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ABSTRACT 

This is because chemical reactions are irreversible processes that result in the creation of entropy. Poincare 

systems that are not integrable are the category that chemistry falls under. Resonances, which are transitions 

between quantum states, are generally linked with the field of chemistry. We have conducted an in-depth 

investigation into a few very basic examples of such processes, such as the deterioration of an unstable 

condition. In situations like these, there are always many temporal scales to worry about. We obtain a 

nonunitary, invertible, nondistributive operator Lambda, which reduces to the unitary transformation 

operator U for integrable systems. This operator is referred to as a "star unitary" operator. The explicit form 

of Lambda is dependent on the interaction of each species with all of the other types of molecules that are 

present in the system, including the solvent. Lambda is responsible for the fundamental property that the 

fundamental description of nonintegrable systems is no longer in terms of Hamiltonian equations but rather 

in terms of kinetic equations with broken time symmetry. This is the fundamental property that results from 

Lambda. Having the kinetic equations at our disposal makes it simple to demonstrate that we are dealing with 

irreversible processes and the generation of entropy. 

The reactivity that occurs in the confined spaces of zeolites, metal-organic frameworks, cage compounds, and 

macrocycles is distinguished from the reactivity that occurs in bulk solution in a number of important respects. 

Cases of altered regioselectivity, enhanced stability, and accelerated substrate reactivity are presented within 

the context of non-covalent interactions between host and guest molecules. These interactions define a 

significant portion of supramolecular chemistry, as they are one of a kind and impart highly useful properties 

that are of interest for their intellectual merit as well as their immense commercial value. 

Keywords:-chemical kinetics, confined spaces. 

INTRODUCTION 

There are chemical reactions everywhere in the natural world. In general, in order for a reaction to take place, 

there must be a certain minimum quantity of energy, which is referred to as the activation energy (Ea). It is 

possible to supply this energy to the system through thermal means, through photochemical means, or through 

the application of an external force to the system. In contrast to photochemical reactions, which can take place 

by electronic or vibrational mode stimulation of the system, thermal reactions need the input of energy to the 

system in the form of heat. On the other hand, photochemical reactions can take place through the use of either 

an ultraviolet (UV) or an infrared light source, depending on the circumstances. Considering that the reactions 
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that take place in the laboratory are typically carried out under circumstances of thermal equilibrium, the rate 

constants that are obtained experimentally frequently fail to reflect the mechanisms that occur at the atomic 

level. In this regard, a wide range of various experimental and computational methods have been created in 

order to investigate the processes of the reactions. 

The application of computational approaches to the study of reaction mechanisms can assist us in gaining an 

understanding of the potential routes in advance, which in turn enables us to adjust the parameters of the 

reaction in order to produce the products that we wish. Over the course of time, many computational strategies 

that make use of quantum, classical, and semi-classical approaches have been utilized in order to investigate 

reactions. These methodology have been utilized in accordance with the characteristics of the system and its 

scale. In general, chemical processes can be investigated computationally by taking into consideration the 

energetics and dynamics of the particular reactions being examined. 

OBJECTIVES 

1. To study chemical kinetics. 

2. To study confined spaces. 

Chemical kinetics 

In 1850, the German scientist Ludwig Wilhelmy was the first person to make significant contributions to the 

field of chemical kinetics. The rate of inversion of sucrose was the subject of his experimental investigation, 

and he utilized integrated rate law in order to ascertain the reaction kinetics of this reaction. It wasn't until 34 

years later that Wilhelm Ostwald took note of his work. In 1864, Peter Waage and Cato Guldberg published 

the law of mass action, which asserts that the rate of a chemical reaction is proportional to the quantity of the 

chemicals that are reacting. This law was developed after Wilhelmy. 

"Études de dynamiquechimique" was the title of the well-known book that Van 't Hoff published in 1884 after 

he had studied chemical dynamics. In 1901, he was presented with the first Nobel Prize in Chemistry "in 

recognition of the extraordinary services he has rendered by the discovery of the laws of chemical dynamics 

and osmotic pressure in solutions." This honor was an honor bestowed upon him by the Nobel Committee. 

Following in the footsteps of van 't Hoff, the field of chemical kinetics is concerned with the experimental 

determination of reaction rates, providing the basis for the development of rate laws and rate constants. It is 

possible to develop rate laws for additional types of reactions, including zero order reactions (reaction rates 

for which are independent of concentration), first order reactions, and second order reactions. These rate laws 

are quite straightforward. The rate law of stepwise reactions must be obtained by combining the rate laws of 

the numerous elementary steps, which can get quite complicated. Elementary reactions, on the other hand, are 

governed by the rule of mass action. In reactions that occur in succession, the rate-determining step is 

frequently the one that establishes the kinetics. In the case of successive first-order reactions, the rate law can 

be simplified through the use of a steady state approximation. Through the use of the Arrhenius equation and 

the Eyring equation, the activation energy of a reaction can be obtained and determined through 

experimentation. The physical condition of the reactants, the concentrations of the reactants, the temperature 

at which the reaction takes place, and the presence or absence of any catalysts in the reaction are the primary 

parameters that have an effect on the rate at which the reaction takes place. 
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The history of chemical dynamics, according to Gorban and Yablonsky, can be broken down into three distinct 

eras with distinct characteristics.First, there is the van 't Hoff wave, which is an attempt to discover the 

universal rules that govern chemical reactions and to establish a connection between kinetics and 

thermodynamics. It is possible that the second wave is sometimes referred to as the Semenov-Hinshelwood 

wave, and it places an emphasis on reaction mechanisms, particularly chain reactions. A full mathematical 

explanation of chemical reaction networks is related with the third, which is associated with Aris. 

Confined spaces 

Due to the fact that zeolites are naturally present with crystalline aluminosilicate minerals that are found in 

volcanic rocks, they are an intriguing species to begin a debate on the chemistry of restricted spaces. Fig. 1 

shows that they are made up of interconnecting channels that have a variety of pore sizes. Furthermore, many 

of these channels have an intrinsic pH that can be utilized to promote a variety of synthetic reactions that take 

place within these small cavities. 

They are, by a significant margin, the most widespread small molecular reactors in the world, with an annual 

production of 4 million tons of natural zeolite material and an extra 1.5 million tons of synthetic material. This 

makes them the most widely used reactors of their kind. In the United States, they are utilized as ion exchange 

medium in water softeners, and in the industrial sector, they are utilized on a huge scale in the cracking of 

petroleum products. Their existence predates even the chemistry of alchemy, and as a result, they have been 

the focus of a great deal of research ever since the 1950s, when huge amounts of naturally occurring zeolites 

were discovered for the first time. Due to the fact that they occur naturally and possess ion exchange 

properties, they have become commonly used as reagents in green chemistry laboratories. Despite the fact 

that these organisms are found everywhere, the mechanisms by which they carry out their chemical 

transformations are not always clear. For instance, the fact that they are utilized as catalytic agents in the 

process of cracking petroleum has led to the hypothesis that they are capable of acting as superacids by having 

the ability to promote a-bond protolysis. Furthermore, it has been demonstrated that they produce what are 

known as "superelectrophiles," which makes it possible for chemistry to take place within their boundaries 

under conditions that are significantly safer than those that are present in solution. The name 

"superelectrophiles" was proposed by G. Olah. These superelectrophiles are produced by cationic 

electrophiles that undergo additional protonation or coordination by a Lewis acid. Although superelectrophiles 

are often produced in the presence of superacids or massive excesses of potent Lewis acids, they can also be 

produced in zeolites that are significantly less acidic. By bringing protonated reagents into close proximity 

with the acidic walls of a zeolite cage, this suggests that there is a structure-function relationship that 

contributes to the stability of species that have a high electron deficiency. As an illustration, Koltunov, 

Sommer, and their colleagues described a series of Friedel-Crafts and cyclo-alkylations of aromatics that are 

not easily carried out in the absence of strong acids. In one particular experiment, which is represented in (Fig. 

3), they demonstrate that the zeolite HUSY is capable of inducing the arylation of naphthol. This arylation 

takes place only with the most powerful superacid, which is fluoro-antimonic acid (despite the fact that triflic 

acid appears to be unsuccessful). 

http://www.ijarets.org/
mailto:editor@ijarets.org


International Journal of Advanced Research in Engineering Technology and Science                    ISSN 2349-2819 
www.ijarets.org                                      Volume-9, Issue-2 February – 2022                             Email- editor@ijarets.org 

Copyright@ijarets.org                                                                                                                                                        Page  59 

 

Fig. (1). (A) The zeolite mineral mordenite (MOR): developed in the 1960's and widely used in the 

hydrocarbon cracking. Si04 polyhedra are represented as yellow tetrahedra and Al04 polyhedra are 

represented as aqua tetrahedra (B) The depicted framework is that of ZSM-5 zeolite (MFI), a commerically 

important material in the removal of "hard" minerals from water. (Reproduced from Townsend, R.P.; Coker, 

E.N. In: Stud. Surf Sci. Catal.; van Bekkum, H.; Flanigen, E.M.; Jacobs, P.A. ; Jansen, J.C. Eds.; Elsevier: 

2001 ; Vol. 137, pp. 467). 

The authors are keen to point out that this amazing activation does not originate from free dicationic species 

but rather from the stability of the intermediates through interactions with the zeolite framework. This ability 

to stable intermediates is at the core of both supramolecular and enzymatic chemistry. It is one of the 

characteristics that distinguishes enzymatic activity and supramolecular reactions from other types of 

substances. An example of this would be the vivid blue pigment known as ultramarine, which is created 

naturally as the semi-precious stone known as lapis lazuli. With the exception of the continual confinement 

of the S3 ·-radical anion, which simply cannot exist outside of its zeolite matrix, Lapis Lazuli would be an 

unremarkable grey zeolite in its own right. Artists have been making use of pigments for hundreds or even 

thousands of years (Fig. 3). This is due to the fact that many pigments have discovered that existing in these 

structures provides them with improved stability. 

 

Fig. (2).The reaction between naphthol and benzene in the zeolite HUSY occurs via a superelectrophiles 

intermediate stabilized by the zeolitic surface. 
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Fig. (3). An example of Lapis lazuli, and the brilliant blue color associated with the entrapped S3 radical 

anion, intricately carved into a Chinese sailing junk. (Reproduced from Reinen, D.; Lindner, G.G. The nature 

of the chalcogen colourcentres in ultramarine-type solids. Chern. Soc. Rev. , 1999, 28, 75). 

Research Methodology 

Within the past few decades, the question of the physical confinement of a chemical reaction has been one 

that has garnered a lot of attention. One of the reasons for this is that it is possible to exert influence and even 

control over the mechanism of the reaction by containing not just the reactants but also the products being 

produced. There are a number of distinct arguments that have been used to explain the influence that 

confinement has on chemical processes. These arguments are primarily based on the notion that when 

molecules are confined to small volumes with molecular dimensions, various stabilization mechanisms may 

come into play. It has been suggested that there are three primary effects that can be utilized to define the 

effect of confinement. On one hand, there is the transition state (TS) effect, which is a phenomenon that 

describes the stabilization of specific transition structures as a result of electrostatic and dispersive interactions 

with the active sites and their surroundings. This phenomenon can be observed, for instance, in zeolites and 

other nanoporous materials. In addition, the size of the confinement might result in the introduction of steric 

constraints for molecules that are taking part in the reaction, which can potentially lead to changes in the 

selectivity of multiple path reactions. The dissociative adsorption energy of certain compounds can be altered 

(and possibly controlled) following confinement, resulting in a modification of the catalytic activity. This 

modification is based on the Brønsted–Evans–Polanyi (BEP) relation among factors. The topic of shape-

selective catalysis in zeolite-based materials was thoroughly studied by Csicsery in an early review. He 

identified three primary categories of shape selectivity, which are respectively known as reactant selectivity, 

product selectivity, and transition state selectivity. According to a more recent publication, Clark and his 

colleagues reported a critical analysis of the literature that did not find any experimental evidence for true TS 

selectivity at the time. As a result, they came to the conclusion that the observed kinetic effects are due to the 

(hindered) diffusion of the product out of the pores in zeolite materials. Nevertheless, this demonstrates that 

the task of discovering practical proof of all of these notions in real systems, with a particular emphasis on 

the comprehension of the fundamental features of the catalysts, is not an easy one. In order to accomplish this 

successfully, a combination of experimental and theoretical methods is required. 
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The utilization of model systems that are capable of imitating realistic materials while operating under 

controlled settings is a strategy that has been shown to be extremely effective in resolving basic concerns. 

Thin film silica and aluminosilicate systems that are supported on transition metal substrates have been shown 

to be suitable candidates for the research of fundamental properties of zeolites. This is demonstrated by the 

fact that these systems have been shown to be suitable candidates. In the specific instance of the SiO2 bilayer 

(BL), it has been reported that there are two existent polymorphs that interact with their Ru(0001) substrate 

through van der Waals forces. These polymorphs specifically include crystalline and vitreous configurations. 

Only van der Waals forces are responsible for holding both polymorphs on the metal substrate, which results 

in the formation of a gap in which molecules are able to intercalate. They also present a well-defined structure 

that has been revealed through the combination of techniques such as scanning probe microscopy (STM and 

AFM), infrared spectroscopy (IRRAS), low-energy electron diffraction (LEED), photoemission spectroscopy 

(XPS), and density functional theory (DFT) simulations. In addition, they have been able to reveal this 

structure. On the atomic scale, both polymorphs are composed of corner-sharing SiO4 tetrahedra building 

units. These building units are connected to one another by Si–O–Si bridging bonds, which results in a ring-

like structure that provides channels inside the silica framework. These channels allow molecules of the 

appropriate size to diffuse through the silica framework. In the case of the crystalline film, the bilayer structure 

is almost entirely composed of six-member rings (of either oxygen or silicon), with the exception of the 48, 

75, 558, and 5775 ring configurations that are found at domain boundaries. The vitreous BL, on the other 

hand, displays a wide range of ring diameters, the structure of which is comparable to that of three-

dimensional glass. The presence of these channels, which function similarly to pores, in both silica 

polymorphs is what makes the system attractive for the purposes of intercalation and reactivity research. For 

instance, it has been reported that O2, D2, and H2 can be intercalated in the space that is defined between the 

SiO2 and the Ru(0001) substrate. The activation energy required to diffuse through the film is dependent on 

the size of the ring or molecule. (38 and 39) According to this interpretation, the area that is limited between 

the SiO2 BL and the ruthenium support can be utilized as a nanoreactor for the purpose of conducting chemical 

reactions by employing the intercalated gases as reactants. Furthermore, due to the porous structure of the 

silica BL film, it is capable of functioning as a molecular filter in complex processes that result in products 

with varying molecular sizes. 

Within the scope of this paper, we describe the findings of an extensive investigation into the impact that 

physical confinement has on the kinetics of the water formation reaction (WFR). The model system utilized 

in this investigation was a silica bilayer that was supported on ruthenium. The combination of an experimental 

approach with a theoretical description based on density functional theory (DFT) and microkinetic simulations 

enables us to investigate how the physical confinement of the reactants and the product influences the 

observed kinetics. This allows us to bridge the gap between the different scales, from an atomistic description 

of the reaction to a mesoscopic description of the reaction. To give one example, we discover that the rate at 

which hydroxyls are formed on the surface of ruthenium does not significantly alter. Under the parameters of 

our experiment, water entrapment cannot be the sole explanation for the observed slowdown in the reaction 

rate when it is contained. This is demonstrated by the modeling of the kinetic equations. However, despite the 

fact that the water concentration is higher in contrast to the Ru example that was discovered, it is still 

insufficient for it to have a significant impact on the kinetics. In contrast, we discover that the existence of the 

silica layer has a significant impact on the effective rate of hydrogen adsorption in the first stage of the process. 

This is the reason why the SiO2|Ru(0001) system is an intriguing model system that may be studied. We are 
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able to establish broad correlations and, more crucially, to identify the phases in the reaction mechanism that 

are altered by this one-of-a-kind technique. 

A preliminary analysis of the WFR that was confined under a vitreous SiO2 bilayer and its Ru(0001) support 

was reported by us in a recent communication. This study had a significant impact on the apparent activation 

energy of the reaction when it was confined. We were able to demonstrate, through the utilization of low-

energy electron microscopy (LEEM), that the water formation reaction is characterized by the production of 

reaction fronts that move across the surface at varying speeds, which are governed by the temperature of the 

sample. The presence of a reaction front can be attributed to the coexistence of areas on the Ru surface that 

have varied oxygen coverage (θO = 0.75 and 0.25 ML for unreacted and reacted areas, respectively). These 

areas are referred to as O-rich and O-poor areas. Because of the necessity for two free sites, the dissociative 

adsorption of hydrogen can only take place on the side of the molecule that is deficient in oxygen. Following 

that, the adsorbed hydrogen must diffuse to the region that is rich in oxygen, where it will react with oxygen. 

Due to the fact that the relatively high oxygen coverage during the initial stages of the reaction prevents the 

dissociative adsorption of hydrogen due to the requirement of two neighboring sites, we came to the 

conclusion that the starting point of the front propagation must be situated at a defect or vacancy in the 3O 

layer that was produced as a result of the film preparation step.  

There have been new research that have been reported on this subject since our investigation of the vitreous 

SiO2 bilayer. These new studies have utilized integral methodologies and attempted to provide an atomistic 

explanation of the process of the process under two-dimensional silica or aluminosilicates. Nevertheless, to 

the best of our knowledge, there has not yet been a comprehensive investigation into the kinetic features of 

confinement. The objective of this investigation is to gain an understanding of the distribution of species 

throughout the reaction fronts and the changes in the apparent activation energies present. For this reason, we 

propose the use of a purely crystalline SiO2 BL film in the study of the WFR in confinement. This is due to 

the fact that a bilayer film that is more structurally defined can provide a better assessment and correlations 

with properties that are derived from DFT simulations and, ultimately, from the modeling of the reaction 

mechanism. 

The results of our investigation into the crystalline SiO2 BL/nO/Ru(0001) system are presented in Figure 

Four. When the sample is annealed in 1 × 10–6 mbar of hydrogen, it is obvious from the snapshot of the laser-

enhanced electron microscope (LEEM) shown in Figure 1a that the WFR proceeds in a manner that is 

comparable to that of its vitreous counterpart. This is evidenced by the creation of propagating fronts. In the 

Supporting Information, you will find a time series of LEEM photos that were acquired during the reaction, 

as well as movies that depict the course of the reaction. Similar to the situation with the vitreous silica film, 

there is no discernible preference for the front movement orientation that is seen. After the front propagation 

was stopped and the sample was stabilized by rapidly chilling it, a comprehensive characterization of the 

various areas (both brilliant and dark) was carried out under static conditions. The results obtained from our 

study indicate that the reaction front does not have any impact on the structure of the silica film. This is 

demonstrated by the presence of two-by-two spots in the LEED pattern, which can be seen in Figure 1b, as 

well as by the XPS data. In Figure 1c and 1d, the data obtained from the local X-ray photoelectron 

spectroscopy (μ-XPS) technique demonstrate that the chemical state of the silica bilayer is not altered during 

the reaction. This is supported by the comparison of the shape of the Si 2p line with the shape of the major 

component under the O 1s line analysis. 
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Figure 4. (a) LEEM snapshot showing the reaction front under reaction conditions; the O-rich and O-poor 

areas are labeled as unreacted (black) and reacted (red), respectively; the electron energy is 10 eV. (b) LEED 

pattern at an electron kinetic energy of 42 eV showing the characteristic (2 × 2) spots of the SiO2 BL on 

Ru(0001) measured on the reacted sample. However, except for the intensity, the patterns of the reacted and 

unreacted surface do not differ regarding number, position, and broadening of the spots. A comparison of the 

patterns at different stages can be seen in Figure 4. (c, d) Local O 1s and Si 2p photoemission spectra collected 

on both sides of the reaction front, as indicated. 

Examining the intensity of the tiny component in the O 1s spectra at lower binding energies (shown by the 

red arrow) is one method that can be utilized to ascertain the consumption of interfacial oxygen (ORu). 

Furthermore, the loss of the interface dipole that occurs when ORu is removed is observed to result in a 

binding energy shift of both the Si 2p and the O 1s major components. This is a consequence of the removal 

of ORu. On the other hand, the possibility of ORu elimination owing to thermal desorption is disregarded due 

to the fact that the onset temperature stated for O2 desorption is significantly higher than the reaction 

temperatures of 400–675 K that were utilized in our tests. This is because the onset temperature is around 

1000 K. All of these data provide evidence that the WFR operates in a manner that is comparable under both 

a crystalline and a vitreous phase. The variation in the concentration of ORu is the source of the intensity 

change that occurs across the front. Furthermore, due to the fact that the alterations and fingerprints that are 

detected with both polymorphs under reaction conditions are comparable, we are able to draw the conclusion 

that the reaction happens in the same manner in both instances. 

Results and Discussion 

The examination of the temperature dependence of the propagation velocity of the front, which is depicted in 

Figure 4a, was carried out in order to ascertain the apparent activation energy (Eaapp) for the reaction both 
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with and without confinement. A reaction front with characteristics that are comparable to those described 

above is observed when the 3O/Ru(0001) surface is subjected to the same reaction condition without the SiO2 

cover. This, in turn, provides a point of comparison that can be used to address the effect of confinement on 

the water formation reaction. It is important to mention this at this point. As a result of the fact that the front 

velocity (vfront) may be directly associated to the velocity at which ORu is used by reacting with H2, it is a 

parameter that is easily accessible in LEEM and is an appropriate choice for the indirect assessment of the 

reaction rate. There is a full explanation of how vfront can be obtained from the variation of the LEEM picture 

intensity throughout the propagation of the front that can be found in reference. 

The Arrhenius plots that were created from the temperature-dependent front velocities are displayed in Figure 

5. These plots are shown for both uncovered and covered Ru(0001) surfaces, as well as for several theoretical 

situations that were taken into consideration throughout our research (for additional information, see the infra 

section). The results of our investigations indicate that containing the reaction within a crystalline silica bilayer 

results in a reduction in the Eaapp for the propagation of the reaction front from 0.59 to 0.32 eV. Furthermore, 

the value for the uncovered case is in great agreement with the data that was reported by integral techniques. 

As a result of the reduction of the apparent activation energy by fifty percent, it appears that the reaction 

switches to being controlled by diffusion while being contained. It is essential to take note of the fact that the 

Eaapp obtained are within the level of accuracy of our measurements (0.32 versus 0.27 eV), which is 

something that should be taken into consideration when comparing the behavior with that of the vitreous SiO2 

BL system. The front propagation velocities, on the other hand, are observed to be significantly different from 

one another, with the vitreous film moving at an average of 18% quicker than the crystalline film. After the 

kinetic model has been presented and debated in the appropriate manner, the following paragraphs will 

provide a logical explanation for this observation. 

 

Figure 5. Experimental and theoretically derived Arrhenius plots of the reaction front velocity as a function 

of temperature obtained for the nonconfined and confined reactions and uncovered Ru(0001), as indicated. 

Simulated curves exhibited correspond to the data set showing the best fits. Untuned and tuned correspond to 

http://www.ijarets.org/
mailto:editor@ijarets.org


International Journal of Advanced Research in Engineering Technology and Science                    ISSN 2349-2819 
www.ijarets.org                                      Volume-9, Issue-2 February – 2022                             Email- editor@ijarets.org 

Copyright@ijarets.org                                                                                                                                                        Page  65 

scenarios used in the numerical simulations of the kinetic modeling where the H2 adsorption step is purely 

defined by DFT or tuned from those values, respectively. See the text for more details. 

In spite of the fact that it is evident from the Arrhenius plots presented in Figure 5 that confinement under the 

SiO2 crystalline bilayer exerts a significant impact on the energetics of the water formation reaction that is 

catalyzed by the Ru(0001) surface, it is not an easy task to determine which step in the entire reaction 

mechanism is, in fact, affected. As a generic mechanism for the reaction, we propose the following reaction 

steps. This is true regardless of whether or not confinement is present. 

(1) 

(2) 

(3) 

(4) 

(5) 

In this equation, the symbol ∗ is used to represent a free active site on the surface, while the symbols ki and 

k–i are used to indicate the kinetic constant for each reaction step in its respective forward and backward 

orientations. Previously, in the case of H2O generation on Ru(0001) and references thereto, steps 1–4 have 

been detected and recognized. After demonstrating that step 2 must be the rate-limiting phase for the creation 

of water on bare Ru, the authors established that all subsequent processes are significantly faster than the 

previously mentioned step. Particularly rapid is the water desorption that occurs in step 4, given that the 

reaction is carried out at temperatures that are higher than approximately 220 degrees Kelvin, which is the 

temperature at which the thermal desorption from Ru(0001) is finished. In light of the information that was 

presented by Ertl and his colleagues on Pt(111), where the comproportionation/disproportionation routes 

become relevant at low reaction temperatures (T < 200 K), we have incorporated Equation 5 into our studies. 
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Due to the anticipated larger temporary water coverage under the silica films, it seems reasonable to include 

reaction 5, despite the fact that the likelihood of reaction 5 was disregarded in earlier investigations on bare 

Ru(0001). 

On the basis of the mechanism that was provided earlier, we carried out DFT simulations with the intention 

of determining the activation energies for the several simple stages that were presented in equations 1–5 on 

both covered and uncovered Ru(0001). When it comes to determining the boundary conditions for our 

computations, there are two distinct features that are essential. In the first place, as was said earlier, the reason 

for the presence of a front can be traced back to the fact that in order for molecular hydrogen to adsorb on 

Ru(0001), it requires two neighboring sites, and the oxygen coverage is not uniform over the active surface. 

Furthermore, it is worth noting that due to the reaction temperatures employed in our studies, only two oxygen 

adatoms within the 3O layer may be removed by hydrogen (H2), resulting in the presence of one unreacted 

adatom that remains adsorbed in the (2 × 2) unit cell. According to the findings of earlier research, 

temperatures higher than 970 K are required in order to totally dispose of all oxygen atoms that have been 

adsorbed inside the H2 pressure range that was utilized in our research. 

The condition that is depicted in the snapshot of Figure 1a can be explained in the following manner if these 

two points are taken into consideration simultaneously. A region that has an oxygen coverage that corresponds 

to the 3O phase (0.75 ML) is represented by the bright area included within the snapshot. In contrast, the dark 

zone that is located a considerable distance away from the front region must correspond to the fully reacted 

surface. This is the location where a coverage that is equivalent to the 1O phase is anticipated (0.25 ML). 

Additionally, the transition from the 1O phase to the 3O phase is anticipated to take place in the region that is 

located in close proximity to the front. This is where the WFR takes place. Therefore, it is anticipated that in 

certain regions of the front, there would be an intermediate oxygen coverage that is constantly shifting, with 

a value of 0.25 < θ < 0.75. It is interesting to note that previous research determined that 0.37 ML of ORu was 

the most reactive phase for the reaction that was carried out at temperatures that were far lower than those of 

our tests.  On the basis of all of this, we make the assumption that hydrogen can only dissociate through 

equation 1 on the dark side of the front, which has a lower oxygen content. After that, it must diffuse across 

the surface and reach the front in order to continue the reaction through steps 2 and 3 in order to generate 

water. Consequently, our density functional theory calculations make use of the 1O layer for the adsorption 

process, which is represented by equation 1, and the 2O layer for all processes, which are represented by 

equations 2–5, for both the confined and nonconfined situations. Furthermore, we discover that the energy 

barriers for the primary reaction steps are noticeably higher than the ones for the secondary ones (diffusion 

through the silica film). As a result, for the hydrogen adsorption and desorption process, the transition state 

comprising the highest energy point was considered. This transition state was then utilized in the calculation 

of the respective Gibbs free energies. Section S4 of the Supporting Information contains additional 

information that may be found here. 

CONCLUSION 

There are numerous remarkable phenomena that are produced by the chemistry that occurs within confined 

areas, whether they are natural or manufactured. It would appear that the field is going more toward solid-

state and naturally porous systems in the short-term future. In particular, catalysis and reactivity within porous 

materials are anticipated to dominate the landscape in the near future. The chemistry that occurs within these 
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small spaces does not match the chemistry that occurs in a flask. This is the case for a variety of substances, 

including the naturally occurring host-guest stabilized pigment Ultramarine as well as the extremely synthetic 

square cages that Fujita and his colleagues have created. Unfortunately, this review is not able to do justice to 

the enormous mountain of equally fascinating instances that can be found in vesicles, micelles, dendrimers, 

cyclodextrins, and the great number of other cage and macrocyclic structures. In spite of this, their behavior 

appears to make it abundantly evident that the simple fact is as follows: although we are able to describe the 

chemistry of these systems using traditional kinetic and thermodynamic concepts, as researchers, we are 

frequently astonished by how significantly these terms depart from what takes place in bulk solution. This 

serves as a demonstration of how far "beyond the molecule" supramolecular chemistry (1) can genuinely go. 

In addition to the theoretical lectures, the school also provides a significant number of hands-on sessions for 

all of the scheduled lectures. This is done so that the attendees can use the knowledge they have gained 

throughout the school to conduct their own research.  

A variety of case studies have been chosen for the purpose of investigating the approaches that have been 

provided. By way of illustration, a reaction involving an atom and a diatom gives us the opportunity to train 

on quasiclassical trajectories (QCT) and quantum dynamics approaches (such as MCTDH and TDRWP). 

Within the context of the kinetic Monte Carlo approach, the investigation of the mechanism of catalytic CO2 

hydrogenation on Ni(111) facets will also be examined. 
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