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Abstract 

 A molecular-level understanding of gas-surface energy exchange and reaction 

mechanisms will aid in the prediction of the environmental fate of pollutants and enable 

advances toward catalysts for the decomposition of toxic compounds. To this end, molecular 

beam scattering experiments performed in an ultra-high vacuum environment have provided key 

insights into the initial collision and outcome of critical interfacial processes on model systems.  

Results from these surface science experiments show that, upon gas-surface collisions, 

energy transfer depends, in subtle ways, on both the properties of the gas molecules and surfaces. 

Specifically, model organic surfaces, comprised of long-chain methyl- and hydroxyl-terminated 

self-assembled monolayers (SAMs) have been employed to test how an interfacial hydrogen 

bonding network may affect the ability of a gas-phase compound to thermally accommodate 

(typically, the first step in a reaction) with the surfaces. Results indeed show that small organic 

compounds transfer less energy to the interconnected hydroxyl-terminated SAM (OH-SAM) than 

to the organic surface with methyl groups at the interface. However, the dynamics also appear to 

depend on the polarizability of the impinging gas-phase molecule. The π electrons in the double 

bond of ethene (C2H4) and the triple bond in ethyne (C2H2) appear to act as hydrogen bond 

acceptors when the molecules collide with the OH-SAM. The molecular beam scattering studies 

have demonstrated that these weak attractive forces facilitate energy transfer. A positive 

correlation between energy transfer and solubilities for analogous solute-solvent combinations 



 

 

was observed for the CH3-SAM (TD fractions: C2H6 > C2H4 > C2H2), but not for the OH-SAM 

(TD fractions: C2H6 > C2H2 > C2H4). The extent of energy transfer between ethane, ethene, and 

ethyne and the CH3-SAM appears to be determined by the degrees of freedom or rigidity of the 

impinging compound, while gas-surface attractive forces play a more decisive role in controlling 

the scattering dynamics at the OH-SAM. 

Beyond fundamental studies of energy transfer, this thesis provides detailed surface-

science-based studies of the mechanisms involved in the uptake and decomposition of chemical 

warfare agent (CWA) simulants on or within metal-organic frameworks (MOFs). The work 

presented here represents the first such study reported in with traditional surface-science based 

methods have been applied to the study of MOF chemistry. The mechanism and kinetics of 

interactions between dimethyl methylphosphonate (DMMP) or dimethyl chlorophosphate 

(DMCP), key CWA simulants, and Zr6-based metal-organic frameworks (MOFs) have been 

investigated with in situ infrared spectroscopy (IR), X-ray photoelectron spectroscopy (XPS), 

powder X-ray diffraction (PXRD), and DFT calculations. DMMP and DMCP were found to adsorb 

molecularly (physisorption) to the MOFs through the formation of hydrogen bonds between the 

phosphoryl oxygen and the free hydroxyl groups associated with Zr6 nodes or dangling -COH 

groups on the surface of crystallites. Unlike UiO-66, the infrared spectra for UiO-67 and MOF-

808, recorded during DMMP exposure, suggest that uptake occurs through both physisorption and 

chemisorption. The XPS spectra of MOF-808 zirconium 3d electrons reveal a charge redistribution 

following exposure to DMMP. Besides, the analysis of the phosphorus 2p electrons following 

exposure and thermal annealing to 600 K indicates that two types of stable phosphorus-containing 

species exist within the MOF. DFT calculations (performed by Professor Troya at Virginia Tech), 

were used to guide the IR band assignments and to help interpret the XPS features, suggest that 



 

 

uptake is driven by nucleophilic addition of a surface OH group to DMMP with subsequent 

elimination of a methoxy substituent to form strongly bound methyl methylphosphonic acid 

(MMPA). With similar IR features of MOF-808 upon DMCP exposure, the reaction pathway of 

DMCP in Zr6-MOFs may be similar to that for DMMP, but with the final product being methyl 

chlorophosphonic acid (elimination of the chlorine) or MMPA (elimination of a methoxy group). 

The rates of product formation upon DMMP exposure of the MOFs suggest that there are two 

distinct uptake processes. The rate constants for these processes were found to differ by 

approximately an order of magnitude. However, the rates of molecular uptake were found to be 

nearly identical to the rates of reaction, which strongly suggests that the reaction rates are diffusion 

limited. Overall, and perhaps most importantly, this research has demonstrated that the final 

products inhibit further reactions within the MOFs. The strongly bound products could not be 

thermally driven from the MOFs prior to the decomposition of the MOFs themselves. Therefore, 

new materials are needed before the ultimate goal of creating a catalyst for the air-based 

destruction of traditional chemical nerve agents is realized.  
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General Audience Abstract 

A molecular-level understanding of gas-surface energy exchange and reaction 

mechanisms will aid in the prediction of the environmental fate of pollutants and enable 

advances toward catalysts for the decomposition of toxic compounds. Our gas-surface scattering 

experiments performed in an ultra-high vacuum environment have provided key insights into the 

outcome of critical interfacial processes on model systems. Results show that energy transfer 

upon gas-surface collisions depends on both the properties of the gas molecules and surfaces. 

Due to the formation of interfacial hydrogen bonding network in hydroxyl-terminated surface, 

the small organic compounds transfer less energy to it than to the organic surface with methyl 

groups at the interface. The dynamics also appear to depend on the properties of the impinging 

gas-phase molecule. The π electrons in the double bond of ethene and the triple bond in ethyne 

act as hydrogen bond acceptors when the molecules collide with the hydroxyl-terminated 

surface. The attractive forces facilitate energy transfer. A positive correlation between energy 

transfer and solubilities for analogous solute-solvent combinations was observed for the methyl-

terminated surface, but not for the hydroxyl-terminated surface. The extent of energy transfer 

between ethane, ethene, and ethyne and the methyl-terminated surface appears to be determined 

by the degrees of freedom or rigidity of the gas, while gas-surface attractive forces play a more 

decisive role in controlling the scattering dynamics at the hydroxyl-terminated surface. 



 

 

Furthermore, this thesis provides detailed surface-science-based studies of the 

mechanisms involved in the uptake and decomposition of chemical warfare agent (CWA) 

simulants on or within metal-organic frameworks (MOFs). Dimethyl methylphosphonate 

(DMMP) and dimethyl chlorophosphate (DMCP), key CWA simulants, physisorbed to the 

MOFs through the formation of hydrogen bonds between the phosphoryl oxygen and the free 

hydroxyl groups associated with inorganic nodes or dangling -COH groups on the surface of 

crystallites. The infrared spectra for UiO-67 and MOF-808 suggest that uptake occurs through 

both physisorption and chemisorption. The XPS spectra of MOF-808 zirconium 3d electrons 

reveal a charge redistribution following exposure to DMMP. Besides, the analysis of the 

phosphorus 2p electrons following exposure and thermal annealing to 600 K indicates that two 

types of stable phosphorus-containing species exist within the MOF. DFT calculations suggest 

that uptake is driven by nucleophilic addition of a surface OH group to DMMP with subsequent 

elimination of a methoxy substituent to form strongly bound methyl methylphosphonic acid 

(MMPA). With similar IR features of MOF-808 upon DMCP exposure, the reaction pathway of 

DMCP in MOFs may be similar to that for DMMP, but with the final product being methyl 

chlorophosphonic acid (elimination of the chlorine) or MMPA (elimination of a methoxy group). 

The rates of product formation suggest that there are two distinct uptake processes. The rate 

constants for these processes were found to be nearly identical to the rates of physisorption, 

which suggests that the reaction rates are diffusion limited. Overall, this research has 

demonstrated that the final products inhibit further reactions within the MOFs. The strongly 

bound products could not be thermally driven from the MOFs prior to the decomposition of the 

MOFs themselves. Therefore, new materials are needed before the ultimate goal of creating a 

catalyst for the air-based destruction of traditional chemical nerve agents is realized.  
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 Introduction and Motivation 

Thesis Statement 

Molecular-beam surface science based experimental methods have been directed at 

developing a fundamental understanding of gas-surface interactions to help predict the fate of 

atmospheric organic pollutants and to reveal the limitations of new materials designed for use as 

air-based catalysts for the decomposition of chemical warfare agents. 

 

 Overview  

The goal of developing a complete description of gas-surface interactions has driven the 

development of new experimental and computational methods for decades. Interactions and 

reactions between gases and surfaces not only play an essential role in the maintenance of the 

atmospheric balance and the control of air pollutant concentrations, but also have significant 

practical applications in catalysis, material science, and astrochemistry.1-14 As such, progress 

toward the objective of developing a mechanistic understanding of important gas-surface 

interactions will benefit wide-ranging fields from atmospheric sciences to commodity chemical 

production. 

In the real world, surfaces of materials are bombarded continuously by atmospheric gases 

that impinge at random impact angles and with a thermal distribution of translational energies. 

Further, the surfaces of materials are highly heterogeneous in terms of structure and chemical 

functionality. A systematic study of gas-surface reaction dynamics requires model systems that 
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offer control over the chemical and physical properties of the system. As shown in Figure 1.1, in 

my experiments, molecular beams (MBs) and self-assembled monolayers (SAMs) model the 

impinging gas and the surface, respectively. 

Molecular beam methods are widely employed in the research of gas-surface interactions. 

A molecular beam is created by expanding gas of interest into a vacuum chamber through a 

small aperture. After the expansion, a steady stream of gas molecules is formed. This gas stream 

has a well-defined cross sectional area, unified direction, and well characterized average 

translational energy. Molecular beams help ensure the gas source used in the experiments is well 

defined.  

Self-assembled monolayers are highly ordered, well-characterized and highly 

reproducible thin layers. They are commonly used as models of organic surfaces in many types 

of interfacial studies.15-17  

 

Figure 1.1 Schematic representation of the systems under investigation. 
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  The combination of MBs and SAMs is the foundation of the research presented in the 

first portion of this thesis. By applying MBs and SAMs, the complex situation (uncharacterized 

gas molecules and complicated surfaces) is simplified, which affords one the ability to study how 

surface and gas properties affect the interactions systematically.  

The experiments are performed by directing a molecular beam, composed of the 

compound of interest, at a SAM that contains a functional group of interest. Previous work 

showed that there are two possible non-reactive pathways for the incident gas molecules in the 

gas-surface interactions. One is referred to as "thermal desorption" (TD), and the other one is 

"impulsive scattering" (IS). The gas molecules may hit on the surface then directly recoil back to 

the gas phase without further interactions. These gas molecules are described as impulsively 

scattered molecules. On the other hand, before leaving the surface, the gas molecules that go 

through the thermal-desorption pathway first reach thermal equilibrium with the surface prior to 

evaporation back into the gas phase. 

By using different gas sources and modifying the functionality of the SAMs, I am able to 

explore the influence of both gas-phase and surface properties on the outcome of the collision. I 

am particularly interested in how the surface functionality affects the energy transfer and thermal 

accommodation efficiency of small organic compounds. Further, small changes to the structure 

of the gas-phase molecule may also affect the outcome of the interfacial collision. I have 

investigated both aspects of this vital problem. 

Overall, the research project presented in this thesis is aimed at developing a fundamental 

understanding of the dynamics of interactions between gases and surfaces. Small hydrocarbon 

molecules (ethane C2H6, ethene C2H4, and ethyne C2H2) and model organic surfaces (OH-

terminated and CH3-terminated SAMs) are employed as the gas sources and model surfaces, 
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respectively, to help decipher factors that affect gas-surface energy exchange and thermal 

accommodation. Furthermore, my research may show correlations between gas-surface 

accommodation and bulk phase properties (solubility). Such correlations can be a powerful 

means of predicting the fate of other types of gas-surface collisions from well-known properties. 

Much more complex gas-materials interactions augment these fundamental studies on 

accommodation and energy exchange. I am particularly interested in extending the surface 

science experimental methods to the study of gas uptake and decomposition within metal-organic 

frameworks. 

 Background 

 Gas-Surface Interactions: the fundamentals 

 Interfacial collisions, as the first step of all gas-surface reactions, are one of the most 

critical factors that affect the equilibrium between gases and surface-adsorbates.  Therefore, 

interfacial collisions and the subsequent interactions play essential roles in material degradation 

and the regulation of pollutant concentrations.18,19 As such, a complete understanding of 

interfacial reactions requires studies into the dynamics of gas-surface interactions. Extensive 

experimental and theoretical investigations over the past century have shed light on key factors 

that affect gas-surface collision dynamics and energy transfer processes. 20-44 While many of 

these studies have explored interfacial collisions at metal and metal-oxide surfaces, the primary 

focus of this thesis is on exploring interactions between small gas-phase molecules and organic 

surfaces.  

 In some of the first research into this topic, Day et al. studied how surface functional 

groups on model organic surfaces affect the gas-surface energy transfer process.45 In that work, 
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comparisons of scattering dynamics of argon atoms from alkanethiol SAMs with varying 

terminal groups such as CH3-SAMs, CH2=-SAMs, OH-SAMs, and COOH-SAMs were made 

under identical experimental conditions. The results showed that the energy transfer between 

argon atoms and CH3-SAMs is markedly more efficient than the energy transfer with the polar 

SAMs.45 They concluded that this phenomenon is caused by the formation of intra-monolayer 

hydrogen bonds in the OH-SAMs and COOH-SAMs. Hydrogen bonds make the surface more 

rigid, which limits the energy transfer from gas molecules to the surface. 

 Further study of the terminal group effect is demonstrated in the work of Lu et al.46 They 

studied the scattering of triatomic molecules on CH3-SAMs, OH-SAMs, and CF3-SAMs. 

Compared with the CH3-SAM and OH-SAM, they found a significant decrease in the thermal 

accommodation efficiency for scattering from the CF3-SAM. Apparently, the larger mass of the 

CF3 terminal group results in higher rigidity and less efficient energy transfer.46 Further, and in 

contrast to the argon scattering studies cited above, they did not observe a thermal 

accommodation difference for triatomic scattering from the CH3-SAM versus the OH-SAM. 

Even though the OH-SAM is more rigid due to the formation of intra-monolayer hydrogen 

bonds, the attractive forces between the polar triatomic gas molecules (CO2, O3, and NO2), and 

the OH-SAM were responsible for bringing more molecules into thermal equilibrium. Their 

work demonstrated that energy transfer depends on the properties of both the incident gas 

molecules and the surfaces.  

 Further research has been conducted to help unveil how the properties of gas molecules 

affect gas-surface interactions. As shown in the work of Alexander et al., changing the mass of 

incident gas molecules (Ne, Ar, and Kr) significantly varied the final scattering results.47 The 

increase of molecular mass facilitated the transfer of energy and resulted in a higher thermal 
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desorption fraction. This result can be explained by using the concept of momentum. The energy 

transfer in gas-surface interactions for a simple model can be approximated by equation (1). In 

equation (1), ∆E stands for the energy transferred from the gas molecules to the surface, it is 

defined as the difference between the incident energy and final energy of the gas molecules; μ is 

the mass ratio of gas molecule and surface terminal group, mg/ms; E is the incident energy. 

 ∆𝐸

𝐸
=

4𝜇

(𝜇 + 1)2
 (1) 

In gas-surface collisions, the effective mass of the surface (the mass of the surface 

segment that interacts with gas molecules) is necessarily higher than the mass of gas molecules. 

However, heavier gas molecules correspond to a smaller mass difference between the gas, and 

the surface. Equation (1) predicts that smaller mass differences lead to greater energy transfer. 

Therefore, under the same experimental conditions and neglecting gas-surface forces, the gas 

molecules with higher mass transfer more energy to the surface. 

 Further studies into how the properties of gases affect energy transfer have been 

performed by Saecker et al. 48 They focused on the study of interactions between polar or non-

polar gas molecules and liquid organic surfaces. Their research demonstrated that the stronger 

the intermolecular forces (dipole-dipole interactions) between the gas molecules and the liquid 

surfaces are, the more efficient the energy transfer during the collision.  

 Impulsive Scattering and Thermal Desorption 

 As described above, the gas molecules that bounce on the surface once or multiple times, 

then recoil back into the gas phase without further interactions are considered as following the 

mechanism of impulsive scattering. These types of gas molecules only transfer part of their 
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incident translational energy to the surface and retain the remainder. Alternatively, gas molecules 

may completely dissipate their excess incident translational energy to the surface through 

multiple collisions. At this point, they become thermally accommodated on the surface. Then, 

after gaining energy from thermal fluctuations of the surface, the molecules can desorb back into 

the gas phase. These thermally desorbed gas molecules maintain the same statistical energy 

distribution as the surface, which is the Boltzmann distribution at the surface temperature. An 

arbitrary potential energy surface of gas-surface interaction is provided in Figure 1.2. 

 

Figure 1.2 Arbitrary potential energy surface (PES) of gas-surface interaction. 
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The description above shows the general idea about IS and TD. The potential energy 

surface (PES) governs these two pathways. As a gas molecule approaches a surface, the 

molecule typically experiences attractive forces due to dispersive or dipolar interactions. The 

attractive energy well accelerates the gas molecule toward the surface. After the initial 

acceleration, the gas molecule experiences a potential energy wall due to highly repulsive 

interactions between the gas-surface electrons. Upon collision, the repulsive wall reflects the 

molecule back into the gas phase, but not before absorbing some fraction of the impinging 

energy (purely elastic scattering does not occur in these systems where a very high number of 

energy states at the surface are available for excitation).  After the energy transfer process, the 

scattering gas molecules exit along the attractive tail of the potential energy surface. If the gas 

molecule only loses part of its initial translational energy to the surface, and the retained energy 

is higher than the potential well, it will be able to escape and return to the gas phase. This type of 

molecules is considered as going through the IS pathway. However, if a gas molecule loses all of 

its excess energy to the surface, then during this reflection, it will need to gain energy from the 

thermal fluctuations of the surface. Before desorption, when the gas molecule obtains enough 

energy, they will desorb into the gas phase with a Boltzmann distribution of energies at the 

surface temperature.  

The probability of gas molecules to follow IS, and TD pathways ultimately determine the 

fate of the gas-surface interaction. Compared with gas molecules that go through IS pathway, the 

TD gas molecules lose more of their initial energy to the surface. The overall amount of energy 

transferred to a surface, the "energy transfer fraction," affects the overall trajectory and, 

ultimately, interfacial reactions. 
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The energy transfer fraction is represented by the Greek symbol alpha (α) and defined by 

equation (2).45 In equation (2), Ei and Ef are the initial and final average translational energy of 

the gas molecules, respectively. 

 
𝛼 =

𝐸𝑖 − 𝐸𝑓

𝐸𝑖
 (2) 

 The energy transfer fraction is the difference between the initial and final translational 

energy per initial energy. As shown by equation (2), with specific initial energy, higher final 

energy corresponds to a lower energy transfer fraction.  

 Gas-Surface Scattering Models 

Various methods including classical mechanics have successfully modeled the dynamics 

of gas-surface interactions.49,50 By using classical models, the interaction processes can often be 

described by properties of the system that can be experimentally determined. Such models, once 

validated, enable predictions of the outcomes of gas-surface interactions.  

 Hard-Cube Model  

 After gas-surface scattering experiments emerged during the late 1960s,51,52 a theory was 

needed to help interpret the scattering data. Therefore, Logan and Stickney53 developed a model 

based on classical mechanics to fulfill the requirement at that time. This model is now known as 

the hard-cube model. 

 In this model, the gas molecules are treated as rigid spheres, and they impinge on the flat 

upper surface of a cube, which is also rigid. As shown in Figure 1.3, the momentum of the gas 

molecules in the direction that is parallel to the cube’s surface is conserved throughout the 

interaction, Vpi=Vpf.  The energy transfer is considered to occur in the normal direction with 
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respect to the surface. Furthermore, the incident angle and final angle (θi and θf, respectively) are 

both defined for given surface temperature, Tsurf, and the initial momenta of both the surface and 

the gas molecule. At this point, the only adjustable parameter is the mass ratio of the gas 

molecule and the surface. Hence, this enables the simplification of the original problem to a one-

variable problem. As shown in equation (1), μ is this mass ratio with mg as the mass of one gas 

molecule and msurf as the effective surface mass. 

 

Figure 1.3 Schematic of the hard-cube model.50 

 The main accomplishment of this model is that it provides a direct conclusion: the energy 

transfer between gas molecules and solid surfaces are maximum when the mass of the gas 

molecules is equal to the mass of the surface site with which it collides (μ=1), see equation (1). 

In scattering experiments, if one can probe the amount of energy transferred during the collision, 

one may be able to apply this result to help predict how many surface groups are involved in the 
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interactions. Despite the rudimentary nature of this model, it provides a rough prediction of how 

the mass ratio of the gas and the surface affects energy transfer and has proved successful in 

limited cases.53-54  

 Soft-Cube Model  

 As an improvement to the hard-cube model, the soft-cube model includes additional 

aspects of the system. The soft-cube model was devised by Logan and Keck in 1968.53 Instead of 

representing the surface as a vertical infinitely high potential energy surface. This model 

approximates the interaction as one composed of an initially attractive well followed by an 

exponentially repulsive component.55 

 As shown in Figure 1.4, in the soft-cube model, the cube is attached to a rigid wall 

through a linear spring. Therefore, rather than an isolated cube, this model simulates the solid-

solid interactions that occur within the surface during the collision. Overall, this model simulates 

the interaction between an incident gas molecule and a one-dimensional cube oscillator with a 

frequency ω. When a gas molecule approaches the oscillator, it experiences the potential well 

illustrated by the box in the lower right side of Figure 1.4. The interaction between the gas 

molecule and the cube oscillator is initially attractive and then becomes exponentially repulsive. 

Thus, there are two adjustable parameters in this model in addition to μ–the oscillation frequency 

ω and the potential well depth D.  
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Figure 1.4 Schematic of the soft-cube model.45  

 Hard Sphere Model 

 Both the hard-cube and soft-cube models are built on the assumption that the surface 

behaves like a flat solid cube. However, that is not always an appropriate approximation. There 

are conditions under which a surface can be highly corrugated. For example, a gas molecule may 

only interact with an individual terminal functional group of the surface that protrudes into the 

gas phase. 18,56 In this case, the gas molecule and the surface are more likely to behave as two 

rigid spheres rather than a sphere and a flat surface. To model this type of gas-surface 

interaction, the hard sphere model was developed.  
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Figure 1.5 Schematic of hard sphere model.56 

 A schematic of the hard sphere model is provided in Figure 1.5. In this model, the 

calculation of the amount of energy transferred between gas molecules and surfaces is similar to 

the procedure demonstrated in the cube-models, as shown in equation (3). When a gas molecule 

of mass mgas collides with a surface molecule of mass msurf with an initial kinetic energy of Einc 

at an angle of 𝜃𝑖𝑛𝑐 with respect to the normal of the global surface plane, the energy transfer is 

directly related to the mass ratio and another parameter called deflection angle, 𝜒. And the gas 

molecule after the collision will leave the surface molecule with a kinetic energy of Efin at an 

angle of 𝜃𝑓𝑖𝑛 with respect to the normal of the global surface plane. There is no potential well 

involved in the energy transfer equation for this model, so the collision between these two 

spheres is treated as being completely impulsive.  

 The definition of the deflection angle is 𝜒 = 180° − 𝜃𝑖,𝑙𝑜𝑐 − 𝜃𝑓,𝑙𝑜𝑐, with 𝜃𝑖,𝑙𝑜𝑐 and 

𝜃𝑓,𝑙𝑜𝑐as the local approach and final angle with respect to the line of centers between the gas and 

the surface spheres. Equation (3) indicates that the energy transfer is maximized when 𝜒 equals 

180° and minimized when 𝜒 is 0°. That is, based upon Figure 1.5, the energy transfer will be 



14 

 

greatest when the two spheres undergo a head-on collision. When the collision is glancing, the 

energy transfer is the least efficient. This model has been successfully applied to the study of 

thermal roughening effects on the angular distribution of scattering in gas-liquid collisions by the 

Nathanson group.57 

 𝐸𝑖𝑛𝑐 − 𝐸𝑓𝑖𝑛

𝐸𝑖𝑛𝑐
=

2𝜇

(1 + 𝜇)2
[1 − cos 𝜒(1 − 𝜇2𝑠𝑖𝑛2𝜒)1/2 + 𝜇𝑠𝑖𝑛2𝜒] 

(3) 

 Washboard Model 

Developed by Tully,58 the washboard model is another extension of the classical hard-

cube model. However, this model accounts for the corrugation of the surface.  

To simulate the corrugation of the surface, the impact interface is modeled as a cosine 

wave. As illustrated by Figure 1.6, the flat surface of the cube is defined by the local incident and 

final angle; the tangential momentum is conserved with respect to the local normal but depends 

as for the global normal. The cosine-wave shape of the surface is defined by equation (4), where 

a represents for the lattice spacing for a repeated united of the surface structure, 𝑥 is the position 

of the impact site, and A is the amplitude that determines the strength of surface corrugation. 

This cosine-wave function, 𝑍(𝑥) represents for the location of the interaction hard wall in this 

model. 

 
𝑍(𝑥) = 𝐴 cos (

2𝜋𝑥

𝑎
) (4) 
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Figure 1.6 The schematic of the washboard model.59,58, 60 

Once the incident gas molecule crosses a defined point, its direction may change due to 

the existence of a potential well. Within the washboard model, three parameters affect energy 

transfer. They are the mass ratio (μ), the potential well depth (D), and a parameter called the 

"corrugation strength parameter" (αm). As shown in equation (5), the definition of this parameter 

is the maximum obtainable angle between the local surface normal and the global surface 

normal. 

 
𝛼𝑚 = tan−1 (

2𝜋𝐴

𝑎
) (5) 

To apply the washboard model to the analysis of experimental scattering results, other 

parameters must be defined. These parameters are the momentum distribution of the surface, 

surface temperature, and the incident angle of the gas molecules. Even though it is an obvious 

oversimplification to simulate a corrugated surface as a cosine wave, this model has 

demonstrated that surface roughness and corrugation are essential for the modeling of gas-

surface interactions.  For example, by applying the washboard model, Kondo et al. studied the 
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effect of molecular structure on gas-surface scattering,61 and Yan et al. further developed a 

washboard model that takes the surface moment of inertia into account. By employing this 

model, they successfully modeled Ar and Ne scattering from an alkylthiolate self-assembled 

monolayer surface and reproduced the major results obtained by classical trajectory simulation of 

the same system.59 

The models described above provide helpful qualitative, and in some case quantitative, 

information about how properties (collision energy, approach angle, well depth, bond rigidity, 

mass) affect energy exchange in the initial gas-surface collisions. Following the initial impact, 

intermolecular forces dominate the fate of the molecule. Others have shown that the gas-organic 

surface intermolecular forces may be predicted to some extent by the relative solubilities of gases 

in liquids composed of organic molecules that mirror the properties of the compounds present at 

the surface. Therefore, the next section reviews the solubilities of the organic gases in a variety 

of liquid phases, which will provide an essential context within which to discuss thermalization 

probabilities and scattering characteristics in subsequent chapters. 

 C2H6, C2H4, and C2H2 Interactions with Liquids  

 Solubility is a property related to the extent to which a solid, liquid or gaseous chemical 

(solute) dissolves into another solid, liquid or gaseous phase (solvent) to form a homogeneous 

solution. The value of solubility is commonly used to indicate the extent to which a solute can 

dissolve into a unit amount (volume or mass) of solvent. As such, the solubility of a substance 

depends upon the physical and chemical properties of both the solute and the solvent. Other than 

factors like pressure, temperature, and pH, the intermolecular force is also one of the most 

important factors that affect the solubility.  
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 Intermolecular forces are attractive and repulsive forces between neighboring particles 

and are electrostatic in nature. Even though intermolecular forces are not as strong as 

intramolecular forces such as covalent bonds, they are still quite critical for atomic level and 

molecular level interactions. There are several types of intermolecular forces, such as dipole-

dipole forces, hydrogen bonds, ion-dipole forces, and London dispersion forces. 

 Dipole-dipole forces only exist between molecules that possess permanent dipole 

moments. This type of force is an electrostatic force that tends to align the molecules to 

maximize the attraction. Dipole-dipole interactions are the strongest intermolecular force of 

attraction for neutral species. Consider two polar molecules interacting with each other, the 

potential energy possessed by the system depends upon the dipole moment, μ, of each molecule 

and the separation, according to equation (6),62 where ε is the permeability of space. 

 
𝑉 = −

2𝜇1𝜇2

4𝜋𝜀0𝛾3
 (6) 

One typical example of dipole-dipole interactions is the formation of hydrogen 

bonds.  This is a special kind of dipole-dipole interaction that occurs specifically between a 

hydrogen atom attracted to an electronegative atom, such as oxygen, nitrogen, and halogen 

atoms, and groups with excess electron density. Hydrogen bonding is a relatively strong force of 

attraction between molecules, and considerable energy is required to break hydrogen bonds (a 

typical hydrogen bond is about 20 kJ/mol). Hydrogen bonds are often cited as the strongest type 

of dipole-dipole interaction. 

Ion-dipole forces are interactions between ions and molecules with dipole moments. 

Moreover, the charge of an ion can also distort a non-polar molecule to form an induced dipole 

moment in this molecule. In this case, the interactions are described as ion-induced dipole 
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moment interactions. The energies of both an ion-permanent dipole interaction and an ion-

induced dipole interaction are inversely proportional to the fifth power of the distance (1/r5).63 

 Beyond the types of interactions that involve dipolar molecules, weak interactions caused 

by instantaneous fluctuations in the electron density of a molecule also play a significant role in 

solubility (and gas-surface interactions). In 1930, Fritz London (1900–1954) established the 

foundation of intermolecular forces between nonpolar molecules. London proposed that 

temporary fluctuations in the electron distributions within atoms and nonpolar molecules could 

result in the formation of short-lived instantaneous dipole moments, which produce attractive 

forces called London dispersion forces between otherwise nonpolar substances.64 London 

dispersion energies are also proportional to the inverse sixth power of the distance.  

 The balance of intermolecular forces does not only play an important role in the 

determination of solute solubility in a specific solvent, but they also are the key factor in 

determining the fate of gas-surface collisions. One of the primary thrusts of this work is to build 

an understanding of the energy transfer and thermal accommodation for small organic 

compounds on organic surfaces that contain polar and non-polar functional groups. I am 

particularly interested in whether the same properties that control the uptake of these gases in 

liquids (as predicted by their solubilities) can be used to predict the outcome of gas-solid 

collisions. Thus, water and n-hexane are used as examples for polar and nonpolar solvents, 

respectively. The solubilities of C2H6, C2H4, C2H2 in both water and n-hexane at room 

temperature and atmospheric pressure are shown in Table 1.1. 

The solubility data shows that, while the three gas molecules have similar solubilities in 

hexane, their solubilities in water differ by orders magnitude.  This interesting observation can be 

explained by the differences in the intermolecular forces between the molecules and the 
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condensed solvent. The interactions between the non-polar gas molecules and n-hexane, which is 

also non-polar, are mainly induced dipole-induced dipole interactions (London-dispersion 

forces). For the three gas molecules, the polarizability increases in the order of 

C2H2<C2H4<C2H6. The magnitude of the induced dipole increases with polarizability. Thus, the 

solubility of the compounds in n-hexane decreases in the order predicted by the polarizability of 

each compound C2H6 > C2H4 > C2H2. However, with water as the solvent, the primary 

interactions between the gas molecules and the solvent are electrostatic in nature. The specific 

attractive forces are governed by interactions between the π electrons and the polar O-H bonds of 

water. The high electron density in C2H4 and C2H2 makes them good electron donators for the 

formation of hydrogen bonding with water molecules. So the solubilities of C2H4 and C2H2 in 

water are much higher than the solubility of C2H6, and the solubility of C2H2 is higher than C2H4. 

Table 1.1 Properties C2H6, C2H4, and C2H2.65  

Gas C2H6 C2H4 C2H2 

Solubility in water (×10-3 mole fraction) 0.0362 55.1 251 

Solubility in hexane (×10-3 mole fraction) 32.0 20.5 13.0 

Mass (g/mol) 30 28 26 

C-C bond order 1 (1 σ) 2 (1σ, 1π) 3 (1σ, 2π) 

C-C Bond length (Å) 1.54 1.35 1.21 

C-C Bond strength (kcal/mol) 83 125 230 

Polarizability(10- 40 Cm2/V) 5.00-5.06 4.69-4.76 3.74-3.94 

pKa >51 44 25 
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 Conceptually, a deeper potential well is beneficial for more efficient gas-surface energy 

transfer. However, these concepts have yet to be systematically tested for small organic 

compounds colliding with organic surfaces. I hypothesize that the dynamics of small non-polar 

hydrocarbon collisions on organic surfaces will depend on the polarizability of the colliding 

species and the surface functional group located precisely at the interface. This hypothesis will 

be tested by studying the energy transfer efficiency in the scattering of C2H2, C2H4, and C2H6 

molecules on CH3-terminated organic surfaces. Ultimately, this research will explore whether the 

same properties that affect bulk-phase solubility can be employed to predict the accommodation 

efficiency of gases at solid organic surfaces. 

 

While the studies described above will probe the nature of gas-surface collisions, energy 

transfer, and accommodation efficiency from a highly fundamental perspective, my more recent 

studies have focused on the more practical application of surface science to the study of 

materials that may sequester and decompose chemical warfare agents (CWAs). Here, the 

motivation for this next stage of work is provided, as well as an introduction to the key scientific 

questions we aim to probe with this new research. 

 Background 

The threat of CWAs, assured by their ease of synthesis and effectiveness as a terrorizing 

weapon, will persist long after the once-tremendous stockpiles in the U.S. and elsewhere are finally 

destroyed.66-68 Therefore, there exists a pressing and continual need for strategies capable of 

combatting these weapons. Soldier and civilian protection, battlefield decontamination, and 

environmental remediation from CWAs remain top military priorities. Therefore, new chemical 
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approaches for the fast and complete destruction of CWAs has been an active field of research for 

many decades and new technologies, highlighted recently in prominent research journals, have 

generated immense interest.69-75 In particular, Zr6-based metal-organic frameworks (MOFs) have 

been shown to be active for catalyzing the rapid hydrolysis of chemical warfare nerve agents.76-82 

 Nerve Agents and Simulants 

The first nerve agents were invented by accident in the 1930s when the German 

researchers were attempting to develop alternatives to common insecticides.83 The working 

mechanism of nerve agents is to disable the enzyme, acetylcholinesterase ultimately. 

Acetylcholinesterase is responsible for removing acetylcholine, which is used to send messages 

between cells to maintain a functional nervous system. Nerve agents can perform as irreversible 

acetylcholinesterase inhibitors, and therefore disrupt the central nervous system. Nerve agents 

can be absorbed through inhalation or skin contact. 

 

Figure 1.7 Pathway for organophosphonate nerve agent inhibition of acetylcholinesterase 

through irreversible binding at the serine residue.84-85 
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As shown in Figure 1.7, once in contact with the human body, the nerve agents can bind 

to a serine residue at the active site of the cholinesterase enzyme. The phosphorylated enzyme 

may then lose an alkylic carbonium ion through the cleavage of the PO-C bond. At this point, the 

enzyme is irreversibly inhibited. Because the agent blocks the active site, acetylcholine no longer 

binds to the enzyme, and acetylcholine accumulates in the human body. With the first symptoms 

appearing in seconds after acute exposure, elevated acetylcholine levels first cause miosis and 

rhinorrhea, then tremor, respiratory difficulty, and finally death.86 

There are two major classes of nerve agents, G-series and V-series. The members of these 

two classes share similar properties. My studies focus on the surface chemistry of the G-series of 

CWAs. Common G-series nerve agents are given both a common name (such as sarin) and a 

two-character NATO identifier (such as GB). The chemical structures of the G-series nerve 

agents are shown in Figure 1.8. 

 

Figure 1.8 Chemical structures of the G-series nerve agents. 
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Nerve agents are organophosphonate compounds with the phosphorus atom bound to a 

hydrocarbon group. They share similar chemical and physical properties.  At room temperature, 

common nerve agents are volatile, colorless and viscous liquids. The difficulty in distinguishing 

them from regular non-toxic liquids makes them even more dangerous. The physical properties 

of the nerve agents shown in Figure 1.8 are provided in Table 1.2. 

Table 1.2 Physical properties and LD50 of nerve agents86-91 ( LD50: the dose required to kill 

half the members of a tested population after a specified test duration) 

Nerve Agent 

Vapor 

Pressure 

(torr) 

Melting 

Point (°C) 

Boiling 

Point (°C) 

Molecular 

Weight (g/mol) 

LD50 

(mg/70kg 

person) 

GA (Tabun) 
0.07 

(25.0 °C) 
-50 248 162.1 4000 

GB (Sarin) 
2.9 

(25.0 °C) 
-56 158 140.1 1700 

GD (Soman) 
0.40 

(25.0 °C) 
-42 198 182.2 300 

GF (Cyclosarin) 
0.06 

(25.0 °C) 
-30 239 180.2 150 

 

Because of their tremendous toxicity, the "live" CWAs are seldom directly studied in 

laboratory settings; rather, surrogates of the nerve agents, or "simulants" have been developed for 

use in academic studies. Simulants are molecules that maintain the same bond of interest with the 

live nerve agents, possess similar physical and chemical properties, but with much less toxicity 

due to their inability of binding to the acetylcholinesterase. Although simulants do not exactly 

reproduce each live agent property, the simulants can be used to mimic particular functional 

groups. Studies then strive to construct a relationship between the molecular structure and 

chemical functionality in an effort to predict how the live agents will behave under specific 

circumstances. The simulants used in the research presented here are dimethyl 

https://en.wikipedia.org/wiki/Dose_(pharmacology)
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methylphosphonate (DMMP) and dimethyl chlorophosphate (DMCP). The chemical structures 

of these two compounds are shown in Figure 1.9. Moreover, the comparison of their physical 

properties with sarin can be found in Table 1.3. 

 

Figure 1.9 Chemical structures of nerve agent simulants. 

Table 1.3 Physical properties and LD50 of sarin and nerve agent simlulants89, 92 

Nerve 

Agent/Simulants 

Vapor 

Pressure 

(torr) 

(at 25.0 °C) 

Melting 

Point (°C) 

Boiling 

Point (°C) 

Molecular 

Weight (g/mol) 

LD50 

(mg/kg) 

(rat) 

GB (Sarin) 2.9 -56 158 140.1 0.55 

DMMP 0.96 -50 181 124.1 8210 

DMCP - - 80 144.5 - 

 Metal Organic Frameworks (MOFs) 

MOFs are a relatively new class of hybrid organic-inorganic materials with high porosity, 

chemical tenability, tailorable pore environments, and extraordinarily large surface areas.93-97 

Some of the most thermal and chemically stable MOFs are constructed from Zr6-based nodes 

linked together by carboxylate-terminated struts.  

The most well-studied example is UiO-66, which consists of Zr6(O)4(OH)4 nodes and 

benzene dicarboxylate linkers.98 The node connectivity and structure of UiO-66 is illustrated in 

Figure 1.10. UiO-66 exhibits two pore environments: octahedral cavities composed of six 

inorganic nodes, and smaller tetrahedral cavities with four nodes.  In the pristine MOF, four 
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bridging hydroxyl groups are located at the corners of the tetrahedral cavities. Also, a small 

fraction of terminal hydroxyl groups is likely to present at under-coordinated zirconium sites 

(defects). Transport through the pores of UiO-66 requires movement through the small triangular 

windows at the cavity walls. As described in a recent publication from our group indicated this 

MOF has been shown to be stable up to 500 °C, as well as in a variety of organic solvents, acidic 

solutions, and basic media.99-100 Furthermore, UiO-66 catalyzes the hydrolysis of 

organophosphorus (OP) nerve agents and nerve agent simulants in basic solutions.77 The 

catalytic activity of UiO-66 was attributed to the strongly acidic ZrIV ions that are key for the 

activation of coordinated OP compounds.97 

Following the demonstration of UiO-66 as a catalyst for CWA decomposition, a variety of 

other Zr6-based MOFs emerged with much greater turnover frequencies for OP compound 

hydrolysis. Researchers speculated that the small, 6 Å, pore apertures of UiO-66 (the product of 

12 short linkers per node) limit access to the active centers and thus catalysis occurs almost 

exclusively on the external surface of UiO-66.77 Therefore, several studies pursued Zr6-based 

MOFs with more open pore structures. In particular, UiO-67, a 12-connected MOF that is 

isoreticular to UiO-66, but constructed from extended biphenyl dicarboxylate linkers, was shown 

to be much more active for OP compound hydrolysis.100 The apertures for UiO-67 are 11.5 Å.100 

Researchers hypothesize that hydrolysis occurs at “missing linker” defects within the MOF where 

substitutionally labile aqua ligands afford the simulants access to the acidic ZrIV ions.78, 101-102 
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Figure 1.10 Representations of the UiO-66 (top), UiO-67 (center), and MOF-808 (bottom) 

MOF structures (left), and their secondary building units (right). Hydrogen atoms in the 

repeating UiO-66 structure have been omitted for clarity. Atom colors are C: gray, O: red, 

H: white, Zr: blue. Figure adapted from paper referenced.103 
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Based upon the hypothesis that labile aqua ligands are required for catalyzing OP 

hydrolysis at Zr6-MOFs, scientists recently explored these reactions as catalyzed by the 6-

connected MOF, MOF-808. MOF-808 is composed of the same secondary building unit (SBU) 

as the UiO series of MOFs, but with benzene-1,3,5-tricarboxylate (BTC) serving as the organic 

linkers. The tricarboxylate groups link three nodes to each ligand, which creates an open 

crystalline structure with pores as large as 18 Å.104-106 Once activated (by removing formate ions 

that remain from the synthesis), the resulting 6-connected nodes have multiple water and 

hydroxide ligands that decorate the circumference of the nodes (See Figure 1.10). These ligands, 

along with the high accessibility of the nodes to the reactants, are likely responsible for the 

remarkably high decomposition rates of CWA simulants in the presence of this catalyst." 

Although, as described above, several Zr6-based MOFs have been shown to be catalytically 

active for the hydrolysis of CWAs in aqueous solution, the reactions have yet to be extensively 

explored for hydrolyzing CWAs or OP simulants in the gas phase. One may hypothesize that the 

same rapid hydrolysis rates could accompany gas-MOF heterogeneous catalysis. Motivated both 

by the practical importance of exploring strategies for destroying vaporous CWAs and a 

fundamental interest in catalysis within MOFs, I have employed ultrahigh vacuum-based surface-

science methods in a systematic study of organophosphonate-MOF chemistry at the gas-MOF 

interface. Specifically, infrared spectroscopy has been used to characterize several MOFs, then 

track bond rupture and formation during exposure of the Zr6-MOFs to a controlled flux of dimethyl 

methylphosphonate, a common simulant for the nerve agent sarin. Besides, X-ray photoelectron 

spectroscopy was employed to provide insight into the elemental abundance of the material 

following exposure and show how the oxidation state of the nodes is affected by exposure to 

DMMP and DMCP. These experimental methods have helped to benchmark parallel 
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computational studies performed by Prof. Diego Troya, that map the energetics of initial DMMP 

binding and subsequent hydrolysis reaction pathways by employing density functional theory 

(DFT). 

 

Despite their simple structure and well-documented properties, surprisingly little is 

known about how small hydrocarbons behave at the gas-surface interface, and how their fate is 

affected by properties of the surface itself. I have therefore embarked on work to uncover the 

dynamics of small-molecule interfacial collisions. Key research objectives for this project 

include: 

(1) Determine if molecular rigidity–i.e., molecules with single, double, or triple 

bonds, affects the extent of energy transfer in the initial gas-surface collision. 

(2) Probe how the electron density along a C-C bond influences the thermal 

accommodation efficiency. 

(3) Explore if surfaces functionalized by methyl groups behave differently, as 

collision partners, than the surfaces terminated with hydroxyl groups. 

(4) Study how molecular scattering behavior may be correlated with the solubility 

of the compounds in hexane and water. 

Following these highly fundamental studies, and motivated by the pressing and continual 

need for strategies capable of combatting chemical warfare agents (CWAs), protecting soldier 

and civilians, decontaminating battlefield, and remediating environmental contamination, I 

developed a new area for my group that focused on more practical applications of surface 

science to the study of materials that may sequester and decompose CWAs. To the best of my 
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knowledge, these studies represent the first UHV-based exploration of MOFs as sorbents for 

nerve agent sequestration and destruction.  The key scientific objectives that I aimed to probe 

with this new research include: 

(1) Demonstrate the application of traditional UHV-based surface science methods to the 

study of highly porous, high surface area, particulate materials with a special emphasis on 

Zr6-based metal-organic frameworks. 

(2) Determine if a CWA-simulant, like dimethyl methylphosphonate, upon collision with a 

Zr-based MOF, diffuses into the material or simply scatters from the crystallite surfaces. 

(3) Characterize reaction products that may form upon DMMP-MOF interactions. 

(4) Show if there is a catalytic activity for the decomposition of a CWA simulant at the gas-

MOF interface, as has been reported in solution-based studies. 

(5) Uncover the rate and rate-limiting step for the CWA uptake on Zr6-MOFs. 
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 Experimental Setup 

 

The fundamental goals of studying gas-surface energy transfer, accommodation 

efficiency, and reactivity require experimental methods that afford a systematic approach where 

the energetics and chemical nature of the system is highly controlled. My approach is to combine 

ultrahigh vacuum surface science methods with molecular beam scattering techniques and model 

surfaces. In this way, I systematically explore how parameters such as collision energy and 

surface functionality affect the outcome of the gas-surface interaction. These studies can then be 

correlated to develop an overall understanding of the roles of specific chemical and physical 

properties in determining the outcome of interfacial processes.  Below, the methods are 

described in sufficient detail such that future students may have a guide for reproducing and 

furthering this work. 

 Ultrahigh Vacuum 

 The experimental approach for the investigation of gas-surface interaction dynamics has 

been described in previous papers,87,88,107,108 and will be presented in detail in this chapter.  As 

indicated in Figure 2.1, the experiments are performed under ultrahigh vacuum (UHV) 

conditions. Ultrahigh vacuum enables surface samples, once clean, to remain free from 

background contamination for sufficient durations for experimental studies. To clarify this point, 

if one assumes a sticking probability of gas molecules at a particular surface to be unity, the 

minimum time to form one monolayer on a clean surface at atmospheric pressure (760 Torr) is 

about 1 ns. My target pressure for the ultrahigh vacuum chamber is 10−10 Torr, which changes 

the formation time of one monolayer to 3 hr.  



31 

 

In addition to maintaining a well-characterized surface, UHV conditions ensure that gas-

phase chemistry plays an insignificant role in my studies. That is, based upon the mean free path 

equation for air at 20° C109 (shown in equation (7)), a lower pressure corresponds to a longer 

mean free path of gas molecules.  

 
𝜆 ≈

5

𝑃(𝑚𝑡𝑜𝑟𝑟)
𝑐𝑚 

(7) 

Mean free path is the characteristic distance a molecule can travel before it hits another 

molecule. During my experiments, the mean free path of gas molecules can be as long as 

approximately 500 km (pressure is 10−10 Torr) in the main chamber, which ensures the gas 

molecules in the incident molecular beam travel toward the surface without colliding with 

background gases. Hence, both the incident energy distribution and the travel direction of the 

molecular beam can be maintained before the gas molecules collide with the surfaces.  

Finally, the application of the UHV system also enables us to implement surface 

analytical techniques. For these studies, I employ X-ray photoelectron spectroscopy (XPS) and 

mass spectroscopy (MS) to characterize the surface adsorbates and gas-phase species, 

respectively. 

 The Main Chamber, Detector Chamber, and Load Lock System 

 Figure 2.1 shows the top-view schematic of the UHV chamber that is employed in my 

gas-surface interaction study project, and the detailed side-view schematic is shown in Figure 

2.2. There are four important parts in this UHV chamber: (1) main chamber, (2) detector 

chamber, (3) load lock sample transfer system, and (4) sample manipulator.  
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Figure 2.1 Top view schematic of the UHV chamber for surface-gas molecules interactions. 

 

 The main chamber is equipped with a 1500 L/s turbomolecular pump (Pfeiffer 

TMU1601P). This pump helps maintain the pressure in the main chamber below 1×10-9 Torr. A 

sample manipulator (McCallister MA2012) is located on top of the main chamber; it can be used 

to change the coordinates of the sample mount. Therefore, other than providing a clean 

environment for gas-surface interactions and minimize background interferences, the main 

chamber also functions as the tool to adjust the position of the surface to achieve good gas-

surface alignment. 
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Figure 2.2 Schematic of the ultrahigh vacuum main chamber.45  

 The detector chamber is connected to the main chamber through a 4.3 mm diameter 

aperture. Gas molecules scattered from the surface may travel into the detector chamber through 

this aperture, and go through the first differential pumping stage. Then, these molecules may 

pass through another aperture with a diameter of 4.7 mm to enter the second stage of the detector 

chamber. The first stage is equipped with a small turbomolecular pump (Pfeiffer TMU261P) 

with a 250L/s pumping speed, and the second stage is equipped with a 500L/s turbomolecular 

pump (Pfeiffer TMU521P). The combination of the turbomolecular pumps in the main chamber 

and the detector chamber helps maintain the pressure in the detector chamber at 1×10-10 Torr 

throughout the experiments. The Extrel QMS is located in the second stage of the detector 
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chamber. This QMS is set to detect the scattered gas molecules with a certain mass-charge ratio. 

The MS signal from the scattered molecules as a function of time is recorded via a multichannel 

scaler (MCS) to provide the final TOF distribution. 

 Both the detector chamber and the main chamber are monitored and controlled by a 

LabVIEW program. This program helps make sure the pressures in both chambers are always 

below certain thresholds. The pressure limits can be set in the software as set points. Once the 

pressure in any chamber increases and exceeds the setpoint value, the software will automatically 

shut down the system to protect the instruments. 

 Before starting experiments, surface samples need to be transferred into the main 

chamber. However, directly exposing the main chamber to the atmosphere will cause an 

immediate pressure jump and possible chamber contamination. Hence, a technique that helps 

prevent the main chamber from being exposed to the atmosphere is needed during sample 

transfer. The load lock system in my apparatus is employed to fulfill the experimental 

requirement of transferring the sample without breaking the vacuum in the main chamber. The 

procedure of sample transfer is explained in detail in Section 2.1.5.2 of this thesis. 

 Molecular Beam 

 In order to investigate gas-surface interaction dynamics, a well-characterized gas source 

is necessary. As shown in Figure 2.1, a molecular beam chamber is attached to the UHV main 

chamber as the source of gas molecules. A molecular beam is a stream of gas molecules with 

unified direction, near single energy, and well-controlled cross sectional area.110 In my 

experiments, I seed the gas of interest in UHP (ultra-high purity) H2 (Airgas). The prepared 

mixture is then introduced into the molecular beam chamber, which is a high vacuum chamber 
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with a pressure of 10-7 Torr. In the molecular beam chamber, gas molecules are supersonically 

expanded through a 0.05 mm diameter nozzle. A 0.4 mm diameter conical skimmer is located 6 

mm downstream from the nozzle. This skimmer selects the core of the gas stream. Then, a 

rotating 2-slit mechanical chopper wheel converts the continuous gas beam into gas pulses. The 

period of one gas pulse is about 50 s, for a rotation frequency of 250 Hz. After passing another 

differential pumping stage, the molecular beam is introduced into the UHV main chamber.  

 Supersonic Molecular Beam 

 In my experiments, the supersonic molecular beam technique is employed to acquire a 

well-characterized incident gas source. This technique requires the application of a nozzle and a 

pressure difference between the gas source and the differentially pumped molecular beam 

chamber. The backing pressure for the nozzle is set to approximately one atmosphere. In this 

condition, the mean free path of the gas molecules is smaller than the diameter of the nozzle. As 

a result, the flow of the gas molecules is hydrodynamic, which means this flow follows the same 

dynamics with liquid fluid. The gas molecules will be pushed through the hole and enter the first 

differential pumping stage.45 The vacuum condition of this differential pumping stage makes the 

flow of the gas molecules change from a continuum flow to a molecular flow. Then, the skimmer 

located downstream from the nozzle selects the core of the gas flow and produces the supersonic 

molecular beam. The continuum flow and molecular flow here are defined by using the Knudsen 

number, Kn. As shown in equation (8),111 Kn is equal to the mean free path of the gas molecules 

(λ) over the size of the chamber (L). 

 
𝐾𝑛 =

𝜆

𝐿
 (8) 
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When Kn < 0.001, the gas is considered to be in the continuum regime, and the molecular flow 

regime occurs when Kn > 10.111 At one atmosphere; therefore, λ is approximately 10−8 m. The 

dimension of the nozzle is about 10−2 m. Hence, the corresponding Kn equals 10−6, which places 

the gas source in the continuum regime. After the gas source enters the differential pumping 

stage of the molecular beam chamber, which has a pressure of 10-6 Torr, the λ of the gas 

molecules increases significantly to about 50 m. Since the size of the molecular chamber is no 

bigger than 1 m, the Kn of the gas molecules is much larger than 10. Therefore, after the 

supersonic expansion, the gas molecules are in the molecular flow regime. 

 Because of the pressure drop from the gas source to the molecular chamber, the gas 

molecules are accelerated when they pass through the nozzle and enter the high vacuum 

chamber. This occurs due to continuum flow mechanics. If gas molecules flow through an 

aperture and there is a significant pressure difference (around a ratio of 2) between the two 

stages, the speed of the gas molecules will be accelerated to around the local speed of sound.112  

 During expansion, the highest pressure is reached at the throat of the nozzle aperture. 

When the gas molecules enter the high vacuum chamber, the dramatic pressure difference makes 

them go through an expansion to get adjusted to the low pressure of the vacuum chamber. This 

expansion lowers the pressure and increases the velocity of the gas. When the velocity is 

approximately constant, the mean free path of gas molecules at this low pressure is large enough 

to avoid intermolecular collisions in the molecular beam. Therefore, the unified direction and 

well-ordered cross sectional area are maintained in the molecular beam. 

 The velocity of the gas molecules increases upon expansion, and the average translational 

energy of the expanded gas is predicted by employing Equation (9). In this equation, the T is the 

temperature of the nozzle, γ is the heat capacity ratio (Cp/Cv) of the gas species, and R is the gas 
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constant. This equation is developed under the assumption that the gas molecules behave 

ideally.45 

 
𝐸 =

𝑅𝑇𝛾

(𝛾 − 1)
 (9) 

 From equation (9), one can tell that the energy is proportional to the temperature of the 

nozzle. Therefore, I can tune the average translational energy of the expanded gas beam to 

desired values by controlling the nozzle temperature. Other than this method, the energy of a 

beam can also be manipulated by using the seeding technique. The detailed procedure of this 

technique is described in Section 2.1.5.1. 

 Molecular Beam Chamber Structure 

 A side view schematic of the molecular beam chamber is shown in Figure 2.3. There are 

three pumping stages in the molecular beam system. The first stage is equipped with a 5000 L/s 

VHS10 diffusion pump (Varian Vacuum Technologies). Gas molecules are introduced into the 

chamber with an initial pressure of approximately 1 atm through a Teflon tube. They enter the 

first pumping stage right after being expanded through a 0.05 mm diameter nozzle, where a 

molecular beam is created through a supersonic expansion. This beam then travels toward the 0.4 

mm diameter conical skimmer that is located 6 mm downstream from the nozzle. This skimmer 

only allows the molecules that travel toward the main chamber to pass. As a result, after being 

selected by the skimmer, the modified molecular beam has a unified direction and a well-defined 

cross sectional area.  

 The second pumping stage is equipped with a 1500 L/s Diffstak MK2 Diffusion Pump 

(BOC Edwards). After flowing through the skimmer, the continuous molecular beam is 
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modulated by a two-slit chopper wheel located about 1.5 cm from the skimmer. There is a 

resulting gas pulse created every 2.02 ms (corresponding to a frequency of 495 Hz).   

 After further collimation by a 1.5 mm aperture, the gas pulses enter the final differential 

pumping stage of the molecular beam chamber. This pumping stage is equipped with a 250 L/s 

turbomolecular pump (TMU 261P, Pfeiffer) and separated from the UHV main chamber by a 2.2 

mm aperture. A gate valve is applied to cover this aperture, so when experiments are not being 

performed, the gate valve is kept closed to isolate the main chamber from the molecular beam 

chamber. This can help maintain the low pressure in the main chamber and avoid contamination. 

During an experiment, the gate valve is open to connect the molecular beam chamber and the 

main chamber through the 2.2 mm aperture. Gas molecules that travel through this small aperture 

produce a 1 cm2 spot on the surface sample, which is pre-aligned with the incident molecular 

beam. 

 

Figure 2.3 Side view of the molecular beam chamber.45   
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 Molecular Beam Characterization  

 As mentioned in the previous section, the incident energy of a molecular beam can be 

tuned by modifying the ratio of the gas of interest and the carrier gas, the detailed experimental 

procedure of gas source preparation is provided in section 2.1.5.1. Facilitated by the sample 

manipulator, the coordinates of the sample mount in the UHV chamber can be modified, as 

shown in Figure 2.2. With the surface mount away from the pathway of the molecular beam, the 

RGA can be employed to measure the TOF distribution of the incident beam. A schematic of the 

experimental setup is provided in Figure 2.4. 

 

 

Figure 2.4 Top view of the in-line beam energy characterization system.45 
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In order to gain a well-controlled gas source, the characterization of the incident 

molecular beam is set to be the first step of the experiments. To characterize the incident beam, 

the sample mount is moved away from the path of the beam. Therefore, as depicted in Figure 

2.4, after entering the UHV main chamber, instead of colliding with the sample surface, the 

incident beam travels directly through the main chamber and enters the RGA. By analyzing the 

recorded TOF distribution of the incident beam, the travel time, t, of gas molecules from the 

chopper wheel to RGA can be acquired. The distance from the chopper wheel to the RGA, L, is 

known from the chamber dimensions. Therefore, by using equation (12), the energy of the 

incident beam can be characterized. 

 Self-Assembled Monolayer (SAM) 

 Structure and Characterization of Self-Assembled Monolayers on Gold  

 SAMs are well-ordered organic surfaces that enable researchers to gain the control 

necessary to study the dynamics of gas-surface energy transfer. Previous research has shown that 

SAMs have high stability and reproducibility.113 The chemical functionality of the end groups of 

the alkanethiols informs the chemical and physical properties of the monolayer. SAMs employed 

in this thesis are formed from adsorption of ω-functionalized alkanethiols onto gold substrates, 

and have been studied extensively and proven to be a well-characterized system.114 Therefore, as 

previously described, the SAMs that are employed in my research project are model organic 

surfaces. In this type of SAM (n-alkanethiols on gold), the sulfur atoms at the end of each long 

carbon chain bond to a pre-cleaned Au (111) surface. The sulfur-gold spatial relationship is 

depicted in Figure 2.5. 
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Figure 2.5 Schematic of sulfur-gold spacing in SAM.45 

 The formation of Au-S covalent bonds produces a final average intermolecular alkane 

chain distance of 5 Å. As shown in Figure 2.5, each of the sulfur atoms interacts with three gold 

atoms on the substrate. The nearest spacing of the top sulfur atoms is √3×2.88 Å (the nearest 

spacing of the bottom Au atoms), and the sulfur lattice is rotated 30° relative to the gold lattice. 

Therefore, the overlay of sulfur and gold atoms forms an overall (√3×√3) R30° lattice.45 After 

the formation of bonds between the alkanethiols and the gold substrate, the conformation of the 

alkane chains is optimized and stabilized at the lowest energy state. For OH-SAMs and CH3-

SAMs, the optimized structure is reached when the tilt angle of chains is approximately 30° to 

34° with respect to the surface normal, as shown in Figure 2.6. 
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Figure 2.6 Schematic of SAM on gold.45  

Previous literature shows that, when the alkane chain of an alkanethiol contains 6 or more 

carbons, the formed SAMs exhibit very high stability and crystal-like long-range order.115 Since 

the alkanethiols that are employed in this research project are 1-octadecanethiol ((Sigma-

Aldrich), CH3-SAMs) and 16-mercapto-1-hexadecanol ((Sigma-Aldrich), OH-SAMs), which 

contain 18 and 16 carbons in the alkane chains, respectively, the SAMs that are prepared based 

on the method described above most likely produce highly ordered structures. 

Characterization of the SAMs is critical for verifying their structures before performing a 

gas-surface collision experiment. Therefore, reflection absorption infrared spectroscopy 

(RAIRS), which is a non-destructive surface analysis technique, was employed. RAIRS contains 

a Michelson interferometer that can make a full scan over the entire infrared region, then output 
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a time-domain interferogram. Through Fourier transformation, this interferogram can be 

transformed into a frequency-domain spectrum. The exploitation of reflection in RAIRS can 

provide information about the chemical environment and the orientation of surface-bound 

molecules. Based on the surface-selection rule discovered by Greenler in the 1960s, compounds 

on a surface could absorb incoming infrared light with specific frequencies.116 Upon radiation, 

the polarized IR light will be reflected off a substrate surface, and be resolved into two 

components: A P-polarized component (Ep, parallel to the incident plane), and an S-polarized 

component (Es, perpendicular to the incident plane). There is a phase change of 180˚ at nearly all 

angles of incidence for the Es. This results in its destructive interference and amplitude canceling 

out. On the other hand, the phase change of the Ep depends on the incident angle. A grazing 

incidence of 88° induces a phase change of about 90° for Ep, which allows the P-component 

light to interfere constructively with itself.  Therefore, the surface environment can be monitored 

by recording the change in IR reflection. The reflected radiation was detected by a mid-range 

(750-4000 cm−1) mercury cadmium telluride (MCT) detector, which was cooled by liquid 

nitrogen prior to each experiment. 

As shown in Figure 2.7, the IR spectrum of a highly ordered CH3-SAM shows clear and 

sharp peaks for the symmetric and asymmetric C-H stretch for both CH3 groups and CH2 groups. 

In the spectrum of an OH-SAM, the two peaks for the C-H stretch of CH2 groups can be 

identified. The wavenumbers of these modes in highly ordered SAMs have been reported 

previously.117 The peak positions in the IR spectra, Figure 2.7, agree well with the literature 

values (as shown in Table 2.1). Therefore, I am confident that the SAMs I employed in my 

experiments were well ordered. 
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Figure 2.7 IR spectra of CH3-SAM (top) and OH-SAM (bottom). 
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Table 2.1 Comparison of IR peak positions of the observed and well-ordered SAMs. 

CH3-SAM OH-SAM 

Observed 

Wavenumber 

(cm-1) 

Well-ordered 

SAM117 

Wavenumber 

(cm-1) 

Mode 

Assignment 

Observed 

Wavenumber 

(cm-1) 

Well-ordered 

SAM117 

Wavenumber 

(cm-1) 

Mode 

Assignment 

2850 2851 
CH2 C-H str 

(sym) 
2850 2850 

CH2 C-H str 

(sym) 

2878 2878 
CH3 C-H str 

(sym) 
2919 2920 

CH2 C-H str 

(asym) 

2918 2919 
CH2 C-H str 

(asym) 
1471 1472 CH2 scissors 

2964 2958 
CH3 C-H str 

(asym) 
1078 1073 C-O str 

 

 Experimental Approach  

 The procedure of the experiments presented in the thesis is described in this section.  

Generally, a well-characterized incident molecular beam and a model organic surface are 

prepared first. Then, the surface is aligned with the molecular beam, and the energy distribution 

of the recoiling gas molecules after they interact with the surface is determined. Information 

about the dynamics of the gas-surface collision can be obtained by detailed comparisons between 

the incident and final energy distributions. 

 Preparation of Gas Sources 

 Preparation of the gas source is the first step of an experiment. The seeding gas technique 

is employed. The key point of this technique is: one can increase the incident energy of a gas 

beam by mixing the gas molecules with a higher velocity carrier gas. At a specific temperature, 
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different types of gas molecules all possess the same amount of average translational energy. 

Accordingly, based upon equation (10), equation (11) can be derived to show that the gas 

molecules with different mass have a different velocity.  

 
𝐸 =

1

2
𝑚𝑣2 (10) 

 

𝑣 = √
2𝐸

𝑚
 (11) 

More specifically, the higher the molecular weight, the lower the corresponding velocity for the 

same kinetic energy. For example, at room temperature, where the average kinetic energy of gas 

molecules is approximately 4 kJ/mol, the velocity of argon atoms is far lower than the velocity of 

helium atoms.  

 In this work, molecular beams of different gases with unified incident energy are 

required. The mixing ratio of the gas of interest and carrier gas is modified to tune the incident 

energy of a molecular beam to the desired value. The carrier gas employed in my experiments is 

UHP H2. H2 molecules have the lowest molecular weight, so they travel faster than all the other 

types of gas molecules. In the mixture, H2 carries the gas of interest at higher velocities than that 

of the pure gas under static condition. As a result, the incident energy of the gas beam increases. 

The incident energy of all the molecular beams employed in this research project was tuned to 

48±5 kJ/mol with the full width at half maximum (FWHM) of 10 kJ/mol. (The details of the 

determination of the beam energy are presented in section 2.1.5.5). 

 A schematic of the apparatus for the preparation of the gas source is provided in Figure 

2.8. Taking the preparation of the C2H6 (UHP, Airgas) - carrier gas (UHP H2) mixture as an 

example, the preparation procedure of the gas source is described as follows.  
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Figure 2.8 Schematic of apparatus for gas source preparation. 

a) Liquid nitrogen is used to cool a sorption pump for 30 mins. Open valve B, with valve A 

and C closed. The pre-cooled sorption pump is then employed to pump down a stainless 

steel mixing tank (Swagelok, DOT-3A1800) for another 30 min. Then valve B is closed. 

At this point, the pressure in the tank is far lower than atmospheric pressure. Thus, when 

the mixing tank is connected to a gas cylinder, this pressure difference will cause the gas 

molecules to flow into the mixing tank. Furthermore, pumping down the tank before 

making the gas mixture significantly lowers the interferences from other gas molecules 

and keeps the gas mixture clean. 

b) Then, C2H6 is introduced through regulator II at about 10 psi. The pressure in the mixing 

tank is allowed to stabilize for about 30 s; then valve C is closed.  

c) The carrier gas (UHP H2) is then connected to the mixing tank. Valve C is kept closed, 

and regulator II is employed to increase the delivery pressure to about 50 psi gradually.  

d) Then, valve C is opened to connect the H2 gas cylinder and the mixing tank. Since the 

delivery pressure of H2 (50 psi) is much higher than the pressure in the mixing tank (10 

psi), H2 molecules will flow into the mixing tank. During this time, the delivery pressure 
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of H2 is gradually increased to about 250 psi. The pressure in the mixing tank is allowed 

to stabilize for approximately 30 s.  

e) Valve C and the H2 cylinder are both closed after 30 s. At this point, the mixing tank 

contains 250 psi of C2H6 - H2 gas mixture. This mixture is the gas source for the study of 

interactions between C2H6 and model organic surfaces. 

 Preparation of SAMs 

SAMs employed in this experiment were prepared by using alkanethiols and “gold 

slides” (Au evaporation onto Cr-coated glass slides).46 To clean the gold slides, they were 

immersed into piranha solution, which is the mixture of 70% sulfuric acid and 30% hydrogen 

peroxide (volume/volume ratio) for at least 1 hr, and then rinsed by copious amounts of 

deionized water followed by ethanol to get rid of the piranha solution residue. Then, the cleaned 

gold slides were placed into a 1 mM ethanolic solution of alkanethiols (1-octadecanethiol 

(Sigma-Aldrich) for CH3-SAMs and 16-mercapto-1-hexadecanol (Sigma-Aldrich) for OH-

SAMs).118 The gold slides remained in the alkanethiol solution for at least 24 hr prior to use. 

During this 24 hr period, the alkanethiols in the solution chemisorbed to the surface of the gold 

slides by forming a covalent bond through sulfur atoms at the end of the chains. Furthermore, 24-

hour immersion ensures the SAMs possess good chain order and packing density. After removal 

from the solution, the slides were rinsed thoroughly by ethanol, blown dry by ultra-high purity 

(UHP) nitrogen (Airgas), placed on a sample mount, and immediately transferred into the UHV 

chamber through the load lock sample transfer system. In the UHV chamber, a high precision 

manipulator was employed to precisely modify the coordinates of the sample mount to satisfy 

experimental needs. 



49 

 

 The preparation method of SAMs described above has been confirmed to be reliable by 

several previous research projects. 118, 90, 119 The prepared SAMs were highly ordered in both 

long range and short range. To optimize the chain-chain interactions, the distance between each 

chain turns out to be about 5Å,91 and in both the CH3-SAMs and OH-SAMs that are employed in 

this experiment, all the chains tilt approximately 30° with respect to the surface normal. 120 

 Sample Transfer 

 The load-lock system is employed to achieve the goal of transferring samples without 

breaking the vacuum in the UHV chamber. A schematic of this system is shown in Figure 2.9. 

As shown in Figure 2.9, a gate valve, A, is located between the load-lock chamber and the main 

chamber. When there is no need for sample transfer, valve A is kept closed to maintain low 

pressure in the UHV chamber. The detailed procedure for transferring samples into and out from 

the chamber is provided here by steps: 

 

Figure 2.9 Schematic of the load lock system. 
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a) To transfer surface samples out from the UHV chamber, the first step is to pump down 

the load lock chamber. A sorption pump is cooled by liquid nitrogen for 30mins, then 

valve B is opened to connect the sorption pump and the load lock chamber for another 30 

min or until the pressure in the load lock chamber is approximately 10-4 Torr. 

b) After valve B is closed, valve C is opened to let a turbomolecular pump further pump 

down the load-lock chamber to about 10-7 Torr.  

c) Then, the sample mount coordinates are modified in the UHV chamber to achieve a good 

alignment with the load-lock arm. At this point, due to the significant pressure difference 

between the main chamber (10-10 Torr) and load-lock chamber (10-7 Torr), once the gate 

valve A is opened, there will be an immediate pressure rise in the main chamber. To 

prevent the system from being instantly shutdown, the set point for the main chamber 

pressure is temporarily set to a higher value (1×10-6 Torr).  

d) Then, gate valve A is opened, and the load-lock arm is pushed into the main chamber 

until it holds the sample mount. A lock-in-key mechanism then engages the sample 

mount for removal from the sample manipulator. After steadily pulling out the load-lock 

arm (containing the sample mount) from the main chamber, valve A is closed to isolate 

the main chamber from the load lock chamber.  

e) Valve C is then closed. The load-lock chamber is vented to atmospheric pressure by UHP 

nitrogen (UHP300). Then the gate of the load-lock chamber is opened. After taking out 

the sample mount, this gate is kept closed during sample preparation to avoid 

contamination. 

 After the clean sample surfaces are positioned on the sample mount, they can be 

transferred to the UHV chamber and prepared for the gas-surface scattering experiments. In my 
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experimental apparatus, as shown in Figure 2.10, two sample surfaces can be placed on the same 

sample holder. During experiments, the alignment of a molecular beam and each surface can be 

achieved by modifying the sample mount coordinates. Therefore, the interaction dynamics 

between the gas molecules and different surfaces can be studied under the same experimental 

conditions. 

 

Figure 2.10 Picture of the sample mount. 

 The procedure of putting the sample mount back is quite similar to the procedure for 

removal. After mounting the sample holder back on to the load-lock transfer arm, the sample 

mount can be transferred back to the UHV chamber by following steps a), b), c) and d) provided 

above. After the sample installation, the set point of the main chamber should be set back to the 

original value in the LabVIEW program. 
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 Instrumental Alignment 

 To ensure that the molecular beam collides with the surface sample, and the reflected gas 

molecules are detected by the QMS located in the detector chamber, the whole system must be 

aligned before performing any experiments. A laser source is employed to accomplish this 

alignment. The whole experimental setup is built to have the centers of all the apertures aligned. 

Therefore, if I shine a laser through the apertures in the detector chamber and let it hit a 

reflective surface with a specific angle, the reflected laser should go directly through the 

apertures in the molecular beam chamber, as shown in d) of Figure 2.11. Therefore, at this point, 

if a molecular beam enters the main chamber and collides on the surface, the reflected gas 

molecules will follow the same pathway to enter the detector chamber, pass through the two 

apertures and undergo analysis by the QMS.  

 The detailed procedure of performing alignment is shown in Figure 2.11. This is the view 

along the Z-axis. The first step of the alignment is to find the zero degrees position. When the 

shined laser hits the surface with an incident angle of 0° with respect to the surface normal, as 

shown in (a) of Figure 2.11, the surface is considered as being located at the zero degrees 

position. To identify the zero degrees angle, the reflection of the laser is employed. The 

reflection follows the same path of the incident laser and travels back to the laser source. 

Therefore, the angle of the sample mount is altered until the reflected beam is co-linear with the 

primary beam. 

 The second step of the alignment is the modification of the Y coordinate of the sample 

surface. Therefore, the Y coordinate of the surface is modified through the sample manipulator to 

make sure that the laser hits right at the center of the surface, as shown in graph (b) of Figure 

2.11.  
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Figure 2.11 Z-axis view of the sample alignment schematic. 45 

 The surface is then rotated 30° counterclockwise as shown in (c) of Figure 2.11.  At this 

point, the laser goes through the detector chamber, hits on the surface center and is reflected. As 

shown in (c) of Figure 2.11, the reflected laser may hit on the inner wall of the UHV chamber at 

this stage. To fulfill the experimental requirements, the laser needs to go directly into the 

molecular beam chamber. Thus, the fourth step of the alignment is to adjust the X coordinate of 

the sample until the reflected laser passes into the aperture in between the main chamber and the 

molecular beam chamber, as shown in (d) of Figure 2.11. Finally, the Z coordinate of the sample 

is adjusted to ensure that the laser hits the vertical center of the sample. Hence, in a well-aligned 

system, a generated molecular beam will enter the UHV main chamber through an aperture and 
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hit on the center of the sample surface. Further, the mass spectrometer views a spot at the center 

of the surface sample. 

 Incident Beam Energy Measurement 

The determination of the incident energy of a molecular beam is critical for studying the 

dynamics of gas-surface interactions. Using the sample manipulator, I am able to change the 

position of the surface inside the main chamber. As shown in Figure 2.1, with the sample mount 

away from the gas pathway, the molecular beam passed directly into a Residual Gas Analyzer 

(RGA) (Stanford Research System), which is a quadrupole mass spectrometer (QMS). During 

experiments, the RGA is set to record the time of flight (TOF) distribution of particles with a 

specific mass-charge ratio. Based upon the dimensions of the chamber, the distance from the 

mechanical chopper wheel to the RGA is 45.3cm. Therefore, after acquiring TOF distribution, 

the incident kinetic energy of the molecular beam can be determined according to the 

relationship shown in equation (12). 

 
𝐸𝑖𝑛 =

1

2
𝑚𝑣2 =

1

2
𝑚 (

𝐿

𝑡
)

2

 
(12) 

The detailed procedure for obtaining an incident beam with specified incident energy is 

explained here by taking the preparation of an argon beam as an example. 

 The RGA is set to detect particles with a mass-to-charge ratio of 40, which is the 

molecular weight of the argon molecules. The data collected by this RGA is simultaneously 

output by the pre-installed MCS software to generate a graph of total RGA counts versus time 

for the particles with the set mass-charge ratio. When the incident molecular beam is 

2%Ar/98%H2 (Airgas, specialty gas), Figure 2.12 is the generated plot by the MCS.  
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Figure 2.12 TOF distribution of Ar in a 2%Ar/98%H2 molecular beam detected by RGA.  

 For the data shown here, the parameters in the MCS software are preset=200,000, path 

length=198, and dwell=10 s. The preset indicates the total number of runs in each data file. By 

setting the dwell time as 10 s, the software is arranged to collect the data in 10 s bins, summed 

them and then output one data point. The path length of 198 means the software will collect 198 

data points in one period, which makes the period of one run 198×10 s=1980 s=1.98 ms. After 

the collection of 198 data points, the software starts a new period. Each data file is the sum of 

200,000 periods. 

 There is one gas pulse generated every 2.02 ms. Consequently, the real period is 40 s 

longer than the detected period set in the software. Right after the detection of one period, the 

computer and the other electronic parts need some response time to start a new period. This 
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difference is set to ensure the computer has enough time to start a new period so that each pulse 

can be detected after being generated.  

 To determine the incident energy of a specific molecular beam, the position of the peak in 

the distribution recorded by the MCS is employed. However, instead of selecting the direct 

reading of the peak position, there are several timing corrections required to get the true arrival 

time. The details of timing corrections are presented in Section 2.1.6.1. After all the timing 

corrections, the arrival time of the incident beam can be obtained.  The velocity of the incident 

molecular beam is calculated by using the corrected arrival time and the distance from chopper 

wheel to RGA. Then the incident beam energy can be easily calculated by applying equation 

(12). 

 Molecular Beam Scattering 

 After characterization of the incident molecular beam, the sample mount is repositioned 

to the pre-aligned coordinates. At this point, the scattering experiments of molecular beams on 

sample surfaces can be performed following the procedure presented here.  

a) After connecting the prepared gas source (as presented in Section 2.1.5.1) to the 

molecular beam chamber, the mechanical chopper wheel and the electronic trigger can be 

turned on. The rotational frequency of the chopper wheel is typically tuned to 495 Hz 

(2.02 ms). 

b) The gate valve between the molecular beam chamber and the main chamber can then be 

opened to introduce the molecular beam into the UHV chamber. Since the sample 

position has been aligned, the incident molecular beam should collide with the center of 

the model surface. After the collisions with the surface, the gas molecules recoil back into 
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the gas phase. Among these recoiled gas molecules, the ones with a final angle of 30°, 

with respect to the surface normal, can go through two collimating apertures, enter the 

detector chamber, and get analyzed by the Extrel QMS. 

c) The TOF distribution of the scattered gas molecules can be recorded by employing the 

Extrel QMS and MCS software.  

 Quadrupole Mass Spectrometry 

 The recorded, raw time of flight distribution of Ar molecules (in 2%Ar/98%H2 beam) 

scattered from an OH-SAM is shown in Figure 2.13.  

 

Figure 2.13 TOF distribution of an Ar (2%Ar/98%H2) beam scattered from an OH-SAM. 

The ionizer of the Extrel QMS is located 29 cm away from the surface; it views an 

approximately 1cm2 spot of the surface through the two apertures in the detector chamber. To 

obtain the TOF distribution shown in Figure 2.13, the mass-to-charge ratio (m/z) of argon is set 
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as 40. Analysis of this raw data is accomplished by the following the general guidelines in 

Section 2.6.1, which describe corrections for timing and intensity aspects of the experiments.   

 Data Analysis 

 Timing 

 The molecular beam passes through the aperture of the skimmer and then is chopped into 

gas pulses by a 2-slit chopper wheel. During the rotation of the chopper, as shown in Figure 2.14, 

the gas molecules pass through the slits to form a pulse every time the slit of the chopper wheel 

is aligned with the skimmer aperture. 

 

Figure 2.14 Side view and front view of the chopper wheel and trigger. 

 There is a LED-photodiode trigger located at the edge of the chopper wheel. This trigger 

is connected to a computer and an oscilloscope. It triggers the computer to start a new period of 

data collection by sending an electronic signal every time a chopper slit is aligned with the 
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trigger (the position that is shown in the front view of Figure 2.14) The voltage of the trigger is 

4.5 V and the trigger frequency of the chopper is set to be 495 Hz.  

 There are two slits on the chopper. In one rotation, each slit passes the trigger once, so 

there will be two gas pulses generated. After the gas pulses enter the main chamber and collide 

with the surface, the desorbed gas molecules are detected by the QMS. Since the MCS software 

starts to collect data every time a slit of the chopper wheel is aligned with the trigger, the time of 

this alignment is the “time zero” for the raw data of Figure 2.13. 

 There are four main timing corrections in my experiments: electronic time offset, chopper 

wheel time offset, chopper-surface time offset, and mass spectrometer time offset. The electronic 

time offset is caused by the employment of the LED-photodiode trigger. When a slit of the 

chopper wheel is aligned with the trigger, the trigger will send an electronic signal to the 

computer to start a new run. However, due to the response time of the electronics, there will be a 

delay for this procedure. Based on previous literature, this time offset is estimated to be 

approximately 2 s.45 Although the electronic time offset is included in the overall analysis, the 

data is summed into 10 s bins. Therefore, this offset has a negligible influence on the final TOF 

distribution. 

 The chopper wheel time offset is the time difference between trigger-chopper slit 

alignment and skimmer-chopper slit alignment. As demonstrated in Figure 2.15, in my 

experiments, the chopper is set to rotate counterclockwise (CCW). The LED-photodiode trigger 

will generate a trigger pulse to make the computer start a new run every time a chopper slit is 

aligned with it. The “time zero” in Figure 2.13 is the moment of this alignment. However, the 

gas pulse is generated when the chopper slit is aligned with the skimmer aperture. Therefore, the 
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beam pulse is generated after the computer starts a new run, which is a significant timing offset 

for which the data must be corrected.  

 

Figure 2.15 Front view of the chopper wheel for the demonstration of the time lag between 

the beam pulse and the trigger pulse. 

 To calculate the chopper wheel time lag, the pulse frequency is set to 495 Hz. As shown 

in Figure 2.16, if the chopper wheel rotates CCW, the travel time of one slit from the trigger to 

the source aperture is considered as y, and x is the time from this source-slit alignment to the 

moment when the other slit is aligned with the trigger. So, y should be the time lag that I have in 

the experiments. Since the beam pulse is after the signal pulse, y should be deducted from the 

total time. On the other hand, if the chopper wheel rotates CW, y will be the travel time of the 

slit from the source aperture to the trigger, and x is the time from this slit-trigger collimation to 

the moment when the other slit is aligned with the source aperture. Then, in this case, x will be 
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the time lag. Since the beam pulse is still after the signal pulse, x should also be subtracted from 

the total time.  

 

Figure 2.16 Schematic of the chopper wheel time offset calculation. 

 By employing an oscilloscope, I observe a pulse signal every time a slit passes the 

trigger. Therefore, the rotation period of the chopper with two slits should be equal to the time 

difference between the first pulse signal and the third following signal.  

 The rotation period can also be defined by using x and y in Figure 2.16 as 2(x+y). To 

solve y, another equation relating x and y is needed. Therefore, experiments that measure the 

TOF distribution of an incident beam under both CCW and CW conditions are performed. The 

TOF distributions of the incident molecular beams, as shown in Figure 2.17, are measured by 

employing the RGA. By comparing the peak positions of the TOF distributions measured under 

these two conditions, the time difference, x-y, can be obtained. By combining these two 
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equations, x and y can be solved. Since in my research, the chopper wheel is set to rotate CCW, 

y is the time lag that needs to be subtracted from the total time. 

The chopper-surface time is the next offset that needs to be considered. This time offset is 

the time it takes for the molecular beam to travel from the chopper wheel to the surface. Before 

performing gas-surface scattering experiments, the velocity of the molecules is calculated by 

using the arrival time and the distance from the chopper to the RGA. With the known velocity 

and the distance from the chopper wheel to the surface, which is 31 cm, the flight time of gas 

molecules from the chopper wheel to the surface can be obtained. 

 

Figure 2.17 TOF distributions of a molecular beam under CCW and CW rotation of the 

chopper wheel.  
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 After the reflected gas molecules enter the QMS, they require time for the ions to reach 

the detector. Therefore, the flight time of the gas ions in the QMS (mass spectrometer time 

offset) also needs to be subtracted from the total time. Based on previous literature,45 an ion’s 

flight time in a QMS before arriving at the detector can be calculated by applying equation (13). 

 

𝑡𝑞 = (𝐿𝑞√
1

2𝐸
√𝑚) (13) 

Lq is the effective length of the flight path in the quadrupoles, E is the translational energy of the 

ion and m is the mass-charge ratio. However, it is not necessary to obtain the exact values of Lq 

and E. As shown in equation (13), the flight time in quadrupoles is in proportional to the square 

root of the mass-charge ratio. So, if the pre-factor, 𝐿𝑞√
1

2𝐸
 is known, the flight time of a specific 

ion can then be obtained by employing equation (13). 

 The value for this pre-factor has been determined in previous literature as 6.5.45 I re-

tested this value by performing argon (Airgas) scattering on a CH3-SAM. In this experiment, a 

pure Ar beam is employed as the incident beam. Due to the low velocity and translational 

energy, the Ar atoms will collide and get fully accommodated with the surface. Therefore, after 

all the time corrections, the final TOF distribution should be a Boltzmann distribution at the 

surface temperature. As shown in Figure 2.18, by setting the pre-factor as 6.5, the corrected TOF 

distribution and the corresponding final energy distribution are both well fitted by the Boltzmann 

distribution at 298 K (surface temperature). Thus, it is reasonable to set the pre-factor as 6.5 in 

the data analysis. 
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Figure 2.18 The TOF distribution (A) and the final energy distribution (B) of pure Ar 

scattering on an OH-SAM. The open circles represent the experimental data, and the solid 

lines are the Boltzmann distributions at the surface temperature. 

 Based upon all timing correction-related descriptions above, the time-axis of TOF 

distributions that are measured by the QMS in the detector chamber should be corrected by using 
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equation (14). In this equation, t arrival is the flight time for reflected gas molecules to travel from 

the surface to the entrance of the QMS; t total is the measured flight time, which is the x-axis of 

Figure 2.13. 

 To sum up, t electronic is the response time of the LED-photodiode trigger, t chopper-wheel is the 

time difference between the beam pulse and the trigger pulse; t chopper-surface is the flight time from 

the chopper to the surface, and t mass-spec is the flight time in the quadrupoles before reaching the 

detector. The directly measured t total originally contains all these time factors. By doing the time 

corrections shown in equation (14), the travel time from the surface to the detector entrance can 

be obtained. This corrected time can provide straightforward information about the behavior of 

gas molecules after their collisions with the surface. The corrected TOF distribution of Ar atoms 

(in 2%Ar/98%H2 beam) after they collide with an OH-SAM is provided in Figure 2.19. 

 

Figure 2.19 Time-corrected TOF distribution of Ar in the 2%Ar/98%H2 beam after 

colliding with an OH-SAM. 
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 The distance from the surface to the entrance of QMS is known as 29 cm. Therefore, 

based upon the corrected TOF distribution and this distance, the final energy distribution of the 

reflected gas molecules can be calculated. The energy transfer fraction during the gas-surface 

interactions can then be calculated by using equation (2).  

 𝑡𝑎𝑟𝑟𝑖𝑣𝑎𝑙 = 𝑡𝑡𝑜𝑡𝑎𝑙 − (𝑡𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 + 𝑡𝑐ℎ𝑜𝑝𝑝𝑒𝑟−𝑤ℎ𝑒𝑒𝑙 + 𝑡𝑐ℎ𝑜𝑝𝑝𝑒𝑟−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑡𝑚𝑎𝑠𝑠−𝑠𝑝𝑒𝑐) (14) 

 Incident Beam Energy  

  The procedure of measuring the incident beam energy has been presented in Section 

2.5.4. A 2%Ar/98%H2 beam is employed as an example here to show exactly how to calculate 

this value.  

 The original TOF distribution of this beam is measured by the in-line RGA as shown in 

Figure 2.12. Since the calculation of the incident beam energy requires the flight time from the 

chopper to the RGA and the distance between these two parts, the time-axis of this TOF 

distribution must be corrected. In the raw data plot, the time shown in Figure 2.12 includes the 

electronic response time of the trigger, the chopper wheel time lag, and the flight time in the 

quadrupoles of the RGA before the ions reach the detector. To acquire the flight time from the 

chopper wheel to the entrance of the RGA, all these timing corrections must be subtracted 

according to equation (15). 

 𝑡𝑎𝑟𝑟𝑖𝑣𝑎𝑙
′ = 𝑡𝑡𝑜𝑡𝑎𝑙

′ − (𝑡𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 + 𝑡𝑐ℎ𝑜𝑝𝑝𝑒𝑟−𝑤ℎ𝑒𝑒𝑙 + 𝑡𝑅𝐺𝐴) (15) 

 Both the electronic time offset and the chopper wheel time offset have been described 

above. However, the RGA and the Extrel mass spectrometer have different dimensions. 

Therefore, before reaching the detectors, the same ions’ flight time in the two quadrupole mass 

spectrometers will be different. Equation (13) can be applied to calculate the time correction 
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term, tRGA. The slope of this equation was previously determined to be 3.6.45 After all the time 

corrections, the TOF distribution of Ar in the 2%Ar/98%H2 incident molecular beam is shown in 

Figure 2.20.   

 

Figure 2.20 Time corrected TOF distribution of Ar in an incident 2%Ar/98%H2 molecular 

beam detected by RGA.   

 As shown in Figure 2.20, after making all the time corrections, the flight time from the 

chopper wheel to the entrance of RGA can be determined, which in this case is 200 s. The 

distance from the chopper wheel to the entrance of RGA is 45.3 cm. So, the energy of this 

incident Ar beam is determined to be 103±5 kJ/mol. 
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 Analysis of TOF Data Detected by the Extrel QMS 

 With the pre-characterized incident molecular beams and SAMs, the final TOF 

distribution of the reflected gas molecules can be analyzed to acquire information to help 

interpret the dynamics of gas-surface interactions. Here, the scattering data of the 2%Ar/98%H2 

beam is employed to demonstrate how the final TOF distributions are analyzed. 

 As explained in Section 1.1.2.2 of this thesis, there are two possible pathways for the gas 

molecules to go through, impulsive scattering and thermal desorption. The gas molecules that are 

thermalized with the surface have a final TOF distribution that is the same as a Boltzmann 

distribution at the surface temperature. Therefore, the final TOF distribution can be fit by two 

components, the Boltzmann distribution at the surface temperature and the TOF distribution of 

the gas molecules that goes through the impulsive scattering pathway.  

 The detected signal in the final TOF distribution is proportional to the number density of 

the gas molecules, N(t). With the known arrival time and distance from the surface to the QMS, 

the final energy of the gas molecules can be obtained. The intensity of the final energy 

distribution, P (Ef), is proportional to t2N (t). This correlation is related to the ionization 

probability of gas molecules when they enter the QMS that has an electron impact ionizer.121 The 

probability of ionization is determined by the time the neutral species spend in the ionizer of the 

mass spectrometer. Compared with the high-speed gas molecules, the gas molecules that travel 

slower have a higher probability of ionization. 

 Figure 2.21 (A) shows the TOF distribution of Ar atoms after a 2%Ar/98%H2 molecular 

beam is scattered from an OH-SAM. As previously mentioned, the data of Figure 2.21 (A) can 

be transformed to provide the final energy distribution, shown in Figure 2.21 (B). The data in 

Figure 2.21 (B) is then modeled with two limiting scattering pathways: impulsive scattering and 
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thermal desorption. The two corresponding fitting components, impulsive scattering component 

(IS) and thermal-desorption component (TD) in Figure 2.21 (B) can then be transformed back to 

the TOF distribution.  

 In Figure 2.21 (B), the final energy distribution of the gas molecules is separated into an 

IS component and a TD component. After complete thermalization with the surface, the gas 

molecules have an identical energy distribution to that of the surface, which is the Boltzmann 

distribution at the surface temperature. Therefore, the first step of this fitting is to assign the 

Boltzmann distribution to the final energy distribution. At the surface temperature (298K), the 

translational energy Boltzmann distribution can be calculated by using equation (16). Then the IS 

component is determined by taking the difference between the total experimental energy 

distribution and the TD distribution. 

 𝑃𝑇𝐷(𝐸𝑓) =
𝐸𝑓

𝑅𝑇𝑠𝑢𝑟𝑓

𝑒𝑥𝑝 (−
𝐸𝑓

𝑅𝑇𝑠𝑢𝑟𝑓

) (16) 

 Based upon the final energy distribution, the energy that is below 2.5 kJ/mol (RTsurf) is 

all assigned to the Boltzmann distribution, which means, PIS(Ef)=0 for Ef≤2.5 kJ/mol. In Figure 

2.21 (A), the IS (the sharp, high-velocity component with a peak position of approximately 256 

s (solid line)) and TD (the broad peak with later arrival time) in the final TOF distribution is 

transformed from the IS and TD in Figure 2.21 (B). In both (A) and (B) of Figure 2.21, the 

dashed lines are the Boltzmann distributions at the surface temperature, and the solid lines 

represent the impulsive scattering components. 
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Figure 2.21 (A) TOF distribution of Ar atoms in a 2%Ar/98%H2 beam after scattering 

from an OH-SAM; (B) The corresponding translational energy distribution P(Ef) from (A).  
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 The most important parameter employed in the next chapter to facilitate the 

understanding of the dynamics is the thermal-desorption (TD) fraction in the final energy 

distribution. The TD fraction is defined as the area fraction of the Boltzmann distribution in the 

final energy distribution. 

 The TD component in a specific gas-surface interaction provides information about how 

well the incident gas molecules thermalize with the surface, the rigidity of the surface, the ability 

of the surface to dissipate the energy transferred from the gas molecules, and the percentage of 

incident gas molecules that go through the thermal desorption pathway. The other parameter 

defined here is the IS fraction. The IS fraction is equal to the difference between the probability 

of the whole distribution (which is 1) and the calculated TD fraction. 

 
𝑇𝐷 =

∫ 𝑃𝑇𝐷(𝐸𝑓)𝑑𝐸𝑓
∞

0

∫ 𝑃(𝐸𝑓)𝑑𝐸𝑓
∞

0

 
(17) 

 By performing different molecular beam scattering experiments from clean, well-

characterized organic surfaces, the work described in this thesis has provided insight into the 

energy transfer efficiency between different gas molecules and surfaces. Overall, this 

information is providing a comprehensive understanding of how gas properties and surface 

structure and functionality affect the outcome of gas-surface interactions. 

 

 Experimental Setup  

Every gas-surface interaction starts from the initial collision. So I started with the simple 

gas-surface collision experiments to build a fundamental understanding of this step. Based on 

this understanding of interactions between small hydrocarbon molecules and model organic 
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surfaces, the research was then furthered to much more complex materials, which are the metal 

organic frameworks.  

Instead of RAIRS, transmission infrared spectroscopy is needed for proper 

characterization of this bulky material. To study the interaction mechanisms of chemical warfare 

agent simulants and MOFs, a slightly different experimental approach is needed.  

Experiments were also performed in an ultrahigh vacuum (UHV) surface-science 

instrument as well, which enables a highly controlled flux of a gas of interest onto a particular 

material, and in situ monitoring of surface-bound products.122-126 The instrument base pressure of 

10-9 Torr ensured that background contamination remained below trace levels throughout the 

experiment. The MOF samples were prepared by pressing (~60 psi) approximately 15 mg of MOF 

powder into a 50-μm thick tungsten mesh grid (Tech-Etch) that could be resistively heated and 

cooled. During the experiment, the temperature of the sample was monitored by a type K 

thermocouple (chromel and alumel wires) spot welded adjacent to the sample. 

The same as the molecular beam chamber, this chamber is also controlled by a custom-

built computer interface and a LabVIEW program. So all the pumps and instruments are protected 

from unexpected instrument failures, power outage and potential leaks. In order to dose gas of 

interest directly onto the MOF, a vapor dosing system was attached to the main chamber as shown 

in Figure 2.22. The schematic of the dosing system can be found in Figure 2.23.  
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Figure 2.22 Top view schematic of the UHV chamber for CWA simulant-MOF interactions 

(left), and the zoomed view of the sample holder (right). 

Before dosing, start with valve 7-9 and the pneumatic gate valve closed, and all other valves 

open, the manifold will be first pumped down by pre-cooled (by liquid nitrogen) sorption pump 

for about 30 minutes. Then close the right angle valve and the butterfly valve, open the pneumatic 

gate valve to further pump down the manifold to approximately 1 × 10-7 Torr. This may take 

another 30 minutes. The manifold will then be ready for dosing. Before dosing, All the valves 

should be closed first. Then gently open the two valves above the simulant of interest and valve 2. 

By adjusting valve 1 and monitoring the main chamber pressure through LabVIEW, the dosing 

pressure can be controlled.  
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Figure 2.23 The schematic of the simulant dosing manifold. 

 Metal Organic Frameworks and Chemical Warfare Agent Simulants 

The samples, UiO-66, UiO-67, and MOF-808, were synthesized by Dr. Weiwei Guo and 

Prof. Craig Hill (Department of Chemistry, Emory University) according to standard procedures 

that have been published in the previous literature.100, 105 Before being pressed onto the tungsten 

mesh, the MOFs were activated by solvent exchange with methanol, followed by heating under 

vacuum at 100 °C for 1 hour. After being pressed and loaded into the UHV chamber, the MOFs 

were further heated to 100 °C for 10 minutes to drive off residual water. 

DMMP (97%, purchased from Sigma-Aldrich) and DMCP (96%, purchased from Sigma-

Aldrich) were each stored in a glass bulb attached to a bellows-sealed valve on a stainless steel 

gas-handling manifold. A stainless steel directional doser with a capillary array positioned 
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approximately 5 mm from the sample was used to dose specific vapor to the sample. The schematic 

and dosing procedure can be found in section 2.2.1. The more detailed description of the heated 

manifold and doser can be found in previously published literature.127 The flux of DMMP for these 

experiments was estimated to be 3×1015 molecules/s. 

 Powder X-ray Diffraction103 

Prior to the experiments, each MOF was characterized by powder X-ray diffraction 

(PXRD). The characterizations and data analysis were performed by Dr. Anna Plonka, Dr. Qi 

Wang, and Prof. Anatoly Frenkel (Department of Materials Science and Chemical Engineering, 

Stony Brook University). All three samples used for further experiments were pure phase as no 

additional reflections were observed (Figure 2.24, Figure 2.25, and Figure 2.26). The unit cell 

values were in good agreement with those previously published (Table 2.2), indicating good 

quality and crystallinity of the samples.  
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Figure 2.24 Experimental PXRD pattern of UiO-66 compared with the pattern calculated 

from the single crystal structure. No additional peaks indicate the purity of the sample.  

 

 

Figure 2.25 Experimental PXRD pattern of UiO-67 compared with the pattern calculated 

from the single crystal structure. No additional peaks indicate the purity of the sample. 
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Figure 2.26 Experimental PXRD pattern of MOF-808 compared with the pattern 

calculated from the single crystal structure. No additional peaks indicate the purity of the 

sample. 

The powder XRD measurements were performed with synchrotron X-rays at the 17-BM 

beamline at the Advanced Photon Source (APS) at Argonne National Laboratory with the fast and 

large 2D detector, using the beam of λ=0.72959 Å, and were analyzed using the GSAS-II 

software.128 The unit cell parameters of all three MOFs were obtained from LeBail fitting, where 

peak shapes were refined with pseudo-Voigt function and peak asymmetry corrected with Simpson 

functions using the Jana2006 software.129 The background was modeled manually using 50 points. 

The PXRD patterns of UiO-66, UiO-67, and MOF-808 are consistent with those of the ideal 

structures, as verified by comparison to models.130-132   
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Table 2.2 Unit cell parameters of UiO-66, UiO-67, MOF-808 from this study, compared 

with published results. Small differences in values arise from different temperatures of 

data collection.  

MOF 

this study published 

lattice parameter 

a (Å) 

T(K) 

lattice parameter 

a (Å) 

T (K) 

UiO-66 20.7582(6) 298 20.7465(2)* 100 

UiO-67 28.845(1) 298 26.783(3)** 100 

MOF-808 35.371(2) 298 35.0764(10)*** 100 

*130, **131, ***132 

 Transmission Infrared Spectroscopy 

Interactions between DMMP/DMCP and the MOFs were monitored in real time by a 

Bruker IFS 66v/S spectrometer, in conjunction with a mercury cadmium telluride (MCT) detector, 

that was coupled to the UHV chamber via KBr viewports located on either side of the sample. 

Each of the spectra shown below was the average of 100 scans at a resolution of 2 cm-1, with a 5 

mm aperture and 20 kHz scan frequency. The spectra of MOFs in this paper were recorded by 

using a blank spot on the tungsten mesh as the background, while the clean, pre-exposed MOFs 

were employed as the background for data presented as difference spectra. 

 X-ray Photoelectron Spectroscopy  

The XPS spectra were recorded using the monochromatic radiation (beam diameter 100 

μm, 15 kV) from a Versa Probe III (Physical Electronics). To control charging of the samples, an 
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electron neutralizer (1 eV) and an argon ion gun (10 eV) were used during the measurements. The 

plots below represent the average of 900 scans for the phosphorus 2p electrons and 30 scans of 

zirconium 3d electrons. 
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 The Energy Transfer and Thermal Accommodation in Collisions of 

Hydrocarbon Gases at Organic Surfaces 

 

Interfacial reactions between organic particles and atmospheric gas molecules play a 

central role in regulating atmospheric gas concentrations, processing aerosols, and aging 

materials. The interactions may result in changes in particulate composition, size, and physical 

properties. These changes affect human health, visibility, climate, and the global carbon cycle.133 

Energy transfer (thermal accommodation) is the first step in many gas-surface interfacial 

reactions, as well as in condensation events that lead to the growth of aerosol particles. 

Therefore, the primary goal of my research was to develop a fundamental understanding of the 

chemical and physical properties of molecules that affect interfacial energy transfer and thermal 

accommodation. I am particularly interested in whether bulk properties, such as solubility, can be 

employed to predict accommodation efficiencies when the molecules collide with polar and non-

polar organic surfaces. 

In the research presented in my master’s thesis, I discussed the gas-surface energy 

transfer dynamics of diatomic gas molecules and organic surfaces, and factors that play a role in 

this process. The effect of dipole moment on gas-surface energy transfer was investigated by 

scattering diatomic gas molecules on the same OH-SAM and recording the TD fractions. 14N2 

has the same molecular weight as CO, and 15N2 has the same molecular weight as NO. However, 

CO and NO have permanent dipole moments that may lead to dipole-dipole interactions with the 

terminal groups of a hydroxyl –terminated surface (as modeled by an OH-SAM—see Chapter 1). 

14N2, 
15N2, CO, and NO gas-surface scattering experiments were performed under the same 
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conditions (same incident beam energy, incident angle, temperature, etc.). If intermolecular force 

plays an essential role in determining gas-surface interaction dynamics, then CO and NO may 

exhibit higher thermal accommodation efficiencies than 14N2, 
15N2, respectively. The 

experimental results of 15N2, 
14N2, NO and CO scattering on an OH-SAM are summarized 

inTable 3.1, and the corresponding final energy distribution comparisons are provided in Figure 

3.1. 
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Figure 3.1 The final energy distributions comparison: 14N2 and CO (A), 15N2 and NO (B). 

Solid lines represent the TD components. 
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Table 3.1 Comparison between 15N2 and NO, 14N2 and CO scattering on an OH-SAM for 

Ei=43kJ/mol. 

Gas source 
Dipole moment 

(D) 
TD (±0.02) Gas source 

Dipole moment 

(D) 
TD (±0.02) 

15N2/H2 0 0.62 14N2/H2 0 0.61 

NO/H2 0.169 0.67 CO/H2 0.101 0.64 

  

 The experimental results demonstrated that the TD fraction is higher for molecules with a 

dipole moment (NO and CO). Thus, intermolecular forces play a role in energy exchange. This 

idea is reinforced by the comparison between NO and CO. Compared with CO, NO possesses a 

higher dipole moment, a higher TD fraction.  

Furthermore, in the study of diatomic gas molecules (O2, N2, CO and NO) scattering on 

organic surfaces, a correlation was observed between energy transfer efficiency (TD fraction) 

and the solubilities of gas molecules in specific solvents. The solubilities of O2, N2, CO and NO 

in both water and hexane decrease in the order of SNO > SO2 > SCO > SN2. I found that the same 

trend describes the relative TD fractions for these molecules scattering from the OH-SAM and 

CH3-SAM. The thermal accommodation fractions for the gases upon colliding with the OH-

SAM (CH3-SAM) are plotted, versus the solubility of the gas molecules in water (hexane), in 

Figure 3.2 (Error! Reference source not found.). This correlation supports the notion that, for 

O2, N2, CO, and NO, larger solubility corresponds to higher thermal accommodation efficiencies, 

and, as a result, more efficient energy transfer. 
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Figure 3.2 Thermal desorption fractions of gas scattering on an OH-SAM versus the 

solubilities of gas molecules in water. 134 

 

Figure 3.3 Thermal desorption fractions of gas scattering on CH3-SAM versus the 

solubilities of gas molecules in hexane. 135, 136, 137, 138 
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The correlation between gas-surface energy transfer efficiency and solubility in 

analogous solvents for simple diatomic gas molecules leads one to hypothesize that similar 

trends may apply to more complex systems. The research presented in this thesis furthers the 

investigation to small hydrocarbon gas molecules. I tested this hypothesis with a systematic 

study of the collision dynamics of the three small hydrocarbons, ethane (C2H6), ethene (C2H4), 

and ethyne (C2H2). These molecules were selected because they are similar in size and mass, yet 

they have some key differences in their chemical properties, as provided in  

Table 3.2. 

Table 3.2 Properties of C2H6, C2H4, and C2H2.65 

Gas C2H6 C2H4 C2H2 

Dipole moment (D) 0 0 0 

Solubility in water (×10-3 mole fraction) 0.0362 55.1 251 

Solubility in hexane (×10-3 mole fraction) 32.0 20.5 13.0 

Mass (g/mol) 30 28 26 

C-C bond order 1 (1 σ) 2 (1σ, 1π) 3 (1σ, 2π) 

C-C Bond length (Å) 1.54 1.35 1.21 

C-C Bond strength (kcal/mol) 83 125 230 

Polarizability(10- 40 Cm2/V) 5.00-5.06 4.69-4.76 3.74-3.94 

pKa >51 44 25 

Molar heat capacity (at 300 K, J‧mol-1‧K-1) 52.71 43.08 44.17 

Boiling point (K) 184.6 169.5 - 

Melting point (K) 90.4 104.0 192.3 
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 At room temperature, all three non-polar molecules are colorless, odorless, and 

flammable. Furthermore, they also share similar molecular weights and molar heat capacities. 

Their distinguishing characteristics, due to different bond orders, are their ionization potentials. 

The chemical structures of C2H6, C2H4, and C2H2 are provided in Figure 3.4. The double bond 

and triple bond in C2H4 and C2H2 are regions of high electron density. Thus they are susceptible 

to attack by electrophiles. While C2H6 has a three-dimensional structure, C2H4 is planar, and 

C2H2 is linear. The solubilities of these three molecules in water and n-hexane also vary in 

interesting ways as previously mentioned in section 1.1.4.  

 

Figure 3.4 Chemical Structures of ethane, ethene, and ethyne. 

Despite the simple structure and well-documented properties of small hydrocarbon 

molecules, surprisingly little is known about how small hydrocarbons behave at the gas-surface 

interface, and how their fate is affected by properties of the surface itself. A previous study by B. 

Scott Day et al. shows that intra-surface hydrogen bonding plays a major role in the gas-surface 

energy transfer for rare gas scattering on hydroxyl-terminated organic surfaces. As shown in 

Figure 3.5, the thermal desorption (TD) component is much larger for the 40 kJ/mol Ar atoms 

scattering from the CH3-SAM than it is in the scattering from the OH-SAM, which indicates a 

more efficient energy transfer in the Ar-CH3-SAM scattering.26 Further study on the scattering of 
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Ne, deuterated methane (CD4) , deuterated water (D2O), and deuterated ammonia (ND3) on 

hydrogen bonding and hydrocarbon SAMs were done by Megan E. Bennett et al. Their results 

show that the gas-surface energy transfer depends on the balance between the surface rigidity 

(determined by the intramonolayer hydrogen bonding) and the gas-surface attractive forces 

(determined by the intermolecular interactions). While the intramonolayer hydrogen bonding 

remains the dominating factor affecting energy transfer when Ne and CD4 colliding on the OH-

SAM and the NH2-SAM, the deep potential energy well of polar gases, ND3 and D2O, makes 

them become trapped very efficiently on the OH- and NH2-SAMs. As a result, ND3 and D2O 

overcame the rigid nature of the surface, imposed by the intra-surface hydrogen bonding 

network, and transferred the majority of their excess collision energy to the surface.139 The 

analogous studies have not been done with small hydrocarbon gases. 
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Figure 3.5 Comparison of Ar scattering from (a) an OH-SAM and (b) a CH3-SAM. The 

dashed lines represent the TD components. Figure adapted from reference.26 

My goals have been to extend this previous work to uncover the dynamics of interfacial 

collisions of small hydrocarbon molecules. Key research objectives for this project include: 
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(1) Determine if molecular rigidity and electron density–i.e., molecules with single, 

double, or triple bonds, affect the extent of energy transfer in the initial gas-

surface collision. 

(2) Explore if surfaces functionalized by methyl groups behave differently, as 

collision partners, than the surfaces terminated with hydroxyl groups. 

(3) Study how molecular scattering behavior may be correlated with the solubility 

of the compounds in hexane and water. 

The research presented here will investigate these questions by measuring the 

energy transfer and thermal accommodation efficiencies for the three organic 

compounds when they collide with well-ordered model organic surfaces. The results 

will help researchers predict the transport rate of organic pollutants in the environment, 

the ability of small organic species to form secondary aerosol particles in the atmosphere, 

and the details of heterogeneous reactions at the gas-surface interface. 

 

The experimental apparatus was presented in section 2.1 of this thesis. The application of 

the ultrahigh vacuum chamber (<10-9 Torr) enables the investigation of gas-surface interaction 

dynamics without interferences from background gases and surface contaminants. The SAMs 

(preparation procedure presented in section 2.1.5.2), used as model organic surfaces, were 

transferred to the main UHV chamber via a load-lock system and mounted on a precision 

manipulator. 

The well-defined molecular beams were created by expanding the small hydrocarbon 

molecules, seeded in H2 carrier gas, through a 0.05 mm diameter nozzle. After going through 
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two differential pumping stages, as presented in section 2.1.3.2, the beam then passed through a 

2.2 mm aperture to enter the main chamber and produce a 1 cm2 spot size on the surface sample. 

The surface samples were aligned so that the normal is coplanar with the source and detector and 

at i =f = 30° to the molecular beam and QMS. A fraction of the gas molecules that scattered 

from the surface was intercepted by a doubly differentially pumped Extrel mass spectrometer 

oriented at 60° to the incident beam such thatf = 30°. The time-of-flight distribution of the 

incident gas beam was recorded by a residual gas analyzer (RGA) mass spectrometer, which was 

in line with the molecular beam.  

 Incident beam characterization 

In work described here, the incident gas beams (C2H6, C2H4, and C2H2) were all 

generated with H2 as the carrier gas. The H2-seeded beams were found to provide excellent 

stability and narrow energy distributions. The data analysis procedure for the incident beam 

energy characterization is shown here by employing the C2H2/H2 gas beam as an example. 

The original time of flight (TOF) distribution of C2H2 in an incident C2H2/H2 molecular 

beam was detected by a mass spectrometer in-line with the axis of the beam. The distribution 

(raw experimental data) is provided in Figure 3.6. As described in section 2.1.6.2, the time 

correction equation, as shown in equation (15), was employed to account for experimental timing 

offsets including the electronic response time of the LED-photodiode trigger (telectronic=2.0 s), 

the time difference between the beam pulse and the trigger pulse (tchopper-wheel=1065.4 s), and the 

flight time in the RGA (tRGA). While the first two components are determined by the 

experimental apparatus, the flight time in the mass spectrometer is related to the molecular mass 

of a gas molecule and can be calculated based on equation (13). With MC2H2=26.0 g/mol, and the 
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pre-factor determined to be 3.60, the flight time in the mass spectrometer was determined to be 

18.4 s. Therefore, the corrected arrival time should be the measured time minus 1085.8 s 

(2.0+1065.4+18.4 s). 

 

Figure 3.6 The original time of flight distribution of C2H2 in an incident C2H2/H2 molecular 

beam detected by RGA. 

 The time-corrected TOF distribution of the C2H2/H2 beam is shown in Figure 3.7. After 

the time correction, the peak position (corrected arrival time of C2H2 to the detector) is 

determined to be 168.2 s. Based on the dimensions of the experimental apparatus, the distance 

from the chopper wheel to the entrance of the mass spectrometer is 0.4530 m. Therefore, the 

velocity of the C2H2 is 2693 m/s (0.4530 m/ 168.2 s), and the corresponding incident beam 

energy is approximately 94.3 kJ/mol (1/2mυ2). This beam energy is very similar to that 
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anticipated based on a 0.99 H2:C2H2 seeding ratio in the beam and the kinetic theory of gases for 

expansion through a nozzle.140  

 

Figure 3.7 The time-corrected TOF distribution of C2H2 in the incident C2H2/H2 molecular 

beam detected by RGA. 

 TOF distribution of surface scattered gas molecules 

Upon the characterization of the incident beam, the gas beam was then applied to the 

study of gas-surface interactions. Mounted on the precision manipulator, the sample surface can 

be adjusted in position by changing the coordinates inside the UHV chamber, as shown in Figure 

2.2. After characterizing the incident beam, the sample surface was lowered and rotated so that 

the normal is coplanar with the source and detector at i =f = 30°.  The quadrupole mass 

spectrometer recorded a TOF distribution of the scattered gas molecules after they interacted and 

desorbed from the surface. A sample TOF distribution (C2H2 in the 95 kJ/mol beam scattered 
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from a CH3-SAM) is shown in Figure 3.8. Similar to the corrections described in the incident 

beam characterization procedure, the arrival time here in the TOF distribution was corrected for 

experimental timing offsets.  

 

 

Figure 3.8 The original TOF distribution (raw data, as recorded) of C2H2 in the C2H2/H2 

beam after colliding with a CH3-SAM. 
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tmass-spec was determined to be 33.1 s by equation (13) with a molecular mass of 26.0 and pre-

factor of 6.50 for the Extrel QMS. Based on the dimensions of the experimental apparatus, the 

distance from the chopper wheel to the surface is 0.3100 m. The velocity of the C2H2 beam was 

calculated to be 2693 m/s, based on the incident beam characterization. Therefore, the tchopper-

surface was determined to be 115.1 s. Overall, the corrected arrival time includes the measured 

arrival time minus 1215.6 s (telectronic 2.0 s + tchopper-wheel 1065.4 s + tmass-spec 33.1s + tchopper-

surface 115.1 s). The time-corrected TOF distribution of the scattered C2H2 from a CH3-SAM is 

shown in Figure 3.9. 

 

Figure 3.9 Time- corrected TOF distribution of C2H2 in the C2H2/H2 beam after colliding 

with a CH3-SAM. 
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 Conversion from TOF distribution to final energy distribution 

Based on the time-corrected TOF distribution of the scattered C2H2 molecules, the final 

energy distribution can be derived. The final energy is calculated from the time-corrected arrival 

time from equation (18), with L (29 cm) as the distance from the surface to the QMS ionizer, m 

is the molecular weight of the incident gas molecule, and tcorrected-arrival is the flight time from 

surface to the ionizer (X-axis of the time-corrected TOF distribution). 

 𝐸 =
1

2
𝑚 (

𝐿

𝑡𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑−𝑎𝑟𝑟𝑖𝑣𝑎𝑙
)

2

 (18) 

  

For each calculated final energy value, the corresponding probability can be calculated by 

using equation (19), with N(t) as the QMS counts. 

 𝑃(𝐸) =
𝑡𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑−𝑎𝑟𝑟𝑖𝑣𝑎𝑙

2 𝑁(𝑡)

𝑚𝐿
 (19) 

  

 Equation (19) is derived based on the fact that the following three distributions have the 

same integrated area. I(t) is the true intensity at the QMS,  which can be derived from N(t) by 

equation (20). The ionization probability of gas molecules in the QMS is inversely proportional 

to the velocity (proportional to 1/ 𝑣). 

𝐼(𝑡) 𝑣𝑠. 𝑡 

𝐼(𝑣) 𝑣𝑠. 𝑣 

𝑃(𝐸) 𝑣𝑠. 𝐸 

  
1

𝑣
𝐼(𝑡) = 𝑁(𝑡) (20) 
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The fact that the integrated areas of these three distributions are the same can be 

expressed by equation (21). And by plugging equation (20) into (21), equation (22) can be 

derived. 

 ∫ 𝐼(𝑡)𝑑𝑡 = ∫ 𝐼(𝑣)𝑑𝑣 = ∫ 𝑃(𝐸)𝑑𝐸
∞

0

∞

0

∞

0

 
(21) 

 

 

 

 

𝐼(𝑡)𝑑𝑡 = 𝑣𝑁(𝑡)𝑑𝑡 =
𝐿

𝑡
𝑁(𝑡)𝑑𝑡 = 𝑃(𝐸)𝑑𝐸 (22) 

 

 

𝑑𝐸

𝑑𝑡
=

𝑑 [
1
2 𝑚 (

𝐿
𝑡)

2

]

𝑑𝑡
=

1

2
𝑚

𝑑(
𝐿
𝑡)2

𝑑𝑡
= −

𝑚𝐿2

𝑡3
 

(23) 

 

Take the differentiation on both sides of equation (18) with respect to time, and the 

results are then shown in equation (23). Moreover, by plugging equation (23) into equation (22), 

a correlation between P(E) and N(t) can be derived as shown in equation (19). Since P(E) cannot 

be negative, the negative sign in equation (23) can be ignored.  

In this way, a final energy distribution (P(E) vs. E) can be derived from the time-

corrected TOF distribution. In this chapter, both the TOF distribution and the final energy 

distribution will be provided. From these distributions, the fractional energy transfer and thermal 

accommodation efficiencies (for the scattering geometry employed in this work) will be 

determined. 
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 C2H6, C2H4, and C2H2 Collisions with a CH3-SAM 

This experiment was performed under UHV conditions to maintain the clean surface and 

minimize the interferences from background gases. The gas of interest (C2H6, C2H4, or C2H2) 

was seeded in the H2 carrier gas of various seeding ratios, to create two distinct incident energies, 

76 kJ/mol, and 96 kJ/mol. As described in Chapter 2, SAMs were employed in the experiments 

as model organic surfaces because they can be reproducibly synthesized with a specific 

functional group located precisely at the gas-surface interface. The n-alkanethiols employed for 

making SAMs were commercially available, with nominal purity > 97%, and used without 

further purification. The CH3-SAM was prepared by first cleaning a flat Au substrate in piranha 

solution (70% sulfuric acid and 30% hydrogen peroxide). The substrate was then placed into a 

1mM ethanolic solution of 1-octadecanethiol (Sigma-Aldrich) for 24 hours to ensure good chain 

order and packing density, followed by ethanolic rinsing and ultra-high purity nitrogen drying. 

Once created, the SAMs surface sample was installed into the UHV chamber via the load-lock 

system. Once aligned with the mass spectrometer, the molecular beam was introduced into the 

main chamber. The ionizer of the mass spectrometer was located 29 cm from the SAM surface 

and viewed a 1cm2 spot size on the surface through two collimating apertures. The time-of-flight 

distribution of the scattered molecules was measured under specular scattering conditions (i = f 

= 30°) by the QMS and then analyzed to provide information that helps to investigate gas-surface 

interaction dynamics.  

As previously mentioned, there are two possible pathways for the gas molecules after 

they strike a surface, thermal-desorption (TD) and impulsive scattering (IS). These two pathways 
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are governed by the gas-surface potential energy surface (PES), the rigidity of the surface, and 

the efficiency of energy redistribution upon collision. As a gas molecule approaches a surface, 

the molecule typically experiences attractive forces due to dispersive or dipolar interactions. The 

attractive potential-energy well accelerates the gas molecule toward the surface. After the initial 

acceleration, the gas molecule experiences a potential-energy wall due to highly repulsive 

interactions between the gas and surface electrons. Upon collision, the repulsive wall reflects the 

molecule back into the gas phase, but not before absorbing some fraction of the impinging 

energy (purely elastic scattering does not occur in these systems where a very high density of 

energy states at the surface are available for excitation).  After the energy transfer process, the 

scattering gas molecules exit along the attractive tail of the potential energy surface. If the gas 

molecule only loses part of its initial translational energy to the surface, and the retained energy 

is higher than the potential well, it will escape and return to the gas phase. This type of trajectory 

is considered as going through the IS pathway. However, if a gas molecule loses all of its excess 

energy to the surface, then during this reflection, it must gain energy from the thermal 

fluctuations of the surface. When this type of gas molecule obtains sufficient energy, they desorb 

into the gas phase with a Boltzmann distribution of energies at the surface temperature. The 

percentages of gas molecules that follow IS and TD pathways ultimately determine the fate of 

the gas-surface interaction. Therefore, in non-reactive gas-surface collisions, the gas molecules 

either follow the IS pathway or the TD pathway. Compared with gas molecules that go through 

IS pathway, the TD gas molecules lose more of their initial energy to the surface. The overall 

amount of energy transferred to a surface, the "energy transfer fraction," affects the overall 

trajectory and, ultimately, interfacial reactions. 
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The scattered gas molecules are analyzed by monitoring the quadrupole mass 

spectrometer (Extrel) signal at the parent mass (or largest fragment) as a function of time. With 

the integration interval of 10 s, the time-corrected (procedure provided in section 3.2.2) time-

of-flight distribution of the three small hydrocarbons upon scattering from a CH3-SAM are 

shown in Figure 3.10. The solid lines in the figure represent a Boltzmann distribution at the 

surface temperature, which is referred to as the low-energy part of the final energy distribution 

shown in Figure 3.11. The molecules that emerge from the surface with a Boltzmann distribution 

of final energies are likely thermally accommodated with the surface following the dissipation of 

their excess translational energy and are considered as the thermal desorption (TD) component. 

The intensity of the TD component, as well as the arrival time of the leading edge of the TOF 

distributions, clearly depend on the specific hydrocarbon. Therefore, the energy transfer 

efficiency of C2H6, C2H4, and C2H2 are different. This will be further illustrated by showing the 

final energy distributions of these three molecules. 
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Figure 3.10 Time of flight distributions of C2H6, C2H4, and C2H2 scattering from a CH3-

SAM with the incident energy of 76 kJ/mol (top) and 95 kJ/mol (bottom). Solid lines 

represent the TD components (Boltzmann distributions at surface temperature), and the 

solid circles represent the experimental time of flight distributions. 
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The time-of-flight distributions in Figure 3.10 can be converted to final energy 

distributions, which provide direct and quantitative insight into the energy transfer efficiency. 

The final energy distributions for C2H6, C2H4, and C2H2 molecules after colliding with a CH3-

SAM are provided in Figure 3.11.  In Figure 3.11, the TD component is described well by a 

Boltzmann distribution at the surface temperature (solid lines). The IS component is represented 

by the difference between the experimental data and the TD component. The fractions of TD and 

IS are determined by integration of each component. The TD fraction is equal to the area of the 

TD component over the total area, as shown in equation (24). The overall final energy 

distribution is the sum of TD component and IS component, see equation (25) and (26). 

 𝛼𝑇𝐷 =
𝐴𝑟𝑒𝑎𝑇𝐷

𝐴𝑟𝑒𝑎𝑇𝑜𝑡𝑎𝑙
 (24) 

 

 1 = 𝛼𝑇𝐷 + 𝛼𝐼𝑆 (25) 

 

 𝐴𝑟𝑒𝑎𝑇𝑜𝑡𝑎𝑙 = 𝐴𝑟𝑒𝑎𝑇𝐷 + 𝐴𝑟𝑒𝑎𝐼𝑆 (26) 
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Figure 3.11 Final energy distributions of C2H6, C2H4, and C2H2 scattering from a CH3-

SAM with the incident energy of 76 kJ/mol (top) and 95 kJ/mol (bottom). Solid lines 

represent the TD components, dashed lines represent the IS components, and the solid 

circles represent the experimental final energy distributions. 
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Although not dramatically different, the final energy distributions were found to depend 

on the identity of the gas when they impinge on CH3-SAM. Because the final energy distribution 

is directly correlated to the efficiency of thermal accommodation for each gas-surface system, 

this result indicates that these molecules thermalize and transfer energy to a different extent 

when colliding with the same surface. Table 3.3 shows that, for both incident energies, the TD 

fractions (area) decrease by according to the order C2H6 > C2H4 > C2H2. So, during the 

interactions with a CH3-SAM, C2H6 molecules accommodate best with the surface and transfer 

the most of energy (±0.02 is experimental error bar), followed by C2H4, and C2H2 shows to be 

the least efficient regarding energy transfer. That is, the extent of energy transfer depends (albeit 

weakly) on the number of hydrogen atoms on the molecules. 

Table 3.3 TD and IS fractions of C2H6, C2H4, and C2H2 scattering on a CH3-SAM. 

Gas source Incident beam energy (±2 kJ/mol) TD (±0.02) IS (±0.02) 

C2H6/H2 76 0.87 0.13 

C2H4/H2 76 0.82 0.18 

C2H2/H2 76 0.75 0.25 

C2H6/H2 95 0.85 0.15 

C2H4/H2 95 0.78 0.22 

C2H2/H2 95 0.70 0.30 

 C2H6, C2H4, and C2H2 Collisions with an OH-SAM 

The results and TD trends observed in scattering from the non-polar, CH3-terminated 

surface, raise the question of whether the same trend holds for scattering from polar surfaces. 

The key difference between the OH- and CH3-SAMs is that the extended hydrogen bonding 

network at the surface of the OH SAM anchors the chains, which presents a more rigid collision 

partner to the incoming gas. As described above, in some cases, that increased surface rigidity is 

balanced by a larger attractive PES which ultimately leads to enhanced thermal accommodation. 
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These two competing factors were probed in my hydrocarbon scattering work. The same 

experiments as conducted for the CH3-SAM were performed on an OH-SAM under identical 

experimental conditions. 

To prepare an OH-SAM, Au was also employed as the substrate, and the same procedure 

as the one used for the CH3-SAM was followed. After cleaning, the substrate was immersed in 

an ethanolic solution of 16-mercapto-1-hexadecanol (Sigma-Aldrich) to make well-ordered OH-

SAMs. Two molecular beams with different incident energies, for each gas, were used for the 

experiments. The flight time distributions for each gas molecule scattering from the OH-SAM 

were recorded, and these distributions are shown in Figure 3.12. 

While the TOF distributions are similar to those for scattering from the CH3-SAM, there 

are important differences. In particular, C2H2 appears to have a larger TD fraction than C2H4. 

These differences are also borne out in the final energy distributions. 
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Figure 3.12 Time of flight distributions of C2H6, C2H4, and C2H2 scattering from an OH-

SAM with the incident energy of 76 kJ/mol (top) and 95 kJ/mol (bottom). Solid lines 

represent the TD components (Boltzmann distributions at surface temperature), and the 

solid circles represent the experimental time-of-flight distributions. 
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The time-of-flight distributions in Figure 3.12 can be converted to final energy 

distributions, which provide direct and quantitative insight into the energy transfer efficiency. 

The final energy distributions for C2H6, C2H4, and C2H2 molecules after colliding with an OH-

SAM are provided in Figure 3.13.  In Figure 3.13, the TD component is described well by a 

Boltzmann distribution at the surface temperature (solid lines). The IS component is represented 

by the difference between the experimental data and the TD component. Equation (24), (25), and 

(26) are still used to obtain the TD fraction and IS fraction here. The overall final energy 

distribution is still the sum of the two components. Regarding the TD fractions in Figure 3.13, 

the trend observed is consistent with the one from the time-of-flight distribution. Upon collision 

with an OH-SAM, C2H6 yields the largest TD component, followed by C2H2, then C2H4. 

The TD and IS fractions for C2H6, C2H4, and C2H2 scattering on the OH-SAM are 

provided in Table 3.3. The table highlights the trend observed in final energy distributions. The 

TD fraction for C2H6 scattering on the OH-SAM is higher than the other two molecules. The TD 

fraction for C2H4 scattering is lower than C2H2, indicating that ethyne thermally accommodates 

more efficiently to the OH-SAM than does ethene, which is counter to the trend observed for 

scattering from the CH3-SAM. 
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Figure 3.13 Final energy distributions of C2H6, C2H4, and C2H2 scattering from an OH-

SAM with the incident energy of 76 kJ/mol (top) and 95 kJ/mol (bottom). Solid lines 

represent the TD components, dashed lines represent the IS components, and the solid 

circles represent the experimental final energy distributions. 
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Table 3.4 TD and IS fractions of C2H6, C2H4, and C2H2 scattering on an OH-SAM. 

Gas source Incident beam energy (±2 kJ/mol) TD (±0.02) IS (±0.02) 

C2H6/H2 76 0.70 0.30 

C2H4/H2
 76 0.63 0.37 

C2H2/H2
 76 0.67 0.33 

C2H6/H2 95 0.65 0.35 

C2H4/H2
 95 0.58 0.42 

C2H2/H2
 95 0.61 0.39 

 

 The scattering experiments on both CH3-SAM and OH-SAM were performed with 

molecular beams of two different incident energies, 76 kJ/mol, and 95 kJ/mol. The energy 

transfer results (shown in Table 3.3 and Table 3.4) indicate that, under the same experimental 

conditions, more gas molecules become thermally accommodated (higher TD fractions) with the 

surface in the beam with lower incident energy. As previously published, this is due to the 

shorter surface residence time of gas molecules in the higher energy beam.141 The differences in 

TD values and trends for two surfaces will be discussed further in section 3.4. 

 

The gas-surface molecular beam scattering experiments described above demonstrate that 

the pathway to interfacial thermal accommodation depends on both the nature of the incident 

gas, the molecule's translational energy, and the identity of the functional group at the interface. 

To the best of my knowledge, these experiments are the first to show that the change of degree of 

saturation for vaporous hydrocarbons affects the energy transfer dynamics. These effects may be 

due to differences in the rigidity (or degrees of freedom) of the molecules, small changes in 

molecular mass, small varieties regarding molecular sizes, or differences in the gas-surface 
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attractive forces. Below, I provide a review of previous results in an effort to better understand 

the specific role of each property in controlling the scattering dynamics.  

 Effect of Small Mass Differences of the Gas-phase Species 

The molecular mass of C2H6 (30 g/mol), C2H4 (28 g/mol), and C2H2 (26 g/mol) are 

slightly different. The effect of mass differences on gas-surface energy transfer has been 

previously studied by William A. Alexander et al. Facilitated by simulations, the interpretation of 

the scattering data of Ne (20 g/mol), Ar (40 g/mol), and Kr (84 g/mol) colliding on a CH3-SAM 

and a CF3-SAM show that the mass of the incident gas molecule is the most important factor in 

determining the energy exchange dynamics in this case.20 However, the mass difference in the 

small hydrocarbon molecules studied in this thesis is much smaller compared to the mass 

differences in Ne, Ar, and Kr. Thus, before considering any other factors that may affect the 

energy transfer between small hydrocarbon molecules and organic surfaces, I explored how very 

small mass differences affect the scattering dynamics.  

In my previous research, experiments of 14N2 and 15N2 scattering on identical OH-SAMs 

were performed to learn how small mass differences affect collision dynamics with surfaces. 

These scattering experiments exhibited very similar TD fractions (0.62 and 0.61 for 15N2 and 

14N2, respectively) as demonstrated in Figure 3.14, in which the TD distributions of the two 

scattering experiments almost perfectly overlap with each other. Thus, the small mass difference 

of the gas molecules does not play a significant role in energy transfer during the gas-surface 

interactions. The same results should also apply to the small hydrocarbon scattering. 
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Figure 3.14 Final energy distributions of 15N2 and 14N2 scattering from OH-SAM. Solid 

lines represent the TD components. 

 Scattering Dynamics of C2H6, C2H4, and C2H2 on OH- and CH3-SAMs 

and the correlation with the solubility 

 Overview 

 Solubility is the property that predicts the extent to which a solid, liquid or gaseous 

chemical dissolves into a solvent to form a homogeneous solution. The value of solubility 

defines how much a specific solute can be dissolved into a unit amount (volume or mass) of 

solvent. The solubility of a substance depends on the physical and chemical properties of both 

the solute and the solvent. As previously mentioned, a correlation has been observed with the 

diatomic molecules energy transfer in collisions with SAMs with their solubilities in a specific 

solvent of comparable chemistry to the SAMs. However, with different degrees of freedom, and 
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various electronic structures, it would be interesting to see if such correlations stand. My goal 

here is to establish and understand the correlation between small hydrocarbon (C2H6, C2H4, and 

C2H2)-surface (CH3-SAM and OH-SAM) energy transfer efficiency and the gas solubility in 

analogous solvents (hexane and water). 

 Correlation between Gas-Surface Interactions and Solubilities in n-

Hexane and Water 

The solubilities of C2H6, C2H4, and C2H2 in both water and n-hexane were shown earlier 

in Table 1.1. This data clearly shows that the solubilities of these three gases follow the trend of 

SC2H2 < SC2H4 < SC2H6 in n-hexane. The CH3-SAM, because it presents non-polar groups to the 

incoming gas molecule, may be used as an analog of hexane. I, therefore, hypothesize that 

molecules with higher solubility in hexane have higher thermal accommodation efficiencies in 

collisions with non-polar surfaces. 

Upon analyzing the final energy distributions of C2H6, C2H4, and C2H2 after scattering on 

the CH3-SAM, I found that solubility in hexane tracks the relative TD fractions for these 

molecules scattering from the CH3-SAM. Figure 3.15 provides a plot of TD fraction on  the CH3-

SAM versus solubility of gas molecules in n-hexane. The figure demonstrates that a higher 

solubility corresponds to a higher TD fraction, indicating more efficient energy transfer. This 

result is consistent with my hypothesis and the correlation established in previous research 

regarding the scattering of simple diatomic molecules on the CH3-SAM. 
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Figure 3.15 Thermal desorption fractions of gas scattering on a CH3-SAM versus the 

solubilities of gas molecules in n-hexane. 

Compared with the solubilities in hexane, the solubilities of these three small 

hydrocarbon gas molecules in water show a completely inverted order, SC2H6 < SC2H4 < SC2H2. 

The OH-SAM, because it presents polar groups to the incoming gas molecule, may be used as an 

analog of water, I, therefore, hypothesize that molecules with higher solubility in water have 

higher thermal accommodation efficiencies in collisions with polar surfaces. However, as shown 

in Figure 3.17, the energy transfer efficiency (TD fraction) does not appear to be directly 

correlated with solubility in the analogous solvent. In this case, the solvent water, being a polar 

molecule, interacts with the solute molecules through London dispersion forces. With the double 

bond in C2H4 and the triple bond in C2H2, the major interactions between solute and water 

molecules will be electrostatic. The high electron density in C2H4 and C2H2 makes them good 
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electron donors for the formation of π-OH hydrogen bonds with water molecules. Hydrogen 

bonding, as the strongest intermolecular force for neutral species, plays a dominant role in 

determining the relative solubility, as highlighted in Figure 3.17.  

Since C2H6 is a non-polar molecule without π electrons, it has the weakest interactions 

with the water. This phenomenon was explained by Frank and Evans in 1945, ‘‘the nature of 

deviation found for non-polar solutes in water leads to the idea that the water forms frozen 

patches or microscopic icebergs around such solute molecules. The word ‘iceberg’ represents a 

microscopic region, surrounding the solute molecule, in which water molecules are tied together 

in some sort of quasi-solid structure’’.142 The water molecules interact more strongly with each 

other due to the existence of hydrogen bonds than with saturated compounds like C2H6. As a 

result, the water molecules form somewhat structured shells around C2H6. This makes the whole 

system more ordered upon dissolution and therefore leads to a decrease in entropy. At a constant 

temperature, based on equation (27), the decrease of entropy corresponds to increase of Gibbs 

free energy of solvation.  

 ∆G = ∆H − T∆S (27) 

Thus, compared with C2H4 and C2H2, C2H6 in water has a more positive Gibbs free 

energy of solvation and lower solubility. C2H2 has a higher electron density than C2H4; therefore, 

it is more likely to interact with water molecules to form hydrogen bonds. Previous research has 

been done by JE Del Bene to study the hydrogen bonds between water molecules and small 

hydrocarbon molecules.143 As shown in Table 3.5, considering H2O as the proton donor, despite 

the π electrons are more tightly bound in C2H2 than C2H4, the dimer formed through hydrogen 

bonding having C2H2 as the proton acceptor is more stable than the dimer having C2H4 as the 

proton acceptor. The angles listed in Table 3.5 are defined in Figure 3.16. Unlike hydrogen 
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bonds form through a lone pair of electrons, there isn’t a definite energetic preference for bond 

formation through π dimers having H2O as a single or double proton donor.143 

Table 3.5 Structures and energies of dimers containing C2H2 and C2H4 as proton acceptors 

and water as the proton donor. Table adapted from ref.143 

a) R is the intermolecular distance measured from the oxygen of water to the midpoint of the C-C bond.  

b) ∆E is the intermolecular (hydrogen bond) energy.  

c) θ1 = 50° places the O-H bond along the intermolecular line, as shown in Figure 3.16.  

d) This dimer is not an equilibrium structure with respect to rotation by Φ. 

e) These dimmers are not equilibrium structures. They represent particular structures in which water is a double proton donor and illustrate the 

flatness of the potential curves associated with θ1 and Φ rotations. 

Dimer R (Å) a) θ1 (deg) Θ2 (deg) χ2(deg) Φ1 (deg) 
∆E 

(Kcal/mol)b) 

H2O-C2H2  

A 3.63 31 c) 90 - 90 -0.79691 

B d) 3.69 46 95 - 0 -0.69024 

C e) 3.58 0 90 - 90 -0.77181 

H2O-C2H4  
A 3.65 42 90 0 0 -0.62749 

B 3.65 42 90 2 90 -0.62122 

C e) 3.63 0 90 0 0 -0.50199 

D e) 3.67 0 90 0 90 -0.48944 
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Figure 3.16 H2O-C2H4 π dimer A showing principal axes and intermolecular coordinates. 

For this particular structure, R=3.65 Å, θ1 = 42°, χ1 = 0°, θ2 = 90°, χ2 = 0°, Φ = 0°.143 

 The stronger the water-solute interactions are, the more disordered the system will be 

(higher the ∆S), and the lower the Gibbs free energy of solvation. Thus, the solubility of these 

three molecules increases in the order of SC2H6 < SC2H4 < SC2H2.  

The hydrogen bonds in liquid bulk (water) affect solubility; likewise, the hydrogen bonds 

on solid surfaces (OH-SAM) affect energy transfer. However, the reasons behind these effects 

are fundamentally different. Therefore, I find that the TD fractions of the three organic gas 

molecules under investigation do not follow the same trend as their solubilities in water. As 

shown in Figure 3.17, C2H6 shows the highest TD fraction although it possesses the lowest 

solubility in water. Even though the solubility of C2H2 in water is smaller than the solubility of 

C2H4, C2H2 shows higher TD than C2H4 in the gas-solid surface interactions.  Therefore, factors 

beyond hydrogen bonding, which plays a major role in solubility, must affect the gas-surface 

collision dynamics for scattering from the OH-SAM. 
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Figure 3.17 Thermal desorption fractions of gas scattering on an OH-SAM versus the 

solubilities of gas molecules in water. 

 The Effect of Gas Properties 

As shown in the previous section, with the more complex molecular structure, the energy 

transfer between small hydrocarbon molecules and organic surfaces cannot be simply predicted 

by using their solubilities in specific analogous solvents. The electronic structure and degrees of 

freedom of the gas molecules likely contribute to the energy transfer efficiency. Among the three 

gas molecules, C2H6 has the highest degrees of freedom, which is 18, while C2H4 and C2H2 have 

degrees of freedom of 12 and 7, respectively. In the incident molecular beam, all the vibration 

and rotation modes of the gas molecules are not excited. Upon collision on an organic surface, 

the excess translational energy may be transferred to the energetically accessible rotations and 

vibrations of the gas molecule. Hence, with more vibrational and rotational modes, molecules 
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may benefit from higher degrees of freedom regarding the energy transfer between gas 

molecules and organic surfaces. Although this is a possible factor affecting the gas-surface 

energy transfer, the translational-to-vibrational energy transfer for the gas molecules has been 

proven to be very inefficient. The final scattering result is clearly due to a combination of factors 

such as degrees of freedom, intermolecular forces, molecular size, electronic structure, and gas-

surface attractive forces.  

The C2H6 molecule, possessing the largest degrees of freedom, may be able to interact 

with the surface more efficiently and yield a more significant energy transfer. Also, the 

electronic structure of the gas molecule may also affect energy transfer dynamics. C2H4, with 

lower degrees of freedom, is more rigid than ethane, and therefore, yields less efficient energy 

transfer (lower TD fraction) upon colliding on organic surfaces. Interestingly, C2H2, although 

possessing the fewest degrees of freedom, shows higher energy transfer efficiency than C2H4. 

This effect may be due to the fact that the high electron density at the triple bond in C2H4 leads to 

the formation of hydrogen bonds with the surface functional groups, and therefore increases 

energy transfer (TD fraction)–despite the increased rigidity of the gas molecule. Future studies 

into the potential energy landscape of the gas-surface interaction will help further develop the 

understanding of these complex collision dynamics.  

 The Effect of Terminal Groups  

Previously, the interactions between condensed phase solvents and the small hydrocarbon 

molecules were discussed to facilitate the understanding of the energy transfer between gas 

molecules and organic surfaces. However, a direct study of the solid surface could provide more 

specific information regarding the effect of surface properties on gas-surface energy transfer. 
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The experiments of small hydrocarbon scattering were performed on both an OH-SAM and a 

CH3-SAM.  

To show a direct comparison of gas scattering on the polar and non-polar surfaces, the 

time-of-flight distributions and final energy distributions of C2H6 upon collisions with CH3-SAM 

and OH-SAM (with an incident beam energy of 95 kJ/mol), are shown in Figure 3.18. After 

normalization, it is obvious that the TD component in the data collected from the gas scattering 

on the CH3-SAM (green line in Figure 3.18) is much bigger than the one from the OH-SAM 

scattering (red line in Figure 3.18). This indicates that, for the same incident energy, the energy 

transfer from C2H6 to CH3-SAM is much more efficient than to OH-SAM. The same plots are 

presented for C2H4 and C2H2 in Figure 3.19 and Figure 3.20, respectively. For both C2H4 and 

C2H2, the same conclusion can be drawn that the energy transfers more efficiently to the CH3-

SAM than the OH-SAM. Even though, as previously discussed, the π electrons in the C2H4 and 

C2H2 may interact with polar molecules through the formation of hydrogen bonds, this 

intermolecular force is not strong enough in the gas-surface interactions to be the dominant 

factor. 
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Figure 3.18 The time-of-flight distribution (left) and final energy distribution (right) of 

C2H6 scattering from OH-SAM and CH3-SAM with the incident energy of 95 kJ/mol. Solid 

lines represent the TD components, dashed lines represent the IS components, and the solid 

circles represent the experimental time-of-flight and final energy distributions. 
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Figure 3.19 The time-of-flight distribution (left) and final energy distribution (right) of 

C2H4 scattering from OH-SAM and CH3-SAM with the incident energy of 95 kJ/mol. Solid 

lines represent the TD components, dashed lines represent the IS components, and the solid 

circles represent the experimental time-of-flight and final energy distributions. 
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Figure 3.20 The time-of-flight distribution (left) and final energy distribution (right) of 

C2H2 scattering from OH-SAM and CH3-SAM with the incident energy of 95 kJ/mol. Solid 

lines represent the TD components, dashed lines represent the IS components, and the solid 

circles represent the experimental time-of-flight and final energy distributions. 

 

The TD fractions of C2H6, C2H4, and C2H2 scattering on a CH3-SAM and an OH-SAM 

are tabulated in Table 3.6. For each molecule, the ratio of the TD fractions from CH3-SAM 

scattering over the TD fractions from OH-SAM scattering was calculated. As shown in Figure 

3.21 and Table 3.6, the energy transfer of the same gas molecules on two surfaces are 
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Table 3.6 TD fractions of C2H6, C2H4, and C2H2 scattering on a CH3-SAM and an OH-

SAM (incident energy = 95 kJ/mol). 

Gas 
TD (CH3-SAM) 

(±0.02) 

TD (OH-SAM) 

(±0.02) 

TD (CH3-SAM)/ 

TD (OH-SAM) 

C2H6 0.85 0.65 1.308 

C2H4 0.78 0.58 1.345 

C2H2 0.70 0.61 1.148 

 

 

Figure 3.21 TD fractions of C2H6, C2H4, and C2H2 scattering on an OH-SAM and a CH3-

SAM (Incident energy=95 kJ/mol, error bar ±0.02). 

Based on the results shown above, the gas-surface interaction dynamics depend on not 

only the properties of gas molecules but also the characteristics of the surface. The experimental 

results of gas scattering from CH3-SAMs and OH-SAMs show that, with the same incident gas 

species and energy, the TD fraction in CH3-SAM scattering is always higher than the TD fraction 

in OH-SAM scattering. This is because, compared with the OH-SAM, the CH3-SAM is more 
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formation of the hydrogen bond “network” makes the surface relatively rigid.144 The surface 

hydrogen bonds may significantly increase the effective surface mass, relative to the CH3-SAM. 

As mentioned in section 1.1.3, the most efficient energy transfer occurs when the effective 

surface mass is the same as the mass of the imping gas molecules. Therefore, the increased 

surface mass may lower the efficiency of energy transfer between gas molecules and the OH-

SAM. 

The intra-monolayer hydrogen bond network in the OH-SAM anchors the end groups of 

the SAM and decrease the vibrational degrees of freedom of the surface. Therefore, some of the 

low-energy modes that are active in the CH3-SAM may be restricted in the OH-SAM. As 

previously published by Naaman and Sagiv, 145-146 when the incident gas molecules hit the solid 

surface, part of the incident energy is transferred to the surface from the gas molecules and 

distributed into the subtle motions of the surface chains, such as end-group rotations and the low-

energy waving motions. With the existence of intra-monolayer hydrogen bonds on the OH-

SAMs, and some of those possible motions restricted, the energy transfer will be less efficient. 

Therefore, the rigid surface structure will significantly limit the energy transfer between the gas 

molecules and the OH-SAMs.147 Also, because the chains on the CH3-SAMs are freer to wag, 

twist, and become disordered, it is easier for energy to be dissipated into the low-energy 

vibrational modes upon gas molecules impinge on the CH3-SAMs. A previous publication by 

Shuler et al. shows that comparing with an OH-SAM, the surface of a CH3-SAM has additional 

energy modes, into which the kinetic energy of the incident gas molecules may be dissipated. 

These modes include the CH3 torsional mode (2 kJ/mol), the stretching mode (37 kJ/mol), and 

the deformation mode (15 kJ/mol).145 Furthermore, research has been done to show that 
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decreasing the extent of hydrogen bonding frees up the otherwise anchored low-energy motions 

of the chains. These freed motions can then participate in the energy transfer between gas 

molecules and organic surfaces, which increases the energy transfer efficiency. Overall, the low-

energy motions available on the SAM surface help to explain the physics governing the 

observation that the energy transfer between small hydrocarbon gas molecules and the CH3-SAM 

is more efficient than the energy transfer to the OH-SAM.  

 

The goal of this chapter was to investigate the effect of molecular rigidity, electron 

density, and surface functionality on the energy transfer between small hydrocarbon molecules 

and organic surfaces, as well as study how the molecular scattering behavior may be correlated 

with the solubility of the compounds in an analogous solvent.  

Under ultrahigh vacuum conditions, I used molecular beams as a well-controlled gas 

source and self-assembled monolayers as well-characterized model surfaces. The TOF 

distributions of the scattered gas molecules upon gas-surface collisions were recorded by a 

quadrupole mass spectrometer and then converted to the final energy distributions. By assigning 

two components, thermal desorption, and impulsive scattering, to each final energy distribution, 

the energy transfer between gas molecules and organic surfaces were quantified (TD fraction and 

IS fraction) and used to evaluate the energy transfer efficiency.  

I scattered C2H6, C2H4, and C2H2 on both a CH3-SAM and OH-SAM. Each scattering 

experiment was performed with two incident beam energies (76 kJ/mol and 95 kJ/mol). The TD 

fractions for each experimental study are listed in Table 3.7. For each gas, with the same incident 

beam energy, the TD fraction upon collision on a CH3-SAM was found to be higher than the TD 
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fraction for scattering from the OH-SAM. So, for small hydrocarbon molecules, the gas-surface 

energy transfer is more efficient on the CH3-SAM. This result is due to the formation of 

intramonolayer hydrogen bonding in the OH-SAM, which restricts the low-energy motions on 

the surface and therefore limits the energy transfer. 

By comparing the TD fractions of C2H6, C2H4, and C2H2 scattering on the CH3-SAM, I 

found the energy transfer efficiency decreases in the order of C2H6 > C2H4 > C2H2. The effect of 

degrees of freedom may play an important role in the overall scattering dynamics. With a more 

flexible structure and more degrees of freedom, C2H6 yields the most efficient energy transfer 

with the CH3-SAM. This trend changes for the scattering on the OH-SAM. Even though C2H6 

still transfers most of the energy, due to its high degrees of freedom, to the surface, C2H2 shows a 

higher TD than C2H4. The lower energy transfer of C2H4 compared to C2H6 is the result of the 

double bond in the chemical structure, which makes the molecule more rigid. And for C2H2, even 

though it has the lowest degrees of freedom among the three hydrocarbon molecules studied 

here, the high electron density in its triple bond may act as a hydrogen bond acceptor, and form a 

relatively strong H-bond with the electron positive hydrogen atoms on the surface of the OH-

SAM, which leads to a high TD fraction despite the increased rigidity. 

My original hypothesis that the thermal accommodation efficiency of gas molecules 

colliding with organic surfaces correlates with molecular solubility in analogous solvents proved 

to be valid for the small hydrocarbons impinging on the CH3-SAM. However, the dynamics are 

more complex for scattering at the OH-SAM. Other than intermolecular forces, the energy 

transfer between small hydrocarbon molecules and organic surfaces are determined by a balance 

of factors such as degrees of freedom, electronic structure, and intermolecular forces. 
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Table 3.7 TD fractions of C2H6, C2H4, and C2H2 scattering on a CH3-SAM and an OH-

SAM with the incident beam energy of 76 and 95 kJ/mol. 

Gas source 
Incident beam energy 

(±2 kJ/mol) 

TD 

(±0.02) 
IS (±0.02) 

TD 

(±0.02) 
IS (±0.02) 

 CH3-SAM OH-SAM 

C2H6/H2 76 0.87 0.13 0.70 0.30 

C2H4/H2 76 0.82 0.18 0.63 0.37 

C2H2/H2 76 0.75 0.25 0.67 0.33 

C2H6/H2 95 0.85 0.15 0.65 0.35 

C2H4/H2 95 0.78 0.22 0.58 0.42 

C2H2/H2 95 0.70 0.30 0.61 0.39 
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 Mechanism and Kinetics for Reaction of the Chemical Warfare Agent 

Simulants, DMMP(g) and DMCP (g), with Zirconium (IV) Metal-Organic 

Frameworks 

This chapter is mostly a reprint of a manuscript published in the Journal of Physical 

Chemistry C to which the author, Guanyu Wang, was the primary scientific contributor and 

author. Dr. Weiwei Guo and Prof. Craig Hill synthesized the materials. The XPS experiments 

were performed by Cecilia Smith, and the data was analyzed by Guanyu Wang. Dr. Diego Troya 

performed the theoretical calculations and the corresponding writing. Dr. Wang, Dr. Plonka, and 

Prof. Frenkel performed PXRD characterizations of the MOFs employed in this research. Mr. 

Conor Sharp and Mr. James Kollar helped with experiments. Prof. Morris supervised the 

research presented in this chapter. This chapter is reprinted with permission from (Wang, G.; 

Sharp, C.; Plonka, A. M.; Wang, Q.; Frenkel, A. I.; Guo, W.; Hill, C.; Smith, C.; Kollar, J.; 

Troya, D.; Morris, J. R., Mechanism and Kinetics for Reaction of the Chemical Warfare Agent 

Simulant, DMMP(g), with Zirconium(IV) MOFs: An Ultrahigh-Vacuum and DFT Study. J. 

Phys. Chem. C 2017, 121, 11261-11272.) Copyright (2017) American Chemical Society. 

The uptake and decomposition of organophosphonate-based chemical warfare nerve agents 

within Zr6-based MOFs have been investigated by tracking the real-time uptake of the more benign 

simulant molecule, DMMP, and DMCP, within three systems. Specifically, infrared spectroscopy, 

X-ray photoelectron spectroscopy, and DFT calculations provided insight into how the chemistry 

of DMMP within UiO-66, UiO-67, and MOF-808 depends on MOF structure and SBU 

connectivity.  
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All three MOFs investigated yield rich infrared spectra with narrow bands characteristic 

of highly crystalline materials. For UiO-66, the IR bands in the low wavenumber region (Figure 

4.1B spectrum in black), are well known to be due to the excitation of vibrational motions 

associated with the 1,4-benzenedicarboxylate (BDC) linkers, of which there are twelve linkers 

per node.148-150 In addition, several features have been previously assigned to collective motions 

of the node itself.151 A particularly noteworthy aspect of the infrared spectra is the abundance of 

bands in the mid-IR range from 1800 cm-1 to 2700 cm-1 (Figure 4.1A), which are due to 

overtones and combination bands associated with lower frequency motions. The high 

wavenumber region is characterized by absorbances due to excitation of the C-H stretches 

around the BDC. The narrow band at 3673 cm-1 is assigned to the stretches of the four bridging 

hydroxyl groups associated with each node (See Figure 4.1). The band assignments are 

summarized in Table 4.1. 

.  
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Figure 4.1 IR spectra for the entire mid-IR region (A) and the "fingerprint" region (B) of 

UiO-66 before DMMP exposure (black), after DMMP exposure (blue), and after post-

exposure thermal treatment to 600 K (red). 

Upon exposure to DMMP, the infrared bands associated with the UiO-66 remain largely 

unaffected, but new bands, which can be assigned to the DMMP adsorbate, emerge. The spectra 

shown in blue in Figure 4.1A and Figure 4.1B were recorded following exposure of UiO-66 to 

2×104 L (where 1 L is equivalent to 10-6 Torr‧s of exposure) of DMMP while the MOF was 
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maintained at 298 K. One of the most significant changes upon exposure is the emergence of a 

broad band at 3250 cm-1. This band, which is accompanied by a reduction in the intensity of the 

free OH band, is attributed to the formation of a hydrogen bond between DMMP and the 

hydroxyl groups at the nodes. Previous infrared studies of DMMP (and a variety of other CWA 

simulant) adsorption on hydroxylated silica demonstrated that DMMP is an excellent hydrogen 

bond acceptor.123-124 On silica, the energy of those hydrogen bonds was found to be in excess of 

50 kJ/mol.124 Here, I observe similar types of hydrogen bonding interactions, but they seem to 

occupy only a small fraction of the total number of free OH groups within the MOF. Note that, 

even after prolonged exposure, the intensity of the free hydroxyl groups originally present at the 

nodes was not reduced beyond 20% of the original intensity, implying that the bridging node–

OH groups appear to be largely inaccessible to DMMP. The majority of the uptake therefore 

likely occurs on the surface of the MOF crystallites, and little penetration into the MOF 

accompanies uptake. This interpretation is consistent with previous suggestions that the pore 

apertures for UiO-66 are too small for a molecule like DMMP to freely access the interior of the 

MOF.77 The aperture size for the octahedral pore is only 12 Å, while that of the tetrahedral pore, 

where the OH groups reside, is even smaller at 6 Å.152-153  

The features in the lower wavenumber region of the spectrum corroborate DMMP physisorption 

to the MOF through the formation of hydrogen bonds. The many new bands in the region from 

750 cm-1 to 1300 cm-1 (Figure 4.1B) are consistent with prior work into DMMP interfacial 

hydrogen bonding and can be assigned to molecular DMMP.81 
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Table 4.1 Observed vibrational wavenumbers (cm-1) for clean Zr6-based MOFs and band 

assignments.151-152, 154-164 

Mode UiO-66 cm-1 UiO-67 cm-1 
MOF-808 

cm-1 

ν(ZrO−H)node, free 3674 3674 3674 

ν(COO−H)linker, free  3616 3585 

ν(CH)linker 

3130 3075 3087 

3083 3061  

3061 3048  

 3015  

Overtone 2800-2000 2800-2000  

ν(COZr)bidentate+ν(COO)i.p+ν(C=C)+β(CH) 1662-1520 1638-1471 1646-1500 

β(CH)+ν(C=C) 1507   

ν(COZr)bidentate+ν(COO)o.o.p+δ(OH)+β(CH) 1477-1329 1471-1321 1500-1219 

ν(C=C)+δ(C=C-C) 1320 1315 

 
ν(CO) 1300-1260 1269 

ν(C-C)+β(CCH)+ δ(OH)+γ(CCC)ϕ χ(ring)  1180 

β(CH)+δ(OH)+χ(ring) 1158 1154 

β(CH)+ν(C=C)+χ(ring) 1105 1121 1112 

β(CH)+ν(C=C)+γ(CCC)ϕ χ(ring)  1106  

ν(CO)+δ(OH) 1088 
  

ν(CO)+δ(OH) 1058 

γ(CCC)ϕ+δ(OH)+χ(ring) 1019 1021 1054 

χ(ring)+ γ(ring) 

 1007  

 974 942 

 964  

ρ(CH) 

885 876 823 

824 856 804 

816 843  

 801  

ν(Zr-O)+γ(CCC)ϕ+ρ(CH) 
 

771 790 

ν(Zr-O)+γ(COO)ϕ+ρ(CH) 753 760 

ν: bond stretching, : rocking (in-plane), : planar angle bending, β: in planar bending, γ: out-of-

plane bending (wagging), ϕ: deformation, χ: aromatic ring breathing, i.p: in-plane, o.o.p: out-of-

plane, sh: shoulder 
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 The assignment of the bands that emerge upon exposure is aided by direct comparison to 

the IR spectrum for gas-phase DMMP (Figure 4.2). The spectrum shown in blue in Figure 4.2 

was recorded following exposure of UiO-66 to DMMP with the original MOF used as the 

background such that the new bands represent changes in absorbance due to the vibrational 

excitations associated with new adsorbates, and negative features are due to changes to bands 

associated with the original MOF. The resulting difference spectrum for the MOF upon exposure 

shows a near 1:1 correlation with the bands for molecular DMMP in the gas phase. This 

correlation indicates that the types of interactions responsible for DMMP uptake are sufficiently 

weak that they have little to no effect on the electronic structure of the adsorbate. One notable 

exception is that the band assigned to the P=O stretch at 1275 cm-1 in the gas phase shifts to 1252 

cm-1 upon adsorption. This shift is consistent with charge redistribution within the P=O bond as 

some charge transfers to the ZrO-H bond upon hydrogen bond formation (i.e., creation of P=O---

HOZr hydrogen bonds). A further indication that the uptake is driven by hydrogen bonding, as 

opposed to chemistry within the MOF, comes from the absence of significant changes in 

absorbance of bands originally present in the MOF. That is, the IR data indicate that the 

framework is largely unaffected by the presence of DMMP. 
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Figure 4.2 Gas phase DMMP (black) and difference spectra of DMMP adsorbed onto UiO-

66 (blue) at high wavenumber region (left) and low wavenumber region (right). 

Following exposure, the MOF was heated to drive off weakly bound adsorbates. The 

spectra shown in red in Figure 4.1A and Figure 4.1B reveal that the original IR spectrum for UiO-

66 is recovered following heating. That is, the IR spectra indicate that DMMP thermally desorbs 

from the UiO-66 and the MOF returns to its original state. 

While the current results show that reactivity is below my limit of detection in this UHV-

based experiment, I have previously shown that DMMP can access the pores and affect the MOF 

structure if given sufficient time and exposure. Specifically, under prolonged exposure of UiO-66 

to DMMP under atmospheric conditions, the MOF structure was found to change measurably.82 

The difference between the prior work and that described here is related to the level of exposure–
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104 L versus 1012 L, which further evidences the very low reaction probability for vaporous DMMP 

with UiO-66. 

 

The other MOF, UiO-67, is isoreticular with UiO-66 but is composed of longer 4,4' 

biphenyl-dicarboxylate (BPDC) linkers that expand the pore apertures relative to UiO-66 (to 

11.5 Å for tetrahedral and 23 Å for octahedral cavities). The more open structure of UiO-67, 

therefore, provides avenues through which reactants may access the SBUs.100 My results 

demonstrate that the larger pore structure provides reactants with access to sites where chemistry 

and irreversible binding occur. 

Chemisorption of DMMP into UiO-67 is revealed in the IR spectra shown in Figure 4.3. 

The spectrum shown in black in Figure 4.3 is that of the pristine UiO-67 sample. As for UiO-66, 

many of the bands for this spectrum have been previously assigned (Table 4.1).  Upon exposure 

to a controlled flux of gas-phase DMMP (2 × 104 L), several new bands develop in the infrared 

spectra, while key features in the OH region, assigned to molecular water and free hydroxyl 

groups, diminish in intensity. However, the bands assigned to linker and node vibrational 

motions within the MOF remain largely unaffected (see the spectrum shown in blue in Figure 

4.3). Several of the new bands are nearly identical in wavenumber to those assigned to 

physisorbed DMMP (see the above discussion associated with UiO-66); however, many 

previously unobserved bands appear in the post-exposure IR spectra for UiO-67, suggesting 

unique bond breaking or formation may have accompanied DMMP uptake. Following the room 

temperature DMMP exposure, the MOF was heated in an effort to drive the physisorbed 

molecules from the framework, as was done for the UiO-66 sample. I found that the majority of 
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the new bands for the DMMP-exposed UiO-67 sample that could not be assigned to physisorbed 

DMMP persisted throughout the thermal annealing procedure even when the sample was 

maintained at 600 K for 60 min (see Figure 4.3, red). The new bands are hypothesized to be due 

to the formation of a highly stable chemisorbed methyl methylphosphonic acid species. Many 

prior studies have shown that DMMP and other organophosphonates react and irreversibly bind 

at the type of strong Lewis acid sites that may be present at missing-linker defects within the 

UiO-67 MOF. This hypothesis was tested by repeating the DMMP-exposure study with MOF-

808, which possesses the same SBU as UiO-67, but is linked by benzene-1,3,5-tricarboxylates 

(BTCs) that produce a very large pore structure and a band of exposed Zr-OH and Zr-OH2 sites 

that decorate the circumference of the node (See Figure 1.10).  
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Figure 4.3 IR spectra for the entire mid-IR region (A) and the "fingerprint" region (B) of 

UiO-67 before DMMP exposure (black), after DMMP exposure (blue), and after post-

exposure thermal treatment to 600 K (red). 

 

As described in the introduction, MOF-808 has been shown to be one of the most effective 

MOF-based catalysts for the hydrolysis of organophosphonates in buffered solutions.104 Previous 

studies attribute the high activity of MOF-808 to an open pore structure, the consequence of only 
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six (as opposed twelve for the UiO-MOFs discussed above) linkers per Zr6 node.105 The pore sizes 

of MOF-808 (18 Å)104-105 are even larger than those of UiO-67 (11.5 Å)100. My results show that 

MOF-808 reacts irreversibly with the simulant DMMP to produce a significant concentration of 

node-bound methyl methylphosphonic acid and methyl phosphonic acid.  

Similar to the MOFs described above, the infrared spectra of the pristine MOF-808 

(Figure 4.4, black) is rich in spectral bands for both the linkers and the nodes (see Table 4.1 for 

assignments).  Most notably, MOF-808 exhibits a narrow band at 3675 cm-1 indicative of the free 

hydroxyl groups that complete the coordination sphere of the node Zr atoms, and a broad band in 

the 3600-3100 cm-1 range that is likely due to hydrogen-bonded hydroxyl groups and aqua 

ligands.124 As described below, these sites are likely initial docking points for DMMP, where the 

molecules are sequestered through strong hydrogen bonding interactions. 
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Figure 4.4 IR spectra for the entire mid-IR region (A) and the "fingerprint" region (B) of 

MOF-808 before DMMP exposure (black), after DMMP exposure (blue), and after post-

exposure thermal treatment to 600 K (red) 

Upon exposure to DMMP, the free hydroxyl groups diminish in intensity while new bands 

emerge. The new bands are very similar to those described above for exposure to UiO-67. The 

detailed difference spectra for MOF-808 and UiO-67 are presented in Figure 4.5, accommodated 

with corresponding peak assignments in Table 4.2. 
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Figure 4.5 Difference IR spectra of MOF-808(Red) and UiO-67 (Black) upon DMMP 

exposure at room temperature (298 K) 

In the C-H region, bands due to physisorbed DMMP, as well as chemisorbed methoxy 

groups, develop upon exposure. These signals are accompanied by the emergence of bands in the 

low wavenumber region of the spectrum (Figure 4.4B). The strongly chemisorbed species were 

isolated within the MOF by heating to 600 K, and the resulting IR spectrum following heating is 

shown by the red trace in Figure 4.4.  
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Table 4.2 Observed vibrational frequencies (cm-1) in difference IR spectra of Zr6 MOFs 

upon DMMP exposure and their assignments.165 

Mode 
UiO-66-

DMMP cm-1 

UiO-67-

DMMP cm-1 

MOF-808-

DMMP cm-1 

ν(ZrO−H)SBU, H-bounded 3313   

νas(CH3) 3009 2997 3012 

νas(CH3O) 2950 2961 2962 

νs(CH3) 2950sh 2961sh 2962sh 

νas(ZrOCH3)  2928 2913 

νs(CH3O) 2846 2860 2839 

νs(ZrOCH3)  2836 2839sh 

δ(PCH3)+δ(P=O)+νas(O-P-

O)+ρ(OCH3) 
  1178 

δ(PCH3) 1308 1207 

 υ(P=O) 1255 1171 

νas(O-P-O)+ρ(OCH3) 1186 1138 

νs(O-P-O) 1064sh 1070sh 1068sh 

νas(CO) 1064 1070 1068 

νs(CO) 1048 1043 1038 

ρ(PCH3)P=O bounded to SBU 952 926 925 

ρ(PCH3) 912 910 909 

ν(P-C) 819 834 837 

ν(P-O) 789 819 775 

ν: bond stretching, : rocking (in-plane), : angle bending 
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With two broad bands around 1130 and 1050 cm-1 and smaller bands in the 905-750 cm-1 

region, the difference spectra for MOF-808 and UiO-67 following heating are very similar, 

suggesting that the same product is formed on each MOF. Figure 4.6 is a reproduction of the 

annealed spectra shown in Figure 4.3 and Figure 4.4, but with the original MOFs employed as the 

background such that the primary features in the spectra can be assigned to the MOF-bound 

reaction products. As the comparison indicates, the adsorbates are strongly bound (i.e., they do not 

desorb from the MOF even after heating to 600 K) and exhibit similar vibrational spectra for both 

MOFs. 

 

Figure 4.6 Difference IR spectra of MOF-808 (top) and UiO-67 (bottom) upon DMMP 

exposure then thermal treatment to 600 K for 60 minutes. 

For both UiO-67 and MOF-808, the most likely MOF-bound product is methyl 

methylphosphonic acid (MMPA), which I hypothesize may bind to the nodes in its deprotonated 
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form following the hydrolysis of DMMP. In fact, recent theoretical work showed that Sarin, which 

has a structure similar to DMMP, decomposes to isopropyl methyl phosphonic acid (IMPA) and 

methyl phosphonofluoridic acid (MPFA) upon reaction with the SBU of UiO-MOFs166 and another 

metal-oxide based cluster, Cs8Nb6O19.
167 Therefore, we performed energy minimization 

calculations of a Zr6 SBU-bound MMPA species. The structure and calculated infrared spectrum, 

compared to that of the post-annealed MOF, are shown in Figure 4.7. The calculations help assign 

the O-P-O asymmetric, and O-P-O symmetric stretching modes to bands at 1155, and 1058 cm-1, 

respectively, and the P-C stretching motion to the band at 791 cm-1, which also agree with 

previously published work.165, 168 Together, the experimental and computational results strongly 

suggest that the irreversibly bound product of DMMP + Zr6-MOF reactions is MMPA at the SBU.  

 

Figure 4.7 Left: Experimental (red) difference spectrum and theoretically calculated 

spectrum (reaction products, black, 10 cm-1 linewidth) of post-exposure UiO-67 after 

thermal treatment at 600 K; Right: Schematic of DMMP-UiO-67 reaction product. Color 

code: Zr: teal, C: brown; P: gold; H: white; O: red. 
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While infrared spectra provide insight into the vibrational motions of the MOF-bound 

species, XPS reveals information about the elemental composition and electronic characteristics 

of the system. XPS spectra of Zr 3d electrons for MOF-808 before DMMP exposure indicate that 

the binding energy of Zr 3d3/2 and Zr 3d5/2 electrons are 185.61 and 183.27 eV, respectively (Figure 

4.8A). These assignments and binding energies are consistent with previous reports.169 Upon 

DMMP exposure, followed by 60-minutes of thermal treatment at 600 K to remove the 

physisorbed molecules, the Zr 3d peaks shift slightly to lower binding energy, indicating the Zr 

atoms are less positively charged after DMMP reacts with the MOF, which provides evidence for 

charge redistribution within the node during covalent bond formation with the hypothesized 

MMPA product. 
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Figure 4.8 XPS spectra of Zr 3d on MOF-808 before DMMP exposure (top) fitted with two 

Gaussian components (green), and comparison of pre-DMMP exposure with after post-

exposure thermal treatment at 600 K (bottom) 

The XPS spectra for the phosphorus atoms following DMMP exposure to the MOF reveal 

two binding energy features that suggest the reaction is more complex than simple MMPA 

formation. More specifically, upon DMMP exposure to MOF-808, a feature in the photoelectron 

spectrum near 134 eV appears that likely corresponds to the 2p electrons of phosphorus. The P 2p 
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peak can only be adequately modeled with two Gaussian components, which are most likely not 

due to spin-orbit splitting. That is, not only is the intensity ratio of the peaks inconsistent with the 

spin-orbit splitting of the P 2p electrons, but also the energy difference for these components is 

only expected to be 0.2 eV, well below that observed here.170 Therefore, there are likely two types 

of phosphorus within the MOF, each with a different bonding configuration. 

Previous studies into the reaction mechanisms of DMMP on the surface of aluminum, 

cerium, iron, magnesium, calcium, yttrium and titanium oxide suggest that multiple phosphorus-

containing products form upon uptake. For example, researchers have shown that, at room 

temperature on Al2O3, DMMP losses one methoxy group to form MMPA on the surface, which 

binds through two O-P bonds. Upon further thermal treatment to near 600 K, part of the MMPA 

further reacts with the aluminum oxide to shed the other methoxy group and form MPA, which 

binds to the surface through three O-P bonds. At temperatures below 700 K, MMPA and MPA 

have been shown to coexist on several of these oxide surfaces.165, 171-176 Based upon the previous 

studies, I hypothesize that one component of P 2p XPS spectrum (Figure 4.9) is due to DMMP 

molecules are partially hydrolyzed (i.e., lose one methoxy group) to form MMPA. The second 

component may arise from the continued reaction of the MMPA product to form MPA. This 

hypothesis is supported by the observation of IR bands that can be assigned to C-H stretching 

motions for the DMMP-exposed MOF-808 (2924 cm-1 and 2837 cm-1) and UiO-67 (2927 cm-1 and 

2835 cm-1). The IR and XPS data strongly suggest that one of the products of this reaction is 

surface methoxides bound to the MOF nodes. These results suggest an overall reaction mechanism 

that requires initial interactions with Lewis acid sites, which activate the molecule toward 
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nucleophilic attack by water or labile hydroxyl groups. Computational studies have been employed 

to test this hypothesis. 

 

Figure 4.9 XPS spectra of P 2p on MOF-808 after post-exposure thermal treatment at 600 

K (fitted with two Gaussian components, green) 

 

To augment the measurements, Prof. Troya has performed electronic structure 

calculations of the stationary points of the decomposition reaction of DMMP with the SBU of 

UiO-66/67. All of the DFT calculations employed the M06L functional177 with an ultrafine 

integration grid as implemented in the Gaussian09178 code. Geometry optimizations and 

harmonic frequencies were obtained with the 6-31G** basis set for main-group elements and the 

Lanl2dz basis set and pseudopotentials for Zr. The stationary-point energies were further refined 

at via addition of diffuse functions in the main-group basis set (6-31++G**). All reported 
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energies in this paper, therefore, correspond to electronic energies obtained at the M06L/(6-

31++G**+Lanl2dz) level, corrected by M06L/(6-31G**+Lanl2dz) zero-point energies. 103 

Formally, the decomposition reaction follows base hydrolysis in which a hydroxide 

moiety adds nucleophilically to the phosphorus center of DMMP. This addition generates a 

phosphorus pentacoordinated intermediate that undergoes subsequent elimination of a methanol 

molecule to yield MMPA. The reaction occurs at the nodes of the MOFs, which feature a Zr6(3-

O)4(3-OH)4 SBU. In UiO-67, the presence of 12 BPDC linkers fully saturates the coordination 

sphere of the Zr atoms, rendering the node catalytically inactive. Thus, the reaction in this MOF 

occurs at missing linker defects, whose structure has been recently described experimentally101 

and computationally.102 Removal of one linker generates two adjacent undercoordinated Zr 

atoms (nodes with several linkers missing would likely present additional undercoordinated 

reactive Zr atoms). Under ambient conditions and in the most stable configuration, one of these 

Zr atoms coordinates a hydroxide moiety while the other coordinates a water molecule. A second 

water molecule is present in the defect and forms hydrogen bonds to both the Zr–OH and Zr–

OH2, and a 3-OH group in the SBU.102 In this work, the thermal treatment of the MOFs prior to 

DMMP exposure likely removes a majority of the coordinated water, leaving a Zr–OH moiety, 

and an adjacent undercoordinated Zr site to which DMMP binds to start the reaction. 

Prior computational work has revealed that the most stable binding of DMMP to metal 

sites is through the O atom of sp2 hybridization,179-182 and consequently this binding arrangement 

has been used to model the interaction of DMMP to the undercoordinated Zr atom of the defective 

UiO-67 SBU in this work. Figure 4.10 and Figure 4.11 show the potential-energy profile and 
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stationary-point geometries of the minimum-energy reaction path, which corresponds to a collinear 

arrangement of the forming P–OH bond and the P–CH3 group at the addition transition state. 

 

Figure 4.10 Potential-energy profile for the reaction of DMMP with a defective SBU of 

UiO-67 along the approach in which the P–CH3 bond of DMMP is collinear to the forming 

P–OH bond at the addition transition state.103 
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Figure 4.11 Geometries of the central stationary points in the decomposition of DMMP 

with a defective SBU of UiO-67 along the approach in which the P–CH3 bond of DMMP is 

collinear to the forming P–OH bond at the addition transition state. Same color code as 

Figure 4.7.103  

As mentioned above, the reaction starts upon the binding of DMMP to the SBU to form a 

reaction complex (Structure R in Figure 4.11). This binding is exothermic by 148 kJ/mol and 

coordinates DMMP to a Zr atom adjacent to the Zr–OH group. The first reaction step corresponds 

to the addition of the coordinated OH ligand to the phosphorus atom of DMMP. The transition-

state energy for this step is 84 kJ/mol and generates a pentacoordinated phosphorus intermediate 

(P5). This addition reaction is endothermic by 66 kJ/mol. Proton transfer to the P5 intermediate 

results in the elimination of a methanol molecule, and formation of MMPA. There are two 
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elimination pathways, which differ in the source of the proton transferred to the leaving methoxy 

group. In the lowest-energy elimination pathway, the proton emerges from a 3-OH group of the 

SBU through a barrier of 19 kJ/mol. The second pathway involves proton transfer from the –OH 

ligand that has mounted the nucleophilic addition and exhibits a slightly larger barrier of 27 kJ/mol. 

Both elimination pathways yield methanol and MMPA molecules adsorbed on the SBU. Methanol 

is only bound to the SBU through a hydrogen bond and exhibits desorption energies of ~40 kJ/mol 

for the two pathways. Conversely, the MMPA product is strongly bound to the SBU, but the 

desorption energy depends on the pathway. The elimination process involving proton transfer from 

the 3-OH group generates a protonated MMPA product with two dissimilar Zr–O bond lengths 

of 2.31 and 2.59 Å, with the longer bond corresponding to the protonated O atom of MMPA. The 

binding energy of this MMPA product to the SBU is 158 kJ/mol. The proton of the methanol 

product in the second elimination pathway is transferred from the –OH ligand, and generates an 

aprotic MMPA product that is bound to the SBU in a bidentate manner, with nearly identical Zr–

O bond distances of 2.22 and 2.23 Å. MMPA is extraordinarily strongly bound to the SBU, with 

an enthalpic well depth of 285 kJ/mol relative to the separated products. 

The experimental IR spectra in Figure 4.3 also show the presence of Zr–OCH3 groups 

generated during the reaction, but the reaction pathways in  Figure 4.11 do not provide a source 

for that moiety. Figure 4.12 exhibits an alternative reaction pathway that leads to Zr–OCH3 

formation. There are two major differences between this mechanism and the one presented in 

Figure 4.11. First, the initial binding of DMMP to the Lewis-acid undercoordinated Zr site is 

through one of the O(sp3) atoms of DMMP, and not through the O(sp2) atom of the phosphoryl 

group. The DMMP-MOF binding in Figure 4.12 is 37.8 kJ/mol weaker than that in Figure 4.11 

but allows for the formation of Zr–OCH3 products. From this binding arrangement, the reaction is 
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also initiated via nucleophilic addition of a neighboring Zr–OH group, but the elimination of the 

methoxy moiety occurs directly, without an intervening pentacoordinated phosphorus intermediate. 

The absence of this intermediate provides the second major difference between the mechanisms in 

Figure 4.12 and Figure 4.11. The products of the addition-elimination process are a Zr–OCH3 

group, and an MMPA product that is bound to the UiO-67 MOF SBU in a monodentate manner 

and also forms a hydrogen bond with a 3–OH group. The barrier for the Zr–OCH3 formation 

pathway is only slightly larger than the overall barrier for methanol elimination (Figure 4.10). 

Therefore, both pathways may play a role in the experiment.  

 

Figure 4.12 Comparison between the reaction mechanism for decomposition of DMMP on 

the UiO-67 SBU shown in Figure 4.10 and Figure 4.11 (black), and an alternative reaction 

pathway that results in Zr–OCH3 formation (red). Energies are referred to the DMMP–

MOF reagent complex for each pathway. Insets correspond to reaction along the Zr–OCH3 

pathway. Same color code as Figure 4.7.103 
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The kinetics, which provides further insight into the reaction mechanism, was tracked by 

time-resolved infrared spectra of MOF-808 during DMMP exposure. Upon exposure of the MOF 

to DMMP, the intensity of the free hydroxyl groups decreases with time, while several new bands 

simultaneously rise in the low wavenumber region (see Figure 4.13).  

 

Figure 4.13 Time-resolved IR spectra are shown of MOF-808 upon DMMP exposure at 

room temperature (298 K). The high wavenumber region is shown on the left, and the low 

wavenumber region appears on the right. The spectrum in green was recorded before 

DMMP exposure, and the spectrum in red represents the final spectrum after DMMP 

exposure. 

As described above, the consumption of the free hydroxyl groups is integral to the 

decomposition of DMMP into MMPA and MPA. Therefore, one may hypothesize that the features 

assigned to hydroxyl groups should decrease at the same rate as the rise in product bands. The 
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absorbance for the free OH groups has been integrated and plotted versus exposure time in Fig. 14, 

which also provides the rate of increase for the band at 1175 cm-1 (assigned to physisorbed DMMP: 

The H-C-H and O-C-H bends) and the band at 1050 cm-1 assigned to the reaction product, MMPA 

(O-P-O symmetric stretch in MMPA).  

Clearly depicted in Figure 4.13 is the fast decrease in intensity for the OH groups 

accompanied by a similarly rapid rise in bands assigned to MOF adsorbates. The initial changes 

in band intensities upon exposure of the MOF to DMMP are so rapidly relative to the changes at 

later times that the data cannot be modeled by a single exponential rise indicative of pseudo-first 

order kinetics, as one might expect for a process where impinging molecules react in a single 

step. Rather, there appear to be two exponential components to the reaction rates. The solid lines 

in Figure 4.14 model the data as a sum of two exponential components and the non-linear least 

squares fitting parameters yield observed rate constants for the various components (see Table 

4.3).  
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Figure 4.14 The integrated absorbance of the free OH groups in MOF-808 (black), 

physisorbed DMMP (blue), and the reaction product (red) versus the DMMP exposure 

time. The solid lines model the data with two exponential functions that are necessary to 

capture the fast rise (fall) at early times and the slow development in the data at later times. 

The fitting parameters are provided in Table 4.3.  

 The two rate constants required to adequately describe the kinetics for the development of 

the main reaction product, MMPA, reveal that there are two reaction pathways. However, the two 

pathways appear to lead to the same products, as evidenced by the consistency in the wavenumber 

and bandwidths of these features throughout the experiment (see Figure 4.13). Therefore, I 

speculate that the rapid pathway, open at early times, is due to reactions at the most accessible Zr 
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sites and OH groups. The slow reaction component is then due to reactions at sites that are much 

less accessible, perhaps because they are blocked by the irreversibly bound MMPA products that 

are generated at short reaction times. 

Table 4.3 Rate Constants (s-1) for the DMMP + MOF-808 kinetics 

Component OH (3674 cm-1) Phys. DMMP (1175 cm-1) MMPA (1050 cm-1) 

Fast rise 1.3 (± 0.3) x 10-3 8.4 (± 2.0) x 10-4 9.3 (± 2.0) x 10-4 

Slow plateau 6.3 (± 1.3) x 10-5 8.7 (± 2.0) x 10-5 8.3 (± 2.0) x 10-5 

 Interestingly, the rate of development of the bands assigned to physisorbed DMMP track 

the rate for OH consumption and product formation. That is, there appear to exist physisorption 

sites that are both readily accessible and sites that provide some steric hindrance to physisorption. 

More importantly, the magnitudes of the rate constants are very similar for both DMMP 

physisorption and DMMP reactions within the MOF. Because the rate of physisorption likely 

depends primarily on the incident flux and the diffusion rate of DMMP within the MOF, the 

similarities of the rates for the various components strongly suggest that the reaction rate is 

diffusion limited. This observation further supports the mechanism identified by the computational 

studies, which indicates that the transition states that separate DMMP from the MMPA product 

have relatively low energies. 

 

The interactions between DMCP and UiO-66 are quite similar to DMMP. Upon exposure 

to DMCP, the infrared bands associated with the UiO-66 remain largely unaffected, but new 

bands, which can be assigned to the DMCP adsorbate, emerge. The spectra shown in blue in 

Figure 4.15A and Figure 4.15B were recorded following exposure of UiO-66 to 2×104 L of 
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DMCP while the MOF was maintained at 298 K. One of the most significant changes upon 

exposure is the emergence of a broad band at 3425 cm-1. This band, which is accompanied by a 

reduction in the intensity of the free OH band, is attributed to the formation of a hydrogen bond 

between DMCP and the hydroxyl groups at the nodes. The infrared studies of earlier have 

demonstrated that DMMP is an excellent hydrogen bond acceptor. Here, I observe similar types 

of hydrogen bonding interactions with DMCP. but they seem to occupy only a small fraction of 

the total number of free OH groups within the MOF. Note that, even after prolonged exposure, 

the intensity of the free hydroxyl groups originally present at the nodes was not reduced beyond 

30% of the original intensity, implying that the bridging node–OH groups appear to be largely 

inaccessible to DMMP. Just like the DMMP, the majority of the uptake therefore likely occurs 

on the surface of the MOF crystallites, and little penetration into the MOF accompanies uptake. 

This interpretation is consistent with previous suggestions that the pore apertures for UiO-66 are 

too small for a molecule like DMCP to freely access the interior of the MOF.77 The aperture size 

for the octahedral pore is only 12 Å, while that of the tetrahedral pore, where the OH groups 

reside, is even smaller at 6 Å.152-153  
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Figure 4.15 IR spectra for the entire mid-IR region (A) and the "fingerprint" region (B) of 

UiO-66 before DMCP exposure (black), after DMCP exposure (blue), and after post-

exposure thermal treatment to 600 K (red). 

The assignment of the bands that emerge upon exposure is aided by direct comparison to 

the IR spectrum for gas-phase DMCP (Figure 4.16). The spectrum shown in blue was recorded 

750125017502250275032503750

A
b

s
o

rb
a

n
c

e

A

750850950105011501250

A
b

s
o

rb
a

n
c

e

Wavenumber cm-1

B 



158 

 

following exposure of UiO-66 to DMCP with the original MOF used as the background such that 

the new bands represent changes in absorbance due to the vibrational excitations associated with 

new adsorbates, and negative features are due to changes to bands associated with the original 

MOF. 

  

Figure 4.16 Gas phase DMCP (black) and difference spectra of DMMP adsorbed onto UiO-

66 (blue) at high wavenumber region (left) and low wavenumber region (right). 

 

As previously mentioned, DMMP reversibly binds the UiO-66 through the formation of 

hydrogen bonds while chemisorbs to the MOFs with larger pore sizes (UiO-67 and MOF-808). 

Therefore, the experiments of exposing MOF-808 to DMCP was performed under the same 

conditions to compare the reactivity of DMMP and DMCP.  

My results demonstrate that the larger pore structure provides reactants with access to 

sites where chemistry and irreversible binding occur. Chemisorption of DMCP into MOF-808 is 
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revealed in the IR spectra shown in Figure 4.17. The spectrum shown in black in Figure 4.17 is 

that of the pristine MOF-808 sample. As for UiO-66, many of the bands for this spectrum have 

been previously assigned (Table 4.1).  Upon exposure to a controlled flux of gas-phase DMCP (2 

× 104 L), several new bands develop in the infrared spectra, while key features in the OH region, 

assigned to molecular water and free hydroxyl groups, diminish in intensity. However, the bands 

assigned to linker and node vibrational motions within the MOF remain largely unaffected (see 

the spectrum shown in blue in Figure 4.17). Several of the new bands are nearly identical in 

wavenumber to those assigned to physisorbed DMCP (see the above discussion associated with 

UiO-66); however, many previously unobserved bands appear in the post-exposure IR spectra 

for MOF-808, suggesting unique bond breaking or formation may have accompanied DMCP 

uptake. Following the room temperature DMMP exposure, the MOF was heated in an effort to 

drive the physisorbed molecules from the framework, as was done for the UiO-66 sample. I 

found that the majority of the new bands for the DMCP-exposed MOF-808 sample that could not 

be assigned to physisorbed DMCP persisted throughout the thermal annealing procedure even 

when the sample was maintained at 600 K for 60 min (see Figure 4.17, red). Based on the results 

acquired from DMMP experiments and calculations and the IR spectra shown in Figure 4.17, I 

think that MOF-808 reacts irreversibly with the simulant DMCP to produce a significant 

concentration of node-bound methyl phosphonochloridic acid (MPCA). 



160 

 

 

Figure 4.17 IR spectra for the entire mid-IR region (A) and the "fingerprint" region (B) of 

MOF-808 before DMCP exposure (black), after DMCP exposure (blue), and after post-

exposure thermal treatment to 600 K (red). 

Upon exposure to DMCP, the free hydroxyl groups diminish in intensity while new bands 

emerge. The new bands are very similar to those described above for DMMP exposure to MOF-
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808. The detailed difference spectra for MOF-808 upon exposure to DMMP and DMCP are 

presented in Figure 4.18. The spectra in Figure 4.18 is recorded with the original MOFs employed 

as the background such that the primary features in the spectra can be assigned to the MOF-bound 

reaction products. As the comparison indicates, the adsorbates are strongly bound (i.e., they do not 

desorb from the MOF even after heating to 600 K) and exhibit similar vibrational spectra for both 

nerve agent simulants. 

 

Figure 4.18 Difference IR spectra of MOF-808 upon DMMP (black) and DMCP (red) 

exposure then thermal treatment to 600 K for 60 minutes. 

As previously discussed, upon DMMP exposure, the most likely MOF-bound product is 

methyl methylphosphonic acid (MMPA), which may bind to the nodes in its deprotonated form 

following the hydrolysis of DMMP. Based on Figure 4.18, it is reasonable to make the hypothesis 
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that the product formed upon DMCP exposure has a similar structure to MMPA, in this case, 

methyl phosphonochloridic acid (A in Figure 4.19) or methyl methylphosphonic acid (B in Figure 

4.19), depending on the reaction pathway. Based on the theoretical electronic structure calculation 

of the stationary points presented above for DMMP-SBU reactions, the decomposition reaction of 

DMCP on Zr6 MOFs are hypothesized to follow a similar pathway, as shown in Figure 4.19.  The 

peak assignment will be similar to the ones mentioned in the DMMP-UiO-67 calculations in 

section 4.2. 

 

Figure 4.19 Hypothesized reaction pathway for DMCP decomposition on Zr6 MOFs 
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 Summary and Conclusions 

 

The objectives of the research described in this thesis were to develop a fundamental 

understanding of gas-surface interactions to help to predict the fate of atmospheric interactions, 

as well as the investigation of potential catalysts for chemical warfare destruction. This 

knowledge is important for the control of environmental contaminants, and the development of 

new materials for the protection of personnel from nerve agents in potential chemical warfare 

attacks.  

Initial studies were focused on investigating the dynamics of small hydrocarbons 

scattered from organic surfaces. All experiments were conducted in an ultra-high vacuum 

chamber to maintain clean surfaces as well as generate the well-controlled incident gas source. 

The time of flight distribution of the scattered gas molecules after interacting with the surfaces 

was then recorded by the quadrupole mass spectrometer. Then a final energy distribution was 

derived from the time of flight distribution, to illustrate how much energy was transferred to the 

surface from the gas molecules during the collisions.  

The results show that upon gas-surface collisions, the energy transfer was affected by 

both the properties of the gas molecules and surfaces. Compared with the methyl-terminated self-

assembled monolayer (CH3-SAM), the hydroxyl-terminated self-assembled monolayer (OH-

SAM) is more rigid due to the formation of the intra-monolayer hydrogen bonds. The surface 

hydrogen bonding “network” limits the low-energy vibrational modes, which are considered as 

possible ways to dissipate the excess translational energy of the incident gas molecules. As a 

result, the energy transfer is less efficient on an OH-SAM. The electronic structures of ethane 
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(C2H6), ethene (C2H4), and ethyne (C2H2) also appear to play a role in affecting the energy 

transfer process. The π electrons in the double bond of C2H4 and the triple bond of C2H2 may act 

as hydrogen bond acceptors when interacts with the OH-SAM, and therefore, facilitate the 

energy transfer. In my previous study of diatomic gas molecules’ interactions with organic 

surfaces, a positive correlation between thermal desorption (TD) fractions in gas-surface 

scattering and solubility for analogous solute-solvent combinations was observed. The similar 

trend does persist in small hydrocarbon interactions with a CH3-SAM (TD fractions: C2H6 > 

C2H4 > C2H2), but not an OH-SAM (C2H6 > C2H2 > C2H4). The energy transfers between C2H6, 

C2H4, and C2H2 and the CH3-SAM appear to be affected by factors such as degrees of freedom 

and molecular size, while the electronic structure is also decisive regarding their interactions 

with the OH-SAM. 

Then the experiments were furthered and focused on the investigation of decomposing 

nerve agents on metal organic frameworks (MOF). This research was also conducted in an ultra-

high vacuum chamber. Nerve agent simulants were used to mimic the physical or chemical 

properties of the “live” agents, but with significantly lower toxicity. The interactions between 

dimethyl methylphosphonate (DMMP), dimethyl chlorophosphate (DMCP), and three Zr6-based 

MOFs have been explored at a fundamental level through in situ infrared spectroscopy, X-ray 

photoelectron spectroscopy, and DFT calculations.  

The interactions between DMMP and DMCP with UiO-66 appear to be weak and 

reversible. The infrared spectra show evidence for hydrogen bonding between free hydroxyl 

groups on the nodes and the simulants, with the sp2 oxygen atom of DMMP and DMCP serving 

as the primary electron donor; however, the interactions are likely limited to the surface of 

crystallites rather than within the pore structure of the MOF. In contrast, UiO-67 and MOF-808, 



165 

 

both with significantly larger pore apertures or channels, are both capable of sequestering DMMP 

through reversible physisorption and irreversible chemisorption processes. 100, 104, 132 Evidence was 

also provided for irreversible chemisorption of DMCP on MOF-808. The rates for both 

chemisorption and physisorption were found to be very similar upon DMMP exposure, suggesting 

that the reaction rates for the chemisorption pathway are limited only by the rate of diffusion 

throughout the MOFs. Calculations suggest that the reaction mechanism consists of nucleophilic 

attack to the phosphorous atom in the node-bound DMMP by an adjacent Zr-OH group, which 

ultimately leads to the formation of methyl methylphosphonic acid (MMPA) and methanol or a 

Zr-bound methoxy. MMPA is strongly bound to the MOF and appears to partially decompose to 

methyl phosphonic acid (MPA) upon heating. By comparing the difference IR spectra of MOF-

808 upon DMMP and DMCP exposure then thermal treatment, the similar features in the IR bands 

observed in the spectra indicate similar MOF-bound products, methyl phosphonochloridic acid 

(MPCA) and MMPA were formed upon DMCP following similar reaction pathways. 

 

To further understand the dynamics of small hydrocarbons scattering from organic 

surfaces, potential energy surfaces (PES) for small hydrocarbons approaching the hydroxyl 

groups of an OH-SAM, and the methyl groups of a CH3-SAM may be calculated. My 

experimental results show that the gas-surface energy transfer between small hydrocarbon 

molecule and organic surfaces are controlled by a combination of several factors such as degrees 

of freedom, size, and attractive intermolecular forces. Therefore, to draw a more convincing 

conclusion, theoretical work would play a very important role in facilitating the interpretation of 

the experimental results. 
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The work on the adsorption and decomposition of chemical warfare agent (CWA) with 

MOFs presented here was an important component of a multi-university collaboration program 

that is the first research program in fundamental surface science geared entirely toward 

developing a comprehensive understanding of the reaction mechanisms and kinetics of chemical 

warfare agents within MOFs. 

The results and discussion presented here provide a fundamental framework and 

experimental benchmarks for future work aimed at elucidating the dynamics of CWA reactions 

within MOFs. Infrared band assignments and signatures of reactions will aid other work in this 

area. Importantly, I have shown that open pore structures and the presence of defects are key 

requirements for building Zr6-based MOFs that may react with organophosphonate-based 

CWAs. Finally, the tight binding of the MMPA reaction product at the nodes of open Zr6-based 

MOFs may inhibit further chemistry and render these MOFs ineffective as gas-phase catalysts 

for CWA hydrolysis. 
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