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ABSTRACT 

  Molecular beam scattering experiments are used to investigate the extent of thermal 

accommodation of Ne, CD4, ND3, and D2O in collisions with long chain CH3, NH2, and OH 

terminated self-assembled monolayers (SAMs) on gold.  Surface rigidity, internal degrees of 

freedom of the impinging gas, and potential energy surface well depths have been explored as a 

way to predict the outcome of a gas-surface collision.  Ne is used to assess the mechanical 

rigidity of the SAMs.  The order of rigidity is CH3 < NH2 ~ OH.  The NH2 and OH terminated 

SAMs are more rigid due to the intermolecular hydrogen bonding structure at the gas-surface 

interface.  Despite the hydrogen bonding nature of the NH2 and OH terminated SAMs CD4, ND3, 

and D2O are extensively thermally accommodated on the surfaces, therefore surface rigidity is no 

solely responsible for energy transfer dynamics.  It was found that the number of degrees of 

freedom do not predict how extensively a gas will thermally accommodate on a surface capable 

of hydrogen bonding.  A qualitative correlation between increasing potential energy well depths 

and the extent of thermal accommodation has been established as a result of these scattering 

experiments.  
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Chapter 1 

Introduction 

 

Thesis Statement 

 The aim of this research is to provide a fundamental and detailed understanding of how 

properties of polar and non-polar organic surfaces affect the energy transfer dynamics when both 

gases capable of hydrogen bonding and non-hydrogen bonding are scattered from organic 

surfaces.   

1.1 Motivation and Background 

Organic compounds are prevalent in aerosol particles in the upper troposphere, and 

greatly impact atmospheric chemistry.1-3  The organic aerosols present in the troposphere often 

undergo oxidation reactions to become functionalized with carboxylic acid, hydroxyl, amine, and 

aliphatic organic groups4-8.  Little is known about the mechanisms that produce functionalized 

organic aerosols.4-8    In addition to the presence of organic aerosols in the atmosphere, there are 

many gas phase molecules available to interact, or react, with the aerosols.  These molecules 

include ammonia (the most prevalent gaseous base in the atmosphere), water, and methane.7, 8  

Despite numerous studies that report the presence of organic aerosols and various gases in the 

atmosphere, very little is known about how ambient gases react with organic aerosols.   

The collisions between ambient gases and organic functionalized surfaces produce a 

number of possible events.  These possible events are shown in Figure 1.  The first channel, 

impulsive scattering, occurs when the incident gas molecule impinges on the organic surface and 

immediately recoils back into gas phase.  In direct reactive scattering, the impinging gas collides 

with the surface once and a reaction occurs.  The gas molecule then recoils back into the gas 

phase.  Alternatively, the gas molecule could lose enough energy during the initial collision to 

become trapped on the surface through Van der Waals, hydrogen bonding, dipole-dipole, or 

other forces. In the event that the impinging gas molecule becomes trapped on the surface, the 

gas molecule could undergo one of several events.  In trapping-desorption, the gas molecule 

thermally equilibrates with the surface, and desorbs back into the gas phase without reaction.  

The thermally equilibrated gas molecule could also diffuse into the bulk phase and remain there 
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for extended periods of time.  Provided that both the impinging gas molecule and the surface 

have sufficient reactivity, the thermally equilibrated gas molecule could react with the surface to 

form new surface species.  The reacted species could remain on the surface, or desorb into the 

gas phase.   

  

Figure 1.  Possible events for an impinging gas molecule to interact with the surface. 

 The objective of this work is to provide a deeper understanding of how gas polarity and 

surface functionality affect gas-surface energy transfer dynamics.  To study the energy 

transferred from an impinging gas molecule to the surface, molecular beam techniques, ultra-

high vacuum (UHV) environments, and self-assembled monolayers (SAMs) are utilized.  

Molecular beam techniques are useful in the study of energy transfer dynamics because they 

provide a highly directional and nearly monoenergetic source of desired gaseous molecules.  

UHV is ideal for studying energy transfer dynamics due to virtual elimination of all gas-gas and 

gas-surface collisions.  The elimination of gas-surface collisions allows for a clean environment. 

The surface will have a minute opportunity to be impinged on by gaseous molecules other than 

those in the molecular beam.  The use of SAMs provides a highly-ordered, easily-characterized, 

and tunable surface.  The properties of UHV environments, SAMs, and molecular beam 

techniques allow for investigation of energy transfer dynamics between a particular gas molecule 

and a specific functional group on a surface.   
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1.2 Recent Work in Atmospheric Gas-Surface Collisions 

Nathanson and co-workers have recently scattered Ne, CH4, NH3, and D2O from the 

liquid surfaces of squalane and glycerol.9  The gases have similar sizes and masses, but have a 

range of chemical properties.  The wide range of chemical properties and similar masses allow 

for the scattering dynamics to be attributed to the chemical properties of the gaseous species, not 

to kinematic effects.  Nathanson and co-workers studied the energy transfer dynamics of the 

above gases and surfaces.  The energy transfer dynamics were investigated through the use of 

time-of-flight techniques (TOF).  The data showed two main scattering channels: impulsive 

scattering (IS) and thermal desorption (TD) (see Figure 1).  

The results from the work of Nathanson et al. indicate that despite a variety of chemical 

properties of the gases, the energy transferred to the surface through the IS channel was similar 

in both the squalane and glycerol systems.  However, Nathanson et al. did find significant 

differences in the fraction of molecules that thermally accommodated with the surface.  They 

found that Ne and CH4 accommodated more readily (had a higher TD energy transfer channel) 

on squalane than on glycerol.  NH3 accommodated slightly less on squalane than on glycerol, 

and D2O accommodated best on glycerol.  Based on these results, they concluded that energy 

transfer corresponds loosely with the solubility of molecules in the bulk phase, but that the 

energy transfer dynamics do not correspond directly to solubility.  Henry’s law solubility 

constants are indicative of how attracted a gas is to a bulk phase solvent, which could correspond 

to how attracted a gas is to a surface.  The bulk Henry’s law solubility constants and the TD 

fractions are shown in Table 1.  One may predict Ne to accommodate approximately 10 times 

more readily on squalane than on glycerol based on Henry’s law solubility constants.  However, 

Nathanson and co-workers observed a TD fraction that is only five times greater for squalane.  

When Nathanson et al. scattered methane from the surfaces of squalane and glycerol, they 

observed a two-fold difference in the extent of thermal accommodation.  Henry’s law solubility 

constants predict that methane should accommodate six times greater on squalane than on 

glycerol.   One may predict, based on solubility constants, that ammonia should accommodate 

far greater on glycerol than on squalane.  However, Nathanson et al. reported a one percent 

difference in the extent of thermal accommodation between the two surfaces.  Finally, when 

Nathanson and co-workers examined deuterated water scattering from the surfaces of squalane 

and glycerol, they found that deuterated water thermally accommodated twelve percent better on 
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glycerol.  When examining solubility constants, one would expect water to accommodate far 

more readily on glycerol than on squalane.  Overall, Henry’s law solubility constants roughly 

allow for a qualitative prediction of gas-liquid energy transfer dynamics, but do not provide a 

quantitative prediction.  It appears that the surface properties, rather than the bulk properties, 

play a major role in controlling the ability of a gas phase species to dissipate its energy to 

become thermally equilibrated on a surface. 

 

Table 1.  Henry’s Law Solubilities and the TD fraction reported by Nathanson et al. 
 Methanol 

Solubilities 
(χsoln / Pgas) 

Alkanes 
Solubilities 
(χsoln / Pgas) 

% TD  
OH:CH3

 

Neon 

 

7.9X10-5

 

3.5X10-4 (decane) 

 

3 : 17 

 

Methane 

 

8.6X10-4

 

5.3X10-3 (decane) 

 

15 : 33 

 

Ammonia 

 

0.31 

 

2.1X10-2 
(hexadecane) 

 

41 : 40 

    

-2Water 22 1.9X10  (hexane) 49 : 37 

 

In addition to the above study, other investigations have been conducted on similar 

systems, to those used by Nathanson and co-workers.   These studies may give insight into 

predicting gas-surface energy transfer dynamics. Recently, a number of studies have been 

conducted on the behavior of water with alcohols.10-12   One of the studies found that at a neutral 

pH (7), the  proton exchange probability for deuterated ethanol with water ranges from 3.3 % at 

263 K to 5.1 % at 291 K.  On the other hand, with lower or higher pH values, the exchange 

probability increases to between 14 and 18 percent.13   Recent computational methods have 

revealed that water remains on the surface of glycerol for 0.5 ps, indicating that any proton 

exchange that could possibly occur between the OH group of glycerol and a proton from water 

would have to happen extremely rapidly.10   
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Recent work has also investigated polyatomic gases interacting with hydrogen bonding 

surfaces .14-18  An investigation into systems of hydroxyl and carboxylic acid surfaces dosed with 

dimethylmethylphosphonate (DMMP) has shown that gases are capable of disrupting surface 

species that are strongly hydrogen bonding.   When DMMP is dosed onto hydroxyl and 

carboxylic acid surfaces, the hydroxyl peak in the infrared spectrum shifts from 3330 cm-1 to 

3440 cm-1, and the carboxylate peak at 1718 cm-1 shifts to 1741 cm-1.  These findings indicate 

disordering of the hydrogen bonding network.19  Temperature-programmed desorption studies 

have demonstrated that when the surface coverage of an alcohol increases, the energy needed to 

desorb the chains also increases.  This phenomenon is likely due to the increased strength of the 

hydrogen bonding network and Van der Waals interactions between aliphatic groups of 

neighboring chains.15  Valioka et al. have shown that SAMs containing amide groups establish a 

lateral hydrogen bonding network that stabilizes the SAMs thermally by 50 K, and increases the 

desorption energy by 7 kJ/mol.20  In addition, Morris and co-workers have investigated the 

impact of surface functionality on gas-surface energy transfer dynamics.  Rare gas scattering 

from methyl and hydroxyl terminated SAMs of similar chain length have shown that rare gases 

are better thermally accommodated, by 18 %, on the methyl terminated surface.  The greater 

thermal accommodation of rare gases on methyl terminated surfaces indicate that the methyl 

surface is mechanically softer than the hydroxyl terminated surface.16  The mechanical softness 

of the methyl terminated surface is likely due to the lack of the ability of aliphatic groups to 

hydrogen bond to one another.   Morris et al. have also examined scattering of HCl from 

hydroxyl and methyl terminated SAMs.16  It was reported that HCl experiences not only IS and 

TD channels, but is also capable of hydrogen bonding to the hydroxyl terminated SAM.  The 

hydrogen bond between HCl and the OH group of the SAM is responsible for increased thermal 

accommodation probabilities, despite the increased rigidity of the hydroxyl surface relative to the 

methyl surface.    

1.3 Summary and Research Goals 

The fate of a gas molecule colliding with an organic surface is dependent upon the initial 

collision between the gas and the surface.  Upon the initial collision of the gas with the surface, 

the gas molecule may impulsively scatter (impact the surface and immediately recoil into the gas 

phase), directly react with the surface and desorb into the gas phase, or become thermally 
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accommodated and possibly trapped on the surface.  Gas molecules that are thermally 

accommodated on the surface can desorb into the gas phase or react with the surface (proton 

exchange).  All of the channels are illustrated in Figure 1.  The gas species, surface structure, and 

surface functionality all play a role in how energy is transferred from the gas to the surface.   

The goal of this research is to further the understanding of gas-surface energy transfer 

dynamics, to explore the impact of surface structure and interfacial functionality, and determine 

the effect of the gas polarity on thermal accommodation.  To attain this goal, UHV environment, 

molecular beams, and SAMs will be used.  These techniques were chosen so that any event 

occurring on the surface can be attributed to only the gas-surface interactions.  The specific 

research goals are 1) develop a fundamental understanding of the energy transfer of a gas-surface 

collision; 2) determine how surface structure and functionality effect thermal accommodation; 3) 

investigate how gas composition affects energy transfer and thermal accommodation.  High 

energy molecular beams of Ne, CD , ND , and D4 3 2O will be scattered from methyl, hydroxyl, and 

amine terminated monolayer surfaces, in order to achieve the goal of understanding gas-surface 

energy transfer dynamics.  
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Chapter 2 

Experimental Approach 

2.1 General Overview 

Gas-surface chemistry reactions are initiated by the interactions of two single layers of 

molecules at the gas-surface interface. Understanding how a reaction is initiated can lead to the 

ability to predict how two reactants will interact with one another.  Molecular beam techniques 

allow for the development of mechanistic understanding of the energy transfer dynamics at a 

gas-surface interface. 

A nearly monoenergetic molecular beam is directed at the SAM in a UHV chamber.  Upon 

contact with the self-assembled monolayer (SAM), the gaseous molecules from the molecular 

beam transfer a portion of their energy to the SAM.  The interaction of each gaseous molecule 

that impinges on the surface may interact with the SAM differently.  Differences in the gas-

surface interaction leads to variances in energy transfer from the gas to the surface, thus creating 

a time-of-flight (TOF) distribution that is tracked using a mass spectrometer (MS).   

The TOF can be calculated based on known energies of the molecular beam and known 

distances of the instrument.  The distance from the chopper wheel to the surface, the distance 

from the surface to the MS, and the energy of the molecular beam are known.  Therefore, the 

time it takes the molecular beam to reach the surface from the chopper wheel, and the time it 

takes the molecular beam to reach the MS after colliding with the surface can both be 

determined.  The energy of the molecular beam before and after colliding with the surface can 

also be found.  Comparison of the molecular beam energies before and after colliding with the 

surface allows for the amount of energy transferred from the molecular beam to the surface to be 

determined, thus giving insight into the mechanistic behavior of energy transfer at the gas-

surface interface.     

2.2 Self-Assembled Monolayers 

2.2.1 Introduction 

In order to study gas-surface interactions, one requires a well-ordered, reproducible 

structure with variable functionalization.  SAMs fulfill these requirements.  SAMs are most 
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commonly formed from alkanethiols.  The sulfur group of the thiol chemisorbs to the substrate, 

in this case gold.  The sulfur head group is attached to a carbon backbone that is attached to a 

functionalized tail group.  The tail group is exposed at the gas-surface interface.  This 

chemisorption of sulfur on to gold creates a dense monolayer (separation distance of ~5 Ǻ), with 

a carbon chain tilt angle of ~30° from the surface normal.  The packing density and tilt angle 

leads to a super lattice of (√30 x √30) R30°.  SAMs have been shown to be stable in UHV 

environments for extended periods of time.20-24  

2.2.2 Obtaining Alkanethiols 

The alkanethiols used in these experiments are all commercially available.  The 16-

hexadecanethiol (HS(CH )2 15CH ), and the 16-hexadecan-1-olthiol (HS(CH )3 2 16OH) were 

purchased from Aldrich, and used as received.  The 11-aminoundecanethiol was obtained as the 

chloride salt (HS(CH + -)2 11NH Cl3 ) from Dojindo, and used as purchased to form a monolayer on 

gold.  Once the protonated amine monolayer was formed it was rinsed with triethylamine (TEA), 

in order to remove the chloride ion and deprotonate the monolayer.   

2.2.3 Preparation of the Monolayer 

All SAMs used in this study were prepared by spontaneous chemisorption of the 

alkanethiol onto the gold substrate.  The gold substrates used in this scattering study were 

purchased from Evaporated Metal Films Corporation (EMF), and consisted of 1mm thickness of 

glass with a 50 Ǻ coating of titanium (as an adhesion layer), that was finished with a 1000 Ǻ 

layer of 99.9 % gold.  Before forming monolayers, the samples were cleaned in piranha solution 

(70 % concentrated sulfuric acid / 30 % of 30 % hydrogen peroxide) for approximately one hour.  

The samples were rinsed with copious amounts of deionized water and 200 proof ethanol after 

being removed from the piranha solution.  Following rinsing, the samples were placed in an 

approximately one mM ethanolic solution of the desired thiol.  After immersing the gold slide in 

the ethanolic solution for at least 24 hours, the methyl and hydroxyl terminated SAMs were 

rinsed with copious amounts of 200 proof ethanol.  The slides were then dried with ultra-high 

purity nitrogen, mounted onto the sample mount, and transferred into the vacuum chamber.  The 

sample containing the amino salt terminated SAM was additionally rinsed with copious amounts 

of triethylamine, in order to remove the chloride ion and deprotonate the salt.  The sample was 
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then rinsed with 200 proof ethanol and dried with ultra high purity nitrogen, making the salt into 

an amine terminated SAM. 

2.2.4 Surface Characterization 

To establish how well-ordered the SAMs used in this study were, X-ray photoelectron 

spectroscopy (XPS) and reflection-adsorption infrared spectroscopy (RAIRS) were used.  A 

Perkin-Elmer 5400 XPS with a 1253.6eV magnesium source was used for surface 

characterization of the 11-aminoundecane SAM.  A Nicolet 710 nitrogen purge infrared 

spectrometer with RAIRS capability was used for the characterization of all the SAMs.  From 

these surface characterization techniques, it was found that the methyl and hydroxyl terminated 

SAMs used in this study were well-ordered and similar in ordering to SAMs found in the 

literature.  The amine terminated SAM was slightly disordered based on the RAIR spectrum. 

2.3 Ultra-High Vacuum 

A stainless steel chamber capable of maintaining ultra-high vacuum (UHV) conditions   

(<10-9 torr) allows both the sample and the molecular beam to be nearly free of collisions with 

background gases.  Background gases are those gases present in the chamber that are in addition 

to the gas molecules in the molecular beam).  If the sample were to interact with background 

gases, the gases would contaminate the surface by changing the functionality or structure of the 

SAM.  Surface contamination would hinder, if not eliminate, the ability to examine the desired 

gas-surface interaction.  The lack of background gases virtually eliminates unwanted gas-gas 

collisions.  Gas-gas collisions are undesirable because they change the trajectory and energy of 

the gas molecules in the molecular beam, both before and after the molecular beam collides with 

the surface.  As a result, the ability to properly assess the interaction at the gas-surface interface 

is limited. 

A schematic of the UHV chamber used in this study of gas-surface energy transfer dynamics 

can be seen in Figure 2.  The SAM covered gold samples are initially placed in the load lock, 

which is quickly pumped down to approximately 10-6 torr, for about 30 minutes.  The load lock 

allows for quick transfer of the surface samples into the main chamber without exposing the 

surface to atmospheric conditions for extended periods of time, and without compromising the 

UHV nature of the main chamber.  The load lock is pumped with a turbomolecular pump 

(Pfeiffer TMU 071P pumping rate of 60Ls-1). 
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Figure 2. Schematic of the UHV chamber used for the study of gas-surface interfaces.   

 

Once the load lock is pumped down to at least 10-6 torr, the samples are transferred into the 

main chamber through a gate valve using a sample transfer arm.  The main chamber is pumped 

to a base pressure of approximately 2 x 10-9 torr by a large turbomolecular pump (Pfeiffer TMU 

1601 pumping rate of 1500Ls-1).  Once the sample is transferred into the upper level of the main 

chamber the transfer arm is removed from the main chamber, and the gate valve is closed to seal 

the load lock chamber from the main chamber.   

The sample is then lowered, via a motorized manipulator arm (McCallister, MA2012) into 

scattering position.  Once lowered, the sample is aligned with the quadrapole mass spectrometer, 

ABB Extrel (MEXM 1000).  The ABB Extrel is contained within two chambers that are 

differentially pumped.  The first pumping stage, containing the ionizer, is separated from the 
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main chamber by a 4.3 mm aperture and is pumped on by a turbomolecular pump (Pfeiffer, TMU 

261, pumping rate of 210 Ls-1).  The quadrapoles are also housed in the first differential pumping 

stage, separated from the ionizer by a 4.7 mm aperture.  This differential pumping stage has a 

typical pressure of 3 x 10-10 torr.   In addition to the ABB Extrel, there is a second mass 

spectrometer (SRS300 RGA) that is positioned in the main chamber, directly opposite the source 

chamber.  The SRS RGA is directly in line with the molecular beam exiting the source chamber.  

The RGA is used for beam characterization.   

Once the sample has been aligned with the ABB Extrel, the sample is rotated 30° using the 

precision manipulator arm, in order to align the sample with the molecular beam source.  

Alignment of the sample with the source is detailed in section 2.5.   

2.4 Molecular Beam Sources 

A molecular beam is a highly directional, tunable ray of gaseous molecules.  The energy 

of a molecular beam is also tunable because the velocity of the gas is controllable.  A molecular 

beam coupled with a UHV environment provides an excellent way to indirectly study gas-

surface dynamics.  Experimentally, it is extremely difficult to directly study the dynamics of the 

gas-surface interface.  However, by studying the molecular beam before and after the gas 

molecules in the molecular beam collide with the surface, the dynamics of the gas-surface 

collision can be inferred.  The UHV environment eliminates background gases from colliding 

with the surface and the beam, thus keeping the surface clean and maintaining the desired 

molecular beam properties.  There are two kinds of molecular beams that can be used to study 

the dynamics of a gas colliding with a surface: an effusive beam and a supersonic beam.  In the 

studies discussed here only a supersonic beam was used.  

2.4.1 Supersonic Molecular Beam 

A supersonic molecular beam is a highly direction, monoenergetic, and tunable ray of gas 

molecules.  In a supersonic molecular beam, the pressure difference between the source and the 

surrounding vacuum chamber is large enough to draw the gas molecules out of the source 

aperture, and into the vacuum chamber.  Forcing the molecules into the vacuum chamber is 

considered to be molecular flow, whereas effusive beams experience free-molecular flow.  Upon 

exiting the source aperture, or nozzle, the centerline for the beam can reach speeds above Mach 

one.25  Once the molecules are forced out of the source and into a vacuum chamber, the center of 
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the beam is extracted using an aperture that leads to a second vacuum chamber.  In the center of 

the molecular beam, all the gas molecules have virtually the same velocities and do not interact 

with each other.  Supersonic beams can be composed of pure gases or a mixture of gases. 

Since mixtures of gases can be used, high energy molecular beams can be obtained 

(above 100 kJmol-1).  Mixtures of gases are made by seeding the heavier gas component in a 

lighter gas.  This mixing allows the heavier gas to reach velocities close to those of the lighter 

gas.  The lighter gas, or carrier gas, increases the velocity of the heavier gas.  If a beam consists 

of two percent argon in helium mixture, the 98 percent of the beam that is helium accelerates the 

two percent argon in the beam to a higher velocity than the argon could achieve on its own.  The 

properties of mixed high energy molecular beams are harder to calculate then those of an 

effusive molecular beam.  Therefore, properties of supersonic molecular beams are determined 

by direct measurement, using such techniques as mass spectrometry.  Figure 3 is a schematic of 

the supersonic molecular beam source used in these experiments. 

 

Figure 3.  The supersonic source used in this study. 

High energy molecular beams are created by expanding the seeded gas mixture through 

the source nozzle located in the first differential pumping stage that is pumped by a diffusion 

pump (VHS 10, Varian Vacuum Technologies, pumping speed of 5000 Ls-1).  The beam then 

passes through a 0.40 mm conical skimmer that extracts the center of the beam.  After passing 
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through the conical skimmer, the beam enters the second differential pumping stage, pumped by 

a diffusion pump (Diffstak, MK2, BOC Edwards pumping speed of 1500 Ls-1).   The beam 

immediately collides with a chopper wheel rotating at 250 Hz in the second differential pumping 

stage.  Upon colliding with the chopper wheel, the beam is chopped into short microsecond 

pulses.  The beam then passes through a 1.5 mm colliminating skimmer before entering the final 

differential pumping stage, pumped by a turbo molecular pump (TMU 261P, Pfeiffer, pumping 

rate of 210 Ls-1).  At the final differential pumping stage, the molecular beam passes through a 

2.2 mm aperture into the main chamber.  The 2.2 mm aperture creates a 1.0 cm2 beam spot on 

the surface sample 36 cm in front of the nozzle.    

The molecular beam is characterized with a mass spectrometer (SRS RGA) located 

directly in front of and 44 cm from the nozzle.  The schematic for beam characterization is 

illustrated in Figure 3. To characterize the beam, the translational arm holding the sample is 

raised out of the path of the molecular beam.  Time-of-flight (TOF) data is then collected on the 

pulses of the molecular beam.  From examining the arrival time of the pulses, the energy of the 

beam is determined.   
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Figure 4. The schematic, as seen from above, for characterizing the beam energy. 

2.5 Sample Positioning and Scattering 

Once the sample mount, containing two surfaces, is placed in the load lock and the load lock 

reaches a pressure of 10-6 torr, the samples are transferred via a transfer arm into the main 

chamber.  The main chamber has a base pressure of less than 2 X 10-9 torr.  The samples enter 

the main chamber at a higher level than the scattering occurs at; therefore the samples are 

lowered to the scattering level (the Z direction) via a motorized manipulator arm.  Once the 

surface samples have been lowered to the scattering level, one of the samples is aligned using a 

helium-neon (HeNe) laser located behind the main mass spectrometer.  The laser shines through 

the quadrupole rods, an aperture, focusing lenses, an ionizer, and through a second aperture into 
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the main chamber where it intersects the desired sample.   Once the laser beam intersects the 

sample, the tilt angle and angle of the sample mount in the chamber are adjusted until the laser 

beam reflects perfectly back on itself.  A schematic representation of aligning the center of the 

sample with the ABB Extrel can be seen in Figure 4a.  The purpose of aligning the incident and 

reflected beam is to assure the sample is perfectly aligned with the mass spectrometer (MS).  

Alignment with the MS allows for maximum signal to be obtained.  Using the X and Y controls, 

the laser is then aligned with the center of the sample, seen in Figure 4b.  This is to ensure the 

molecular beam will only interact with the sample, and not the copper sample mount or edges of 

the SAM.  At the edges of the SAM there are defects that do not occur throughout the SAM, and 

would produce results that were not representative of the gas-surface interface.  The next step in 

the alignment process is to rotate the sample mount exactly 30°, as indicated by the micrometer 

on the manipulator arm.  The purpose of rotation is to ensure only gas scattering at a specular 

angle are monitored, this is seen in Figure 4c.  Finally, the Y position is adjusted to reflect the 

laser directly through the source aperture, as seen in Figure 4d.   Alignment of the laser with the 

source aperture assures that the molecular beam will hit the center of the sample, and a portion of 

the molecular beam will deflect into the mass spectrometer.   
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Figure 5.  Schematic of the laser alignment process.  a) The HeNe laser is aligned to reflect back 
on itself to ensure perfect alignment. b) The sample is adjusted in the X position to center the 
sample. c) The sample is rotated 30°, but the Y direction is not properly aligned.  d)  The Y 
position is adjusted such that the HeNe beam reflects directly into the source aperture. 
 

 When the sample has been properly aligned, the molecular beam is introduced into the 

chamber by opening a gate valve located between the main chamber and the third differential 

pumping stage in the source chamber.  The gas molecules collide with the surface, and a small 

fraction of the gas molecules scatter at a final angle of 30°, into the MS.  Once the gas molecules 

go through a colliminating aperture into the first differential pumping stage of the ABB Extrel, 

where the ionizer is located, a small percent of the gas molecules are pumped away while the 

majority proceeds into the ionizer, through focusing lenses, through a second aperture into the 

quadrapole rods, and then into the detector. 

The TOF distributions of the scattered molecules are determined by monitoring the signal 

of the singly ionized parent mass peak of the molecule being scattered over the course of time.  
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The TOF scans are initiated when one of the slits on the chopper wheel passes a photogate, and a 

voltage pulse is sent to a multi-channel scaler. 

The shapes and intensities of the TOF distribution were found to be highly reproducible, 

which allowed for comparison of several different gas-surface interfaces.  All experiments 

presented here were done over the course of one day at a temperature of 298K.  Conducting the 

experiments over the course of a single day minimize the effect of ambient changes, molecular 

beam intensity changes, or mass spectrometer changes.     

2.6 Data Analysis 

2.6.1 Raw Data 

There are several timing corrections that need to be applied to the raw TOF data, to 

accurately determine the final energy distributions.  The first timing correction accounts for the 

triggering pulse of the light emitting diode (LED) photogate.  The time it takes the electrical 

signal to travel from the photogate to the computer is the electrical timing offset or tEO.   When 

one of the slits from the chopper wheel passes the photogate, the mass spectrometer software 

begins collecting TOF data.  This happens despite the fact that the slit of the chopper wheel has 

not been reached, or has already reached (depending on the rotation direction of the chopper 

wheel) the source aperture, where the molecular beam enters the second differential pumping 

stage.  The slits in the chopper wheel allow the molecular beam to proceed farther into the 

second differential pumping stage.   When the chopper wheel is rotating in a counter-clockwise 

direction, the photodiode will be triggered prior to the molecular beam being let through the 

chopper wheel.  When the chopper wheel is rotating in a clockwise direction, the molecular 

beam is allowed through the chopper wheel prior to the photodiode trigger pulse being initiated.  

The time differences between the trigger pulse and the beam entering the chamber leads to a 

second timing off set, the front-back offset or tFBO.  A schematic of the front-back offset is shown 

in Figure 5.   
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Figure 6.   Once the slit reaches the photogate the chopper wheel must travel 90° before reaching 
the source aperture, allowing the beam to proceed on to the next differential pumping stage. 
 

    To determine the front-back offset, the chopper wheel is spun one direction and TOF data is 

collected.  The chopper wheel is then spun the opposite direction and TOF data is again 

collected.  The average of the difference in arrival times of the TOF peaks is the front-back 

timing offset.  An additional measurement is made to measure the front-back offset.   

The distance between peak pulses is measured using an oscilloscope, and these data were 

used to determine the frequency that the chopper wheel is rotating at in both clockwise and 

counter-clockwise directions.  In this study the chopper wheel was spun in a counter-clockwise 

direction and had a single slit.  Since there is one slit in the chopper wheel, the difference in peak 

arrival time is equal to the timing difference between the counter-clockwise and clockwise 

directions.  Taking the time for half a revolution accounts for a single trigger pulse, which can be 

calculated from the data provided by the oscilloscope.  For the chopper wheel spinning counter-

clockwise at 250Hz the tFBO was found to be 933μs.   

The third and final timing offset accounts for the flight time of ions in the mass 

spectrometer.  The mass spectrometer offset for the ABB Extrel was determined by B. Scott Day 

using a beam of carbon dioxide and xenon.  The mass spectrometer offset is a constant 
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multiplied by the square root of the mass of the parent ion, α√m.  Day looked at several m/z 

ratios for both the carbon dioxide and xenon molecular beams, and created a calibration curve for 

the MS.  From this calibration curve the constant, α, needed to determine the mass spectrometer 

timing offset, t , is 6.5, giving a MS offset of 6.5√m for a given species.  MSO

The equation used to calculate the true arrival time of the peak is: 

t  = tarrival peak – tFBO – t  - tEO MSO

The peak arrival time is obtained from the raw data.  After all the timing corrections have been 

determined, they are subtracted from the raw data to provide the true arrival time of the peak.  

The true arrival time of the peak indicates how much time the gas spent on the surface sample, 

and the flight time from the surface to the mass spectrometer.  The surface residence time of all 

the molecules studied in this investigation is expected to be less than 1 ns, which is several 

orders of magnitude lower than the sensitivity of the measurements made.  Therefore, the final 

TOF distribution can be attributed to the energy transfer dynamics during the gas-surface 

collisions. 

2.6.2 Time-of-Flight to Probability Distributions 

The raw TOF number distribution data, N(t), is used to calculate the translational energy 

probability distribution, P(Ef), of the gas atoms leaving the surface.  The translational energy 

probability distributions are calculated based on final energy and the raw TOF number 

distribution, Ef and N(t).  The relationships of Ef and N(t) are Ef = 0.5m(d/t)2 and P(Ef)  α t2  N(t), 

where m is the mass of the gas, d is the flight distance from the surface to the mass spectrometer, 

and t is flight time.9  

Using the relationships of N(t) and P(Ef), translational energy probability distributions 

can be constructed by plotting P(Ef) versus Ef.  There are two main components of the 

translational energy distributions: the impulsive scattering (IS) and thermal desorption (TD).  

The TD component follows a Boltzmann distribution of the form P -2 (E ) = ETD f f(RT) exp(-

Ef/RT ).9surf    The IS component of the translational energy probability distribution is the 

difference between the final translational energy probability distribution, P(Ef) and the TD 

probability distribution, PTD(E ).9   f

The two channels, IS and TD, investigated in this work have different characteristics.  

Impulsive scattering is characterized by gas atoms that promptly recoil from the surface, 
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transferring little to no energy to the surface.  The thermal desorption component is due to gas 

atoms that recoil from the surface after thermalizing on the surface.  Analysis of the IS and TD 

fractions provide information about the rigidity of the surface, gas-surface interactions, amount 

of energy the surface can dissipate, as well as any chemical process that may occur on the 

surface, such as proton exchange.    

 

 20



Chapter 3 

Results and Discussion 

 

3.1 Introduction 

The properties of both the surface and the gas affect the energy transfer dynamics 

during the gas-surface collision.  While there has been extensive research in the field of gas-

surface dynamics, there have not been a large number of experiments conducted in the area of 

gas-surface dynamics of hydrogen bonding species.   Nathanson and co-workers parallel our 

interests in this area.9, 26-31   

 Nathanson et al. have conducted a variety of studies that deal with scattering a number of 

gases from various surfaces.9, 10, 27, 28, 32-34  In one such study, Ne, CH , NH , and D4 3 2O were 

scattered from thin organic liquid films of squalane and glycerol.  A schematic of these systems 

is shown in Figure 7.  Nathanson et al. found that Ne and CH4 thermally accommodated more 

efficiently on squalane than on glycerol.  Opposingly, D2O was thermally accommodated on 

glycerol much more extensively than on the squalane surface.  NH3, however, was thermally 

accommodated on both squalane and glycerol equally.    From these observations, Nathanson and 

co-workers concluded that solubility trends loosely track gas-liquid energy exchange trends, but 

the scattering dynamics are not fully accounted for based on solubility trends alone.  Based on 

the results of Nathanson et al., mechanical softness, chain length, and packing density of surface 

species, as well as overall surface roughness, structure, and defects must also play a role in gas-

surface energy transfer dynamics.9, 14, 27, 32-37  Additionally, the potential energy surface well-

depth defining the gas-surface interactions must contribute to the energy transfer dynamics. 
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Figure 7.  Gas-surface systems used in the Nathanson investigation into effect of hydrogen 
bonding. 
 
 The focus of our work is to further the understanding of the gas-surface energy transfer 

dynamics in polar and non-polar gas and surface species.  We have investigated high energy Ne, 

CD , ND , and D4 3 2O gases scattering from three alkanethiol derived surfaces with varying 

interfacial functionality.  The three alkanethiol derived surfaces used in this study were 

CH (CH )3 2 15SH , NH (CH )2 2 11SH, and OH(CH )2 16SH.  

 The purpose of this study is to develop a fundamental understanding of energy transfer 

dynamics in gas-surface collisions, explore how surface structure and functionality effect energy 

transfer and accommodation on the surface, and, finally, to determine how gas polarity effects 

energy transfer and accommodation.   

3.2 Experimental 

, ND , and D O, were seeded in 98 % HApproximately 2 % Ne, CD4 3 2 2, or He to obtain 

hypothermal molecular beam energies.  For Ne, CD , and ND4 3, the desired amount of the pure 

gas was introduced into a mixing cylinder, using a gas regulator.  The carrier gas, H2, or He, was 
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introduced into the mixing cylinder in the same manner as the pure gas.  After the gas is allowed 

to mix, and the lines that carry the gas mixture to the UHV chamber are purged, the beam energy 

is determined using the SRS residual gas analyzer.   

To make a seeded beam of D O, a small amount of D2 2O was placed in the bottom of a 

glass bubbler that had been thoroughly cleaned and rinsed with D2O.  The bubbler was then 

submerged in a digitally temperature-controlled water bath.  By varying the temperature, the 

beam energy was tuned.  Once submerged into the water bath, the carrier gas was passed through 

the bubbler.  The lines carrying the D2O were purged, and the beam was introduced into the 

UHV system.  The beam energy was characterized in the same manner as the other molecular 

beams (see section 2.4 for a complete description).   

The raw TOF data was used to calculate the translational energy probability distribution, 

P(Ef), of the gas atoms leaving the surface based on the translational energy distribution being 

proportional to flight time, t, and number density, N(t).  The translational energy distributions 

were calculated from the following relationships for E 2 2   and N(t): E  = 0.5m(d/t)  and P(Ef f f)  ~ t

N(t).  In these equations, m is the mass of the gas, d is the flight distance from the surface to the 

mass spectrometer, and t is flight time as described in section 2.6.2.9  There are two main 

channels of interaction between the impinging gas molecule and the surface that were examined 

during the scattering experiments.  These two channels are the impulsive scattering channel and 

the thermal desorption channel. 

Impulsive scattering (IS) is due to gas atoms that recoil from the surface and transfer little 

energy to the surface, likely having only a single, or a few collisions with the surface.  The 

thermal desorption (TD) component is due to gas atoms that recoil off the surface after 

thermalizing on the surface.  The extent of IS and TD fractions in scattering provide information 

about how energy transfer dynamics depend on the rigidity of the surface, the gas-surface 

interaction, the amount of energy the gas can dissipate throughout the surface, as well as any 

chemical process that may occur on the surface.    

3.3 Characterization of SAMs 

To assess how well ordered the SAM was, reflection-absorption infrared spectroscopy 

(RAIRS) was used.  Panel a, of Figure 8, shows the RAIR spectrum for the methyl terminated 

SAM with a CH2 asymmetric stretch at 2918 cm-1.  A CH2 asymmetric stretch at 2918 cm-1 is 
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indicative of a well-ordered, crystalline-like structure with few defects.  The asymmetric 

methylene stretch may be red shifted for extremely well ordered films.38, 39  Panel b, of Figure 8, 

shows the RAIR spectrum for the hydroxyl terminated SAM with a CH2 asymmetric stretch at 

2917 cm-1, indicating a well-ordered monolayer.  One would expect to see a hydroxyl stretch 

between 3100-3600 cm-1 with traditional FTIR spectra, but with RAIRS this hydroxyl stretch is 

not seen due to surface selection rules, as well as broadening of the hydrogen bond peaks.40  

Shown in panel c, of Figure 8, is the RAIR spectrum of the amine terminated SAM, with a CH2 

asymmetric stretch at 2924cm-1, this indicates a less ordered structure that is due in part to the 

fewer methylene units present in the chain, and the presence of the bulky charged species prior to 

the TEA rinse.  Fewer methylene units in the amine terminated SAM leads to fewer chain-chain 

interactions.  Reduced chain-chain interactions produce a less ordered system.39  
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Figure 8.  RAIR spectra of the surfaces used in this study, at room temperature.  a) RAIR 
spectrum of HS(CH )2 15CH  surface  b)RAIR spectrum of the HS(CH )3 2 16OH   c) RAIR spectrum 
of the HS(CH  surface )2 11NH2
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 A second surface characterization technique, X-ray photoelectron spectroscopy (XPS), 

was used to characterize the amine terminated SAM.   XPS was used to confirm that the TEA 

rinse removed the chloride ion from the surface.  The chloride 2s region of the XPS spectrum is 

shown in Figure 9.  The absence of a peak at 274 eV indicates that there is no chloride ion 

present on the monolayer, within the sensitivity of the instrument. 
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Figure 9.  XPS spectra of the amine terminated surface after being rinsed with TEA. 
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3.4 Time of Flight Data 

3.4.1 Time of Flight Data Summary 

Figures 10 and 11 show the TOF data and Table 2 summarizes the IS and TD fractions 

for Ne, CD , ND , D4 3 2O gases scattering from the methyl, amine, and hydroxyl terminated 

surfaces.  Ne tends to thermally accommodate on the surfaces in the order of CH  > OH > NH3 2, 

as shown in Table 2.  The order of thermal accommodation corresponds to the mechanical 

softness of the SAM; therefore the CH  terminated surface is the softest, while the NH3 2 and OH 

terminated surfaces are the more rigid.  This assessment of mechanical softness of the surface 

can be made because Ne is inert, and will have very little attraction, or interaction, with the 

surfaces.  Likewise, CD  is significantly more thermally accommodated on the CH4 3 terminated 

surface than on the polar surfaces.  The greater accommodation reflects the mechanical 

properties of the CH  terminated surface, and the greater attraction of the CD  to the CH3 4 3 

terminal groups, as one would predict based on the solubility trends in Table 1.  The ND3 

thermally accommodates almost equally on both the polar and non-polar terminated surfaces. 

Based on the solubility data reported in Table 1, one would not predict ND3 to thermally 

accommodate equally well on all surfaces.  Finally, the D2O scattering shows that the strongest 

hydrogen bonding gas has the greatest thermal accommodation on the strongest hydrogen 

bonding surface.  One would predict this behavior of D2O scattering based on the solubility 

trends reported in Table 1.   

3.4.2 Impulsive Scattering and Trapping 

The impulsive channel of the TOF spectrum is indicative of the portion of molecules that 

do not transfer enough energy, upon collision, to become accommodated on the surface.  The 

impulsive scattering (IS) channel can be illustrated by two spheres inelastically colliding with 

one another. When the inelastic collision between the sphere representing the gas and the sphere 

representing the surface occurs, some portion of the gas’s energy is transferred to the surface.  If 

there is a greater attractive force between the sphere representing the gas and the sphere that 

represents the interfacial functional group, then energy transfer from the gas to the surface will 

be enhanced.  An impinging molecule can also experience multiple collisions, transfer much of 

its energy to the surface, and then desorb into the gas phase.  This is the trapping-desorption 

(TD).  Once a gas molecule becomes thermally equilibrated on the surface, one of three events 
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can occur within the TD channel.  First, the trapped molecule can enter the surface, undergo a 

chemical reaction, and then desorb back into the gas phase.  A second possibility is that the 

trapped molecule can enter the monolayer, react or not react, and then desorb into the gas phase.  

The third possibility is that the trapped molecule can become thermally accommodated on the 

surface, and then simply evaporate back into the gas phase.   All three of these components make 

up the TD channel.  For the gas-surface systems explored here, we expect to observe primarily 

non-reactive scattering events.  The only possible reaction for these systems to undergo is proton 

exchange between the D O and ND  gases with the NH2 3 2 and OH terminated SAMs.  The data 

indicates that proton exchange does not occur in these systems. 

The TOF spectra are composed of both IS and TD channels.  Analysis of these two 

channels allows insight into the gas-surface forces (i.e. dipole-dipole and hydrogen bonding 

effects), as well as providing awareness of the microscopic mechanisms of the gas-surface 

collisions, and evaluation of the importance of potential energy surface well depths 

characteristics in the outcome of a gas-surface collision.   

3.4.3 Data 

Figures 10 and 11 show the raw and processed TOF data for the 60 kJ/mol Ne scattering 

from the CH  terminated SAM, OH terminated SAM, and the NH3 2 terminated SAM, 

respectively.  The raw and processed data for the scattering of polyatomic gases are shown in 

Figures 12 a-c and 13 a-c.  The raw data, number distribution, N(t), and spectra are a plot of the 

detector signal at m/z = 20 versus flight time for the molecules to traverse the distance between 

the surface and the mass spectrometer ionizer.  The raw signal, seen in Figures 10 and 12, is 

proportional to the number density, N(t).  N(t) is used to calculate the probability of final energy 

distribution, P(Ef).  P(Ef) distribution is the probability that a Ne molecule will leave the surface 

with a final energy of Ef.  The P(Ef) distributions are shown in Figures 11 and 13, and are 

calculated using the equation Ef = 0.5mNe(L/t)2 and P(Ef) α t2N(t) .  The final energy distribution 

seen in Figures 11 and 13 are separated into the impulsive scattering (IS) and thermal desorption 

(TD) components.  The TD component is the low energy portion of the spectrum that falls within 

a Boltzmann distribution of functional form P -2(ETD f) = Ef(RT) exp(-E /RTf s).  The Boltzmann 

distributions are represented in Figures 10, 11, 12 and 13, and are represented by the solid curve.  
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The IS component of the energy distribution is determined by the difference between P(Ef) and 

P (E ). TD f

N
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Figure 10.  TOF Spectra for 60 kJ/mol Ne scattering from HS(CH )2 15CH , HS(CH )3 2 16OH, and 
HS(CH )2 11NH  SAMs on Au at a surface temperature of 295K. 2
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Figure 11. Final energy distributions for Ne scattering from HS(CH )2 15CH , HS(CH )3 2 16OH, and 
HS(CH )2 11NH  SAMs on Au at a surface temperature of 295K. 2
 

Table 2 summarizes the percent of TD and IS components for all the systems examined in this 

study.  From this table, it can be seen that thermal accommodation of Ne on the surface occurs in 

the order CH3 > OH ~ NH2.  The decrease in the ability of the hydroxyl and amine terminated 

SAMs to thermally accommodate Ne on the surface is most likely due to the ability of the 

surface hydroxyl and surface amine groups to hydrogen bond to one another.  This makes the 

surface appear more rigid to the impinging Ne gas.  The hydrogen bonding of the hydroxyl and 

amine terminals quenches the low energy, high amplitude surface motions, such as wagging, that 

have been shown to promote efficient energy transfer.41  Less efficient energy transfer leads to a 

greater IS channel.   The surface with the methyl terminated group allows for these surface 

motions to be initiated when Ne impinges on the surface, thus Ne transfers more energy to the 

surface.  Due to the inert, monatomic nature of Ne, it cannot transfer energy to internal modes of 

rotation and vibration when it collides with the surface, and therefore can be used as an estimate 

of mechanical roughness and softness of the SAM.  By comparison of Ne scattering with 

scattering of polyatomic gases, it may be possible to estimate the intermolecular interactions 

between the gases and surface that are responsible for the increased fraction of thermal 

accommodation.   
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Several trends can be seen in Table 2 when examining the scattering dynamics of the 

polyatomic gases.  The first trend that is noticed is that CD4, a non-polar gas, not capable of 

hydrogen bonding, is most extensively thermally accommodated on the non-polar SAMs.  CD4 

experiences a similar extent of thermal accommodation on the NH2 and OH terminated surfaces.  

The extent of thermal accommodation of CD4 on all the surfaces are shown in Figure 12 in panel 

a.  The increasing Boltzmann component as one proceeds from the OH to the NH2 to the CH3 

terminated SAM indicates more thermal accommodation.  The second trend that can be seen 

from Table 2, with regards to the scattering of polyatomic gases, is that the polar gases that are 

capable of hydrogen bonding (ND3 and D2O) thermally accommodate only slightly better on 

polar surfaces (NH2 and OH).  In the case of ND3, the increase in the extent of thermal 

accommodation indicates that there exists some attractive force between the gas and the surface, 

due to the fact that ND3 accommodates almost equally on all the surfaces despite the presence of 

a wide range of physical and chemical properties of the surfaces.  This is indicated by Table 2, 

Figure 12 panel b, and Figure 13 panel b.  One would expect that if surface rigidity alone 

controlled scattering dynamics, ND3 would thermally accommodate in the same manner as Ne.  

An interesting feature of Table 2, Figure 12 panel c, and Figure 13 panel c, is that D2O thermally 

accommodates in the order of CH  < NH3 2 < OH.  This significant increase, 10%, in the extent of 

thermal accommodation is most likely due to the increased interactions (hydrogen bonding) 

between the protic, polar D2O and the protic, polar OH interfacial functional group.  From 

Figures 11, 13, and Table 2 the overall trend for thermal accommodation on the CH  surface3  is 

Ne < CD  ≈ ND  ≈ D O.  The trend for both the NH  and OH surface is Ne < CD  < ND  <D4 3 2 2 4 3 2O.  

When the IS and TD fractions from Table 2 are compared, it is evident that the polar surfaces are 

more sensitive to the composition of the gas that is being scattered than are the non-polar 

surfaces, as demonstrated by the larger range in IS and TD fractions for the NH2 and OH 

terminated surfaces.   
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Figure 12.  a) TOF spectra, N(t), for 60 kJ/mol CD4 scattering b) TOF spectra, N(t), for 60 
kJ/mol ND3 scattering c) TOF spectra, N(t), for 60 kJ/mol D2O scattering.  The gases were 
scattered from HS(CH2)15CH3, a HS(CH2)16OH, and a HS(CH2)11NH2 SAMs on Au at a surface 
temperature of 295K. 
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Figure 13.  Final energy distributions of a) 60 kJ/mol CD4 scattering b) 60 kJ/mol ND3 
scattering c) 60 kJ/mol D2O scattering.  All gases were scattered from HS(CH2)15CH3, 
HS(CH2)16OH, HS(CH2)11NH2 SAMs on Au at a surface temperature of 295K. 
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Table 2.  Summary of the IS and TD fractions. 
        

 Ne   CD  ND     D O  4  3 2
-1 -1) -1 -1(60 kJmol ) (60 kJmol (60 kJmol ) (60 kJmol ) 

Surface IS 
(%) 

TD  IS 
(%) 

TD  IS 
(%) 

TD IS 
(%) 

TD (%) 
(%) (%)  (%) 

   
CH3 61 39±3 %  

 
30 

 
70±1 % 

 

 
22 

 
78±1 % 

 
21 

    
79±1 % 

    
         

NH 77 23±3 % 41 59±1 % 28 72±1 % 20 80±1 % 2

    
            

OH 88 22±3 % 47 53±1 % 22 78±1 % 11 89±1 % 

3.5       Discussion 

Insight has been gained into the energy transfer dynamics at the gas-surface interface of 

potentially hydrogen bonding species.  Gaseous Ne, CD , ND , and D4 3 2O have been scattered 

from surfaces terminated with CH , NH3 2, and OH functional groups.  Ne scattering has allowed 

for the assessment of mechanical roughness of the surfaces.  It was found that the CH3 

terminated surface was approximately 16 % to 27 % softer than the hydrogen bonding terminated 

surfaces of NH2 and OH.  Based on this result, one would predict that if mechanical roughness 

alone controls the energy transfer dynamics at the gas-surface interface, then all the scattered 

gases would thermally accommodate best on the CH3 terminated surface.  However, we find that 

ND  and D O have an increased extent of thermal accommodation on the NH3 2 2 and OH 

terminated surfaces.  This result leads to the conclusion that there is some attractive force 

between gases and surfaces that are capable of hydrogen bonding.  The attractive force (or 

forces) responsible for the increased extent of thermal accommodation could be due to the 

increased internal degrees of freedom for the polyatomic gases and potential energy surface well 

depths.  These two possibilities and surface rigidity are explored in the following sections. 
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3.5.1 Surface Rigidity 

Atomic roughness of a surface has been shown to significantly affect energy transfer 

dynamics.32, 37, 42, 43  If atomic roughness effects energy transfer dynamics, then the packing 

density, order, and rigidity of the surface should also effect energy transfer dynamics.  It has 

been shown that methyl and hydroxyl terminated SAMs have similar packing densities.24, 38, 44  

Through the use of RAIRS we have shown that both the methyl and hydroxyl terminated SAMs 

are well-ordered, as indicated by the methylene unit asymmetric stretch below 2918 cm-1.  If 

both the methyl and hydroxyl terminated surfaces have similar packing and ordering structures, 

then it is reasonable to conclude that the surfaces must differ in rigidity, based on the Ne 

scattering data.  If both surfaces had equal packing density, order, and surface roughness, one 

would expect the extent of thermal accommodation to be nearly the same on both surfaces when 

Ne is scattered, however experimentally this is not the case.  Far greater thermal accommodation 

of Ne is seen on the methyl terminated SAM, therefore it can be concluded that the methyl 

terminated surface is softer than the hydroxyl terminated SAM.  It is believed that the increased 

rigidity of the hydroxyl terminated SAM is due to a hydrogen bond.  This argument can be 

applied to the amine terminated SAM as well.   

3.5.2  Internal Degrees of Freedom 

 Nesbitt and co-workers have recently reported that when CO2 collides with the liquid 

surface of glycerol, squalane, or PFPE, energy is transferred readily from the surface to 

rotational modes of CO .45
2   If the work of Nesbitt et al. is extrapolated to our study, then one 

may predict that Ne scattering would produce the smallest extent of thermal accommodation on 

the surfaces, because Ne is incapable of transferring energy from the surface to higher rotational 

modes.  Ne cannot transfer energy to higher rotational modes because higher rotational modes do 

not exist within Ne.  It may be possible to correlate heat capacity to internal degrees of freedom 

for the gas-surface interface. 

 As specific heat capacity increases there is an increase in the internal degrees of freedom.  

The specific heat capacity of the hydrogen analogs of the gases used in this study can be seen in 

Table 3.  Based on specific heat capacity scaling with internal degrees of freedom, one would 

expect the order of thermal accommodation of the gases on each surface to be                           

Ne < CD  < ND  < D O.  However, this order of thermal accommodation is not followed for the 4  3 2
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hydrogen bonding surfaces.  Therefore, there must be an additional factor that contributes to how 

thermal accommodation occurs at the gas-surface interface, such as potential energy surface 

well-depth. 
Table 3.  The specific heat capacities at constant volume of the hydrogenated gases examined in 
this study. 

Gas Species Specific Heat Capacity (kJ/mol K) 
Ne 0.012 

CH 0.027 4
NH 0.028 3

O 0.034 D2

3.5.3 Potential Energy Surface Well-Depth 

3.5.3.1 Experimental Potential Energy Well-Depth and Prediction of Energy Transfer 

Dynamics 

Nathanson and co-workers have established a correlation between the solvation 

enthalpies measured from the temperature dependence of Henry’s Law equilibrium constants, KH 

= χsoln / Pgas, where χ is the solute mole fraction in solution, and Pgas is the solute gas pressure.9, 46   

ΔHo
solv is used to estimate the Gibbs free energy, ΔG° =ΔH°-TΔS, of the solvated and gas 

species.  Where ΔG° is the change in Gibbs free energy at the standard state, ΔH° is the change 

in enthalpy of solvation at the standard state, T is temperature of the surface, and ΔS is the 

change in entropy of the surface upon a gas-surface collision.  It can be approximated that ΔS is 

negligible because when the gas- surface collision occurs, the surface is disrupted very little, and 

therefore should not change the Gibbs free energy significantly.  If the change in entropy is small 

then enthalpy of solvation can be used to approximate Gibbs free energy.  The enthalpy of 

solvation values for systems similar to ours are shown in Table 4.  To compare the solvation 

enthalpies for a hydrogen bonding surface, methanol is used as a model for the hexadecanol.47, 48  

Enthalpy of solvation values are indicative of how attracted the two species are to one another; 

because of this, we use enthalpy of solvation and an indication of potential energy surface well-

depth.  As enthalpy of solvation increases, both the attractive force between the species and the 

potential energy surface well-depth increases.   
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Table 4. Enthalpy of solvation values for systems similar to the ones investigated in this study. 
Systems ΔH°solv (kJ/mol) 

Ne, decane         6.5 
CH , decane       -4.3 4

NH , hexadecane       -6.9 3
H O, hexane -17 2
Ne, methanol        5.7 

, methanol       -3.7 CH4
NH , methanol -12 3
H O, methanol -47 2

 
Enthalpy of solvation data may allow for prediction of energy transfer dynamics at the 

gas-surface interface, because the chemical forces that drive solution phase chemistry may play a 

role in the degree a gas is attracted to a surface.  Based on the strength of those chemical forces, 

the extent of thermal accommodation may be affected.   Based upon solvation enthalpy data, one 

would predict that Ne and CD4 would thermally accommodate almost equally on the aprotic and 

protic surfaces.  Although Ne adheres to this prediction, CD4 accommodates much more readily 

on the aprotic surface.  For ND3, one may expect better accommodation on the protic surfaces, 

however we observe ND3 accommodating equally well on both protic and aprotic surfaces. 

Based on solvation enthalpies, one would expect D2O to accommodate best on protic surfaces.  

We observe this behavior for the OH terminated surface.  Further analysis of the scattering trends 

is presented in Figure 14.   Figure 14 shows the solubility of the gases in bulk solutions that are 

representative of our interfacial functional groups.  As the natural log of the Henry’s law 

constant increases, the gases proceed from Ne, CD , ND , to D4 3 2O for both the methyl and 

hydroxyl terminated SAMs. The trends seen in Figure 14 are similar to those seen in the 

solvation enthalpy data.  From the solubility data, one would expect Ne and CH4 to 

accommodate nearly equally on the hydroxyl terminated surface due to the proximity of the 

natural log values.  However, Ne accommodates less readily as indicated by the large gap in the 

TD fraction value.  One would expect large difference in TD fraction based on the range of the 

natural log of Henry’s law constants.  Experimentally, we observe approximately a 30 percent 

difference in TD fractions.  For the methyl terminated surface, based on Henry’s law solubility 

constants, one would expect the difference in thermal accommodation to be equal when Ne 

versus CD4 is scattered and when CD  versus ND  or D4 3 2O are scattered.  This prediction is due 

to the equal value in spacing for Henry’s law constants.  However, experimentally, there is a 
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larger range in Ne versus CD  scattering then CD  versus ND  and D4 4 3 2O scattering.  Based on the 

experimental results, bulk properties alone, as an indication of potential energy surface well-

depth, do not allow for quantitative predictions of the extent of thermal accommodation at the 

gas-surface interface, but do allow for qualitative prediction.   After examining experimental 

potential energy surface well-depth, enthalpy of solvations, theoretical potential energy well 

depths were examined.     

 

Figure 14.  A plot of thermal accommodation fraction as a function of KH. 

3.5.3.2 Potential Energy Surface Well-Depth and the Prediction of Energy Transfer 

Dynamics 

Ab initio calculations were carried out to model the well-depth of the gas-surface 

systems, discussed above, by Troya and co-workers.  These calculations were performed so a 

deeper understanding of the gas-surface interactions might be gained.  Through the use of ab 

initio calculations, one can begin to gain insight into how the relative well depths of the potential 

energy surfaces affect the energy transfer dynamics.  The well depths were calculated based on 
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the gas molecule approaching a model of the surface terminal group.  Ethane, methyl amine, and 

methanol were used as mimics for the ethyl termini of the methyl, amine, and hydroxyl 

terminated surfaces, respectively.  The X-H bond, where X = O, N, or C, of the probe gas (Ne, 

H O, NH , or CH2 3 4) approaches the Y-C bond, where Y = C, N, or O, of the surface mimic 

(CH CH , CH NH , or CH3 3 3 2 3OH) in a collinear orientation.  The X-Y distance was scanned from 

5.0Ǻ to 3.0Ǻ with steps of 0.1Ǻ.  The area around the minima was scanned with a step of 0.01Ǻ.  

All calculations were performed at the MP2/aug-cc-pvtz level using the counterpoise method to 

correct for basis set superposition error using Gaussian 03.49 All of the calculations are based 

solely on hydrogen and not deuterium.  The use of hydrogen and not deuterium in the 

calculations does not matter, due to the fact that the calculations are based upon electronic 

structure and not the core nucleus of the atom.50  

Table 5 shows the locations and depths of the Van der Waals well minima between the 

gases Ne, CH , NH , and H O with CH CH , CH OH, and CH NH4 3 2 3 3 3 3 2.  From Table 5 it can be seen 

that the hydrogen bonding gases (NH  and H3 2O) interact most strongly with the polar surface 

mimics (CH OH and CH NH ), with the strongest interaction being between H3 3 2 2O and methanol.  

Some correlation is seen between the Van der Walls well depths and the experimental results 

(i.e. TD fraction increases with increasing well-depth).  However, as seen in Table 5, well depths 

for the ethane systems with the hydrogen bonding gases do not follow the trends seen in the 

experimental data.  Based on Table 5, one would predict that the order of accommodation on the 

methyl surface would be D O > ND  > CD2 3 4 > Ne.  Experimentally, however, it is noted that all 

the protonated gases accommodated almost equally on the methyl terminated surface.  Based 

upon the experimental results, it is believed that the methyl terminated surface can act as an 

“inert”, or baseline surface, to base the rest of the computational results off of.  This is indicated 

by the ΔCH3CH3 well depths due to the methyl terminated surface thermally accommodating the 

polyatomic gases nearly equally, which have similar internal degrees of freedom.  By subtracting 

the ethane system well depths from the other two surface mimics, the influence of increasing 

gas-surface interactions due to introduction of polar surface groups on the scattering dynamics 

can be better understood.  This is demonstrated by the similar ΔCH3CH3 values of H2O scattering 

from the amine surface mimic and NH3 scattering from the hydroxyl surface mimic.  If the well 

depths alone are examined for these two systems, it is clear that the depths are very different, and 

the similar behavior of the systems, based on the experiments, would not be seen.  
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The ΔCH CH3 3 well-depth trends calculated from theory for the individual surface mimics 

match the trends of the experiments.  For the amine and hydroxyl surface mimics, the energy 

transfer dynamics are H O > NH  > CH2 3 4 > Ne.  Specifically, what can be gained from the theory 

is the hydrogen bonding and dipole effects.  The ΔCH CH  well- depths for the CH3 3 4 gas 

scattering from the polar mimics indicates the dipole effects at the gas-surface interface (Ne is 

not indicative of dipole/induced dipole effects at the gas-surface interface due to the lack of 

available orbitals).  Comparing the ΔCH CH3 3 well depths of the methylamine and methanol 

systems, the extent to which each surface is capable of experiencing dipole-induced dipole 

effects, and the extent of hydrogen bonding capability, is apparent.  The ΔCH CH3 3 well depths 

for the hydroxyl mimic are much larger than those of the amine mimic, thus indicating that the 

hydroxyl surface has more capability of hydrogen bonding.  
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Table 5.  Calculated potential energy surface well depths, minimum approach distance, and the 
well depth referenced to the methyl surface mimic for methyl, amine, and hydroxyl surface 
mimics with gases scattered from the surfaces. 

 (Ǻ) Depth (kJ/mol) ΔCH CH  Depth System rmin 3 3
(kJ/mol) 

CH CH3 3 Surface Mimic 

Ne 3.54 0.518 --- 

CH 4.08 1.798 --- 4

3.77 3.053 --- NH3

H O 3.51 4.627 --- 2

CH NH3 2 Surface Mimic 

Ne 3.49 0.462 -0.056 

CH 3.94 1.983 0.185 4

NH 3.61 4.460 1.407 3

H O 3.29 8.436 3.809 2

CH OH Surface Mimic 3

Ne 3.29 0.473 -0.045 

CH 3.79 2.033 0.235 4

NH 3.37 6.674 3.621 3

O 3.15 9.600 4.973 H2

3.6 Summary 

The goal of this research was to establish an understanding of how a gas-surface reaction 

is first initiated by studying the gas-surface energy transfer dynamics.  Through use of an UHV 

environment, molecular beams, and SAMs, we have gained insight into how polar and non-polar 

gases thermally accommodate on hydrogen bonding and non-hydrogen bonding surfaces.   

This research found that, despite the gases having very different chemical properties, 

methyl surfaces are indifferent to the investigated polyatomic scattering gases.  It has also been 

 41



established that weak hydrogen bonding gases, such as ND3, have similar scattering dynamics 

from both polar and non-polar surfaces.  Experimentally, it has also been found that strong 

hydrogen bonding gases are most sensitive to the polarity of the organic surfaces.   

There has been some success in correlating the potential energy surface well depths of the 

gas-surface systems with energy transfer dynamics.  The use of heat of solvation as an indication 

of potential energy surface well-depth has allowed for loose correlation of potential energy 

surface well depths with how a gas will be thermally accommodated on the surface.  The use of 

computational methods as a direct indication of potential energy surface well-depth has also 

allowed for correlation of potential energy surface well depths with energy transfer dynamics at 

the gas-surface interface.  When the methyl mimic is used as a baseline for the trends in energy 

transfer dynamics, the theoretical calculations can be used to predict the trends seen on the polar 

surfaces.   

Overall, this research has helped in creating a deeper understanding of reaction 

mechanisms via energy transfer dynamics.  This research has helped to establish a method that 

could potentially be used in the future to estimate trends in gas surface scattering. 
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