Si-F 
bond (5.0 eV) is 1.5 eV stronger than the Si-H bond. Because of the strong polarization of the 
Si-Si back bond caused by fluorine's high electronegativity, this Si-Si bond weakens, allowing 
the surface Si atom (to which F is attached) to be removed in the form of SiFx (mainly SiF4 and 
H2SiF6) molecules. This process causes the surface of microcrystalline Si to be terminated by 
hydrogen, as suggested by Ubara et al.82 and later verified by experiments83 and ab-initio 
calculations84. The H-terminated surface that results is less polar and therefore more resistant 
to HF chemical attack (i.e., there is no further etching in HF solution once the surface is H-
terminated). 
 

 

Figure 2.7.  Mechanism leading to the formation of H-terminated Si surface by HF etching: 
The last step of oxygen removal from SiO2 involves HF attack of the Si–O bond, with removal 
of OH as H2O and termination of the surface Si atom with F. Further attack of the p-
polarized Siδ−–Siδ+ leads to H-termination82. Partially positive and negative charges of atoms 
are indicated as + and -, respectively. 
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2.6. Wetting 
2.6.1. Surfaces and wetting 
Wetting is the ability of a liquid to maintain contact with a solid surface, Resulting 
from intermolecular interactions when the two are brought together 85. For surface wettability 
characterization, the water contact angle (WCA) and contact angle hysteresis (CAH) are 
commonly used (Figure 2.8). The WCA is the angle formed by the intersection of the planes 
tangent to the solid-liquid and liquid-vapour surfaces. The contact line is the name given to this 
point of intersection.  
 

 

Figure 2.8.  Water drop on a surface (a) with water contact angle θ, (b) advancing θa and 
(c) receding θr contact angles. 

 
The contact line will not advance or recede until the contact angle reaches the crucial 

advancing or receding contact angle 𝜃0/𝜃1 	after the addition or removal of some liquid from the 
droplet, or during droplet movement. Contact angle hysteresis is the difference between the 
approaching and receding contact (CAH)85. Surface roughness, surface heterogeneity, and 
solution contaminants adsorbing on the surface are all common causes of CAH. A droplet must 
both advance (on the downhill side) and recede (on the uphill side) in order to move on a tilted 
surface (on the uphill side). As a result, the contact angle along with the static contact angle, 
hysteresis is a key parameter for determining the surface wettability86. The principal approach 
for determining the surface hydrophobicity is to measure the contact angle. The sessile drop 
measurement, which involves placing a small drop of liquid on a surface, is the most common 
method. When the volume of the droplet increases and the wetting line begins to advance, the 
advancing contact angle is measured. If the drop volume is reduced after that, the receding 
contact angle is calculated at the moment when the wetting line is receding. Materials were 
previously classed as hydrophobic (static WCA>90°) or hydrophilic (static WCA<90°) until the 
words superhydrophobicity and later superhydrophilicity were introduced in 199687. 
 

2.6.2. Theoretical model of surface wettability of flat surfaces 
Young's equation, which was first published in 1805, is the fundamental equation of surface 
wetting88. For the ideal solid surface at thermodynamic equilibrium, it relates contact angle to 
the specific energies of the solid-liquid, solid-gas, and liquid-gas interfaces: 
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𝑐𝑜𝑠 𝜃 = 	 2&'$2&(
2('

  (2-11) 

Where 𝜃 is static contact angle, and 𝛾34, 𝛾53 and 𝛾54  are interfacial free energies of the 
liquid-vapour, solid-liquid, and solid-vapour interfaces, respectively. Because 𝜃 expresses 
inherent surface hydrophilicity or hydrophobicity, it is also known as intrinsic or Young's contact 
angle. Figure 2.9 represent the theoretical model of wetting for flat surfaces. Young's equation 
only works for surfaces that are flat and chemically homogeneous; for surfaces with different 
topological properties, additional models such as Wenzel or Cassie-Baxter are utilized. It is 
beyond the scope of this dissertation to explain these models. 
 

 

Figure 2.9.  Young's model of surface wetting for flat surfaces; θ indicates static contact 
angle, and γLV, γSL and γSV are interfacial free energies of the liquid-vapour, solid-liquid, and 
solid-vapour interfaces, respectively. 

 

2.7. Computational method 
Density functional theory (DFT) is a quantum mechanical modeling method, useful in the fields 
of physics and chemistry for studying about the electronic structure of many-body systems, 
specifically, atoms, molecules, and the condensed phases. There isn’t any available analytical 
and numerical solution of the many-electron Schrödinger equation. It’s forcefully impossible in 
practice for more than a handful of electrons due to the finite speed and memory of computers; 
however, this issue is completely possible in theory. In this section, DFT will be introduced, a 
mean of circumventing the solution of the many-electron Schrödinger equation. Afterwards, 
we will mostly concentrate on Nudged elastic band (NEB) and Infrared spectroscopy (IR) 
calculations with DFT. In other words, these topics were our main concerns for theoretical part.  
 

2.7.1. The Schrödinger equation 
The Schrödinger’s equation is a really fundamental equation in quantum mechanics89. The 
solution of this equation is called wave function, the most complete description of any system. 
The general equation for one particle can be written as: 

𝑖ℎ& ,
,6
	𝛹(𝑟, 𝑡) 	= 	𝐻	Q	𝛹(𝑟, 𝑡) = 	− 𝒉8)

!9
𝛻!𝛹(𝑟, 𝑡) + 𝑉(𝑟)𝛹(𝑟, 𝑡)  (2-12) 

where 𝛹(𝑟, 𝑡) is the wave function, r is the position in three-dimensional space, 𝐻	Q is the 
Hamiltonian operator, m is the mass and 𝑉(𝑟) is the potential at point r. The time-independent 
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Schrödinger’s equation can be written as: 

𝐸𝛹(𝑟) = 	− 𝒉8)

!9
𝛻!𝛹(𝑟) + 𝑉(𝑟)𝛹(𝑟), (2-13)  

which formulated the Schrödinger’s equation as an eigenvalue problem. 

Not so long after the validation of Schrödinger’s equation for the electronic wave function 
for simple small systems like H2 and many-electron atom He, so many were ready to bid farewell 
to the chemistry. The reason was, all that chemistry could provide, was included in the powerful 
equation. However, in most of the cases, the quantum mechanical equation is way too 
complicated to be solved exactly. As a result, finding proper approximation to Schrödinger’s 
equation became an intuitive and straightforward solution.  To state the truth, during the 
decades after Schrödinger’s equation, the entire field of computational chemistry was built 
around approximate solutions. Some of these solutions are so crude and others are expected 
to be more accurate than any experiment that has been conducted. The knowledge of each 
approximation and how accurate the results, is expected to be the key to the choice of method. 
Extremely powerful computers, sometimes even supercomputers, are required for obtaining 
accurate results. In general, the larger the system (containing more particles) brings about 
more expensive computation.  
 

2.7.2. Density Functional Theory 
Density Functional Theory (DFT) method uses the electron density of a system, in order to 
provide us the ground states’ properties. In 1960s, it was introduced for the first time by 
Hohenberg-Kohn90 and Kohn-Sham in two seminar papers90-91. Later, the theory has attracted 
a lot of research interest, in order to improve the adaption of this method, for practical and 
computation use. The last few decades, there has been an exponential increase of using 
prevailing applications of DFT method, especially after 90s. There are three important points in 
DFT development history: the first one, the rudimentary but inspirational form of DFT that was 
discussed in 1927 by Thomas and Fermi92, known as Thomas-Fermi theory. In 1964 and 1965, 
the Thomas-Fermi theory, known as Hohenberg-Kohn theory and Kohn-Sham equation, was 
asserted in two seminar papers.  The roots of modern DFT are seen in the work of Pierre 
Hohenberg, Walter Kohn, and Lu Jeu Sham93. Hohenberg and Kohn showed that we are able to 
define a universal functional for the complete electronic energy of an atom, molecule, or ion, 
Etot[n(r)], in terms of the electron density, n(r)91. They also stated that the whole electronic 
energy and other observable properties are a functional of n(r). Additionally, they proved that 
putting the exact ground state electron density into this universal functional, yields the 
minimum global value of this energy functional. The work of Hohenberg and Kohn proved that 
the universal density functional must exist. However, their work neither prescribes the form for 
this functional, nor the way of describing electron density. The total electronic energy can be 
written as indicated in Eq. (2-14), where each term depended on the total electron density, 
n(r). DFT turned into a practical computational tool, thanks to the equation developed by Kohn 
and Sham. 
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𝐸6:6	[𝑛] = 	𝐸<	[𝑛] +	𝐸4	[𝑛] +	𝐸=	[𝑛] +	𝐸>	[𝑛] +	𝐸?	[𝑛] (2-14) 
where 𝐸<	 is the total kinetic energy of the electrons, 𝐸4	 is the total potential energy of the 

electrons due to their Coulombic attraction to the nuclear center(s), 𝐸=	 is the total potential 
energy due to the average coulomb repulsion between pairs of electrons, 𝐸>	 is the total 
quantum mechanical exchange energy of the electrons, and 𝐸?	 is the total correlation energy 
of the electrons.  The electron density can be represented using different several types of 
mathematical functions94-96. The original DFT calculations were performed using plane wave 
functions as basis sets. The infinite extent of these functions was an ideal option for 
computations on extended structures, such as metal surfaces or crystalline solids. For 
calculations related to discrete atoms and molecules, atom-centered-basis sets are generally 
more appropriate. For example, the electron density is represented by a single atom-centered 
function based on Gaussian, meaning 𝜒@(𝑟). As a general rule, the optimization of the total 
electron density, 𝑛(𝑟), is accomplished by systematic variation of the linear expansion 
coefficients, 𝑐@  , in Eq. (2-15) for obtaining the lowest possible total energy: 

𝑛(𝑟) = (∑ 	'
@AB (𝑐@𝜒@(𝑟))!  (2-15) 

 

2.7.3. FTIR calculation 
Vibrational frequencies (most often reported in units of wavenumbers (ῦ) in cm−1, where ῦ =
1/𝜆 and 𝜐 = 𝑐/𝜆, and where 𝜐 is the frequency in Hertz, 𝑐 is the speed of light in cm·s−1 , and 
𝜆 is the wavelength in cm) are related to the curvature of the potential energy versus 
interatomic distance function (i.e., the second derivative of potential energy as a function of 

atomic coordinates, (𝜕
!𝐸

𝜕𝑟!^ ), where 𝐸 is the potential energy and 𝑟 is the atomic 

coordinates)97. The frequency is correlated with the bond strength, because stronger bonds 
require more energy to stretch. The relationship between potential energy and atomic 
coordinates in materials is called the potential energy surface (PES)97. Quantum mechanical 
calculations can be used for predicting the most energetically-favorable position in atoms, and 
also the curvature of PES while atoms deviate from the minimum. This curvature or second 
derivation of PES provides an estimation of frequency either through analytic solution or 
numerical methods. Generally, the former is more accurate, but it can be impractical for larger 
model systems. Even the numerical solution can be impractical when the size of model system 
increases, as sometimes there’s a necessity to calculate 3N energies (where N is the number of 
atoms) to obtain frequencies. A value of 6 is required because each atom must be displaced in 
both positive and negative x, y and z directions from the stable minimum energy. More points 
result in more accurate numerical approximation, but also more time-consuming. All are 
possible through at least one method, but like the case of frequency, analytical methods are 
more reliable compared to the numerical approximations. In general, intensity calculations are 
less accurate than frequency calculations because the former depend on properties such as the 
square of the dipole moment derivative rather than the latter that depends on the square-root 

of the second derivative of (𝜕
!𝐸

𝜕𝑟!^ ) the PES98.  
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2.7.4. Locating Transition States 
In this thesis, we utilized the Nudged Elastic Band (NEB) method99, to seek the minimum energy 
pathway (MEP) and locate the saddle point of MEP. NEB method was developed by Hannes 
Jonsson et al.100. The NEB is a method for determining the MEP between two stable states101. 
This pair has an initial and a final state in terms of reaction rates, both of which are local minima 
on the potential energy surface. The MEP has the property of having an energy minimum in all 
directions perpendicular to the path at any point on the path. At least one first-order saddle 
point is traversed on this path. The MEP is also known as the intersection of the steepest 
descending paths from saddle points to minima102.  
 

 

Figure 2.10.  Two components make up the nudged elastic band force FNEB: the spring force 
Fi

S||, along the tangent τ ̂i, and the perpendicular force due to the potential Fi⊥. The 
unprojected force due to the potential Fi is also shown for completeness102. 

 
The NEB is a chain-of-states method103 in which a series of images representing the system's 

geometric configurations are utilized to illustrate a reaction pathway. Spring forces connect these 
configurations to provide equal spacing along the reaction path. The images describe the reaction 
process once the NEB and MEP have converged, up to the resolution of the images (see Figure 
2.10). An initial pathway connecting the initial and final states is used to initiate a NEB calculation. 
A linear beginning path is usually sufficient, but in some circumstances, another option is 
preferable. Through a force projection scheme in which potential forces act perpendicular to the 
band and spring forces act along the band, the images along the NEB are relaxed to the MEP. The 
tangent along the path �̂� is defined as the unit vector to the higher energy nearby image in order 
to make these projections99. This up winding tangent increases the NEB's stability and prevents 
the formation of artificial bends at the path's high force zones. The NEB force on image i is made 
up of two separate components: 

𝐹@CDE =	𝐹@F +	𝐹@
5||  (2-16) 
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Where 𝐹@F is the component of the force due to the potential perpendicular to the band, 

and 𝐹@
5|| is the spring force parallel to the band.  

Within the harmonic transition state theory TST, the saddle point is particularly significant 
for characterizing the transition state. The climbing-image NEB (CI-NEB), which eliminates 
needing to do two separate optimizations or interpolate to get the saddle, is an efficient 
technique for finding a saddle between known states. The greatest energy image i experiences 
no spring forces and climbs to the saddle via a reflection of the force along the tangent in this 
way. Once the saddle has been located, the normal mode frequencies can be calculated to 
check that the saddle is first order and that the saddle is in the correct position. The NEB has 
been conveniently adapted as a connection with DFT calculation code VASP. I used the Perl 
code developed by Henkelman et al.99 in my study. 
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Chapter 3 
 

3. INSTRUMENTATION 
 
This chapter describes the design, requirements, implementation and performance of our self-
made mechanical devices. First, the machine which is built for combing with IR spectroscopy is 
described. This device is used to measure in-situ IR spectroscopy during the mechanical test of 
the samples (the results of using this set up widely will be explained in Chapter 6). The second 
mechanical system and its use in combination with a drop analyzer machine to measure in-situ 
contact angle measurement while bending is then addressed. The obtained results from this 
machine is investigated in Chapter 4. Lastly, important analytical method in this study (FTIR) is 
briefly explained.  
 

3.1. Bending test 
A bending test (also known as a bending tensile test) is a method of determining the bending 
strength and other critical properties of materials104. Plastics, fiber-reinforced plastics (FRP), 
metals, and ceramic materials are all subjected to destructive materials testing. The series of 
bending tests is identical104-105. Standardized, often cylindrical specimens are mounted in the 
center of the checking fixture during bending tests. The rounded support rollers (bearings) are 
spaced apart and parallel to each other (support width). The cylindrical specimen's diameter is 
equal to the bearings' support width. The sample is loaded with increasing force by the test 
punch, which travels down slowly and at a steady speed, until it splits or approaches the 
previously defined deformation. The breaking force is the maximum load applied during the 
bending test104.  The bending force and deflection values are recorded during the test. After 
that, the material properties are determined. A stress-strain curve depicts the entire test series. 
This method is used to calculate the bending ability of brittle materials. In the case of an elastic 
deformation, the limit yield point, the greatest possible bending angle, and the Young's 
modulus are calculated when dealing with ductile materials104. Figure 3.1 shows the image of 
common 3-point mechanical bending machine. As previously mentioned, we can only get some 
details about the mechanical properties of our sample from a typical mechanical system, which 
is insufficient for understanding how and why materials behave under mechanical force. As a 
result, in order to gather enough data to understand the fundamental reasons for the unique 
response of bent samples, we are developing new mechanical machines that can be combined 
with IR spectroscopy and a drop analyzer system. These new setups give us valuable 
information about how samples respond to external mechanical forces at the atomic level. 
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Figure 3.1. Bruker’s 3-point-bend test setup on UMT Tribo laboratory. The image is taken 
from the 3-Point Bend Testing | Bruker. 

 

3.2. New mechanical setup (called Bieger)  
for combing with IR spectroscopy 

3.2.1. An introduction to the device and its performance 
The Bieger is made up of a movable white sample holder (Figure 3.2(d), No. 1) that moves 
towards a nose-like metal piece (Figure 3.2(d), No. 3). The sample is placed inside the slot, 
which is located in sample holder (Figure 3.2(d), No. 2). The open current circuit connects the 
movable sample holder and the nose-like metal piece. The current circuit is closed and 
identified as zero position as soon as the sample comes into contact with the nose-like metal 
piece for the first time. It's worth noting that the stepper motor's complete rotation contains 
51200 equivalent steps. Each step in the motor causes the spindle to rotate, meaning that the 
movable sample holder is moving downwards. The movable sample holder goes down as 0.75 
mm after a complete rotation of the stepper motor. The software, written in LABVIEW, was 
used to set the number of steps and the value of deflections. We increase the steps in order 
after the sample reaches zero; for example, the spindle turns 200 steps, which equals a 
downward movement of 2,9 µm (the value of deflection). The FTIR calculation is then started 
in this location. 

After performing the FTIR, the sample back to the zero position and the next FTIR test is 
performed. As a next position, the spindle is turned 400 steps, equal to 5.8 µm (the whole 
procedure is shown in Figure 3.2(c)). This process is repeated and stopped via a computer-
based program controlling the movable sample holder movement.  
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Figure 3.2. (a) Technical drawing of our self-made machine, (b) schematic illustration of the 
relation between the radius of curvature, ρ, wafer curvature and the strains within a wafer 
exposed to bending moments.(c) The graph shows the procedure of applying loading on 
the sample in different positions (the number of positions is equal to the number of spindle 
steps) and (d) the schematic illustration of the self-made instrument contain stepper 
motor, movable sample holder (1), sample (2), nose-like metal piece (3) and (4) spindle. 
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It's worth noting that the point of reflection (top of the sample's moment of inertia) remains 
constant during the bending process. To demonstrate this, we repeated the measurement with 
a deflection of 2,9 µm on samples with complete reflectivity, such as gold–coated Aluminum, 
several times; the results are shown in Figure 3.3. As a consequence, the obtained data show 
that changes in the IR spectra are caused by sample deformation. 
 

 
Figure 3.3. IR spectra of repeated measurements on gold-coated Aluminum which was 
bended equal to 2,9 µm in each step. 

 

3.2.2. Calculation of strain, stress and force equations  
The curvature is calculated in reference to the previous report from the following equation (3-1) 

𝜌 = ')

HI
  (3-1) 

where 𝑥 is the sample length (30 mm) and d is deflection (μm) value in each position. 
We use the Euler approximation to associate the bending moment with the deflection of the 

samples; (𝜃 = J
*
= B

K
, 𝜌𝑑𝜃 = 𝑑𝑠, I*

I'
= 𝑡𝑎𝑛𝜃, Figure 3.2 (b)). And as a result, the below formula 

is acquired in order to force, stress and strain calculation.  

J
I
= B

K
= .'

!DL
   𝑀𝑜𝑚𝑒𝑛𝑡	𝑜𝑓	𝑖𝑛𝑒𝑟𝑡𝑖𝑎 ∶ 	𝐼 = MN+

B!
  (3-2) 

So the strain formula is as 

 𝜀 = O.'I
DMN+

  (3-3) 

And at the end in order to stress calculation according to (𝜎 = 𝐸𝜀),  

𝜎 = O.'I
MN+

  (3-4) 

where 𝐸 is Young’s modulus of Si (165 = GPa)106, 𝜌 the radius of curvature in each position 
(mm), 𝐹 applied force (GPa mm2), 𝑑 deflection (μm) and 𝜀 strain. 𝐼 is called the moment of 

inertia (𝐼 = MN+

B!
 , where 𝑏 and ℎ are width and thickness of the sample, respectively).  
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3.3. New mechanical machine to combine 
 with drop shape analyzer device 

Every project included in this dissertation has been done with the aim of monitoring atomic-
scale changes induced by strain. The effect of strain on surface reactivity was one of our key 
concerns in the thesis, as discussed in Chapter 1 (general remarks). Contact angle 
measurements are often used to assess the effects of surface treatments produced as part of 
basic surface science research as well as for industrial applications. As a result, the effect of 
strain on chemical reactivity on a surface is investigated using in-situ contact angle 
measurement in combination with the system shown in Figure 3.4 as a second technique. The 
equations above are used to calculate the values of curvature, strain, stress, and force. The 
strain application process as well as the relationship between stepper motor rotations and 
spindle movement, are similar to the first setup (explained in section 3.2.1).  

  

 

Figure 3.4. (a) Technical drawing of our second self-made bending device. (b) The 
schematic illustration of our self-made mechanical device for measuring in-situ contact 
angle while bending. Different parts of this machine are shown; needle (1), the white box 
which is filled by N2 gas to keep the sample from the environment (2), sample (3), spindle 
(4), empty place to screw the mechanical machine with Shape-Analyzer-DSA100E device 
(5) and stepper motor (green part). 
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Figure 3.5.  The actual images of our self-made mechanical devices; (up) the image of first 
device which was placed into glovebox for in-situ IR measurement, and (down) the picture 
of second device which was combined with drop shape analyzer machine. 
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3.4. Analytical method 
3.4.1. Fourier Transform Infrared Spectroscopy (FTIR) 
3.4.1.1. Basic principle 
Infrared (IR) spectroscopy is the most popular spectroscopic technique used by organic and 
inorganic chemists107-108. It is concerned with radiation absorption in the infrared range of the 
electromagnetic spectrum. Since a molecule's vibrational and rotational energy levels change as 
it absorbs infrared radiation, IR spectroscopy is also known as vibrational-rotational spectroscopy. 
The near-infrared, mid-infrared, and far-infrared regions of the electromagnetic spectrum are 
normally classified into three categories based on their relationship to the visible spectrum 
(Figure 3.6). The higher energy near-IR, approximately 14000-4000 cm-1 (0.8-2.5 μm wavelength) 
can excite overtone or harmonic vibrations. The fundamental vibrations and related rotational-
vibrational structure can be studied using the mid-infrared wavelengths of 4000-400 cm-1 (2.5-
25 µm). The far-infrared, which lies adjacent to the microwave region and has a wavelength range 
of 400-10 cm-1 (25-1000 µm), has low energy and can be used for rotational spectroscopy108-

109. The fact that molecules absorb unique frequencies that are characteristic of their structure is 
exploited by infrared spectroscopy. These absorptions have resonant frequencies, which means 
that the frequency of the absorbed radiation is the same as the frequency of the vibrating bond 
or group. The shapes of the molecular potential energy surfaces, the masses of the atoms, and 
the resulting vibronic coupling define the energies. A vibrational mode in a molecule must be 
correlated with changes in the permanent dipole in order to be "IR active". A molecule can vibrate 
in a variety of ways, each of which is referred to as a vibrational mode. Nonlinear molecules have 
3N-6 degrees of vibrational modes, whereas linear molecules have 3N-5 degrees (also called 
vibrational degrees of freedom). The non-linear molecule H2O, for example, has 3×3-6=3 degrees 
of vibrational freedom, or modes. 
 

 
Figure 3.6.   Electromagnetic spectrum. Infrared regions are separated into three regions: 
(1) Near-infrared (12820-4000 cm-1); Mid-infrared (4000-400 cm-1) and Far-infrared (400-
33 cm-1) 110-111. 
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3.4.2. Instrumentation 
An optical instrument known as an interferometer is at the heart of any FTIR108. FTIR 
manufacturers employ a variety of interferometer designs. The Michelson interferometer is the 
oldest and probably the most popular form of interferometer in use today. It was named after 
Albert Abraham Michelson (1852–1931), who invented the interferometer in the 1880s and won 
the Nobel Prize in Physics for his discoveries108. Figure 3.7 depicts the optical configuration of a 
Michelson interferometer. Four arms make up the Michelson interferometer. The infrared source 
is located in the top arm of Figure 3.7, along with a collimating mirror that collects the light from 
the source and aligns its rays. The Michelson interferometer's bottom arm includes a fixed mirror, 
which is a mirror that does not move and is in a fixed position.  
 

 

Figure 3.7. The optical diagram of a Michelson interferometer108. The Michelson 
interferometer has four arms. The infrared source, as well as a collimating mirror that 
collects the light from the source and aligns its rays, are housed in the upper arm. A fixed 
mirror is a mirror that does not move and is in a fixed position in the Michelson 
interferometer's bottom arm. 

 
This is in contrast to the interferometer's right arm, which incorporates a moving mirror that 

can move left and right. The sample and detector are located in the interferometer's left arm. 
An optical instrument known as a beamsplitter is at the center of the interferometer108. A 
beamsplitter is a device that is designed to transmit some of the light it receives while also 
reflecting some of it. The light emitted by the beamsplitter is directed toward the fixed mirror 
in Figure 3.7, while the light reflected by the beamsplitter is directed toward the moving mirror. 
The light beams return to the beamsplitter after reflecting from these mirrors, where they are 
recombined into a single light beam that exits the interferometer, interacts with the sample, 
and strikes the detector. The mirror displacement in an interferometer is denoted by the Greek 
letter capital delta (Δ) and is the distance the mirror travels in the interferometer. Mirror 
translation of Δ gives an optical path difference of 2Δ because the light traverses the displaced 
distance twice on the way to and from the moving mirror. 
𝛿 = 2∆  (3-5) 
Where, 𝛿	is optical path difference and ∆ is mirror displacement.  
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The intensity of the beam leaving the interferometer has changed dramatically by shifting 
the mirror a fraction of a wavelength. When the two beams are a whole number of cycles out 
of phase, constructive interference occurs. Conversely, the destructive interference occurs 
when the two beams are some number of cycles plus a half out of phase with each other. Thus, 
we can write for destructive interference that: 

𝛿 = (𝑛 + B
!
)𝜆  (3-6) 

Where, 𝛿	is optical path difference, 𝜆 is wavelength and n = 0,1,2, … (any integer).  
 

Since the fixed and moving mirror beams are in phase and positive interference occurs at 
zero path difference, the intensity is high. As we move the mirror away from the beam splitter, 
the beams become increasingly out of phase, and the resulting beam dims due to destructive 
interference. A plot of light intensity versus optical path difference is called an interferogram 
(Figure 3.8), which means “interference writing”. The fundamental measurement obtained by 
an FTIR is an interferogram. The interferograms obtained during scanning are Fourier 
transformed to produce a spectrum, hence the name Fourier Transform Infrared (FTIR) 
spectroscopy. 
 

 

Figure 3.8.  A plot of light intensity (or detector signal) versus optical path difference for a 
mirror moving away from the beamsplitter in a Michelson interferometer. Such a plot is 
called an interferogram. This is the interferogram for a single wavelength of ligh passing 
through the interferometer108. 
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Chapter 4 
 

4. STRAIN EFFECT ON THE OXIDATION OF HYDROGEN 
TERMINATED SILICON (111) 

 
The concept of this study were adapted from the published article: “Strain Activation of Surface 
Chemistry on H-terminated Si(111)” with permission from Journal of Physical Chemistry C.  
 

4.1. Surface reactivity of hydrogen terminated Si(111) 
Since the Si/SiO2 interface is virtually defect-free, integrated-circuits technology is possible18, 

112-113. As a consequence, one of the most significant chemical reactions is silicon oxidation. Its 
perfection also allows for a better understanding of the fundamentals of other surface 
processes. As a result, numerous experimental and theoretical instruments, such as IR 
spectroscopy114, x-ray absorption spectroscopy115, Auger electron spectroscopy116, and 
spectroscopic ellipsometry117, have been used to investigate it extensively. Si oxidation has also 
been studied using second-harmonic generation (SHG)20. The evolution of resonances in SHG 
spectra of 111-oriented surfaces was studied by Daum et al.20, who demonstrated that 
suboxides form during oxidation. SHG was found to provide details about chemical changes in 
the Si(111) surface along various bond directions, with n-type doping changing the chemical 
kinetics of up and back bonds differently during oxidation19. It was discovered, for example, 
that macroscopic tensile strain increases the reactivity of strained bonds at the same interface 
as compared to unstrained bonds118. However, the impact of strain on chemical reactivity at 
the bond level is still unknown. Several questions remain unanswered, including the rate of 
reactivity of the Si-H group by strain, modifying the composition of intermediates or the 
number of elementary reaction steps by strain and oxidation of H-Si(111) in a desired 
orientation by strain. In this work, the focus was on initial step of oxidation via monitoring the 
Si-H stretch vibration on flat H-Si(111). Automatic smooth H-Si(111) surfaces were used due to 
their simplicity, yielding atomically smooth terraces with a homogeneous array of identical Si-
H bonds oriented normal to the surfaces. In principle, this surface only contains one reactant, 
reducing the number of potential reaction products. Second, water is very important. The 
majority of inorganic materials absorb water from the air. Adsorbed water has an effect on 
biology, material science, and tribology. Water's unique properties in the liquid state stem from 
its large dipole moment, high polarizability, and hydrogen bonding ability. As a result, both 
experimentally and theoretically, the strain effect (at the atomic scale) on the surface reactivity 
of H-Si(111) surface was verified in this research. 
 

4.2. Methodology 
Sample preparation: Pieces of p-type (CZ, resistivity of 0.1-1 Ω cm) Si(111) wafers, polished on 
both sides were prepared in 10 mm× 30 mm× 0.5 mm dimensions for mechanical 
measurements. In order to eliminate organic contaminations, samples were degreased in 
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acetone followed by cleaning procedure by 30 min exposure to an 80°C solution of 3:1 H2SO4 
90%/H2O2 (aq). Hydrogen terminated was performed on the samples in the order of 30 s dip in 
10-20% HF (aq), a 2.5 min dip in 40% NH4F (aq), and a final rinse in H2O for 10s. This experiment 
has three parts: (I) strain effect on H-Si(111) microstructure, (II) surface reactivity of unstrained 
H-Si(111) towards liquid water, and (III) study the reactivity of strained H-Si(111) towards liquid 
water. The silicon wafer (Si(111)) is cleaned with piranha solution and placed in a N2-purged 
glovebox before each experiment. After cleaning the sample, the IR spectrum was taken. 
Spectra with a nominal 4 cm-1 resolutions were recorded (spectra from 400 to 4000 cm−1, 
transmission mode) using Fourier transform infrared (FTIR) spectrometer (VERTEX 70In). A 
room temperature pyroelectric detector (DTGS) was used for data collection. Furthermore, 
following the preparation of H-Si(111), all experiments (mechanical testing and IR 
measurement) on samples are carried out inside a glovebox. For stage (I), after preparation of 
H-Si(111), the IR spectrum of the sample is measured. The sample's side that was exposed to 
the IR beam is marked. After the IR measurement, the sample is placed inside the sample holder 
(the marked side top). Zero position is defined and the number of steps is set 400 steps. The 
spindle turns and the sample holder moves down 5.8 µm and the sample is kept under stress 
for 10 min. Subsequently, the curvature is removed, sample is taken out and the second IR 
spectrum in transmission mode is measured. As the next step, after completing the IR 
measurement, again the sample is placed inside the sample holder, goes to zero position. This 
time, the spindle turns 5000 steps which is corresponded to the straining sample at 0.1 %. After 
10 min of remaining under stress, the bent specimen is removed and the third IR spectrum is 
measured afterward. This procedure continues until reaching the strain value of 1.0 %. All 
absorbance spectra are processed by subtracting IR spectrum of sample after piranha cleaning 
and then by flattening the baseline to remove drifts. OPUS software was used to integrate the 
peak areas, and, when appropriate, peaks were fitted using Origin software. Flow diagram of 
steps and procedure of this experiment is shown in Figure 4.1. 

 

 

Figure 4.1. Flow diagram of applying strain and measuring IR spectra of hydrogen 
terminated silicon(111). 

At stage (II), the first IR spectrum of fresh H-Si(111) is measured and the side of the sample 
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which has been in front of the IR beam is marked. Next, using the calibrated micropipette 
(10-100 µL / eppendort), 10 µL deionized water (resistivity 18.2 MΩ cm) is placed at the 
center of the sample (on the marked side). After 0.5 min of reaction time, the sample is 
completely dried using N2 gas, and the second IR spectrum is measured. Following the IR 
measurement, the same volume of water is placed on the sample again. The sample is dried 
after 2 min of reaction time and third IR spectrum is taken. The same procedure is repeated 
for the reaction times of 5, 10 and 20 min as well. Figure 4.2 represent the procedure of 
experiment.  

 

 

Figure 4.2. Flow diagram of procedure to study the reactivity of unstrained hydrogen 
terminated silicon toward liquid water at different reaction times of 0.5- 2- 5- 10 and 20 
minute. 

 
Step (III) is completed by keeping the strain value constant at 0.3 percent and running the 

experiment at various reaction times. Fresh H-Si(111) has its IR spectrum measured, and the 
side of the sample in front of the IR beam is marked. The sample is placed in the machine 
(marked side up). First, it reaches zero and, using a calibrated micropipette (10-100 L / 
eppendort), 10 L deionized water (resistivity 18.2 MΩ cm) from the same container stored in 
the glovebox for the experiment (II) is pipetted into the sample's center (on the marked side). 
Following a 123 µm downward movement of the sample holder (strain level = 0.3 percent), it 
is bent. The bent sample is removed after 0.5 minutes of reaction time and fully dried with 
N2 gas. In transmission mode, the second IR measurement is taken. Following the IR 
calculation, the sample is put in the system and reset to zero. The same volume of deionized 
water is placed on the center of the sample and strained by applying 0.3% strain. The 
curvature is removed after 2 minutes of reaction time, and the sample is dried and ready for 
IR measurement. By varying the reaction time of bent H-Si(111) towards liquid water, this 
process is repeated five times. The procedure of experiment is shown in Figure 4.3.  
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Figure 4.3. Flow diagram of procedure to study the reactivity of strained hydrogen 
terminated silicon (strain level = 0.3% ) toward liquid water at different reaction times of 
0.5- 2- 5- 10 and 20 minute. 

 
The applied values of deflection, strain, and force to get the strain in the range of 0.006-1% 

are presented in Table 4.1.     
 

Table 4.1. Calculated values of deflection, force and strain corresponding to number of 
steps. 

 
 
Computational Details: DFT calculations were performed as implemented in the Vienna ab initio 
simulation package (VASP) 119-120 using the Perdew-Burke-Ernzerhof (PBE) generalized gradient 
approximation exchange-correlation functional 121. The electron-ion interaction is described by 
the projector augmented wave (PAW) method 122 with an energy cutoff of 360 eV. A super cell 
with 72 (Si: 54 and H: 18) atoms was completely relaxed for all of the samples studied, with 
geometry optimization using the conjugate gradient method. Periodic boundary conditions were 
applied in all directions. The Brillouin zone was sampled using a 4×4×1 k-point mesh size with the 
Monkhorst-Pack mesh 123. Uniaxial loading conditions were applied after the optimized structure 
was obtained. To apply strain using the uniaxial tensile simulations, we elongated the periodic 
simulation box size along the loading direction [100] in one step with small engineering strain of 
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0.3%. Strain value is imposed due to the values obtained from experimental parts (strain range 
0.006%-1.0%). The applied elongation, ΔL, can be obtained based on the initial length of the 
unstrained sample along the loading direction, L0, and the loading engineering strain which is 
equivalent to ΔL/L0. The simulation box size in the perpendicular direction of the loading was then 
adjusted accordingly to ensure uniaxial stress condition in the study, so that stress remained 
negligible in the perpendicular direction 124. After applying the loading conditions, structural 
relaxation was achieved using the conjugate gradient energy minimization method with 10−6eV 
criteria for energy convergence. To calculate IR spectra, the IBIRON = 8 is set to determine the 
Hessian matrix (matrix of second derivatives). Kinetic barriers were calculated by the nudged 
elastic band (NEB) method, using a string of geometric configurations to describe the reaction 
pathway of the system. A spring interaction between every configuration ensured continuity of 
the reaction pathway. 
 

4.3. Strain effect on hydrogen terminated Si(111) / experiment (І) 
Figure 4.4 demonstrated the IR spectra of H-Si(111) after mechanical test of the sample. 
Presence of Si-H stretching peak (2083.3 cm-1) at the surface is confirmed by Si-H stretching 
vibration region 21, 125. The dark blue curve (Ref) shows the IR spectrum of fresh H-Si(111) before 
bending. The peak intensity of stretching Si-H mode is decreased by 54.2±2% following 
exposure of strain of 0.006% for 10 min. After strain enhancement to 0.3%, the intensity of Si-
H peak reaches a value that is 64.2%±1.2% less than that of the unstrained sample (dark blue 
curve). At higher strain, the decreasing trend becomes slower and at the 1.0% strain, the 
intensity decreases substantially to about 1/3 of the initial intensity. Deconvolution of 
absorbance bands into an elementary contribution is carried out using Origin software. The 
spectra are fitted by Lorentz profile and the data for the best fit are presented in Appendix A. 
 

 

Figure 4.4. FTIR spectra of H-Si(111) surface subjected to different strain levels (percent). 
The dark blue spectrum (Ref) is corresponding to unstrained sample (fresh H-Si(111)). 
Spectrum of sample (silicon(111)) after piranha cleaning is used as background for all of 
the presented spectra. 
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Following strain enhancement, a decrease in the intensity of stretching Si-H mode (at 2083.3 
cm-1) possibly means a decrease of the total bonded hydrogen (Figure 4.5a). However, 
increasing the strain causes the amplitude of the band at 626.40 cm-1 to fluctuate in peak 
intensity (Figure 4.5c). Altogether it is suggested that redistribution of the bonded hydrogen in 
the silicon network is happened during the bending rather than decreasing in the hydrogen 
content 126.  

Furthermore, strained samples develop a band at ~1712 cm-1 which becomes sharper upon 
strain elevation (Figure 4.5a, 4.5b). There is no peak of IR spectrum (Figure 4.5a) at 1712 cm-1 
for unstrained sample (dark blue curve). 
 

 

Figure 4.5. Variation of peak intensity as a function of strain: (a) intensity of stretching Si-H 
mode, (b) intensity of new induced band (three center bond (TCB)) due to strain effect, 
and (c) intensity of bending Si-H mode. All of the peaks are fitted by Lorentzian function 
(Appendix A, Table A1, A2 and A4). 

 
Dissociation and transformation of some hydrogen bonding configurations into other 

configurations may be the underlying reason for stretching band intensity 126. In the current 
case, appearance of new band in the vibrational spectra of the bonded hydrogen is anticipated. 
Because experiments (applying strain and measuring the IR spectra) are performed inside a N2-
purged glovebox, potential source of contamination is not involved to the band at ~ 1712 cm-

1. We hypothesize the generation of new band manifesting in the intensity change of bending 
mode at 626.40 cm-1. Furthermore, deconvolution of the Si-H bending mode (626.40 cm-1) into 
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three components (Appendix A, Figure A3) led to the discovery of even more new bending 
modes. The redistribution of hydrogen during the bending is clearly demonstrated in Figure 
4.5, where we display the intensity of the bending band (626.40 cm-1) and the intensity of the 
band at 2083.3 cm-1 as a function of strain. 

Decreasing in intensity of the stretching band and fluctuation in intensity of bending band, 
goes with the appearance of a new peak at ~1712 cm-1. Diffusion of a hydrogen atom from the 
Si-H site to form a three-center bond (TCB): Si-H-Si could be a reason 126. The formation of a 
TCB in crystalline silicon is predicted in which two silicon atoms harbor the hydrogen atom 
(bond-centered (BC) hydrogen) or in an asymmetric position 127-129. The hydrogen is bonded to 
silicon atoms occupying antibonding (AB) positions in hydrogenated n-type GaAs: Si and there 
is a line corresponding to the Si-H vibration at 1717 cm-1 130. Several infrared transmission 
spectra show that hydrogen is capable to occupy two kind of sites in hydrogenated amorphous 
boron (a-B:H), a bridging hydrogen site (three B-H-B bond) or a terminal site (B-H) 131. B-H 
complex and B-H-B show their absorption band at 2560 cm-1 and 2050 cm-1, respectively. 
Findings that resonate from the above discussion are as follows: (a) a stretching band at 
frequency very similar to those of the corresponding complexes as with in crystalline or 
amorphous silicon is observed in the Si-H modes of strained H-Si(111); and (b) the Si-H bond 
with H in the TCB position is vibrated in our sample at a frequency that is lower than the 
stretching mode at 2038.3 cm-1. According to the analogy with Si-H in H-Si(111) and B-H in a-
B:H or other similar examples, band in strained H-Si(111) at ~1712 cm-1 is proposed to be 
attributed to the stretching mode of TCB Si-H-Si formed during bending. The current findings 
are easily interpreted by the hydrogen diffusion model if the mentioned assignment is correct. 
Dissociation of Si-H bonds next to weak Si-Si bonds is occurred when strain along the [100] 
direction applies. In this regard, the H atom traverses to the off-bond sites leading to 
termination a normal dangling bond 126. Relying on this background, a new model for ɛ-H-
Si(111) with Si-H-Si bond is constructed. Atomic configuration of relaxed unstrained and 
strained models is shown in Figure 4.6a. 

The strained model (Figure 4.6a) is constructed in which strain is applied in direction of [100] 
with orientation of metastable Si-H-Si bonds in relation to directions of Si-Si back bonds; [44&1&] 
direction. As it was shown 19, the reactivity of the bonds is increased by the strain, especially in 
those most nearly aligned with the direction of the stress. Since the [44&1&] direction has a lower 
angle (q= 35.1°) with the strain direction (Appendix A, Figure A4), the oriented bonds in this 
direction are more affected, and the probability of Si-H-Si formation is higher along [44&1&]. 
According to the calculation, new orientation on the surface is evident by the hydrogen because 
of the strain. This demonstrates the ability of hydrogen to relieve strain on the network112. In 
Table 4.2, data of changes in bond length of Si-Si back bonds and Si-H following strain is shown. 
In this model as the optimized structure indicate the H is not located at the center between 
two host Si atoms, and the optimized Si-H distance becomes 1.77 and 1.53 Å with a Si….H-Si 
angle of 121.6 deg (Figure 4.6d). Importantly, the findings of the experimental part and the 
assumption of the TCB model are in accordance with the results raised by DFT calculations of 
the relevant vibrational frequencies. The calculated IR spectra of unstrained H-Si(111) and 
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strained models are demonstrated in Figure 4.6e. Results of the experimental part is confirmed 
the presence of new Si-H stretching mode at around 1915 cm-1 and remarkable alterations in 
the intensity of Si-H stretching and bending modes. Therefore, the calculated peak at 1915 cm-

1 corresponds to the measured peak at 1712 cm-1. To interpret the observed new peak ,we 
used Molden132, a visualization tool that allowed us to assign the calculated vibrational modes 
as accurately as possible (Appendix A, Table A3).  
 

 

 

 

Figure 4.6. Possible configuration that resulted from strain effect on Si-Si and Si-H bond 
length and orientation; hydrogen diffusion, breaking Si-Si bond and formation of Si-H-Si 
(TCB). (a) and (b) show the side and top views of models, respectively. (c) Represent the 
part of models experienced higher change following hydrogen movement. Information 
regarding the Si-Si and Si-H bonds (presented in (c)) is provided in Table 4.2. (d) Measured 
bond distance of Si-H-Si using CrystalMaker software, and (e) calculated IR spectra of 
unstrained H-Si(111) (green curve) and 0.3% strained model (along [100] direction) 
containing Si-H-Si bond (blue curve). Molden is used to define the type of the vibrational 
modes of the Si-H-Si bond (Appendix A, Table A3). 
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Activation energy for the production of the metastable Si-H-Si configuration is significantly high, 
around 1.5 eV133. However, this activation energy would be 1.7 eV based on our calculation 
which possibly recombination of excess band tail carriers at some of the weakest Si-Si bonds 
use the most energy transfer133. The Si-Si bond next to the Si-H bond is weakened because the 
electronegativity of H is higher compared with that of Si. The H atoms possibly hop back to their 
initial configuration or diffuse apart upon the formation of Si-H-Si sites133. Larger length of the 
Si-H bond in the three-center configuration than its initial configuration (Si-H / 1.5 Å) makes the 
bond of the H atom loose (metastable).  
 

Table 4.2. Calculated Si-Si and Si-H bond lengths for the optimized structures of two 
models, unstrained H-Si(111) and strained H-Si(111). 

 
 
The calculated IR spectrum (Figure 4.6e) also shows the splitting of bending Si-H mode. The 

vibrational mode of new peak (at 640.46 cm-1), which shows the bending vibration related to 
TCB bond, is assigned using the Molden software. This observation aids in the identification of 
different species obtained by deconvolution of the measured bending Si-H peak in the 
experiment (Figure 4.4b). We concluded that the splitting of bending mode into three 
components may arise from (1) the formation of TCB bonds (frequency higher than ~626.40 
cm-1 (terrace monohydride bending mode) for the strained samples) and (2) in agreement with 
Refs. 134-135, we attribute the bending mode measured at lower frequency than 626.40 cm-1, to 
a monohydride step vibrations.  
 

4.4. Surface reactivity of unstrained H-Si(111) towards liquid 
water/experiment (ІІ) 

The chemical stability of a passivated Si substrate is determined by two forms of bonds: up Si-
H bonds and Si-Si back bonds to the underlying layer. In order to have a better understanding 
as well as controlling of the chemical processes on H-terminated silicon surfaces, there is an 
essential need to characterize the chemical reactivity of these bonds. As a result, in this study 
the reactivity of up Si-H bonds is investigated first, followed by the reactivity of Si-Si back bonds. 
The IR spectra of H-Si(111) samples before and after reaction with water at various reaction 
times are shown in Figure 4.7. Monohydride Si gives rise to one peak at 2083.7 cm-1 after 



4. STRAIN EFFECT ON THE OXIDATION OF HYDROGEN TERMINATED SILICON(111) 

40 

treatment of surface with HF/NH4F 21. The IR spectrum of fresh H-Si(111) before reactivity with 
water is shown in black curve (Ref). When the surface is reacted with water for different 
reaction times (green IR spectra), the Si-H peak almost remain unchanged. As previously shown 
in experimental observations, the reaction between water vapor and H-Si(111) surface is 
happened at the temperature threshold of 350 Cͦ in which OH dipole replaces with adsorbed H 
136. It implies that there is energy barrier that must be resolved in order for the reaction to 
begin. NEB calculations are used to obtain more details about the reaction pathway and energy 
barriers. The relevant energy profile for oxidation of Si-H and Si-Si back bonds along the reaction 
pathway is depicted in Figure 4.7c. The activation energy of 1.8 eV (41.5 kcal mol-1) 
characterizes the H2O reaction with Si-H site on the flat surface forming Si-OH and H2 (g) (Figure 
4.7c, panel b). The reaction is exothermic with the ΔE value of -0.5 eV (-11.5 kcal mol-1). As a 
result, the oxidation of up Si-H bonds (Si-H→Si-OH) is hindered by the high energy barrier of 1.8 
eV. Peaks in the range of 2100-2300 cm-1 and 1250-1000 cm-1 relating to oxide surface, Ox-SiH, 
and SiOx, respectively, are predicted to be observed during the oxidation of Si-Si back bonds 21. 
No peak in IR spectra can be found in the described ranges, as shown in Figure 4.7a and 4.7b 
(green curves). Therefore, we proceed our NEB calculations to determine the energy barriers 
for the oxidation of Si-Si back bonds.  
  

 

Figure 4.7. IR spectra of an unstrained H-
Si(111) before (black curve, Ref) and after 
reaction with water (green curves) as a 
function of reaction time. The numbers (0.5, 
2, 5, 10 and 20) represent the reaction times 
which are expressed in minute. The 
spectrum of sample after piranha cleaning 
(not shown) is used as background for all 
spectra. For clarity, the results are plotted in 
to separate spectra region of (a) 2310-2050 

cm-1 and (b) 1300-800 cm-1. (c) Energy profile as a function of reaction coordinate for the 
reaction of water with the Si-H bond and Si-Si back bond. The panels (a, b, c and d) indicate 
the energy of the critical points taking as a reference the water molecule adsorbed on the 
surface. 
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According to calculations (Figure 4.7c, panel c), the insertion of the OH group of Si-OH into the 
Si-Si back bond is hampered by high energy (3.2 eV (73.79 kcal mol-1). However, transferring 
the H atom of OH toward the close silyl radical (panel d) encounters a barrier of 0.84 eV (19.37 
kcal mol-1). Consequently, achieving the oxidized surface from a surface containing Si-OH group 
needs to overcome the high energy barriers. Incorporating very high temperature to the system 
is a way to address the high required issue 21, 136. Absence of peak corresponding to oxidation 
of silicon surface may be due to the existence of high energy barriers for the last steps (Figure 
4.7c). 
 

4.5. Surface reactivity of strained H-Si(111)  
towards liquid water / experiment (ІІІ) 

As in section (II), the reactivity of up Si-H bonds is studied first, followed by the reactivity of Si-
Si back bonds. 

IR spectrum of fresh H-Si(111) is displayed in Figure 4.8 (black curve, Ref). The IR spectra of 
a strained H-Si(111) (strain = 0.3%) after reaction with water are shown in blue curves as a 
function of reaction time. After 0.5 minutes of water reaction with strained surface, the 
intensity of the Si-H stretching mode decreases (Figure 4.8a). This suggests oxidation of up Si-
H bonds (replacing the H with OH groups). It is important to note that oxidation of up bonds is 
not the only factor that can cause the Si—H band intensity to decline. Since the IR spectrum of 
the sample after piranha cleaning is used as a background for all spectra, the effect of strain on 
decreasing Si-H stretching band intensity should also be considered (as explained in the section 
(І)).  Appearance of Si-OH bending mode (800-1000 cm-1) could possibly confirms the 
substitution of some atop Si-H groups with atop OH groups 137-139. The peak related to the 
bending mode for Si-OH groups is around 809.61 cm-1 (Figure 4.8b), (Appendix A, Figure A5 and 
Table A5). As a result, in comparison to unstrained H-Si(111), the results show that after 
reactivity with water, up Si-H bonds in e-H-Si(111) are oxidized. The oxidation of up Si-H bonds 
in e-H-Si(111) is also confirmed by our DFT calculations (Appendix A, Figure A9). Positive 
absorption modes at ~1050 cm-1 and ~1220 cm-1 in Figure 4.8c which is sequentially associated 
to the asymmetric Si-O-Si transverse optical (TO) and Si-O-Si longitudinal optical (LO) stretching 
modes, show oxidation of the silicon surface 8-9, 137. Remarkably, there is no Si-O-Si oxidation 
species underneath surface-bound Si-H sites as no clear absorption appeared in the range of 
2150-2300 cm-1 (Figure 4.8a) which represents to Si-H species with oxygen inserted in the Si-Si 
back bonds (designated as Ox-SiH species) 21, 140. The Ox-SiH modes are absent in this study as 
compared to experiments on H-Si(111) samples under certain conditions like gas-phase O2 or 
H2O at high temperatures 21. These results suggest the dominancy of different oxidation 
pathways while strain is applied to the samples. 
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Figure 4.8. IR spectra of strained H-Si(111) after reaction with water as a function of 
reaction time .Black curve (Ref) is spectrum of fresh NH4F/HF treated sample. The 
absorbance spectra are processed by subtracting IR spectrum of sample after piranha 
cleaning. The numbers (0.5, 2, 5, 10 and 20) show the reaction times (expressed in minute) 
of strained H-Si(111) (strain = 0.3%) with water. The spectra are separated into three 
important regions; (a) Si-H stretching peak, (b) generation of bending Si-OH mode, and (c) 
the formation of Si-O-Si modes. The data for the best fit with Lorentzian function is 
provided in Appendix A, Figures A5, A6 and A7. 

 
After 0.5 and 2 minutes of reaction, the Si-H stretching modes are reduced, accompanied by 

rapid generation of Si-O-Si peaks and continuous Si-OH intensity enhancement. Two important 
points could be extracted from Figure 4.8: the formation of oxide was retarded in spite of 
decrease in Si-H intensity during the first 2 min of reaction time; the oxide thickness did not 
commence to increase concurrently as the Si-H intensity decreases. This provides the proof 
that the reduction in Si-H intensity only resulted from strain effect and oxidation of up Si-H 
bonds. The surface is attached easily by H2O when oxidation (partially) is occurred at the 
topmost layer of the H-Si(111) surface resulting in a sharp escalation in Si-O stretching 
vibration. It seems that Si-OH groups might remain intact throughout the oxidation of back 
bonds substantiating in continuous increase in Si-OH. Two possibilities are proposed for rapid 
surface oxidation; formation of (1) OxSi-OH or (2) SiOx. Any shift in the Si-OH vibration mode 
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could be seen upon residing of the oxygen atoms directly beneath the Si-OH 137. The obtained 
peak frequency related to Si-OH mode for different reaction time of the surface with water 
(Appendix A, Table A5) shows that the frequency almost remained unchanged around 809.61 
cm-1. DFT calculation is carried out on three Si-OH terminated ɛ-H-Si(111) oxide surfaces in 
order to test this hypothesis (Appendix A, Figure A8). The concluding remark could be covering 
the surface by Si3Si-OH and SiOx groups. The surface oxidation of hydroxylated H-Si(111) with 
water is investigated using NEB calculations to support these results. The initial structure we 
use is hydroxylated H-Si(111) which is strained along [100] and contains Si-H-Si group along the 
[44&1&] direction. According to the NEB calculation, this reaction progresses through two low-
energy barriers (E value= -0.481 eV (-11.09 kcal mol-1)) (Figure 4.9). A H2 species and OH group 
(panel b) are produced following the reaction between water and metastable Si-H-Si bond with 
ΔE value of 0.3 eV (6.9 kcal mol-1). Then, conversion into Si-O-Si bonds, as shown in panel c, 
with the activation energy of 1.0 eV (23 kcal mol-1) is occurred. The final remark may be the 
Si3Si-OH and SiOx groups covering the surface of strained H-Si(111) after reaction with liquid 
water. 

 

  

Figure 4.9. Energy profile for the reaction of hydroxylated strained H-Si(111) with water. 
(a-c) Panels show the initial, intermediate and final structures, respectively. 

 
To monitor the strain effect on surface reactivity, we also performed in-situ contact angle 

measurements while bending. It is common practice to verify the roughness of the surfaces 
during these types of measurements with additional tests such as contact angle hysteresis, IR 
measurements, Atomic Force Microscope (AFM) and so on to ensure that the variations in 
contact angle are not due to surface roughness. To confirm the observation of change in 
contact angle values, we applied two more tests (IR measurement and DFT calculations) in this 
paper. However, to make sure about reliability of results this section must be completed and 
that was the reasons we add these part in Appendix B (Figures B1, B2 and B3). 



4. STRAIN EFFECT ON THE OXIDATION OF HYDROGEN TERMINATED SILICON(111) 

44 

4.6. Conclusion 
Two types of bonds, the up Si-H bonds and the Si-Si back bonds to the underlying layer, 
determine the chemical stability of passivated Si substrate. In order to have a better 
understanding as well as controlling of the chemical processes on H-terminated silicon surfaces, 
there is an essential need to characterize the chemical reactivity of the bonds. The dominant 
chemical process under an ambient condition is oxidation. The rate of oxidation is influenced 
by environmental factors, presence of reacting agents, and inherent sample specifications like 
surface morphology.  

The spectra presented in this work demonstrate prominent aspects of the chemistry of 
silicon surface which is affected by strain. First, strain shows its potential to change the pathway 
reaction of hydrogen terminated surface that considerably shifts the kinetic of surface 
reactions. There is high priority of oxidation in subsurface Si-Si back bonds only after 5 min of 
the reaction time. This finding underlines the catalyzing role of strain in surface reactivity to 
overcome the activation energies. This study also revealed that Si-OH linkages with substrate 
oxidation is produced upon the reaction between water and strained hydrogen terminated 
surface. Also, it demonstrates the existence of oxidant producing the oxide layer; hydrated 
silicon oxide (Si-OH) and SiOx species. We concluded in this study that strain causes fast 
oxidation of the Si-Si backbone, and Fuchs et al. 141 demonstrated that oxygen atoms 
incorporated directly into Si-Si bonds at the interface are a source of optical anisotropy and 
induce strain on the structure. As a result, it's also worth noting that applied strain on the 
structure and Si-Si back-bond oxidations are mutually exclusive. 
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Chapter 5 
 

5. STRAIN EFFECT ON CO ADSORPTION  
ON CALCITE(10.4) SURFACE 

 
Some sections of this study that deal with CO adsorption on an unstrained calcite(10.4) surface 
were adapted from a previously published paper: “CO adsorption on the calcite(10.4) surface: 
a combined experimental and theoretical study” with permission from the journal of Physical 
Chemistry Chemical Physics. 
 

5.1. Aims and objectives 
Various experimental and theoretical methods have been used to investigate the microscopic 
nature of the calcite(10.4) surface46, 142-143. The sources and geometry of two departures from 
the bulk-truncated (1×1) structure have been documented, but their origins and geometry are 
currently being debated. First, atomic force microscopy (AFM) results46, 144-145 revealed a loss 
of pg surface symmetry (often referred to as ‘‘row-pairing"); an asymmetric tip probing an 
unrelaxed surface can also explain this surface relaxation. Second, using low energy electron 
diffraction (LEED)146 and AFM data145, 147, the existence of a (2×1) reconstruction has been 
hypothesized. An rectangular supercell with dimension of 10.0 Å and 8.1 Å, positioned along 
the [01&0] and [421&] directions, characterizes this reconstruction. Here, we aimed to study the 
surface structure of the UHV-cleaved calcite(10.4) surface using polarization-resolved infrared 
reflection absorption spectroscopy (IRRAS) with CO as the probe molecule, as well as non-
contact atomic force microscopy (NC-AFM) experiments and density functional theory (DFT) 
calculations. We would like to emphasize that no previous IRRAS studies of adsorbates on well-
defined surfaces of macroscopic calcite single crystals are known. Technical difficulties in 
recording IR data utilizing reflection geometries for dielectric substrates have just recently been 
overcome, resulting in a lack of experimental data148-149. The influence of external strain on the 
adsorption characteristics of CO molecules in the calcite(10.4) surface is then determined using 
DFT. Compressive and tensile uniaxial strains of 1 %, 3 %, -1 %, and -3 % were examined150. 
 

5.2. Methodology 
5.2.1. Infrared reflection absorption spectroscopy 
In a multi-technique UHV apparatus, all IRRAS tests were carried out (Prevac, Poland). Korth 
Kristalle GmbH (Altenholz, Germany) provided 6 large blocks of calcite(10.4) single crystal (8× 
8× 12 mm3) with optical quality. Before attaching the blocks to the sample container, they were 
cut into small pieces in the atmosphere. A scalpel blade coupled to a wobble stick was used to 
cleave the calcite single crystal in the UHV chamber. Figure 5.1 shows an image of the sample 
holder with a single calcite crystal fragment. The wobble stick inside the UHV chamber can 
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move the central part of the base plate in clockwise and anticlockwise directions to modify the 
azimuthal orientation of the specimen. Before cleavage, the single crystal was briefly annealed 
after being placed into the UHV system. The samples were instantly transferred to the IRRAS 
chamber after cleavage. The IRRAS data were collected using polarized infrared light with a 
spectral resolution of 1 cm-1 at a grazing incidence angle (80°). The UHV chamber's base 
pressure was set at 4.0× 10-11 mbar. CO was dosed using a capillary tube that ended in front of 
the sample, with the sample temperature kept at 62 K. A K-type thermocouple affixed to the 
sample holder's edge was used to monitor the sample's temperature. 1.33×10-6 mbar s 
corresponds to one Langmuir (L) exposure.  
 

 

Figure 5.1. Photograph of a calcite (CaCO3) single crystal mounted in the sample holder 
(designed for UHV cleavage) with the (10.4) surface pointing up. Size of the base plate of 
the sample holder is 8 ×8 mm2. 

  

5.2.2. Non-contact atomic force microscopy (NC-AFM) 
In a system independent from the IRRAS setup, sample preparation and NC-AFM tests were 
carried out under ultra-high vacuum conditions. Using a scalpel blade mounted to a wobble 
stick, calcite crystals (Korth Kristalle, Altenholz, Germany) were sliced in-situ to form a (10.4) 
surface151. The crystal was placed on a double sample holder with an additional Ag(111) surface 
for tip preparation and heated to roughly 440 K for 1.5 hours to eliminate residual charges152. 
NC-AFM studies were carried out using a ScientaOmicron LT qPlus gen.III microscope 
(Tunusstein, Germany) controlled by a MATRIX controller and W-tips attached to qPlus 
sensors153 as supplied by the manufacturer. On the Ag(111) surface positioned near the calcite 
sample, tips were produced using standard scanning tunneling microscopy techniques. At 
background pressures about p ~ 5× 10-8 mbar, CO was dosed directly into the scan head 
(Tsample o 10 K while opening the shields). To improve image contrast, metal tips were partially 
terminated with CO molecules154. After the NC-AFM experiments, the surface orientation was 
determined ex-situ by optically detecting the orientation of the ordinary and extraordinary rays 
of the birefringence. 
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5.3. Computational method 
The generalized gradient approximation (GGA) and the PBE functional, as implemented in the 
Vienna ab initio simulation package, were used to perform DFT computations (VASP)155. The 
projector-augmented wave (PAW) scheme was used to represent the electron–ion 
interaction122. Up to a kinetic energy of 400 eV, the electronic wave functions were expanded 
into plane waves. The calculations presented here were performed on a slab (four layers thick) 
that exposed a (10.4) surface with a (1×1) unit cell and included a total of 40 atoms (Ca: 8, C: 8, 
O: 24), see also Figure 2.143, 156. This model is comparable to others used in previous research157-

158. It was discovered that a vacuum region of 20 Å was large enough to preclude interactions 
between the surface and adsorbed molecules, as well as their replica images. Coverage is 
defined as the quantity of CO molecules divided by the number of surface Ca ions. Except for 
the lowest layer, all degrees of freedom were allowed to relax until the stresses on the atoms 
were less than 1 meV Å-1. The total energy and Hellmann– Feynman forces on the atoms (and 
stresses on the unit cell) were used to optimize the atomic coordinates (and unit cell size for 
the bulk materials) using a conjugate gradient technique. When the forces on the atoms were 
less than 1 meV Å-1, the structures were regarded entirely relaxed. Within the Monkhorst–Pack 
scheme, the Brillouin zone integration was done with a 4 × 4 × 1 mesh. The force-constant 
method was used to calculate vibrational eigenmodes and frequencies. The starting geometry 
for the optimization was a CO molecule (bond length 1.14 Å). The force-constant method was 
used to calculate vibrational eigenmodes and frequencies. The starting geometry for the 
optimization was a CO molecule (bond length 1.14), positioned vertically on top of Ca2+), 
positioned vertically on top of Ca2+.  

The difference in total energy between the bulk and the surface per unit area is known as 
the surface energy, and it may be calculated using the following equation for a stoichiometric 
surface159: 

𝐸P-1Q = (𝐸PR0M − 𝑁𝐸M-RS) 2𝐴	⁄  (5-1) 

where Eslab represents the total energy of the surface, Ebulk represents the bulk energy, N 
represents the number of unit cells utilized to construct the slab, and A represents the surface 
area.  

Our calculations yielded a surface energy of 0.50 J/m2, which is quite similar to prior 
estimates160-161. 

As a function of CO molecule coverage, the adsorption energy (Eads) can be computed as 
follows162: 

𝐸0IP =
D,$D-$TD./

T
 (5-2) 

where 𝐸T is the energy of a surface with n molecules, 𝐸UV denotes the energy of a gas-phase 
molecule, and 𝐸W	denotes the energy of a clean slab. 

Strain value is imposed due to the values obtained from previous studies (strain range 0-
5%)54. The applied elongation, ΔL, can be obtained based on the initial length of the unstrained 
sample along the loading direction, L0, and the loading engineering strain which is equivalent 
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to ΔL/L0. The same procedure is used to applied compression along the same direction ([421&]). 
The simulation box size in the perpendicular direction of the loading was then adjusted 
accordingly to ensure uniaxial stress condition in the study, so that stress remained negligible 
in the perpendicular direction124. After applying the loading conditions, structural relaxation 
was achieved using the conjugate gradient energy minimization method with 10−6eV criteria 
for energy convergence. To calculate IR spectra, the IBIRON = 8 is set to determine the Hessian 
matrix (matrix of second derivatives). 
 

5.4. Results and Discussion 
5.4.1. Experimental part 
After varied exposures of the freshly cleaved calcite(10.4) surface to CO at a substrate 
temperature of 62 K, the polarization-resolved IRRAS data shown in Figure 5.2a were acquired 
for p-polarized IR light incident along the surface. An asymmetric single band at 2175.8 cm-1 is 
found for a 0.5 mL exposure, which is attributed to the stretching vibration of CO molecules 
bound with the C atom to Ca2+-cations at the calcite surface. When the exposure was raised to 
0.1 L, the band became more intense while shifting somewhat to a lower frequency, 2174.4 cm-

1. The decrease of frequency continued with increasing exposures until a value of 2173.4 cm-1 
was attained. No additional increases in band strength or changes in band shape were detected 
for exposures greater than 2.0 L, showing that the calcite(10.4) surface was saturated with CO 
and no multilayer development occurred at this substrate temperature. In IRRAS data taken with 
s-polarized light, the CO vibration was also visible (Figure. 5.2b, bottom). 
 

 
Figure 5.2. (a) IRRAS spectra of CO adsorbed onto the calcite(10.4) surface with increasing 
exposures using p-polarized light at 62 K. (b) IRRAS spectra for 2 mL CO adsorbed onto the 
calcite(10.4) surface at 62 K using p-polarized light (top) and s-polarized light (bottom). 
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When compared to that excited by p-polarized light, the intensity is substantially lower by an 
order of magnitude (Figure 5.2b, top). Because only vibrational modes with a component of 
their transition dipole moment (TDM) oriented parallel to the surface may be activated by s-
polarized light, the presence of a vibrational characteristic for s-polarization reveals that there 
must be a static or dynamic tilt angle149.  

We took IRRAS data after heating the CO adlayers to various temperatures in order to 
calculate the binding energy of the CO adlayers (see Figure 5.3a). The fluctuation in integrated 
band intensities as a function of surface temperature is seen in Figure 5.3b. For temperatures 
below 92 K, the position (Figure 5.3a) and intensity (Figure 5.3b) of the CO–Ca2+ band remain 
unchanged. CO begins to desorb from the surface after further annealing to 100 K, resulting in 
a drop in band intensity and a minor blue shift in the vibrational frequency. Using the Redhead 
equation163, a simple quantitative examination of the IR band intensity evolution reveals a 
binding energy of 0.31 eV for CO on the calcite(10.4) surface. 
 

 
Figure 5.3. (a) IRRAS spectra for 2 mL of CO adsorbed onto calcite(10.4) surfaces at T = 62 
K and after annealing to the temperatures indicated. (b) Integrated spectral intensity 
evolution as a function of temperature. 

 
After dosing CO into the cold scan head on calcite(10.4) for three distinct total periods of 25 

s, 50 s, and 150 s, we collected AFM micrographs to study the adsorption location and CO 
arrangement, resulting in coverage of roughly 0.006, 0.013, and 0.067 monolayers (ML). A 
coverage of two CO molecules per (1×1) unit cell is defined as one ML. It's worth noting that 
the pressure in the third experiment was slightly higher. Figure 5.4 depicts the corresponding 
results. In all images, the calcite surface structure is visible as four bright protrusions per (2×1) 
unit cell, with unit cell diameters of 10 × 8.1 Å2, as indicated by white rectangles. The contrast 
in Figure 5.4a, b, and d indicates a staggered (zig-zag) structure along the [421&] direction, which 
is due to the differing orientation of the two carbonate groups within the surface unit cell. 

In addition, in all micrographs, the (2×1) reconstruction is discernible as a modulation along 
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the [010] direction of the dark rows. The pg surface symmetry is preserved because no row-
pairing reconstruction is visible. Individual dark depressions are seen and identified as single 
CO molecules, which are not visible on clean calcite(10.4) surfaces (examples are marked by 
white arrows in Figure 5.4). 
 

 

Figure 5.4. NC-AFM imaging of single CO molecules on calcite(10.4) at 5 K with total 
deposition durations of (a) 25 s, (b and d) 50 s, and (c) 150 s. Data in (b and d) were acquired 
after dosing further 25 s onto the sample presented in (a). Data in (c) are acquired after 
dosing for 25 s and additional 125 s. Single CO molecules are marked by an arrow in all 
figures, molecules slightly off-center with white circles in (b). The (2 ×1) unit cell is marked 
by white rectangles in all micrographs. 

 
These depressions are well isolated from one another, yet they are frequently moved 

around throughout scanning (see Figure 5.4c). We didn't notice any clusters or adsorbate 
islands forming. The molecules are placed at the site of calcite surface characteristics 
photographed brightly in NC-AFM, as shown in the detailed micrograph in Figure 5.4d. Despite 
the IRRAS measurement of a single sharp band, we see molecules somewhat off-center of the 
bright calcite surface feature (examples are marked by white circles in Figure 5.4b). However, 
at the IRRAS measurement temperature of 62 K, the difference between these orientations 
may be thermally averaged, whereas the barrier is too great at the NC-AFM imaging 
temperature of 5 K. We can also deduce from the IRRAS data that the bright protrusions in 
these NC-AFM micrographs represent the sites of the surface Ca2+ cations because the CO 
molecules are positioned there. 
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For NC-AFM measurements of calcite(10.4) surfaces, two imaging models were offered 
previously: a ‘‘positive potential nanotip" imaging model and a ‘‘negative potential nanotip" 
imaging model164. The imaging was explained as being dominated by electrostatic interactions, 
in which the oxygen or calcium sublattices are viewed as ‘‘bright" due to attraction with a 
positive or negative ion at the tip apex, respectively164. As a result, we conclude that the data 
presented here were collected using a probe tip with a negative termination.  
 

5.4.2. Computational part 
5.4.2.1. CO adsorption on unstrained calcite(10.4) 
Finally, DFT was used to investigate two distinct CO/calcite configurations: (i) a single CO 
molecule adsorbed within the (1×1) cell, equivalent to 0.5 ML coverage, and (ii) two CO 
molecules adsorbed within the (1×1) cell, corresponding to total monolayer coverage (1.0 ML). 
CO was adsorbed on top of a surface Ca site in all cases and was initially oriented perpendicular 
to the surface with the carbon pointing downwards. The common coordination of CO on metals 
and metal oxides conforms to this geometry165. At 1 ML, DFT calculations revealed a tilt of 
14.42° for the two CO molecules within the (1×1) unit cell, and tilts of 14.57° and 15.141 for 
the two CO molecules within the (1×1) unit cell. Figures 5.5 and 5.6 illustrate the optimal 
geometries produced for the various configurations, while Table 5.1 lists the relevant 
parameters. The influence of lateral interactions between CO molecules is revealed by the 
minor rise in tilt angle with coverage.  
 

 

Figure 5.5. After energy minimization, side views of CO/calcite(10.4) for two distinct CO 
coverages of 0.5 ML (a) and 1.0 ML (b) (b and c). CO tilt angles are included. 
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Figure 5.6. One carbon monoxide molecule (0.5 ML coverage, left) and a full monolayer of 
CO (right) on the energetically preferred adsorption site of a CaCO3 surface unit cell. After 
their optimum configurations, F denotes the azimuthal angle of adsorbed CO. 

 

Table 5.1. Parameter characterization of CO/calcite(10.4) after geometry relaxation. The 
parameters x(C–Ca(surface)), y(C–Ca(surface)) and z(C–Ca(surface)) denote the distance 
between the carbon atom of the adsorbed CO molecule and the surface Ca ion. Ca(surface)-
O(subsurface) indicate the distance between the surface Ca ion and O presented in the 
sublayer. Θ (tilt angle) and φ (azimuthal angle) are defined based on the presented 
methods in Figure 5.5 and 5.6. 

 
 
Table 5.2 shows the predicted adsorption energies and stretching frequencies of CO 

molecules at various coverages. A stretch frequency of 2123 cm-1 was observed for the isolated 
CO gas phase molecule, indicating a frequency shift (Δ𝝂) of 20 cm-1 when compared to the 
experimental value of 2143 cm-1 166. Here, Δν represents the calculated frequency shift relative 
to the computed stretching frequency of gas-phase CO, and ν (corrected) is obtained by adding 
this Δν to the experimental CO gas-phase stretching frequency of 2143 cm−1 167. 

When comparing experimental and theoretical results, we will utilize the relative shifts to 
the unbound molecule, Δ𝝂. The adsorption energy of a single CO molecule at 0.5 ML coverage 
is calculated to be -0.216 eV, and the CO stretching frequency is blue shifted by 27 cm-1 
compared to the gas phase value. The binding energy is reduced to -0.210 eV for the whole 
monolayer, and the blue shift is reduced to 19 cm-1. 
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Table 5.2. Adsorption energy and vibrational frequencies as a function of surface coverage 

 
 

As with CO adsorption on other oxide surfaces, the reduced binding energy is ascribed to 
repulsive adsorbate–adsorbate interactions (e.g. TiO2

166). When increasing exposures, the 
absence of attractive adsorbate–adsorbate interactions also explains why no islands occur. 
Because the overall blue shift (relative to the free molecule) is the result of a variety of causes, 
a simple rationalization of the changes in frequency between low and high coverage is 
challenging. (1) the CO dipole moment's interaction with the surface electric field (Stark effect), 
(2) the repulsive potential (Pauli repulsion) caused by the CO molecule vibrating against a rigid 
surface (also called wall effect)165-166. Intermolecular repulsive interactions, on the other hand, 
are consistent with NC-AFM results, which show no clustering of CO molecules. 
 

5.4.2.2. CO adsorption on strained calcite(10.4) 
We began by looking at the impact of strain on surface energy, which was computed using the 
Eq. (5.1). The surface energy of the unstrained system is 0.50 J/m2, which is quite close to 
previous predictions. Figure 5.7 depicts the surface energy results for all stretched and 
compressed surfaces. When uniaxial tensile strain is applied to samples, the surface energy 
increases. For example, 1% compressive strain yields = 0.49 J/m2, while 1% tensile strain yields 
= 0.51 J/m2. The stability of the calcite surface rises slightly with compression, according to the 
findings. 
  

 

Figure 5.7. Change in surface energy of calcite(10.4) surface upon applying strain of 3%, 
1%, -1% and -3%. 
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5.4.2.3. Effect of strain on CO adsorption 
Finally, we study the effect of uniaxial external strain (1%, 3%, -1% and -3%) on the CO 
adsorption properties of calcite. The Eads of CO molecule (half and full coverage) is calculated 
using the Eq. (5-2) and the results are shown in Table 5.3. For the considered the type of strain, 
the adsorption becomes more favorable as the surface stretched and compressed. The result 
of CO single molecule adsorption is compatible with the surface energy analysis as a surface is 
stretched further, i.e. the surface becomes less stable as it is stretched, implying that it will 
interact strongly with CO. The Eads became more favorable with less compression applied, 
showing high stability of surface under compression. The effect of strain on adsorption is then 
discussed when full coverage is taken into account. The adsorption of the full coverage 
decreases compared to the single-molecule adsorption for example from 0.224 for single CO 
molecule to 0.221 for 1.0 ML when the sample starched for 1 percent. Because the full coverage 
represents a more realistic depiction of the amount of gas present, a conclusion that carbon 
monoxide adsorption is affected by strain might be drawn; nonetheless, this effect is small (~ -
0.01 eV).  
 

Table 5.1. Adsorption energy and vibrational frequencies of unstrained and strained 
calcite(10.4) surfaces as a function of surface coverage. 

 
 

The strain dependency of CO vibrational frequencies is shown in Table 5.3. According to our 
calculations, a compressive or tensile strain that affects the lattice constant by 1 to 3% increase 
the frequency of adsorbed CO molecules. In comparison to unstrained calcite, the obtained 
blue-shifted vibrational frequencies on stretched calcite surfaces are perfectly consistent with 
the adsorption energies results. Full coverage has a larger effect on vibrational frequency than 
half coverage, but not by much, indicating that molecules are not situated in different binding 
locations (as shown in Figure 5.8). The influence of CO-CO interactions in vibrational 
frequencies is the dominant factor for 1.0 ML coverage, rather than the strain effect, which 
results in a redshift in CO vibrational frequency from 0.5 to 1.0 ML. We expected to acquire a 
greater value of frequency when less compression was applied to the surfaces based on surface 
energy data, but the opposite was found for half coverage. One possibility is that the reduced 
volume of the compressed cell has an influence on CO molecule vibration. The next step was 
to characterize the strain effect parameters of CO/strained-calcite(10.4). As shown in Figure 
5.8 at 1 ML, the geometry of adsorbed CO molecules on strained calcites surfaces (stretched 
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or compressed) is the same as that of unstrained calcite (see Figure 5.6). 
 

 

Figure 5.8. Full monolayer of CO on the energetically preferred adsorption site of a strained 
CaCO3 surface. After their optimum configurations, F denotes the azimuthal angle of 
adsorbed CO. 

 
DFT optimization found a tilt of 14.42° for the single CO molecule within the (1×1) unstrained 

unit cell at 1 ML, while both stretched and compressed strain showed a declining trend, (Table 
5.3 and 5.4). Data reveal that the more calcite surfaces are strained, the less CO molecules 
tilted on the surface relative to an unstrained surface for full coverage of CO molecules. The 
tilts of 13.33° and 13.18° for 3% stretched surfaces achieved for 1.0 ML, for example, were 
comparable with the tilts of 14.57° and 15.14° for the two CO molecules within the unstrained 
calcite. Probably showing a higher contact of adsorbed CO molecules with the stretched 
surface, confirming the adsorption energy data. 
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Figure 5.9. Side views of CO/strained calcite(10.4) after energy minimization for two 
different CO coverages of 0.5 ML and 1.0 ML (b, c). (a) shows the images for strained calcite 
surfaces by 1% and (b) indicates the images of calcite surfaces strained by 3%.  

 

Table 5.2. Parameter characterization of CO/strained calcite(10.4) after geometry 
relaxation. The parameters x(C-Ca(surface)), y(C-Ca(surface)) and z(C-Ca(surface)) denote 
the distance between the carbon atom of the adsorbed CO molecule and the surface Ca 
ion. Ca(surface)-O(subsurface) indicate the distance between the surface Ca ion and O presented 
in the sublayer. Θ (tilt angle) and φ (azimuthal angle) are defined based on the presented 
methods in Figure 5.8 and 5.9a. 
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Table 5.3. Parameter characterization of CO/strained calcite(10.4) after geometry 
relaxation. The parameters x(C-Ca(surface)), y(C-Ca(surface)) and z(C-Ca(surface)) denote 
the distance between the carbon atom of the adsorbed CO molecule and the surface Ca 
ion. Ca(surface)-O(subsurface) indicate the distance between the surface Ca ion and O presented 
in the sublayer. Θ (tilt angle) and φ (azimuthal angle) are defined based on the presented 
methods in Figure 5.8 and 5.9b. 

 
 

5.5. CONCLUSION 
The adsorption of CO molecules on freshly cleaved calcite(10.4) surfaces was investigated using 
polarization-resolved IRRAS and NC-AFM. The surface's structural quality was demonstrated by 
NC-AFM data. CO adsorption led in the appearance of dark features, which were mostly seen 
on top of light surface features. The surface Ca2+ cations were recognized as the latter. In 
agreement with the NC-AFM findings, IRRAS data obtained with p-polarized incoming light 
demonstrate that only one adsorbate species is present on the cleaved calcite(10.4) surface. 
CO adsorbed on the surface of calcite(10.4) was calculated using DFT for two distinct surface 
coverages (0.5 ML and 1.0 ML). CO adopts a slightly tilted geometry for the two different 
coverages evaluated here, according to the computations.  A blue shift of the vibrational 
frequencies relative to the unbound molecule is obtained, as predicted by the IRRAS 
experiments. For 0.5 ML, the gap between observed and theoretical shifts is 2 cm-1, indicating 
excellent agreement. The disparity between observed and predicted shifts grows to 12 cm-1 for 
1.0 ML. The mismatch can be explained in part by a missing vdW-potential in the DFT functional. 
The predicted estimate of 0.210 eV for 1.0 ML adsorption energy is in good agreement with the 
observed value of 0.31 eV. Higher coverages (1.0 ML vs. 0.5 ML) resulted in lower binding 
energy, indicating the presence of repulsive interactions between neighboring CO adsorbates. 
This finding is consistent with NC-AFM data demonstrating that no CO islands have formed. We 
have studied how uniform strain in the plane parallel to the surface of calcite(10.4) affects the 
properties of adsorbed CO. The adsorption of CO molecule on calcite(10.4) surface under 
different external strain was studied. As the surface is stretched or compressed, the adsorption 
becomes more favorable. A compressive or tensile strain that changes the lattice constant by 
1 to 3% increases the frequency of adsorbed CO molecules, according to our calculations. The 
reported blue-shifted vibrational frequencies on stained calcite surfaces are entirely consistent 
with the adsorption energies results when compared to unstrained calcite. Adsorbed CO 
molecules on strained calcites surfaces (stretched or compressed) have the same geometry as 
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normal calcite molecules. The more strained calcite surfaces are, the fewer CO molecules are 
tilted on the surface compared to an unstrained surface, according to the data. By quantifying 
the geomechanical impacts on the adsorbed gas, these data can be used to predict the 
projected ultimate recovery in carbonaceous tight gas reservoirs. 
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Chapter 6 
 

6. MONITORING THE CRACK PROPAGATION IN 
 CEMENT BASED MATERIALS WHILE BENDING TEST 

 
The concept of this study was adapted from the published article: “Effect of polymer-coated 
silica particles in a Portland cement matrix via in-situ infrared spectroscopy” with permission 
from JOURNAL OF COMPOSITE MATERILAS.  
 

6.1. Novelty of instrumental method 
In engineering, knowing the exact properties of a material used in terms of strength, plasticity 
or brittleness, elasticity, and other properties is also critical. Material samples are tensile tested 
for this purpose by clamping them in a tensile testing system with a known starting cross-
section and loading them with a tensile force. The force is then graphically represented as a 
function of the length change induced by DL168-169. This curve is called the force-extension 
diagram. In this study, a new measurement approach based on in-situ infrared spectroscopy 
provides insight at the atomic level into various energy dissipation processes at cement-based 
materials. 
 

6.2. The importance of energy dissipation in cement-based materials  
At all times during the mechanical testing process, samples exchange energy with the 
surrounding environment. External mechanical energy is converted to strain energy, and the 
thermal energy is retained for use by the system (internal energy). Meanwhile, strain energy 
may be converted to elastic energy, surface energy, and other sources of energy, which are 
then released into the environment in various ways, such as acoustic emission and kinetic 
energy170. As a result, energy is often transferred through the entire process of specimen 
deformation and destruction, which was detected in this study through bond vibrations171. 

Many infrastructure structures, such as dams, road foundations, bridges, tunnels, and other 
structures, are made of concrete. As a result of impact loading or the dynamic shock of moving 
vehicles, earthquakes, and other causes, all of these concrete structures are exposed to 
vibration forces, resulting in structural damage and fatigue accumulation172-173. Two factors 
influence the amplitude and frequencies of induced vibration in a given structure: the structure 
form and the applied dynamic load. Vibrational control is important in this case for extending 
the structure's life and reducing costs174-175. One of the most important strategies for 
minimizing dynamic vibrations is damping, or the dissipation of energy in materials under load. 
Mechanical energy dissipation is the conversion of energy into another source of energy, such 
as heat176. Vibration damping can be accomplished in two ways: passive damping and active 
damping. Active damping requires a sensor and actuator to overcome vibration, which is 
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efficient but expensive. Certain materials that can dissipate vibration energy and convert it to 
heat are used in passive damping (the cheapest and most popular method)176. 
 

6.3. Adding admixtures in cement-based materials  
Polymers are commonly used in passive damping to minimize dynamic stress vibration and 
improve device efficiency177-179. The ability of polyethylene (PE) and polypropylene (PP) to resist 
impact deformation and dissipate impact energy was studied by Constantinides at el.180. 
Finegan and Gibson181 studied the damping behavior of polymer composites with coated fibers, 
finding that coating the fiber with a viscoelastic polymer improves the damping properties 
significantly. Shape memory polymers are often referred to as smart materials because they 
can react to external stimuli such as heat, sound, and light182-183. The dissipation of vibration 
energy is affected by long-range molecular reordering during this reversible change. So, we 
aimed to use a series of polyurethane named PEG-MDI-DMPA (polyethylene glycol - 4,4-
diphenylmethane diisocyanate - and dimethylolpropionic acid) which are known as a triple 
shape memory polymer73. Gao et al.184 discovered that grafting SiO2 nanoparticles onto a 
rubbery block copolymer improved the epoxy matrix's ductility, fracture resilience, and fatigue 
crack growth resistance. To improve the mechanical properties of composites, Jiang et al.185 
suggested mixing silica nanoparticles with graphene oxide in epoxy.  
 

6.4. General view 
The aim of this research is to better understand the energy dissipation mechanisms in 
SiO2@polymer–matrix composites so that damping behavior can be assessed. In this research, 
we used in-situ infrared spectroscopy in combination with a self-made mechanical instrument 
(Bieger) to apply external loads and IR radiation at the same time. The obtained IR spectra are 
expected to provide us with useful information about how modified samples respond to 
mechanical loading and their energy dissipation mechanism. The predicted role of particles in 
inhibiting crack propagation and rising energy dissipation of hardened cement paste is depicted 
in Figure 6.1. 

 
6.5. Methodology 
6.5.1. Chemicals 
The SiO2 powders (Silica gel 60, 0.03-0.2 mm) and Polyethylen glycol 1500 (PEG-1500) were 
purchased from Carl Roth GmbH & Co. KG, Germany. The Polyethylene glycol 600 (PEG-600), 
Diphenylmethane 4,40 -diisocyanate (MDI) and Sodium hydroxide solution (NaOH solution, 1 
mol/L) were purchased from Merck KGaA, Germany. The 2,2-Bis(hydroxymethyl)-propionic acid 
(DMPA) was provided from Alfa Aesar, Germany. Portland cement (CEM-I 32.5 R) was supplied 
by HeidelbergCement AG, Germany.  
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Figure 6.1. Schematic illustration of the effect of the particles on crack growth. It is believed 
that when mechanical force was applied to pure hardened cement paste, rapid crack 
propagation occurred, resulting in lower fracture force and abrupt mechanical force 
release. Incorporated particles, on the other hand, are supposed to act as a barrier to crack 
growth, resulting in the formation of new micro cracks that require energy to expand and 
move through the particles. As a result, more energy could be dissipated. 

 

6.5.2. Preparation of polymer coated particles  
and cement-based composites 

In this work, 0.015 mol PEG (PEG was PEG-600 and PEG-1500) and 0.012 mol DMPA were 
dissolved in 200 mL acetone, 9 g SiO2 powders were added and dispersed by magnetic stirring 
for 10 min. After that, 0.025 mol MDI in 50 mL of acetone was added dropwise into above 
dispersion solution under a 750 r/min speed magnetic stirring, this mixture was heated to 75C 
and reacted for 6 h under nitrogen protection. The products were filtrated and washed with 
acetone and deionized water. To improve the dispersity of the particles, the products were 
treated with NaOH solution for 30 min, then were filtrated again and washed with deionized 
water until the pH was. Polymer coated particles were obtained after 6 h of drying in oven at 
50C. The cement-based samples were prepared by first mixing the cement and each type of 
particles (with PEG-600 and PEG-1500), this mixture was stirred mechanically for 1 min. And 
then, under continuous stirring, water was added and the resulting mixture was mixed finally 
for 2 min (procedure in shown in Figure 6.2). And there was also a control sample without 
particles. For all of the samples, the water/cement ratio was 0.4 while the particle/cement ratio 
was 0.07. As the difference in modified samples comes from the molecular weight of PEG, the 
specimens are coded as PEG-i-C (i=molecular weight of PEG and C denoted the Cement matrix). 
Composition of three groups of pastes is shown in Table 6.1. 
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Table 6.1. Detailed information of mixture compositions. 

 

Due to declining the IR beam scattering, EcoMet 250 pro (Buehler) polisher was used to 
polish the cement-based materials. Micro polish aluminum oxide powder (alumina) was used 
at very fine grain size, as with 0.05 mm. The base-speed was 150 rpm, the load was 4 lbs and 
the polishing time was 2:00 minutes. Then, the polished specimens were cut, by means of 
IsoMet 1000 Precision Saw (Buehler) instrument, into rectangular samples with the size of 30 
× 10 × 0.5 mm which is the required dimension for being used in our self-made mechanical 
device. 
 

6.5.3. In-situ FTIR measurement 
Fourier-Transform infrared spectroscopy (FTIR) combined with a three-point bending test. FTIR 
measurement (spectra from 400 to 4000 cm-1, reflection mode), by VERTEX 70, and applying 
force in different positions was done simultaneously. In order to apply force on the samples, 
our self-made device (Bieger) was used (Figure 3.2(d)). The information regarding the applying 
strain was explained in Chapter 3 (section 3.2.1). 
  

6.5.4. Scanning Electron Microscope (SEM) analysis 
Surface morphology of samples before and after bending was analyzed by scanning electron 
microscopy using Philips XL30 ESEM-FEG (Firma, Ort, Land) at 20 kV. 
 

6.5.5. Nanoindentation investigation 
Proper surface preparation is crucial for nanoindentation analysis and therefore great care has 
been taken. Cross-section of the specimens were cut using a Buehler IsoMet 1000 diamond 
saw (Buehler, Lake Bluff, Illinois, USA). After expoxy-mounting three consecutive grinding steps 
followed by three consecutive polishing steps using a Buehler EcoMet 250 Pro Grinder Polisher 
were performed. In the last step a 50 nm alumina powder has been utilized. Each polishing step 
was followed by 3 min of ultrasonication in water with detergent to remove any loose particles. 
Nanoindentation was performed using an Ultra Nanoindentation Tester UNHT3 (Anton Paar 
GmbH, Graz, Austria) equipped with a diamond Berkovich tip. For each specimen a quadratic 
grid of 289 indents with a spacing of 10 mm between indents both in x and y direction was 
collected at a representative area. The applied load was increased for 10 s until the maximum 
load of 2 mN was reached and held for 5 s, followed by a 10 s unloading period. Young’s 
modulus was then calculated using the Oliver and Pharr method. Since the diameter of the 
indents is only about 3 mm, different phases of the hardened cement paste with different 
Young’s moduli were analyzed per specimen. Therefore, the standard deviation is large if only 
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the average of all these phases is given. Nevertheless, these values contain information about 
the average material properties.  
 

6.6. Synthesis and characterization 
The PEG-MDI-DMPA solution is synthesized through polymerization using poly ethylene glycol 
(PEG) with two molecular weights, 600 g mol-1 and 1500 g mol-1, diphenylmethane diisocyanate 
(MDI) and dimethylolpropionic acid (DMPA). Figure 6.2 depicts the synthetic polymer's 
chemical structure. The designed polymer is successfully synthesized, according to IR results in 
Figure 6.3 (red line). The stretching vibration of isocyanate 𝑁 = 𝐶 = 𝑂 is estimated to be about 
2270 cm-1 186. As can be shown, there is no peak at the wavenumber in question, suggesting 
that the MDI has completely reacted. The peaks observed around 3300 cm-1 and 1720 cm-1 are 
related to the stretching vibration of 𝑁 − 𝐻	and	𝐶 = 𝑂, respectively, illustrating the formation 
of the urethane group (−𝑁𝐻𝐶𝑂𝑂 −)73, 187. 
 

 

Figure 6.2. Synthetic process of polyethylene glycol - 4,4-diphenylmethane diisocyanate - 
and dimethylolpropionic acid (PEG-MDI-DMPA). Different molecular weight of (60 and 
1500 g/mol) was used.  

 
The stretching vibration of the 𝑆𝑖 − 𝑂 − 𝑆𝑖 bond occurs at 1088 cm-1, 961 cm-1, and 740 cm-

1 in the green IR curve, indicating the range of the wavenumber region for SiO2 particles. In 
addition, the peak around 461 cm-1 is associated with the bending vibration of 𝑂 − 𝑆𝑖 − 𝑂 188. 
The determined range (black line) confirms that demonstrating whether SiO2 and polymer are 
physically or chemically bound together is difficult. There is no obvious additional peak, such as 
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𝑆𝑖 − 𝑂 − 𝐶, that shows the formation of chemical interaction. However, due to contributions 
from several species, including 𝑆𝑖 − 𝑂 − 𝑆𝑖	and 𝑆𝑖 − 𝑂 − 𝐶 vibrations, peak assignment at 
1000- 1500 cm-1 is difficult 189. 
 

 

Figure 6.3. IR curves of synthetic polyurethane, SiO2 particles and polyurethane coated SiO2 
particles (PU/SiO2). 

 
 

 

Figure 6.4. SEM images of (a): SiO2 without polymer coating and (b): PU/SiO2, the diameter 
of the inorganic core is between 5-250 microns and the thickness of the measured polymer 
coating for one of the particles is between 0.6 - 1 microns (c). 
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To learn more about the polymer coated particles and their distribution in the matrix, an 
EDX elemental mapping analysis is carried out (Figure 6.5). The findings show that Si is present 
in the heart and that the polymer is concentrated in the shell. The layer of polymer that 
restricted the agglomeration of SiO2 particles may be responsible for the good distribution of 
Si in SiO2@polymer modified cement paste. 
 

 
Figure 6.5. The results of SEM/EDX investigations of the C-PEG-600 after 28 days (the 
images are taken from cross section of sample). Individual elemental maps reveal the 
presence of silicon related to particles and carbon as cover around them. (b): higher 
magnification of SEM image which clearly indicates the existence of polymer coated 
compound in matrix, the measured polymer thickness is 3.92 µm. 

 

6.7. In-situ IR measurements during mechanical test 
Figure 6.6 shows the IR spectra of samples under mechanical loading in various bending 
positions. Calcium silicate hydrate phases (𝐶 − 𝑆 − 𝐻) make up about 60% of the hydration 
products in hardened cement paste, according to several previous reports, and have a major 
impact on mechanical properties190-192. In addition, the 𝐶 − 𝑆 − 𝐻 structure is made up of 
stacking 𝐶𝑎 − 𝑂 layers that are reinforced on both sides by silicate chains. The silicate 
tetrahedra can also be shown as dimers, dreierketten, or a chain of dreierketten.  From a 
thermodynamic perspective, two hydrolytic reactions occur as the pure C-S-H phase undergoes 
the tensile process due to activation energy reductions (eq. (6-1) and (6-2))193-195. One is that 
in the presence of water, the ionic bonds between the 𝐶𝑎 and 𝑆𝑖 − 𝑂 groups are stretched 
until they break, resulting in the formation of	𝐶𝑎 − 𝑂𝐻 and 𝑆𝑖 − 𝑂𝐻. Another possibility is that 
the covalent 𝑆𝑖 − 𝑂 − 𝑆𝑖 bond will be elongated until it is broken, and the remaining 𝑆𝑖 − 𝑂 
and 𝑆𝑖 will immediately react with water to form two 𝑆𝑖 − 𝑂𝐻 (eq. 6-2).  

𝑆𝑖 − 𝑂⋯𝐶𝑎	 +	𝐻!𝑂	 → 𝑆𝑖 − 𝑂𝐻	 + 𝐶𝑎 − 𝑂𝐻	 (6-1) 
𝑆𝑖 − 𝑂 − 𝑆𝑖	 +	𝐻!𝑂	 → 𝑆𝑖 − 𝑂𝐻	 + 𝑆𝑖 − 𝑂𝐻 (6-2) 

The obtained IR results show that only reaction No. 6-2 occurs, implying that only the 
calcium silicate hydrate phase's silicate chains are affected (Figure 6.6). The energy was 
absorbed by stretching the 𝐶 − 𝑂 bonds in the calcium silicate carbonate process and the 𝑆𝑖 −
𝑂 − 𝑆𝑖 bonds in the 𝐶 − 𝑆 − 𝐻 phase in pure cement (Figure 6.6). The layer structure of 𝐶 −
𝑆 − 𝐻 and calcium silicate carbonate phases is disrupted as the strain increases. They become 
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less organized, resulting in increased silicate tetrahedral breakage and rearrangements. The 
peaks at 1266 cm−1 and 1187 cm-1 are attributed to the antisymmetric stretching vibration of 
𝑆𝑖 − 𝑂 − 𝑆𝑖.196 The asymmetric and bending vibrations of the 𝐶 − 𝑂 of the 𝐶𝑂#!$ group 
present in the calcium silicate carbonate process can be correlated to the sharp peak at 1582 
cm-1 and a weak peak at 870 cm-1, respectively196-197. The first mechanism of energy absorption 
is observed during stretching of 𝐶 − 𝑂 bonds, since the material's damage process often begins 
with the weakest parts171.  
 

 

Figure 6.6. IR spectra of unmodified sample in different bending position. The value of 
deflection (d) for strain level is shown in µm. The black curve shows the zero position 
(deflection = 0). From up to down the value of curvature increase and the last spectra for 
each sample indicates the max deflection that is supported by samples before complete 
failure. 

 
Carbonates are formed through a variety of processes, as discussed in the literature. The 

first mechanism involves 𝐶𝑂! diffusing into the surface's empty pores, where it reacts with 
water from the pore solution to form carbonic acid. The formation of bicarbonate and carbonic 
ions results from the dissociation of carbonic acid. Calcium carbonate is formed as a result of 
the reaction between free 𝐶𝑎!" ions and 𝐶𝑂#!$. Furthermore, calcium ions from the calcium 
silicate hydrate (𝐶 − 𝑆 − 𝐻)	process can react with carbonate ions. The reaction of 𝐶𝑂! with 
surface oxygen, which produces 𝐶𝑂#!$, will initiate the second step, which will be followed by 
the reaction of 𝐶𝑂#!$ with calcium ions. Carbonate phase appears to develop on cement 
samples. Since IR measurements are performed in reflection mode, it's critical that the IR 
beam's penetration depth reaches the always carbonated surface so that enough data cannot 
be extracted from the bulk sample below. The FTIR findings (Figures 6.6, 6.7, and 6.8), as well 
as the observed variations in the presented peaks, suggest that the carbonate phase was not 
an obstacle to obtaining the desired information during the fracture process.  First and 
foremost, the reaction process between particles and the cement matrix should be considered 
when considering the modified hardened cement paste. The nature of the interaction between 
the cementitious and polymeric phases is unknown, and it is a source of debate among 
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researchers. Some reported that only physical interaction occurs in the system. Other authors 
assert that physical and chemical interactions between polymers and Portland cement will 
occur. Chemical interaction, according to Janotka et al.198, may lead to the formation of 
complex structures and changes in the hydration cement phases' morphology, composition, 
and quantity, especially calcium hydroxide. 
 

 

Figure 6.7. IR spectra of sample in various strain level for PEG-600-C. The black curve shows 
the zero position. The appearance of new peak (O-Si-O) is indication of different process of 
energy dissipation in the samples, contribution of SiO2 particles. 

 
 

 

Figure 6.8. IR spectra of sample in various strain level for PEG-1500-C. The black curve 
shows the zero position. The appearance of new peak (O-Si-O) and (O-H) groups are 
indication of different process of energy dissipation in the samples. 

 
Table 6-2 shows that the maximum deflection that the PEG-600-C sample can support is 

roughly three times that of pure hardened cement paste. These types of compounds (with 
physical or chemical interactions) tend to make the interlayer region in modified cement 
stronger than pure cement. Since the admixtures may act as nucleation sites for precipitating 
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cement hydration products, serving as a bridge between voids and cracks; or filler, filling the 
voids between the cement particles, thereby reducing the material porosity, the modified 
sample's mechanical strength has improved199. 

 
Table 6.2. The obtained values of max deflection (d) and max curvature supported by the 
samples. The value of ultimate force, stress and strain corresponding with max deflection 
for each sample are also calculated based on the presented formula in experimental part. 

 
 

As a function of pressure, Figure 6.9 depicts the intensity of energy consumed by various 
mechanisms. When the stretching vibration intensity of (𝑆𝑖 − 𝑂 − 𝑆𝑖) is compared, it is clear that 
more 𝑆𝑖 − 𝑂 − 𝑆𝑖 bonds are involved in carrying out the strain in the modified cement. As a 
consequence, stress is distributed more evenly, and failure caused by strain concentration is 
reduced. This rise in intensity also means that the admixture effectively decreases the hydrolytic 
reaction's energy barrier (Eq. 6-2). Si is assumed to be vulnerable to separating from the 𝑆𝑖 − 𝑂 
group and forming 2 𝑆𝑖 − 𝑂𝐻	due to the coordination of carbon from the polymer's functional 
group193. Furthermore, in contrast to cement without particles, the intensity of the 𝐶 − 𝑂 bond 
connected to the calcium silicate carbonate process is enhanced in PEG-600-C (Figure 6.9). In 
comparison to the presented phase in pure hardened cement paste, it appears that the 
carbonate silicate phase in this sample is the weakest phase. One possibility is that the particles 
reduce the ability 𝐶𝑎!" to bind with carbonate ions, making stretching of 𝐶 − 𝑂 bonds in the 
carbonate silicate process of the PEG-600-C sample easier than in unmodified cement. As a 
consequence, particle incorporation increases the mechanical strength of cement by carrying 
more energy with 𝐶 − 𝑂 bonds (dissipation of more energy). One notable feature of the IR 
spectra shown in Figures 6.7 and 6.8 is the presence of a peak about 500 cm-1, which is most likely 
due to particle incorporation. The presented peak about 500 cm-1 is due to 𝑂 − 𝑆𝑖 − 𝑂 bending 
vibrations, as shown in Figure 6.3 (black FTIR curve)188. The emergence of this peak shows a new 
pathway of energy dissipation in the samples, which delays the final failure by preventing rapid 
stress decrease.  

The first hypothesis was that the viscoelastic properties of the polymer process are primarily 
responsible for the energy dissipation of particles reinforced cement. The damping property of 
polymers is strongly temperature dependent, according to Sharafi et. al178. Excessive 
viscoelastic motion of polymer chains, particularly near the glass transition temperature, is 
linked to increased damping capability. This could explain why there was no peak directly 
related to the polymeric phase in IR measurements of PEG-600-C. The broad peak is observed 
at the wavenumber 3400 cm-1 due to an increase in the molecular weight of PEG chains (PEG-
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1500). It belongs to the 𝑂 − 𝐻 vibrations and may indicate viscoelastic behavior in a polymer73, 

187. The PEG-MDI-DMPA triple shape memory consists of a soft segment (PEG chains) and a 
hard segment (MDI-DMPA). The presence of hydrogen bonding between PEG and the carboxyl 
group, which prevents PEG from crystallizing and increases the mobility of these chains, makes 
PEG a soft segment187. The hard segment is made up of MDI and DMPA, and the dimers are 
mostly made up of carboxyl groups (found in the hard segment). In this polymeric structure, 
there are two types of hydrogen bonding interactions: one with themselves as dimers in the 
hard segment and the other with PEG in the soft segment (Figure 6.10(a) and (b)). 
 

 

 

Figure 6.9. The measured intensity of the stretching vibration of (Si-O-Si), bending vibration 
of O-Si-O and C-O peaks of the CEM І 32.5R, PEG-600-C and PEG-1500-C as a function of 
curvature (µm). Each point represents one bending position when the samples undergo 
external mechanical force. 

 
Increasing the molecular weight of PEG results in less MDI-DMPA segment content and less 

carboxyl groups in this polymer. As a result, increasing PEG chain length can result in more 
hydrogen bonding between PEG and carboxylic acid. Since the stretching vibration of 𝑂 − 𝐻 is 
observed in the PEG-1500 sample, the corresponding peak is more likely to be correlated with 
the hydrogen bonding carboxyl groups and soft segment (not between two carboxylic groups). 
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As a result, some energy is consumed to stretch and sever the 𝑂 − 𝐻 bonds187. As a 
consequence of the improvements made to the chemical state of the PEG molecule, such as 
increasing the number of oxyethylene (OE) groups in the PEG chain and thus the number of 
hydrogenbondable groups, a new mechanism for dissipating strain energy has emerged. The 
linear relationship between the PEG molecular weight and the samples' young's modulus is 
shown in Table 6.2. As compared to PEG-600-C, the ultimate fracture force in PEG-1500-C is 
higher, owing to more interactions between the particles and the cement matrix. According to 
E. McNamee et al.200, the higher molecular weight of PEG causes entanglement of the PEG 
chains, resulting in a solid polymeric content (Figure 6.10(c)). Since the higher molecular weight 
of PEG causes higher cement strength as well as a new mechanism of energy dissipation, the 
polymer phase in the PEG-1500 sample is still sufficiently flexible to bend/flex for touching with 
the other surface. The argument is that as the length of the PEG chain grows longer, less energy 
is absorbed through other processes (especially at higher strain levels (Figure 6.9). As the PEG 
molecular weight increases, a balance is achieved between overall deformation (toughness) 
and sample strength. 

 

 

Figure 6.10. Two types of hydrogen bonding in PEG-MDI-DMPA. (a): hydrogen bonding 
between carboxylic acid, (b): hydrogen bonding between PEG and carboxyl group. 
Schematic illustration (c) shows PEG chain crosses and gets entanglement that might 
occurred with increasing the molecular weight of PEG. 
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6.8. Summary 
The in-situ FTIR results show how the particles in the cement matrix increase the energy 
dissipation process and prevent the full release of strain energy, resulting in sample rupture. 
The 𝑆𝑖 − 𝑂 − 𝑆𝑖 and 𝐶 − 𝑂 bonds were primarily responsible for dissipating energy in pure 
cement. The addition of particles lowers the hydrolytic reaction energy of 𝑆𝑖 − 𝑂 − 𝑆𝑖, allowing 
the modified samples to carry more energy. The existence of extra peaks associated with 
bending vibration of 𝑂 − 𝑆𝑖 − 𝑂 and stretching of hydrogen bonds indicates that cement 
containing admixtures dissipated more energy through various mechanisms. Both ultimate load 
of failure and deformation increased in the same way from the unmodified sample to the 
cement with PEG-600 particles. Stretching the 𝑂 − 𝐻	bonds induces a new mechanism for 
energy absorption when the molecular weight of the PEG is increased. PEG-1500-C also has a 
higher strength, which is likely due to a stronger interface bonding between the particles and 
the cement matrix. However, higher molecular weight of PEG decreased the overall 
deformation in this study. Therefore, there is a balance between the strength and deformation 
of cements with the molecular weight of PEG. In conclusion, since damping is a material's 
energy dissipation characteristic, it is possible to determine the damping property of samples 
subjected to external mechanical loading using FTIR results. 
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Chapter 7 
 

7. CONCLUSION AND RECOMMENDATIONS 
 

7.1. General Remarks 
This thesis focused on atomic-scale investigation of strain effect on silicon and mineral 
materials (calcite and cement-based materials), in which the strain effect on surface reactivity 
for silicon wafers, CO adsorption parameters for calcite and monitoring the crack propagation 
for cement-based samples were our main concerns. In response to these goals, new mechanical 
machines were designed to investigate and provide the experimental data required to elucidate 
the necessary information. To in-situ track the strain-induced changes when applying force, 
these new devices were combined with IR spectroscopy and drop shape analyzer machines. 
The computational calculations (DFT) were performed with the aim of providing interpretation 
and guidance for performed experimental work. This thesis has provided a framework within 
which the strain effect on surface structure, adsorption properties, vibrational frequency and 
surface reactivity be investigated experimentally and computationally. 
 

7.2. Research Objectives and Outcomes 
In Section 1.2, a number of main research objectives were identified. Each of the objectives 
have been addressed in depth within the thesis and the following outcomes have been derived: 

(a) The following are the strain effects on H-Si microstructure: distribution of Si-H bonds 
(stretching and bending modes) and formation of new bonds (metastable three center 
(TCB)) due to hydrogen diffusion. 

(b) Strain demonstrates its ability to change the path way reaction of hydrogen terminated 
surface, resulting in a significant shift in the kinetic of surface reactions. 

(c) Direct formation of Si-OH linkages with substrate oxidation is produced upon the reaction 
between water and strained hydrogen terminated surface. 

(d) NC-AFM data demonstrate that CO adsorption on calcite(10.4) surface caused dark 
features to emerge on top of light surface features. 

(e) IRRAS data collected with p-polarized incoming light confirm the NC-AFM findings that 
just one adsorbate species is present on the cleaved calcite(10.4) surface. 

(f) According to the calculations, CO adopts a slightly tilted geometry for the two different 
coverages considered in this study. 

(g) The IRRAS experiments indicated a blue shift in vibrational frequencies of adsorbed CO 
on calcite(10.4) when compared to the unbound molecule. 

(h) Lower binding energy was observed at higher coverages (1.0 ML vs. 0.5 ML), showing the 
presence of repulsive interactions between nearby CO adsorbates. 

(i) The adsorption of CO molecules becomes more favorable as the calcite surface is 
stretched or compressed. 
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(j) The reported blue-shifted vibrational frequencies on stained calcite surfaces are entirely 
consistent with the adsorption energies results when compared to unstrained calcite. 

(k) According to the findings, the more strained calcite surfaces are, the less CO molecules 
are tilted on the surface compared to an unstrained surface. 

(l)  In-situ FTIR results show how the particles in the cement matrix increase the mechanism 
of energy dissipation process and prevent the full release of strain energy, resulting in 
sample rupture. 

(m)  In the pure cement, 𝑆𝑖 − 𝑂 − 𝑆𝑖	and 𝐶 − 𝑂	bonds were primarily responsible for 
dissipating energy. 

(n) The existence of extra peaks associated with bending vibration of 𝑂 − 𝑆𝑖 − 𝑂 and 
stretching of hydrogen bonds indicates that cement containing admixtures dissipated 
more energy through various mechanisms. 

(o) Stretching the 𝑂 − 𝐻 bonds induces a new mechanism for energy absorption when the 
molecular weight of the PEG is increased. 

(p) Since damping is a material's energy dissipation characteristic, it's possible to assess the 
damping property of samples subjected to external mechanical loading using FTIR results. 

 

7.3. Recommendations and Scope for Future Research 
Regarding H-silicon(111), in this study we investigate the strain effect on surface reactivity of 
hydrogenated Si(111). The Si(111) surface is the most suitable from a chemist's perspective 
because it has a large number of chemically distinct sites. The terrace site has an unstrained 
silicon monohydride termination, while the extremely distorted (112) step site has a silicon 
dihydride termination, and the strained and distorted silicon monohydride terminated kink site 
has a strained and distorted silicon monohydride termination. The mechanism of the rate-
limiting step can also be inferred by correlating the structure of individual sites with their 
calculated reactivities. The theoretical work in this thesis is limited since only completely 
hydrogenated Si(111) is used as a model, and it is necessary to create the structure of H-Si(111) 
with defects as well. Furthermore, liquid water is used to investigate surface reactivity, but 
water vapors and oxygen are better candidates for bringing the experimental state closer to 
what occurs in the manufacturing or application lines of these samples. In the case of the 
cement-based samples, it's worth noting that as the hydration progressed, C-S-H gels, calcium 
hydroxide (CH), and ettringite (AFt) are expected to precipitate as the main hydrates in Portland 
cement. In this study (explained in chapter 6) the volume of different phases in pure cement 
and the modified samples is not calculated. As a result, the role of particles (SiO2@polymer) in 
hydrate formation could not be discussed in depth. Furthermore, in order to achieve the 
desired results after particle integration, a thorough analysis of the factors influencing particle 
distribution, particle-to-cement ratio, and various mixing processes is needed. In most cases of 
‘‘sonochemistry", sound heats and compresses the system201. The influence of sound on 
chemical reactions is difficult to explain using traditional explanations since sound frequency is 
low and stimulates phonons of long wavelength with little energy. These are unlikely to have 
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an impact on the rate of chemical reactions. As a result, it was hypothesized that the strain 
caused by the sound wave may play a role in the process. Strain effects are likely to have a role 
in supported catalysts, particularly those that use small clusters. When a cluster like this is 
deposited on a support, it undergoes two changes: a charge rearrangement and a geometric 
strain. As a result, it's probable that the strain is responsible for some of the change in catalytic 
activity generated by depositing clusters on an inert support. As a result, strain is an effect that 
can be seen in a wide range of occurrences. 
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APPENDIX 
 

Appendix A: Additional information for chapter 4 
The deconvolution of the FTIR spectra 
All absorbance spectra are processed by subtracting IR spectrum of each sample after piranha 
cleaning and then by flattening the baseline to remove drifts. OPUS software was used to 
integrate the peak areas, and, when appropriate, peaks were fitted using Origin software. For 
the deconvolution of the spectra, OriginPro 2020b, a software peak analyzer tool (goal: Fit 
Peaks Pro; baseline mode: user defined; peak finding method: second derivative; fitting 
function: Lorentzian) was used on all the spectra. Data for the best fit to observed peaks in FTIR 
spectrum: wavenumbers (cm-1), full-width at half maximum (FWHM) of the peaks from the 
Lorentz line shape, area and Height (H) are presented in below tables. For our data, manual 
baseline correction yields the best results. We picked points that define a new baseline and the 
baseline was composed of straight-line segments between these points. This baseline is 
subtracted from the spectrum to yield the baseline corrected spectrum. The method that we 
used for anchor points detection was 2nd-order derivative. All peaks of the 2nd-order 
derivative curve are found by the Local Maximum method. With the peaks of 2nd-order 
derivative in hand, we can adopt the points which lie closest to the peaks as anchor points. 
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1. Lorentzian deconvolution of Si-H stretching mode 
The IR features and their assignments and hydrogen stretch modes are reported in Table A1. 
As shown in Figure 1, instead of sharp Si-H stretching mode around 2083.3 cm-1, two additional 
frequencies are observed at ~2067 cm-1 and ~2097 cm-1. These modes, are assigned to the 
antisymmetric and symmetric, respectively, of coupled monohydride at steps of the Si(111) 
surface (𝝂as = ~2065 cm-1 and 𝝂ss = ~2097 cm-1)202-203. The Si-H stretch spectrum is particularly 
sensitive to oxygen agglomeration into the first Si-Si bonds21. For the purposes of this research, 
we focused only on Si-H stretching vibration at 2083.3 cm-1 (terrace monohydride stretching 
mode) to investigate the surface reactivity of our samples. 
 

Table A1. Data for the best fit to the Si-H stretching mode in Figure 5a (main manuscript): 
wavenumber, full-width at half maximum (FWHM) of the peaks from the Lorentz line 
shape, Area, R-value and Height (H). 
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Figure A1. Lorentzian deconvolution of spectra of Si-H starching mode before bending (Ref) 
and after mechanical test at the strain levels of (0.006-0.1-0.3-0.5 and 1.0)%. 
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2. Lorentzian deconvolution of Si-H-Si stretching mode 
 

Table A2. Data for the best fit to stretching Si-H-Si mode in Figure5a (main manuscript): 
wavenumber, full-width at half maximum (FWHM) of the peaks from the Lorentz line 
shape, Area, R-value and Height (H). 
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Figure A2. Lorentzian deconvolution of the peak related to Si-H-Si stretching band of 
strained H-Si(111) at the strain values of (0.006-0.1-0.3-0.5 and 1.0)%. 
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3. Lorentzian deconvolution of Si-H bending mode 
Molden software was used to visualized the calculated infrared results presented in Figure 8e 
(main manuscript). The peak at 1915.0 cm-1, as shown in Table 3, is related to the stretching 
mode of Si-H, which belongs to the Si-H-Si groups. The bending mode of the TCB metastable 
bond is higher in frequency than the bending mode of the up Si-H bonds, according to the 
findings. (δTCB = 640.644 cm-1 and δ = 622.39 cm-1).  
 

Table A3. The calculated IR vibrations for the strained H-Si(111) model, containing TCB 
bond along the [44010] direction. The type of vibrations (𝝂: stretching and δ: bending) are 
determined using visualization software, molden. 

 
 

Based on the above assumptions, and taking into account the fact that the band at 626.40 
cm-1 is linked to the bending mode of Si-H (As the IR spectra are measured with resolution 4 
cm-1, variance in peak position with 2 cm-1 is reasonable), It's more likely that the measured 
bending peak at higher frequency for the strained sample is related to the bending mode of the 
Si-H-Si group.  
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Table A4. Data for the best fit to bending Si-H peak in Figure 5b (main manuscript): 
wavenumber, full-width at half maximum (FWHM) of the peaks from the Lorentz line 
shape, Area, R-value and Height (H). 
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Figure A3. Lorentzian deconvolution of spectra of Si-H bending peak before (Ref) and after 
mechanical test at strain values of (0.006-0.1-0.3-0.5 and 1.0)%.  
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4. Three possibilities for the formation of Si-H-Si metastable bonds on ɛ-H-
Si(111) 

According to the explanations (section (I), main manuscript), it is concluded that the great 
strain-induced change is the hydrogen diffusion into Si-Si back bond. Therefore, three models 
can be studied in which strain is applied in direction of [100] with different orientation of 

metastable Si-H-Si bonds in relation to directions of Si-Si back bonds; [4		4	1	], [	5	10	1] and 

[10	5	1]. These so-called path I, II, and III are shown schematically in Figure 4a-c with strain 
direction, possible direction of Si-H-Si group, and the angle between them. As shown, direction 
of Si-Si back bonds in path I and III are equivalent due to symmetry operation; belonging to the 
same family of direction.  
 

 

Figure A4. (a-c) Schematic representation of three models of ɛ-H-Si(111); red arrow shows 
the direction of strain and green arrow represents the orientation of Si-H-Si group. (a-c) 
Top view of part of models which are called as path І, path ІІ and path ІІІ related to the 
orientation of Si-H-Si which is formed in directions of	[4		4	1	], [	5	10	1] and [10	5	1], 
respectively. Theta (θ) also indicate the angle between strain direction [100] and Si-Si back 
bonds. 
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5. Lorentzian deconvolution of Si-OH bending mode 
 

Table A5. Data for the best fit to the bending Si-OH mode in Figure 10b (main manuscript): 
wavenumber, full-width at half maximum (FWHM) of the peaks from the Lorentz line 
shape, Area, R-value and Height (H). 
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Figure A5. Lorentzian deconvolution of spectra of Si-OH bending mode of strained H-
Si(111) (strain level = 0.3%) in different reaction times with water.  
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6. Lorentzian deconvolution of Si-O-Si modes 
 

Table A6. Data for the best fit to the stretching Si-O-Si modes in Figure 10c (main 
manuscript): wavenumber, full-width at half maximum (FWHM) of the peaks from the 
Lorentz line shape, Area, R-value and Height (H). 
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Figure A6. Lorentzian deconvolution of spectra of Si-O-Si modes of strained H-Si(111) 
(strain level = 0.3%) in different reaction times with water. 
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7. Lorentzian deconvolution of Si-H stretching mode 
 

Table A7. Data for the best fit to the stretching Si-H stretching mode in Figure 10a (main 
manuscript): wavenumber, full-width at half maximum (FWHM) of the peaks from the 
Lorentz line shape, Area, R-value and Height (H). 
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Figure A7. Lorentzian deconvolution of spectra of Si-H stretching mode of strained H-
Si(111) (strain level = 0.3%) in different reaction time with water. 
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8. DFT calculation of oxygen effect on Si-OH peak position 
The Si-OH peak position at around 809 cm-1 remained constant during the reaction time 
between strained H-Si(111) and water, according to the data for the fit of Si-OH (Table 5). Based 
on this observation, we conclude that the surface will be converged by Si3Si-OH and SiOx, since 
residing oxygen under Si-OH results in peak position 137. To test this hypothesis, we construct 
three hydroxylated strained H-Si(111) models with different number of oxygen beneath the Si-
OH group.  Consistent with our assumption, results demonstrate that atop Si-OH vibrational 
mode are blue-shifted owing to the influence of oxygen. When the number of oxygen increases, 
the bending and stretching peaks corresponding to the Si-OH modes are blue-shifted by 15.2 
cm-1 and 80.2 cm-1, respectively. However, the measured peak position for bending vibration 
of Si-OH remained constant following generation of Si-O-Si peaks. The concluding remark could 
be covering the surface by Si3Si-OH and SiOx groups. 
 

 

Figure A8. Calculated IR spectra of oxide surfaces strained H-Si(111) as a function of 
number oxygen being reside below Si-OH. 
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9. DFT calculation of reactivity of strained H-Si(111) with water 
The reaction of one molecule of water with H-Si(111) while the Si-H-Si formation is occurred 
along the [44&1&] direction is demonstrated in Figure 9. The images show water decomposition 
upon adsorption. We concluded from the results that oxidation of up bonds is facilitated by the 
tensile strain as the following observations: Si atom from the Si-H-Si group (purple arrow) and 
one hydrogen from water molecule adsorbed with each other. H cap reacts with O in an up 
bond oxidation forming Si-OH without any energy barrier. Also, H-Si-Si-H group is formed 
through a reaction between the underlying silicon (orange arrow) and the second hydrogen of 
the water molecule. The length of the Si-Si bond in the coupled monohydride (H-Si-Si-H) is 
closer to the bond length (2.35 Å) than Si(111) presenting as dSi-Si = 3.84 Å.  
 

 

Figure A9. First step of the reaction between strained model (formed Si-H-Si along the 
[44010] direction) with water; (a) structure of model before the reaction with water, (b) new 
configuration of structure after reaction with water which show the formation of Si-OH 
(reaction between Si-H up bond with O of water), H-Si-Si-H (reaction between underlying 
Si (shown with orange arrow) with H of water and Si-H-Si-H (reaction between the Si of Si-
H-Si group (shown with purple arrow) with H of water, and (c) top view of structure after 
reaction with water. 
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Appendix B: In situ contact angle measurement during mechanical test 
1. In-situ contact angle measurement during the reaction of strained H-Si (111) 

with glycerol 
Instead, we designed wetting experiment that allow us to measure directly the strain impact 
on surface reactivity by measuring the contact angle. Robust measurement of contact angle 
(CA) is a labor task because the rate of water evaporation is too high. This remains when 
applying same condition in the present experiment. Glycerol has the surface tension of γ = 
0.063 N/m and thereby in our experiment, it is an appropriate candidate to produce a droplet 
instead of water. Droplets are placed near the center of wafers and viewed from the side with 
an optical microscope. In order to assure with the equilibrium of the contact line, contact angle 
is measured within about 10 min of droplet deposition. Young-Dupre’s law is utilized in which 
γXY cos θZ =	γ[Y − γ[X , where s, l and v indicate the solid, liquid, and vapor phases and θZ is 
the contact angle at equilibrium. Freshly unstrained H-terminated surface exhibit a contact 
angle of ~74°, which decrease with strain due to the increasing the chemical attack (Figure 
4.15). The experiments are performed in controlled atmosphere of N2 gas with glycerol as a 
non-volatile liquid. So, decreasing in contact angle is not explained by evaporation of the liquid. 
Decreasing contact angle with strain is clear evidence for spreading the glycerol droplet due to 
increase of hydrophilicity of the surface associated with the transformation Si − H	 → Si −
OC#H\O! occurring under strain condition.  
 

 
Figure B1. Contact angle measurement on H-Si(111) as a function of strain. The images 
related to unstrained and 0.5% strained samples are shown. Anything below the horizontal 
white dashed line is a reflection of the substrate. The error bar is standard error averaged 
based on the three repeated experimental results at least.  
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In carrying out the contact angle measurements, care must be taken to ensure that change 
in physical roughness does not cause artifacts. Therefore, the chemical reactivity of glycerol 
with ɛ-H-Si (111) is also tested using FTIR measurement (Figure 4.16) and NEB calculation 
(Figure 4.17). The FTIR spectrum of ɛ-H-Si (111) after reaction with glycerol is indicated in Figure 
10 (b). Signals in the range of 2940-2870 cm-1 are attributed to the symmetric and asymmetric 
stretching vibration of methylene group. The exchange of some atop Si-H groups with atop Si-
OC3H7O2 groups is demonstrated by the appearance of a complex mode involving C-H 
stretching and bending motions, respectively, at 2940-2870 cm-1 and ~ 750- 800 cm-1, C-O 
stretching vibration around 1100 cm-1, combined with decrease in Si-H intensity peak.  
 

 

Figure B2. FTIR spectra of strained H-Si(111) after 20 min reaction with glycerol (volume = 
0.2 µl). The spectrum is referenced relative to the unstrained fresh H-Si(111). 

 
The NEB results (Figure 4.17) confirm that despite direct chemisorption is not occurred, 

there is only a kinetic barrier equal to 0.183 eV (4.2 kcal mol-1) for converting physisorption to 
chemisorption that is consistence with reaction at room temperature. Given all the consistency 
checks that have been performed (NEB calculation and FTIR measurement), it is clear that 
chemical reaction on the surface cause of our main observation.  
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Figure B3. Figure B3. Reaction pathway for the reaction of glycerol on strained H-Si(111), 
(a) and (b) indicate the initial and final structures, respectively.  

 
Moving forward, our study is motivated by the on-going- debate on whether or not surface 

reactivity on strained surface can be monitored by contact angle measurement. Decreasing the 
contact angel with strain justifies the diffusion of glycerol droplet due to increasing in 
hydrophilicity of the surface in association with the following transformation, which occurs 
under strain condition (Si − H	 → Si − OC#H\O!).  
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