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Abstract

Eigenstate-resolved molecular beam experiments are particularly useful at
partitioning internal energy within a gas molecule and probing the effect of this energy on
reactivity. This is chiefly useful because the inherent nature of molecular beams tends to
convolute translational, rotational and vibrational energy and their respective effects on
reactivity. Methane reactivity on catalytic surfaces is of interest because of its industrial
significance. The cleavage of the C-H bond is the rate-limiting step during reaction and
better understanding the dynamics of this process can be useful industrially.

This thesis will extensively explore the role surface phonons play in promoting
reactivity of methane on a Ni(111) surface. There will be a comprehensive overview of

the impact of surface temperature dependence on reactivity under different beam



conditions, surface temperatures and in the presence of IR irradiation. There has been
some previous experimental work performed looking for some surface temperature
dependence for CHy4 reacting on Ni(111). However, in most cases, these experiments
were performed in energy rich regimes, which effectively “masked” some of the more
subtle surface temperature effects. These experiments also sampled reactivity with
contributions from translational, rotational and vibrational contributions. Theory has
demonstrated that there should be an energetic threshold to reaction but the convoluted
nature of molecular beam experiments has made this unobservable in gas surface
reactions. The work in this thesis combines the use of supersonically expanded
molecular beams, state specific IR irradiation and variance in surface temperature to
show for the first time an energetic threshold to reaction in a gas-surface reaction.

This thesis also includes isotope selective chemical vapor deposition using
vibrational activated methane. These experiments use narrow bandwidth IR to
selectively excite the '>CH4 and "*CH, isotopologues and control the ratio of carbon
isotopes that get deposited on the Ni(111) surface. The use of the laser allows for the
isotopic control and separation to occur in one step, as opposed to some of the iterative
processes isotope selectivity usual requires.

The last chapter focuses on the development of a new detection technique that
utilizes King & Wells experimental technique with lock-in devices. The main premise
behind this new detection scheme is to couple the K&W experiments and the lock-in
detection method in hopes of developing a more sensitive method capable of making

quick, easy measurements in a lower sticking regime.

il



Acknowledgements

I have always thought that graduate school was very similar to the military, at
least in the adage that “we break you down to build you back up again”. The years spent
fixing broken pieces of equipment late at night so you can try and squeeze in one more
day of data collection, the three weeks completely and totally devoted to writing an
original research proposal that you were convinced you would fail anyway and the days
that never ended because you were collecting data and that was so much more important
than sleep slowly break you down, forcing you to realize your limitations and push you
beyond them. At the end of the day, it is the people that have stood by you through this
process (and are still speaking to you) that ultimately allow you to make it through and
help define who you really are.

I have to pay homage to both my parents for nourishing my desire to learn and
insatiable curiosity. I remember summers spent with my mom making cabbage juice
indicator and testing the pH of every single liquid in the kitchen. I remember my dad
constructing a homemade multiplication table game when I was too young to learn such
things, simply because I loved games and numbers. There were so many childhood
activities that allowed for exploration and creation, which are the fundamental base of
any budding experimentalist. Their love, support and continued attempts at making me a
“well-rounded” person are what have ultimately led me to pursue my PhD. That and the
fact that my mom told me I better be able to get a job and support myself when I was
done school. T also need to give a quick shout out to my brother who has always been

one of my biggest supporters and fans. He has always been genuinely interested in what

il



I am doing and continues to let me believe I’'m smarter, even though we both know it
isn’t true.

I have to pay due respect to my advisor Arthur L. Utz who has served as both an
incredible mentor and friend. I believe the tone of your graduate career is set by your
advisor and I consider myself lucky to have chosen his group. Art is easily one of the
smartest people I have had the fortune of learning from. He is so knowledgeable and on
so many different subjects and willing to share what he knows, which makes a world of
difference when a critical piece of equipment is broken or you can not figure out why
your data looks like buck shot when it is supposed to follow a linear trendline. Art is also
incredibly supportive of his students, whether it is research based or personal, which
makes it easy to come to him when you are struggling with a problem.

I would also like to thank my committee members, Professor Mary Jane Shultz
and Professor Jonathan Kenny, along with my outside committee member, Professor Bret
Jackson for taking the time and interest to serve as mentors.

Graduate school can take a while to get through and, if you are lucky, can mark
some of the meaningful events in your life. I have both gotten married and had a child
while in graduate school. I actually met Pete while he was pursuing his own doctorate at
UMass while I was fulfilling my undergraduate research requirement. We have been
through a tremendous amount in our 11 years together and I’'m glad we can include my
dissertation to the list of life experiences we share. He has provided some critical late
night IT support for me over the years and just a general appreciation for how taxing and
stressful this experience can be. It is amazing how meaningful a simple shared

understanding can be when you are stressed and exhausted and just do not think you can

v



make it through. I also have to thank my daughter Adeline for providing me with the
right motivation to push through those last set of experiments.

Our lab is unusual and makes for a “different” experience in graduate school
because the very nature of the experiments and limited number of machines means you
often work side-by-side with your lab mate(s) on experiments. I have had the pleasure of
spending the majority of my time in this lab with Dr. Daniel R. Killelea and Dr. Deno
DelSesto. Dan and I worked together on multiple projects over the years we shared
together, including the successful victory of the 2004 Red Sox. He taught me some of the
most valuable lessons I have learned in my time here, both personal and scientific,
making it possible for me to take over when he left. Deno and I also worked together on
and off on different projects. Deno had a very different methodology to things than Dan,
which allowed me to learn another way to look at things and approach problems. He was
also instrumental in helping me surviving my original research proposal. I share a lot of
good times and memories with both of these men and recognize that my experience here
would be incomplete without them. They have both grown to be family to me and I hope
they remain in my life until Deno builds the perpetual motion machine and the
wavefunction collapses.

There are other group members who have come and gone that have been
instrumental in my time here. Dr. Nick Shuman came into lab at a critical time and was
incredibly helpful as both a mentor and friend. Nan Chen worked with me to help get my
dissertation work complete, which I deeply appreciate. Chris Thomas, Eric Dombrowski
and Eric Peterson are newer additions to lab that have kept me entertained when things

did not seem all that funny. As the guards change in lab I can only wish my successors



perseverance, a little luck and happiness in the grimy basement of Pearson. There are
many lessons to learn and lives to live and I wish you all the very best.

Finally, I would like to thank of all the friends that have made my time here worth
it. There is no way to survive graduate school without having someone to bitch to,
someone to have a drink with and someone to eat lousy take-out with. There are many of

you and I would like to thank you all.

Vi



Table of Contents

AADSITACE ...ttt ettt et b et et b et e h e bt et sh e bt et e st enbeeatenaeens i
ACKNOWIEAZEMENLS .......eeiiiieiiieiieeie ettt ettt et sibe e b e e ssaeenbeesnaeenseenens il
Table Of CONLENLS ...c..eeueiiiiiiieieeie ettt sttt et sbe et vii
LSt OF FIGUIES ..ttt ettt et ettt et e et e e taeesbeessbeenseessaeenseennnes X
Chapter 1. INtrodUCHION ......occuiiiiieiiecie ettt ettt ebe e saesebaesaeeesseenenas 1
L1 RETEIEICES ...ttt et 13
Chapter 2. Experimental Methods ...........ccoceveiiiiiiiiieiieeiieicccce e 15
2.1. Molecular Beam APPAratus ...........cccueevueeeieeniienieerieeeeeesieeseeeseesneesseesssesseesssesnne 15
2.2, CO THIALION ..ottt ettt ettt ettt st e bt et sae et e st e sstenbeentesneesneenseas 17
2.3. Laser System and Optical Excitation of Methane..............cccooeeeriieniienieeiiennnne, 28
2.3.1. Laser SYSteM SEE-UP ...ccuveeeiiieeiiiieeiieeeite ettt ee e 28
2.3.2. Optical Excitation of v3 (v’=0, J"=1 2 v’=1, ’=2) cccceeieirrerrereerene. 37

2.4. Spatial Deposition of Carbon...........cocvuviieiiieriiiieeieeeiee e 58
2.5, REIETEICES ...ttt ettt ettt 65
Chapter 3. Surface TeMPETATUIE .......ccveeeruiieeiiieeiieeeiiee e e eireeeteeesreeesebeeenreesnreesaaeeens 67
3.1 INErOAUCTION ...ttt s 67
3.2, EXPEriMENtal....cccoviiiiiiiiiie ettt e 75
3.3, ReSUItS/DISCUSSION ...ttt sttt 82
3.3.1. Laser Off Data.......cooueiiiiiiiiieeee e 82
3.3.2. Laser On EXPeriments........cc.eeecveeeiieeeiiieeniieeeiie e esreeesveeenveesenveesnnees 90
3.3.3. Comparing the result to bulk H TPD experiments...........c.cccccveeerveenneen. 102

vii



3.3.4. SteP/DEfeCt SIES.....eieiieiiieiieeie ettt 105

3.3.5. Boltzmann Modeling .........ccceocieiiieniiiiiieiieciieeeieeee et 106
3.3.6.  EffICACIES...eetiiiiiieiieiecie s 111
3.4. Conclusions and Future Work .........coccooiiiiiiiiiiniiieeeeeeeeee 113
3.5, RETETENCES ...ttt ettt 115
Chapter 4. Isotope Selective Deposition of Carbon using Vibrational Activation......... 119
4.1, INEOAUCTION ...ttt ettt et sttt 119
4.2. Experimental DetailS.........ccceevuiiiiiiiiieiieiieeieeieeee ettt 123
T G102 I 1 ¢ 1510 s BRSO PR SRR 125
O 1 X 25 (e L 21 1 () OSSP SUP RSP 126
4.5. Excitation of *CHy to v; via R(1) transition..........ccoveeeveerieeciieniieeieesie e 128
4.0, RESUILS ..ot 130
4.7, DISCUSSION ...ttt ettt ettt ettt ettt et e bt e e satesbe et e eate bt et e seeebeenseeneeees 137
4.8. Isotope-Resolved Yield of Reaction Products ..........ccceeeecvieeniieeniieniiieeieeeen, 141
4.9. IMPIOVEIMENLS ....eeeeiiieiiieeiieeeiieeeiieeeeeeeieeeeteeesaeeesbeeesnbeeesabeesnseessseesnsseeenneas 146
4.10. RETEIENICES ....couiiitiiiieeteete ettt st 149
Chapter 5. Molecular Beam Reflectivity EXxperiments ..........ccccoecvevevciieenieeeniee e, 152
5.1 INErOAUCTION ...ttt 152
5.2, EXPIrIMENTAL ....coouiiiiiiieeiie ettt et et eeenaeeen 155
5.3. Interpreting the Data .........coocviiiiiiieiiie e e 163
5.4. Preliminary EXPEeriments .........cccuveeriieeiiiieiieeesiee et eteeeieeesreeesvee e e eeaee e 168
54.1. Bulk/Surface EQUilibrium ...........ccooviveiiieiiieiieeee e 168
54.2. Hydrogen Recombination ............ccccveeeiieeriieeniieeniie e 170

viii



5.4.3. Surface Temperature: 475 K-550 K.....ccoooviieiiiiiiiieeiieieeeeeeeeee,

5.4.4. Importance of Vibrationally excited states across Egrans....coveerveerveennnnne.

5.5. References

1X



List of Figures

Figure 1.1 A Lennard-Jones 1-D potential energy diagram for methane incident on a

CAtALYLIC SUITACE. ..vviiiiiiieeiie ettt et e e e e s beeesabeeesaseeesseeenseeens 3
Figure 1.2 Dissociation rates for state-resolved CHg on Ni(111). . ..occveiiiiiiiiiiiieienee. 7
Figure 1.3 Reaction probabilities for CHgon Ni(111)....ccccvivevciiieniiiiiiiieiie e, 12
Figure 2.1. Isothermal CO Desorption Measurements. ..........cccceeceerveeveeneenienieeneeneenns 22
Figure 2.2. Calibration curve for carbon uptake on a Ni(111) crystal. ........ccceeveuvennneen. 24
Figure 2.3. Color-center Laser Table Set-up .........cccceeverierieiiniieniiiieieeeieeeseieen 30
Figure 2.4. Updated Laser Table Set-Up. ......ccccvreriiieiiieeciie et 32
Figure 2.5. Updated Laser Table Set-up-Electronics.........c.ccevvervverieniiniienienenienienieeens 34
Figure 2.6. Schematic for the Non-Inverting Operational Amplifier Circuit................... 36
Figure 2.7. Laser Power Saturation CUIVe..........cocueveeiiirieniienieeierceieeie e 51
Figure 2.8. F; as a function of transit time ...........ccceeeeriiieiiiiiiienieeeeee e 56
Figure 2.9. Laser Power Saturation Curve for Burleigh and Acculight.............c............. 57
Figure 2.10. AES measurements of the spatial deposition of carbon across Ni(111) crystal

face using Burleigh FCL 1aser SyStem. .........ccceeviiiriieiiienieeieeeie e 60
Figure 2.11. AES measurements of the spatial deposition of carbon across Ni(111) crystal

face using Aculight 1aSer SYSteM......ccccccuieriiiiiieiieeieeieecte et 63
Figure 2.12. AES measurements of the spatial deposition of carbon with modeling of

incomplete electron gun OVErlap. ........cccveviiiiiieiieeieeeece e 64
Figure 3.1 Sticking probabilities of CH4/Ni(111) at different 7, and Ty. .....eeeveeeennnenn. 85
Figure 3.2. Theoretical reaction probabilities for CH4 on Ni(111) at nozzle temperature of

TOO K ettt ettt et e at et e et e etteneenteeseenteenee e 88
Figure 3.3 Initial reaction probabilities of vs; excited CHy4 dissociation on Ni(111) at

different 7 across @ 1ange Of Ejgps. «oveeeeveereerrieeniienieeitesie ettt ettt see e 99
Figure 3.4 Initial reaction probabilities of 7,=90 K data and theoretical data based on

contributions from translational energy distribution to reactivity. ..........cc.ccocec.... 101
Figure 3.5. Initial reaction probabilities of CH4 dissociation on Ni(111) at different 7

ACTOSS A TANZE OF Elrgse weevveetieeieeitieeie ettt ettt e sttt e et steesbeesaeesabeeseeeenseens 104
Figure 3.6 Fractional population of vibrational quantum, o, at four different surface

EEIMPETATUTES. ...ttt ettt sa e sba e snnee e 108
Figure 3.7 Initial reaction probabilities of vs excited CHy4 dissociation, S, (v=1), at

T:=90, 200, 300 and 550 K. oot 109
Figure 4.1. Isothermal O, titration showing desorption of CO,, 12CH4, BCHy and 0,. . 132
Figure 4.2. Isothermal O2 titration following excitation of *CHy to v3 (v=1)............... 134
Figure 4.3. Isothermal O, titration following excitation of *CHj to v3 (v=1). .............. 135
Figure 5.1. King and Wells eXperiment..........c..ccoeeierienerienieneeieeieneeeeseesie e 153
Figure 5.2. Side view of the chopper wheel assembly protruding out of the EELS flange

into the Main Chamber. ...........cocoiiiiiiiiniicee s 157
Figure 5.3. Front view of the chopper wheel assembly protruding out of the EELS flange

into the Main Chamber. ...........cocoiiiiiiiiniicee s 158
Figure 5.4. Top down view of the chopper wheel assembly protruding out of the EELS

flange into the Main Chamber. ...........cccoviiiiiiiiiiiiiiceee e 159
Figure 5.5. Front view of External Rotational Motion Rig.........c.cccceiiiiiiiiiinicnnne. 160



Figure 5.6 Initial reaction probabilities of CH4 dissociation on Ni(111) for 1%CH4/He,
11%CH4/H; and 0.25%CH4/H; gas mixtures at different 7. ....c.coecvvvveveeennennee. 173
Figure 5.7 Initial sticking measurements for thermally hot CH, vibrations. ................ 177

xi



Chapter 1. Introduction

At the heart of most chemical reactions is the breaking and forming of bonds.
This seemingly simple action can be incredibly complicated, creating a mysterious appeal
to the field of chemical dynamics. Experimentalists and theoreticians alike strive to make
sense of the incredibly intricate and singular world of chemical kinetics. The field of gas-
surface dynamics is of particular interest because of its pervasive role in both the
industrial and technological processes. There has been considerable research devoted to
understanding exactly how the bonds of a gas molecule break in the presence of a metal
catalyst, and how to predict this behavior using a theoretical model.

The Lennard-Jones expression is often used to illustrate a simplified 1-D reaction
coordinate for interactions. The Lennard-Jones expression defines the potential simply as
a combination of both attractive and repulsive forces. The attractive forces are the long
range van der walls (dispersion) forces acting on the gas molecule as it approaches the
surface. This is represented as a decrease in potential energy as the gas molecule
experiences the nuclear “pull” of the approaching surface. The steep increase in potential
energy experienced by the gas as it gets close to the surface illustrates the strong
repulsive forces felt by the incoming molecule as it begins to “see” the electron cloud
density of the surface. These repulsive forces are primarily due to electrostatic repulsion.
Figure 1.1 illustrates a 1-D general schematic L-J potential for a methane gas molecule
interacting with a catalytic metal surface. There are three prominent features in Figure
1.1 that govern the reaction coordinate dynamics; the physisorption well, the
chemisorption well and the energetic barrier to dissociation which the methane must

surmount in order to chemically interact with the surface.[1] As the methane approaches



the metal surface it has some fixed translational energy. If this translational energy is
insufficient to surmount the energetic barrier the methane molecule can either scatter off
the surface or trap in the physisorption well. The methane molecule remains intact in the
physisorption well and is weakly bound to the surface. The residence time for the
physisorped methane is finite and the molecule will either continue to reaction or scatter
off the metal. If the incoming methane has enough translation energy to overcome the
barrier to reaction, one of the C-H bonds will break and the methyl group and a hydrogen
will chemisorb to the metal surface. The schematic in Figure 1.1 is illustratively useful in
explaining the basic interaction between the gas molecule and the surface. However, its
rigid lack of dimensionality make it a incomplete model for predicting the reaction
dynamics of any gas-surface reaction because of the presumption that there is one fixed
energetic barrier to reaction.

Polanyi diagrams take a two dimensional approach to the energetic barrier to
reaction in dynamics, incorporating vibrational energy into the potential energy
landscape.[2] Polanyi diagrams plot the reaction coordinates as a function of the inter-
and intra-molecular distances between products and reactants. The diagrams are
contoured topographical potential maps to the barrier, showing both an entrance and exit
channel with reference to the products and reactants. The saddle point on the plot
represents the transition state accessed by the molecule as it proceeds towards product.
Polanyi’s 2-D elbow potentials show both an “early” and “late” barrier to reaction. The
position of the saddle point is relative to the entrance channel. The “early” barrier

presents itself in the entrance channel of the elbow potential and the transition state
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Figure 1.1 A Lennard-Jones 1-D potential energy diagram for methane incident on a
catalytic surface.




geometry of the complex is believed to resemble the reactants more than the products.
Typically, translational energy is most effective at promoting reaction with “early”
barrier potentials. The “late” barrier presents itself near the exit channel of the elbow
potential and the transition state geometry is believed to more resemble the products than
the reactants. It is expected that vibrational energy would be more effective at promoting
reactivity in these “late” barrier potentials than translational energy because the
molecular distortion caused by the vibrations makes it easier to access the “late” barrier
transition state to reaction.[2] However, the inherent nature of the molecular beam
experiments used to probe gas-surface dynamics makes it difficult to tease out the
contributions of translational and vibrational energetics on reactivity.

Bulb experiments and early supersonic molecular beam experiments validated the
importance of vibrational energy in reactivity.[3-9] The problem with these experiments
is that the internal state averaging of the molecular beam masks the role internal energy
play in reactions. In order to fully understand the role vibrational energy plays in the
reaction dynamics of gas-surface systems we need to look at the impact different types of
vibrational motion have on reactivity. State resolved experiments probing specific
vibrational modes through the use of direct laser excitation in combination with
supersonic molecular beam experiments made it possible to precisely control the
translational and internal energies of the gas reagent impinging on well defined metal
surfaces.[10-25] These experiments are particularly useful for theoreticians attempting to
model the multi-dimensional potential energy landscape of gas-surface dynamics.

The dynamics governing the reactivity of methane are of particular interest for

several reasons. Methane is the main reagent used in the steam reformation process,



cleavage of the C-H bond is the rate-limiting step in industrial processes. Methane is an
ideal gas for studying the impact activating state-specific vibrational modes has on
reactivity. Diatomic gases are limited to one fundamental vibrational mode and more
complicated polyatomic’s can have hyperfine vibrational structure, making isolation
difficult. Methane has four different types of vibrational motion (CHy4 actually has nine
total vibrational modes but due to its high internal symmetry several of these are
degenerate) and a substantial enough infrared cross-section to allow for sufficient
population transfer to vibrationally excited states with reasonable excited state lifetimes.
CHy, is also the simplest of the alkanes making it a classical gas for understanding C-H
bond activation, which is of industrial significance.

These experiments are not trivial or inexpensive, limiting the number of surface
science groups that attempt making rovibrational state resolved measurements. The
systems most extensively studied by our group have been CH4 on Ni(100) and Ni(111).
The group has studied the effects of vibrational bending modes, stretching modes and
rotational effects.[12-13, 15, 17, 26-27] Figure 1.2 is an overview of state-resolved
reaction probabilities for CH4 on Ni(111) under different excited vibrational modes.
Smith et al. investigated the impact exciting the anti-symmetric stretch of CHy (v3, v=1)
had on reactivity.[13] The anti-symmetric stretch requires ~36 kJ/mol of internal
vibrational energy, E,», to excite CHy (v;, v=1). The sticking curve for the v;, v=I
excited CH4 was offset from the ground state sticking curve by ~45 kJ/mol. This result
suggests that molecules in the ground state would require more translational energy,

Eans, to achieve a given sticking probability as their v equivalent.



These results can be translated into a generalized and multilaterally meaningful

expression using Equation 1.1.

n., = L Equation 1.1
Evib

Equation 1.1 can be used to determine the efficacy, #,:, of a particular vibrational mode,
E,»», as it compares to the ground state sticking curve, 4E,,,s. If statistical theory could
be used to predict reactivity we would expect an efficacy value of one regardless of
experimental conditions. According to Equation 1.1 we find that CH4 (v, v=1)/Ni(111)
has an 7,;,=1.25. Similarly, Bisson et al. probed CH,4 activation on Ni(111) using the 2v;
anti-symmetric stretch overtone.[18] This data is also presented in Figure 1.2. Using the
solid curve passing through the 2v; data we find an offset from the ground state sticking
curve of 65 kJ/mol, giving us a #,,=0.9. Juurlink et al. is responsible for the data set
represented as blue diamonds in Figure 1.1.[15] The blue diamonds map out the sticking
curve for CHs (v4, v=3) on Ni(111). These experiments probed one of the bending
vibrational modes of CHy instead of the stretching motion. The bending modes require
approximately half the E,;, to activate vibration than their stretching mode counterparts.
The results in Figure 1.2 show that while the 3v, contains ~30% more internal energy
than v; its state resolved reaction probabilities are considerably smaller than the v;
sticking curve. Figure 1.2 provides experimental evidence that vibrational energy has a
profound impact on reactivity and also shows that some vibrational modes have a greater

impact on reactivity than others. Table 1.1 summarizes the measured efficacies for CHy4
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Figure 1.2 Dissociation rates for state-resolved CH4 on Ni(111). The solid black circles
represent CHy excited into the v3, v=1 mode.[13] The solid blue diamonds represent CH4
excited into the v, v=3 mode.[15] The solid red squares represent CH4 excited into the
v3, v=2 mode.[18] The clear black circles and red squares represent the laser off sticking
measurements, where <95% of the CH4 population is in v=0.



State Energy Surface | AEans MNvib
Vi 36 kJ/mol Ni(111) | 45 kJ/mol 1.25
Vi 36 kJ/mol Ni(100) | 34 kJ/mol 0.94
2v; 71 kJ/mol Ni(111) | 65 kJ/mol 0.90
3v, 45 kJ/mol Ni(111) | 34 kJ/mol 0.72
3v, 45 kJ/mol Ni(100) | - <05
v 35 kJ/mol Ni(100) [ 50 kJ/mol 1.4

Table 1.1 Summary of measured efficacies of different vibrational modes on Ni(111) and
Ni(100).



reactivity on Ni(100) and Ni(111).

There are two points worth mentioning that can be inferred from the data in Table
1.1. First, the efficacy measurements demonstrate vibrational mode specific reactivity.
Of particular note is the disparity between the efficacies for v; and v; on Ni(100),
measuring 1.4 and 0.94, respectively. The fundamental modes, v; and v;, are virtually
energetically degenerate but v, is far more reactive. This finding is significant because it
suggests that vibrational symmetry plays an essential role in how the transition state is
accessed by the gas reagent. In order to achieve efficacy values greater than one it is
unlikely that a vibrationally adiabatic picture accurately depicts the dynamic landscape.
In all likelihood, these vibrational excited molecules are capable of sampling regions of
phase space that lead to a lower energetic threshold to reaction than is accessible or
available to their v=0 complement.[13] This changes the theoretical approach to
mapping out the multi-dimensional potential energy surface(s) for reactivity for systems
suspected of “late barriers”.

Second, comparisons between the efficacy values for CHy (v3, v=1) on Ni(100)
and Ni(111) suggests that the ability to use E,;, to promote reactivity is surface sensitive.
The concept of surface sensitivity coupled with the findings of vibrational mode specific
reactivity brings to question the role surface(s) may play in accessing transition state
geometries and effecting reactivity. More so, it brings to question whether or not there is
the possibility that there could be a similar enhancement in reactivity for phononic
motion of surface atoms. Can the energetic threshold to reaction be further influenced by

a surface atom puckering and relaxing across the plane of the unit cell?



Killelea et. al published a remarkable finding that inadvertently posited the
possibility of a strong surface temperature effect on reactivity for the CH4/Ni(111)
system.[10, 12] The primary experimental goal was to exert bond selective control on
CH4. The highly symmetric character of CHy4 ensures that all C—H bonds are equivalent.
This also means that the vibrational eigenstates are a collective excitation of all 4 bonds,
making local mode excitation impossible. However, isotopic substitution can tune the
vibrational character of molecules leading to bond selectivity. By modifying the CHy
molecule to its CHD; isotope we can attempt bond selective control by preferentially
cleaving the C-H bond using an IR laser. In order to determine whether the adsorbed
methyl had broken a C-H or C-D bond during reaction the group used a combination of
Collision Induced Recombinative Desorption, CIRD, and Temperature Programmed
Desorption, TPD, techniques. The experiments conclusively demonstrated bond-
selective chemistry in a gas-surface reaction for the first time, showing that excitation of
the C—H bond leads exclusively to C—H bond cleavage with no energy being redistributed
into the C-D bonds.[12] The experiments also inadvertently hinted at a surface
temperature effect. One of the constraints of the CIRD technique is that the surface
temperature must be kept below 140 K for the duration of the experiments (all
experiments were performed at ~90 K surface temperature). All previous experiments
performed by the group on the CH4/Ni(111) system have been performed at 475 K.
Figure 1.3 compares the sticking curves for the laser on and laser off reactivity of
“CHy/Ni(111) at T=475 K and T,=90 K. The solid and open squares in Figure 1.3
represent the v state resolved and laser off sticking measurements at 90 K, respectively.

The lowest E,. data point, E,.,;=40 kJ/mol, shows an almost 8-fold increase in

10



reactivity as the surface temperature goes from 90 K to 475 K. These particular
experiments only probed a very narrow range of translational energies, Ej.,;~40-49
kJ/mol because of experimental limitations. Despite the very limited E,,,s scope, the
reactivity enhancement of the “hotter” surface decreases from an 8-fold to a 2-fold
increase, providing evidence that surface temperature can have a considerable effect on
reactivity in an energy starved regime.

Prior molecular beam experiments and theoretical calculations have shown a
pronounced surface temperature effect for CH, reactivity on Ir and Pt surfaces.[7, 28]
Previous experimental work probing the significance of surface temperature of CHy
reactivity on Ni(111) showed little effect. However, these experiments were all
performed at higher translational energies under energetically abundant conditions.
Recent theoretical calculations have supported the result found by Killelea et al., showing
lattice vibrations significantly impacting reactivity for the CH4/Ni(111) system.[29-35]

Here, we present a comprehensive study of the effects of variations in surface
temperature on methane reactivity on a Ni(111) surface. Experiments look at the direct
contribution of Ej,,s for fixed thermal vibrational populations and the effect of different
thermal vibrational populations across a range of surface temperatures. State-resolved
experiments looking at the impact of surface temperature on reactivity for v; excited CHy
in energy deprived regimes. The state-resolved experiments show evidence of an

energetic threshold to reactivity for the first time.

11



10 El_l TT T 1 T T 171 T T T T [ T T 171 T T T T [ T T 1771 T T T T [ T T 171 LI L I e
> 107 = =
= - 3
e i i
© 3
QO 107 F -7 3
o = . 3
ful c e ]
o . )
o)) )
c 10° F .7 3
2 f T - 5
S f - ]
5 - -
SRR~ ik E
s )X E
et B P O S,v=0; Tg=90K |]
c !
= q0% - B S nu; T,=90K [
2 .7 1 — S, v=0; Tg=475 K| 3
B 7 === Synuy; Tg=475K | 7
’]O7 =l ENEN AN BRI EN A |’|/| P N N AN AN N A (N S S A A N A R A A BN A R B R B A A A A
0 20 40 60 80 100

Translational Energy (kJ/mol)
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represent sticking probabilities for v; excited and v=0 CHy, respectively, at a surface
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Chapter 2. Experimental Methods

2.1. Molecular Beam Apparatus

The molecular beam set-up has been explained in great detail in other publications
so it will only be briefly described here as well as any modifications to the design. [1-4]

The molecular beam consists of four individually pumped stages; the source
chamber, the first differential chamber (FDC), the second differential chamber (SDC) and
the main chamber (MC). The four stages are made up of stainless steel sections precision
machined to align with the molecular beam line.

A supersonic molecular beam is formed in the source chamber by expanding a
high-pressure gas through the small orifice of an SS nozzle. The nozzle is mounted to the
face of the source cone using Al and Cu. An x/y translational stage has been added to the
design to finely adjust the positioning of the nozzle so that it is appropriately positioned
in front of the first skimmer. The translational stage is a modified optical mount. There
is a second skimmer built into the wall separating the FDC and the SDC, which serves to
further collimate the molecular beam. A sliding beam valve separates the SDC and the
MC as well as modifying the molecular beam using three different aperture sizes; small
beam valve hole (SBVH), medium beam valve hole (MBVH) and large beam valve hole
(LBVH).

The FDC houses the optical set-up used to maximize the number of excited CHy
in the molecular beam. The IR photons enter the FDC through a quartz port window that
is orthogonal to the molecular beam. The photons pass through the molecular beam and

make their first pass through the multi-pass cell. The multi-pass cell is two Ag plated
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mirrors that sit nearly parallel to each other. One of the mirrors is adjustable externally
making it possible to “fan out” or further collimate the laser excited CHy4.[5] The multi-
pass cell is mounted to the face of the FDC.

The SDC houses the pyroelectric detector (PED), the chopper wheel and the LED
electronics used in tandem with the chopper wheel. The PED is used to determine the
fraction of CHy4 in the molecular beam that is excited by the IR photons in the FDC. It is
precision aligned along the beam line using a periscope. The chopper wheel is used as a
diagnostic tool to perform time-of-flight (TOF) experiments, which can also be used to
verify the integrity of the supersonic jet stream. The LED electronics are used to
temporally and spatially monitor the chopper wheel.

The MC houses the nickel crystal (FOM Surface Preparation Laboratory,
Zaandam, Netherlands), a Auger Electron Spectrometer (AES; VG Microtech, LEG63
electron gun/VG-100AX hemispherical analyzer), a Quadrupole Mass-Spectrometer
(QMS; UTI, 100-C) and a Sputter Gun (Phi 04-191). The single nickel crystal is oriented
in the (111) plane and resides at the bottom of a x,y,z and 6 manipulator (McAllister
Technical Services). The manipulator holds a single-wall cryostat (McAllister, LN,-
HAT) that can withstand LN, temperatures. The crystal temperature is regulated by the
cryostat and e-beam heating. The AES is a diagnostic tool, used to both verify the
cleanliness of the surface and measure carbon coverage. The relative carbon coverage is
measured by comparing the carbon KLL (C: 252 ¢V KLL) and nickel LMM transitions
(Ni: 848 eV) to calibrated saturation doses.[6] The QMS is used to measure beam fluxes,
monitor TOF measurements and detect changes in partial pressure for King and Wells

(K&W), Temperature Programmed Desorption (TPD) and CO titration experiments.
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2.2. CO Titration

Previous experiments performed by the group have implemented one of two
techniques to determine the carbon coverage on the surface. Experiments primarily
concerned with determining the raw number of carbons on the surface used Auger
electron Spectroscopy, AES. Absolute coverage of the dissociated CHy is determined by
taking the ratio of the integrated features of the carbon KLL (252 eV) and nickel LMM
(848 eV) transitions. Comparing this ratio to previous saturation measurements, methyl
saturates the Ni(111) surface at ~0.43 ML, yields a relative coverage value.[6-8] One
drawback of AES is the reliance on the shapes of the C and Ni features to obtain an
accurate coverage measurement. If the slope of the background changes the entire
measurement is inaccurate and the saturation measurements need to be redone. The
electron beam path and the Auger ejected electron beam path are both influenced by
magnetic fields. A slight change in one of the magnetic fields can have a significant
effect on the shape of the C and Ni features, particularly the C feature because the
transition is at a lower pass energy and more susceptible to the effect(s) of the Helmholtz
coils. Also, while AES is a useful tool for determining quantitative measurements of
dissociated carbon it is incapable of distinguishing between '>C and "°C isotopes, making
it impossible to perform any isotope specific experiments.

Experiments performed by the group relied on isotopic identification to produce
meaningful data, using a sophisticated method originally developed by the Ceyer group at
MIT.[9-12] The technique uses subsurface H/D as a titration reagent, which recombines
with any surface bound methyl groups upon emergence from the Ni bulk as the crystal
temperature is ramped. Surface bound hydrogens do not recombine with chemisorbed

CH3;, because the CH; would dehydrogenate before recombination is energetically
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possible.[12-14] As the crystal undergoes Temperature Programmed Desorption, TPD,
the mass spectrometer monitors the species of interest. This technique is capable of
distinguishing between masses, and thus isotopic identities, but requires that the surface
be kept at or below 140 K in order to keep the H/D atoms thermodynamically stable in
the crystal bulk, which is experimentally limiting.[12] It is also a very time-consuming
method, requiring nearly two hours to prepare the surface in between doses. The group
was interested in coming up with an alternative method that bypassed the problem of
consistent AES scans and the stringent temperature requirements of the bulk hydrogen
TPD measurements.

The group adopted a new method that still allows for isotopic identification but
across a wider range of surface temperatures, 95-550K, giving greater flexibility to
experiments. The method uses a molecular oxygen beam to titrate the adsorbed carbons
off the crystal surface and has been well-established as a valid way to measure
reactivity.[15-18] The use of oxygen to titrate chemisorbed carbons was published by
Valden et al. for a series of experiments on Pd(110).[16] Abild-Peterson et al. modified
the technique to determine carbon coverage on Ni(111) some years later.[17]

Our group made some slight modifications to the technique to get it to work with
our equipment. One of the greatest difficulties we faced was introducing the O; to the
carbon covered Ni(111) surface. Abild-Peterson et al. used a QMS with a sniffer to
ensure that only gas desorbing from the sample would be detected. They also used a
pinhole doser to deliver the O, to the main chamber. The doser consists of two volumes
separated by a valve, creating a pseudo-supersonic expansion, ensuring a constant O,

volume and flux directed at the Ni crystal during detection. Initially, we tried to titrate
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the carbon on the surface by back-filling the chamber with O, using one of the leak-valve
lines and monitor m/z=28 signal. There were several major problems with this technique;
there was no way to control when the surface was exposed to the oxygen, there was no
way to limit the oxygen exposure to the crystal and the O, gas could not be delivered at a
constant pressure because of inconsistent leak valve lines. All of these issues were
resolved by dosing the Ni(111) surface with an O, molecular beam supersonically
expanded through our nozzle.

The isothermal CO desorption measurements combine the use of a supersonically
expanded O, beam and a modified King and Wells technique. The procedure for O,
titration is fairly straightforward. First, the cleanliness of the surface is checked using
AES. If the surface is contaminated with sulfur, which is a commonly found in the bulk
of Ni crystals, standard methods for removing impurities are implemented.[19] We
sputter the surface for ~5 minutes using an electron gun that is angled 45° off surface
normal and backfilling the main chamber with 1e® Ar(g). We anneal the surface for ~15
minutes by bringing the crystal temperature to 1000K. Residual carbon on the surface is
removed by flashing the crystal to 1000 K. Oxygen contaminants on the surface are
removed by reducing the surface with Hy(g). Once the surface is clean the Ni(111) is
dosed with a molecular beam. These experiments were all performed using a variety of
different gas mixtures seeded with both He and H; as a carrier gas across a wide range of
nozzle temperatures and surface temperatures. Typically, we limit our reaction
probability measurements to coverages between 0.05-0.10 ML carbon. The 7,=475-550
K measurements can be performed up to coverages near 0.15-0.2 ML.[3] However, we

have found that at colder surface temperatures the saturation coverage is much lower than
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what is observed for the 550 K surfaces. Saturation occurs near 0.20 ML for colder
surface temperatures (95 K) because the dissociated H atom and the intact CH3; methyl
block sites that would otherwise be available for reaction.[4, 20] After the dose is
concluded any remaining gas is pumped out of the manifold and the QMS gets warmed
up for analysis. In order to perform the O; titration the crystal temperature needs to be
warmed to ~550 K, so if the experiment was performed at any other surface temperature
the crystal temperature needs to be slowly ramped to 550 K. A supersonically expanded
molecular oxygen beam is generated using the nozzle, taking care to ensure the nozzle is
at or near room temperature. The Ni(111) crystal is blocked with a beam flag at the
beginning of the experiments to allow for a baseline to be established. After some
interval of time, typically once the m/z=28 signal has leveled off, we expose the crystal
surface to the molecular O, beam. The oxygen dissociates on the hot Ni(111) surface and
the atomic oxygen reacts with the adsorbed C atom, which immediately desorbs from the

surface as CO(g) as seen in Equation 2.1.[16]

0,(g)+2C,, —2C,, +20,, —2CO(g) Equation 2.1

Typically we monitor the following m/z=16,18,28 and 44 and can add or change the
desorbing products being monitored. Some of the previous groups have cited a
secondary CO; product as well.[ 16] However, we saw no change in our CO, signal levels
upon dosing the surface with the oxygen beam which is consistent with findings from
Abild-Pederson et al.[17] In order to ensure that a residual oxide layer has not formed
the surface undergoes a reduction cycle following O, titration. The chamber is backfilled

with ~5¢® Hy(g) and the crystal temperature is brought to ~1000K, while the MS
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ionization filament is also treated. The surface is annealed for five minutes afterwards.
This quick reduction and anneal cycle is sufficient and the surface is clean afterwards.

An example of a typical isothermal CO desorption spectrum is shown in Figure
2.1 for a 90 K Ni(111) surface dosed with a 5% CHi/He molecular beam expanded
through a 800 K nozzle. The prominent peak in the m/z=28 raw data is the CO
desorption feature at ~60 sec, indicating exposure of the O, molecular beam to the
surface bound C. Correspondingly, one can observe a slight dip in the O partial pressure
at the same time, indicating the surface uptake of the oxygen as the C and O recombine.

In order to use this O, titration method as a quantitative technique useful for
determining sticking probabilities there needs to be a way to correlate the CO desorption
feature to carbon coverage. The area under the CO desorption peak can be integrated
giving some arbitrary count number for the experiment, correlating this count value to
some Cgs) coverage using a calibration curve makes it possible to determine sticking
values from the CO desorption feature.

The calibration curve is a series of methane doses performed under the same
experimental conditions but different dose times. Ideally, dose conditions are chosen that
have well-established and documented sticking probabilities and the dose time is
systematically varied, typically by halving or doubling it, to give certain C coverages.
All Cu4s) coverages are verified using AES to ensure accurate coverage measurements.

Figure 2.2 shows a carbon uptake curve for a 1% CHs/He molecular beam at
Tho=1050 K and a surface temperature of 95 K, and Table 2.1 reports the data values. In

Figure 2.2 the data points are represented as red circles and the linear fit to the data is
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Figure 2.1. Isothermal CO Desorption Measurements. Masses 16, 18, 28 and 44 were
monitored while the crystal surface temperature was held at 550K and the surface
exposed to a molecular oxygen beam. Exposure of the surface to the molecular oxygen
beam was initiated at ~60 sec.
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represented by a black dashed line. Each data point reported in Table 2.1 is the result of
at least three independent experiments and all the data has been background corrected.
Earlier in this section the influence surface temperature can have on saturation
coverage(s) is mentioned. One expects to observe a linear relationship between carbon
coverage and dose time, and correspondingly carbon coverage and counts, in a lower
limit coverage regime when there are plenty of available sites for reaction, which is
consistent with Figure 2.2.[3-4, 20] The higher carbon coverages do not exhibit the same
linear relationship, indicating a decrease in available reaction sites, which is consistent
with the dissociated H atom and CHj site blocking on 95 K surfaces.[20] Killelea et al.
observes that carbon uptake on 90 K surfaces plateaus at 0.20 ML. The data in Figure 2.2
is consistent with this finding and we would expect to see coverage approach 0.20 ML at
longer dose times. The black dashed line is fit to the data points corresponding to lower
coverages where the linear relationship between carbon coverage and integrated counts is
observed.

The conversion of integrated counts, Counts, to some carbon coverage is fairly
straightforward. Because of the linear relationship between coverage and counts for
lower coverage experiments we can use the linear fit, as expressed in Equation 2.2, to

calculate carbon ML’s.

Counts —24443 Equation 2.2

MLCar[mn = 1 33607

This equation is specific to the efficiency of the mass spectrometer’s channeltron, and
any attenuations or amplifications in detectable signal levels requires a new calibration

curve.
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Figure 2.2. Calibration curve for carbon uptake on a Ni(111) crystal. 1%CH4/He
molecular beam at T,,,,=1050K and 7,=95K. The red circles are data points and the black
dashed line is the linear fit to the data.
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time (sec) | Average ML coverage Average Counts
2.05 1.1E-02 1.61E+06
4.1 2.1E-02 1.13E+06
8.2 4.3E-02 6.20E+05
16.4 8.4E-02 3.24E+05
32.8 1.7E-01 1.40E+05

Table 2.1. The data used to produce the calibration curve in Figure 2.2. The Average ML
coverage and the Average Counts used has been background corrected.
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Another problem encountered in the development of a CO titration method was the
accumulation of titrateable carbon on other components inside the main chamber during
doses. One of the diagnostic experiments performed measured the amount of detectable
CO signal after a background dose. A background dose is a dose performed under the
same experimental conditions with a non-reactive room temperature beam. The
background dose showed some measurable signal levels, ~0.002-0.005 ML, this
corresponds to the non-zero intercept value found on the calibration curve. While the
signal levels were relatively negligible the fact that there was some carbon coverage was
disconcerting. To verify that this measured carbon signal was decoupled from any
carbon that had reacted on the Ni(111) surface further diagnostic experiments were run.

Another diagnostic experiment was performed, where the Ni(111) crystal was
entirely blocked by the beam flag during the dose. Similar carbon coverages of 0.002-
0.005 ML were found for this experiment, leading us to believe that there is some
accumulation of carbon on other components in the chamber, most likely one of the
filaments, causing this signal level. Despite the seemingly small contribution the
background provides to overall carbon coverage we modified our experimental approach
to account for any additional signal. We performed a background scan for every
experiment, using the exact same experimental conditions but expanding the molecular
beam through a non-reactive room temperature nozzle. It is possible to subtract out the
background signal as either raw integrated counts or ML coverage. It is also useful to
perform a background measurement at least once a day. The background counts tend to

be consistent from day to day but there can be some fluctuations, usually influenced by
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dose lengths and the cleanliness of the manifold and supelco filter. The background

counts can change significantly following a MC bake.
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2.3. Laser System and Optical Excitation of Methane

2.3.1. Laser System Set-up

The experiments contained in this thesis were performed with one of two laser
systems.

One of the laser systems has been discussed in great detail in previous
publications.[1-4, 21-22] There have been minor changes made in the past few years so
only a brief description will be provided here. The senior laser system generates IR from
a tunable, continuous-wave single-mode laser (Burleigh, FCL-20). Specifically, a single
line at 647 nm from a Kr' laser (Innova 400, Coherent) pumps a cryogenically cooled
Li:RbCl crystal (referred to as crystal #3) in the FCL-20, generating multi-mode IR in the
2.8 um — 3.4 um range. The IR light is the result of birefringence of the Kr" photons at
defect (or F-centers) sites. Downstream from the crystal chamber is a tuning arm that
houses the intercavity etalon, which is responsible for converting the multi-mode photons
into single-mode IR. The etalon also serves as a fine adjust for the transmitted single-
mode IR. The etalon uses a single piezoelectric stack to scan across transmittable
wavelengths. The color center photons are frequency stabilized with a home-built,
computer-controlled servo-loop that uses a temperature and pressure stabilized Fabry-
Perot etalon as a reference. Figure 2.3 is a schematic overview of the laser system set-up.
The narrow bandwidth of the laser, >1 MHz, makes it possible to excite a specific
rovibrational state of the methane.[1] The laser system is capable of ~SmW output of
single-mode IR photons at the v3 R(1) transition, 3038.495 cm™. Until recently this was
state of the art technology and one of a few laser systems capable of accessing the IR

region with enough power to irradiate the vibrational transition of interest.
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The other laser system is a recent acquisition, capable of a considerably larger
power output of single-mode IR with far greater stability. The laser system is Aculight’s
Model 2400 periodically-poled Lithium Niobate (PPLN) optical parametric oscillator
(OPO). The Aculight provides widely tunable continuous wave infrared laser output with
a significant amount of laser power. OPO is a relatively straightforward non-linear
process where a single input wave is split into two output waves. The single input wave
is a fixed wavelength, deemed the “pump” beam, and it transforms into two lower energy
output waves, the “signal” beam and the “idler” beam, which are both tunable. Equation
2.3 expresses the relationship between the three beams.

w Equation 2.3

pump =@

signal

+ a)id ler

The pump source is a Yb-doped continuous wave fiber laser, lasing at 1064 nm
wavelength with a narrow bandwidth of <100kHz. The fiber laser has several advantages
over conventional solid state lasers. Namely, no need for optics.[23]

Typically, wavelengths generated by OPO devices are limited by non-linear
optical materials that can satisfy energy conservation, phase matching and optical
transmission conditions simultaneously. The wavelengths of these devices are adjusted
using angle or temperature tuning of refractive indices, which can result in geometric
restrictions, walkoff and reduced efficiency. The OPO in the Aculight model uses a
periodically-poled nonlinear material that uses a nonlinear conversion process known as

quasi-phase matching to transform the signal and idler beams. This technique is not
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Figure 2.3. Color-center Laser Table Set-up. A- Kr+ laser, B- Color-center crystals, C-
Color-center tuning arm, D- Detector for Intercavity Etalon, E- Saturation detector, F-
Chopper Wheel, G- Reference Cell, H- Detector for reference cell, I- Spectrum Analyzer,
J- Fabry Perot, K- Periscope to chamber
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limited by the intrinsic characteristics of materials, actually allowing the PPLN crystal to
be designed to the specific needs of the user. [24-25]

There are a few differences to the new laser system worth mentioning. There are
three degrees of tuning for the wavelength of the OPO system. Course control of the
wavelength is performed using a fine-pitch screw that adjusts the angle of the OPO
crystal with respect to the pump beam. The course adjust tends to change the wavelength
significantly by ~20-25 cm™. Crystal temperature tuning can also be used to coarsely
adjust the wavelength. Variations in temperature modify the refractive indices of the
material, adjusting the emitted wavelength. However, this can be somewhat tricky
because the crystal has preferred temperature settings that provide optimum stability.
Therefore, it is advised that the user adjust the wavelength using crystal positioning
tuning if possible. Finer control of the wavelength, intermediate tuning, can be achieved
by tuning the etalon. The etalon is mounted on top of a variable galvanometer, whose
angle can be adjusted by allowing the OPO output wavelengths to be varied over the free
spectral range, FSR, of the etalon. The user should be aware that tuning the etalon
towards the edge of the FSR can cause multimode behavior and should be avoided.

1 cm-1

Adjusting the etalon angle can change the wavelength ~0.5- Fine tuning of the
output wavelength is accomplished by tuning the output of the Pump Source. The tuning
of the Pump Source is controlled by applying a 0-90 V variable voltage to the Pump
Source seed PZT.[23]

A schematic of the updated laser table set-up can be found in Figure 2.4. The

updated layout is similar to the previous set-up with some exceptions. Two beam

splitters are placed in front of the Pump beam output, sending an attenuated IR signal to
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Output from Fabry-Perot detector

The 0-90 V Input voltage signal
tuning the Pump Source

Figure 2.4. Updated Laser Table Set-up. A- Aculight, B- Beam Dump (idler), C- Beam
Dump (signal), D- Wavemeter, E- Beam Chopper, F- Reference Cell, G- Photodetector,
H- Spectrum Analyzer; I- Fabry Perot Etalon; J- Fabry Perot Detector; K- Periscope to
1St Stage Chamber.
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the wavemeter and the rest of the laser diagnostics. This arrangement is possible because
the Aculight has significantly more laser power than the Burleigh color crystals. The
laser diagnostics have been simplified because the Aculight etalon is internal, removing
the need for the lock-in feedback loop.

Similar to the previous laser set-up, the laser is frequency stabilized using a home-
built, computer controlled servo-loop using the temperature and pressure stabilized
Fabry-Perot etalon as a reference. The nature of these experiments requires homogenous
laser excitation during doses. This stability is achieved by “locking” the laser to the peak
of the molecular beam transition. As can be seen in Figure 2.4 a beam splitter is used to
filter off part of the IR output to diagnostic hardware designed to evaluate the integrity of
the photons and stabilize the IR output. Some of the IR is directed into the Fabry-Perot
etalon and once the laser is locked at the peak of the absorption feature the Fabry-Perot’s
cavity length is tuned until there is IR transmission. A small dither is placed on the laser
frequency by modulating the voltage applied to the Pump Source PZT to tune the output
wavelength. Similar to the previous set-up, lock-in detection is employed to measure the
derivative of the transmission signal and use the computer controlled servo-loop to lock
the variable voltage applied to the Pump Source PZT to its zero crossing. A schematic
detailing the electronics of the updated laser table is depicted in Figure 2.5.

In order to successfully implement this locking scheme a non-inverting
operational amplifier was built that was capable of summing together the oscillating sine
wave output from the lock-in (OSC), the digital-to-analog output (DAC) from the lab-

view computer program and the 0-30V variable voltage (BIAS) to drive the Pump Source
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[CGZ] [CH]
Variable voltage = Power Supply
/// 4% The 0-90 V Input voltage signal
/F /f ™ tuning the Pump Source

The lock-in
output

The D/A output from
labview program

—A I—Rampgenerator
W{r refe]ence signal
Input to

Oscilliscope Digital labview signal

Lock-In internal
reference

signal output
B R R =]
| | D
Input to Lock-In Lock-In Outpuf]

L

V
Output from Fabry-Perot detector

Figure 2.5. Updated Laser Table Set-up Electronics. A- Oscilliscope monitoring Fabry-
Perot output; B- RampGenerator; C- Lock-In Amplifier (Stanford Research Systems
Model SE530); D- LabView laser diagnostics; E- A/D converter; F- Non-Inverting
operational Amplifier; G- Power Supply (0-25 V variable voltage); H- Power Supply
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PZT. A similar device was used in the previous laser scheme but was only responsible
for summing together the OSC and DAC signals for the etalon and fabry-perot signals
separately. Figure 2.6 is a schematic of the assembled circuit. An ADS820 single supply

low power FET-Input Op Amp integrated circuit was used.
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11: DAC (1/4 gain)

20 kOhm
12: OSC (1/1000 gain)w
10 kOhm
13: Bias (unit gain)
20 kOhm

T —

20 kOhm

Single Supply, Rail to Rail

Low Power
FET-Input Op Amp AD820

+

Power Supply (30 V)

The 0-30 V Input voltage signal
tuning the Pump Source

Figure 2.6. Schematic for the Non-Inverting Operational Amplifier Circuit
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2.3.2. Optical Excitation of v; (v’=0, J’=1 2> v’=1, J’=2)

In order to accurately evaluate the sticking probabilities of laser enhanced
methane it is necessary to determine what fraction of the molecular beam is in the
appropriate vibrational and rotational state, resonant with the laser transition. The
spectroscopy of CHy4 is well established and previous experiments performed within the
group have resulted in a comprehensive understanding of the rotational and vibrational
population of CH4 and how changing the nozzle temperature or carrier gas impacts these
populations.[1-4, 21, 26-27]

We determine the state-resolved sticking probabilities, S,’, using Equation
2.4.[28]

S/aseron _ S/aseroff ~ E .
vi v=0 uation 2.4
S ==e o +S !

The equation is fairly straightforward. S,  is the initial sticking probability for the
vibrational state of interest, v, S **" and S,**" are the sticking probabilities for laser

on and laser off experiments, respectively, S, *

is the sticking probability for the
vibrational ground state and f... is the fraction of optically excited methane molecules in
the molecular beam for a given set of experimental conditions.

CH, molecules are excited into the first excited state of the v; anti-symmetric
stretch by means of the R(1) transition, v’=0, J"=1 = v’=I, J’=2. Thus, the CHy4
molecules are pumped out of the vibrational ground state into a vs (v=1) excited state
using a specific rovibration transition. As can be seen from Equation 2.4, f.,. directly
affects any experimentally determined sticking values. Therefore, it is very important

that we are able to accurately express that value numerically. Equation 2.5 gives the

expression used to determine foy..
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Joxe =T pop = S Equation 2.5

Fey. 1s merely the product of f,,,, the fraction of molecules in the initial rovibration state
used to pump the vs transition, and f>, a variable determined experimentally giving some
fractional value to the degree the transition can be saturated. £, is the product of the
fraction of molecules in the desired vibrational state, f,;, (v”’), and the rotational state, £,
(J7"), as seen in Equation 2.6.

S pop = T X Jrot Equation 2.6

As previously stated, the transition requires optically pumping molecules out of the
vibrational ground state into the v=1 excited state. In order to find f,; we need to
determine the population of CH4 molecules in the vibrational ground state. However,
there is incomplete vibrational cooling of CHs molecules as the molecular beam
undergoes supersonic expansion, leading to approximations of vibrational populations as
a function of nozzle temperature.[1-2, 29-30] There are four fundamental modes implicit
in the vibrational motion of the methane molecule; two bending states and two stretching
states. Table 2.2 summarizes each of these modes and highlights characteristic features.
As can be seen in Table 2.2 exciting the stretching modes of CHi requires
approximately twice the amount of energy as the bending modes. Also evident from
Table 2.2 is the nearly isoenergetic pairing of the bending and stretching modes. These

inherent energetic dynamics lead to the observable polyad cooling phenomenon that
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Mode Band Center (cm™) Symmetry Degeneracy, g,
vi 2914 Al g, =1
V2 1524 E g, =Vv,+1
F 1
V3 3020 2 g, = 5(\/3 +1)(v; +2)
F 1
V4 1306 2 g, = 5(1/4 +1)(v, +2)

Table 2.2. Normal vibrational modes for CH4
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occurs as the CH4 molecules undergo supersonic expansion.[3-4, 29-30] Essentially,
because of the close energetic proximity of a stretching mode to a bending overtone and
the nearly isoenergetic bending and stretching modes the vibrational states of methane
tend to be observed in groups, or polyads across the IR region. Equation 2.7 gives an
expression summarizing the polyad number (P) relative to the stretching and bending

states.

P= (va + Vs) Equation 2.7

Because of the large energy gaps between polyads there is no inter-polyad cooling but
there is an appreciable amount of intra-polyad cooling. As the CH4 in the molecular
beam undergoes supersonic expansion the lowest vibrational energy states in the polyad
tend to be more heavily populated than the higher vibrational energy states. However,
since the states within each polyad are similar in energy the total internal vibrational
energy, E,;», and the population of CH, in v=0 are similar to Bolztmann distributions
based on nozzle temperature, 7,,,..

We calculate the vibrational population at a given nozzle temperature, treating
each fundamental vibrational mode as a harmonic oscillator. The energy of each state, E;,

at a given wavenumber is calculated using Equation 2.8.

Ei = Vi,vll;v1 +Vi,v2va2 _'_Vi,v3E’v3 +Vi,v4Ev4 Equatlon 28

Where E,; is the vibrational energy of the four fundamental modes and v; is the number of
quanta of each mode in a particular state. The calculations are performed up to and

including 16000 cm™ .[3-4]
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We plug E; into Equation 2.9 to sum the population weighted vibrational energy
contribution of each state to determine £,
16,000cm ™"

E,= > —LxE Equation 2.9

i=0 tot

The n/N,, term is the fractional population of each state, n; and N,, are defined by

Equation 2.10 and Equation 2.11, respectively.

n, =g, xXexp (— f—fj Equation 2.10

Ny =N, xN, xN, xN,, Equation 2.11

Equation 2.10 computes the Bolztmann weighted factors for each state and Equation 2.11
determines the total population of all vibrational states by taking the product of the
partition function for each normal mode. The total vibrational population of each normal
mode can be found using the Bolztmann expression in Equation 2.12.

N = 1 Equation 2.12

i gi(vi=1)
I—exp| — £,
kT,

In order to calculate the Bolztmann factors for each state we need to determine the total

degeneracy for a vibrational state, g, using Equation 2.13.

80 =8, 18,178, T8, Equation 2.13

The degeneracy terms for each fundamental mode of CH4 can be found in Table 2.2. It is
now possible to calculate the fractional vibrational populations of CH4 as determined by
nozzle temperature. However, there the rotational state populations must also be taken

into consideration.
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The methane molecule is made up of three different rotational states, described by
their symmetry species: A, E and F. It is stipulated, based on transition rules, that all
optical and collisional transitions between rotational states require conservation of
rotational character. So, if rotational cooling during a supersonic expansion were
complete, there would be three distinct rotational levels. However, not all rotational
species are present in each rotational level due to nuclear spin statistics, especially in the
instance of low lying J levels. In the vibrational ground state: the symmetry species A
can populate J=0,3,4; the symmetry species F can populate J=1,2,3,4; and the symmetry
species E can populate J=2,4.[26, 31-32]

It is well established that supersonic expansions are effective at cooling the
rotational temperature of a gas, unlike their vibrational temperature counterpart. This
means that the rotationally hot J states of a gas mix will cool to lower lying J states of
their respective symmetry group. In the instance of ideal cooling all rotational A species
would cool to J=0, E species would cool to J=2 and F species would cool to J=1.[33]
Nuclear spin statistics give a ratio of the relative population of these levels to be 5:2:9 for
ALE,F respectively. That would imply that under ideal expansion conditions with
complete cooling 9/16 of the methane gas would be residing in the J=1 level.

The degree of rotational cooling depends on the nozzle temperature and carrier
gas (if the beam is seeded). It is possible to determine the fraction of molecules
populating the F symmetry J=1 state by creating a partition function that is dependent on
the rotational temperature of the molecular beam. We use Equation 2.14 to calculate the

rotational partition function, where g, is the statistical weight of the degeneracy of the
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rotational state, E; is the energy of the rotational state, and 7,, is the rotational

temperature of the molecular beam.

Zrot :zg.] Xexp

J=0

(— heE, J Equation 2.14

rot

When determining the rotational spectroscopy of methane, methane is classified
as a spherical top or rotor. The rotational energy of a spherical rotor can be determined
using Equation 2.15, where Dy describes the centrifugal distortion constant for methane
(1.108x10™* “™') and B, describes the rotational constant for methane (5.2410 ™). [33-
34]

E, =B, J(J+1)—D,J*(J +1)’ Equation 2.15

In order to determine the statistical weight for the rotational levels of methane, g;,
we need to consider two factors; space degeneracy, 2J+1, and the total nuclear spin, gj.
Equation 2.16 can be used to determine g;.

g, =&,%x@2J+1) Equation 2.16

The nuclear spin degeneracy for each J state is determined using Equation 2.17.

g = Z e Equation 2.17

g; sums the product of the nuclear spin weight, er, and the number of levels, nr, for each
of the symmetry species in the methane molecule. It is possible to determine both the
nuclear spin weight and the number of levels for each symmetry species using solutions
determined for a generic spherical top molecule, XYs. The spin weight, er, can be

determined using
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Equation 2.18.[33]
A %(2]+1)2(12 +1+3)

E: %(2I+1)21(1+1) Equation 2.18

F:QI+1)*I(I+1)

For a methane molecule, I=1/2, giving us spin weights of 5, 2 and 3 for symmetry species
A, E and F, respectively. The number of levels attributable to each J state for the
symmetry species can be found using Equation 2.19. [33]

A: %{2J+1+3(—1)J +[%}m(2u1)ﬂ
3 Equation 2.19

E: é[zwr 1+3(=1)’ —[%Jsin(zJ +1)ﬂ

F:i[zjﬂ—(—l)-’]

In the calculations used to determine the rotational state populations the partition function
for each symmetry species up to high lying J states is calculated, along with the nuclear
spin degeneracy. The partition functions for each symmetry species are calculated by

taking the summation of the Boltzmann factor for each J state in Equation 2.20.

—heE, j Equation 2.20

Z =Zgj><e?<p(

The fraction of molecules in the specific J state is determined by dividing the population

rot

of molecules in a given J state by the total population of molecules in that symmetry

species, using Equation 2.21.

—hcE,
8, X eXp
fpop — rot j

zg ><exp —hCEJ
/ T

rot

Equation 2.21
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The total rotational partition function is determined by summing together the partition
functions for each individual symmetry species.

Now, that we have determined a way of calculating the fractional population of
methane in a specific rotational state we need to determine the rotational temperature of
our supersonically expanded molecular beam. Previous work has highlighted a method
that gives a decent approximation using a line fit, by plotting the rotational temperature
versus fractional composition of methane. The rotational temperature of 100% CHy at a
room temperature nozzle (~298 K) has been previously determined to be 17.6 K. The
rotational temperature of a 0.5% CH4 mix seeded in He has been previously determined

to be 7.4K.[35] Plotting this data results in Equation 2.22.

7, =1025x F,, +7.35 Equation 2.22

rot

Using Equation 2.22 it is possible to determine the rotational temperature of a 5%CH4/He
molecular beam at room temperature. Under these beam conditions T;=7.86 K and
96.58% of the CHy4 population in the F symmetry species is in J=1. It is possible to
calculate the rotational temperature of beams at hotter nozzle temperature using the above
equation, and for crude modeling these T, will be sufficient in determining J state
population. However, the average rotational temperature of the beam does not scale
proportionally with increasing nozzle temperature. Rotational cooling is less complete at
hotter nozzle temperatures. This has previously been documented, showing the ratio of
Trot/ Tno=0.065 at 294K and T;o/Ty0,=0.076 at 500K.[1-2] Obtaining an accurate
reflection of the population of CHy4 in J=1 across a wide range of nozzle temperature is

necessary in order to determine absolute sticking values.
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One method of compiling accurate vibrational and rotational populations would
use the raw Pyro-Electric Detector, PED, as an absolute value of measurement. The
bolometer is made of Lithium Tantalate, LiTaO3;. LiTaOs is a ferroelectric crystalline
solid possessing unique properties making it an excellent pyroelectric detector, among
other things. It is the polar nature of the PED material that allows it to measure changes
in temperature. The detector is mounted on a socket that is attached to a linear motion
feed through, allowing for precise positioning of the bolometer in the center of the
molecular beam. The IR is modulated at ~4Hz when measuring the PED signal. This
modulation makes it possible to measure the IR absorption as a change in the internal
temperature of the molecular beam. As the nozzle temperature is increased the relative
PED signal for a particular molecular beam decreases, reflecting some depopulation of
CHy,4 in the rovib ground state. The raw PED signal should be a valid way of measuring
rotational and vibrational ratio populations, as long as it is possible to get zero signal
from the bolometer when the laser is not resonant with the R(1) transition. Calculating
fexe using PED measurements is fairly straight forward, as seen in Equation 2.23.

PED 9 Equation 2.23
X —_—

/. N
e pED 16 2

PED,,.. 1is the extrapolated asymptotic maximum determined from saturation
measurements, discussed further later in the section. PED is the raw averaged signal
from the bolometer over the course of the dose. The 9/16 term is the maximum
population of CH4 molecules in J=1 if rotational cooling in the molecular beam was
complete and the '2 term comes from the rotational degeneracy factor. Table 2.3

compares for. using both methods. There is some disparity in the two data sets. The fox.
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values determined using the PED signal are the most reliable reflection of v; excited CHy

populations.

47



Tnoz Trot frot Fvib fpop f2 fexc fexc_PED
298 7.86 0.54 0.99 0.54
400 10.55 0.51 0.96 0.49 0.25 0.13 0.19
440 11.61 0.50 0.95 0.47 0.25 0.12 0.16
470 12.40 0.49 0.93 0.45 0.24 0.11 0.14
500 13.19 10.48 0.91 0.43 0.24 0.10 0.12
530 13.98 10.46 0.89 0.41 0.23 0.09 0.11
550 14.51 0.46 0.87 0.40 0.23 0.09 0.10
625 16.49 ]0.43 0.81 0.35 0.22 0.07 0.06
700 18.47 0.40 0.73 0.29 0.21 0.06 0.06
800 21.11 0.37 0.64 0.23 0.20 0.05 0.03

Table 2.3. F,,. values calculated using approximated rotational temperature and raw PED
signal.
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However, the most accurate approach would be to scan through the various J states of the
molecular beam at each individual nozzle temperature and determine the actual
populations. The new Aculight system will make this type of measurement fairly
straightforward and easy.

Once it is possible to determine the total fraction of CH4 molecules populating the
R(1) transition we can calculate the fraction of CH4 molecules that hit the surface in the

v3 excited state, f.... We determine fey using Equation 2.24.

Joe = pop* Ja Equation 2.24

Where f,,, represents the fraction of CH4 molecules in the correct rovibrational state and
/> represents the fraction of molecules that are actually pumped to our selected excited
state.

The f; term is a measure of how well the photons intersecting the molecular beam
saturate the R(1) transition. As such, the functional behavior exhibits an exponential
dependence on the radiation density, p, as seen in Equation 2.25.[36]

+
fo=—8 | 1-exp| - pa, | S22 Equation 2.25
8 *+& &

In this equation g; and g, represent the degeneracies of the ground and the excited state of
the R(1) transition, respectively. A,; is the Einstein coefficient for spontaneous emission.
The radiation density, p, is dependent on laser power, the diameter of the laser beam and
the linewidth of the laser. The transit time, ¢, that the CH4 molecule is exposed to IR
radiation, is a ratio of the diameter of the incident laser beam and the velocity of the
molecular beam. The f, term is dependent on how the IR photons interact with the

molecular beam. However, f> only accounts for the initial photons crossing the molecular
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beam. To maximize saturation our optical excitation scheme uses a multi-pass cell which
results in multiple crossings of the laser and the molecular beam. These multiple
crossings may result in a different fraction of excited molecules than predicted by the f>
term.[21] Thus, there needs to be an alternative method for measuring the extent to
which the transition is saturated, f;,;.

The most straightforward way to experimentally measure the extent of photon
saturation experienced by the molecular beam is to measure attenuating laser power as a
function of PED signal. These measurements involve dropping dirty microscope slides in
the laser path and determining the subsequent impact the attenuated laser power has on
absorbed IR in the molecular beam. Experimental results using the Burleigh FCL are
plotted in Figure 2.7. In the low power regime there is a near linear relationship between
laser power and IR absorption that ultimately gives way to an exponential function
approaching an asymptote that represents relative IR saturation of the CH4 molecules.
The functional form of the data in Figure 2.7 is described by Equation 2.25. We model
the exponential function and asymptote using Equation 2.26, a modified version of
Equation 2.25, where the transit time is held fixed and laser power is the independent
variable.

V=Y (1—exp(—=4,(P—4,))) Equation 2.26

A; and A, are adjustable fitting parameters that represent the constants in Equation 2.25
and any electronic offsets that arise from the laser power measurements. VY, is the
asymptote, which should theoretically be equivalent to PED,,,,. Equation 2.27 gives the
ratio used to determine the fraction of molecules in the beam that are vibrationally

excited.
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Figure 2.7. Laser Power Saturation Curve
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Soar = 2 Equation 2.27

As already stated, the functional form of the data in Figure 2.7 is described by Equation
2.26. Functionally, Equation 2.25 states that the larger the transit time, ¢, the more
probable vibrational excitation of the CHs molecules in the molecular beam. The
saturation asymptote corresponds to f> in the limit that transit time is infinite, giving us a
reduced expression for f ., as seen in Equation 2.28.

g t+tg, 2

Equation 2.28

fZ,oo

The laser(s) used in these experiments are linearly polarized, resulting in only AM;=0
transitions. This restriction sets the same degeneracy for the upper and lower state,
resulting in g;=g», which is where the 2 comes from.[4] We combine the f;,, and f> .
term to get the fraction of molecules excited to the v; state, and Equation 2.25 becomes

Equation 2.29.

Jo = Jow X Sfou Equation 2.29

The degree to which the transition is saturated is dependent on the ¢ of the molecule. The

speed of the beam is one of the variables determining the extent that the transition is
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saturated.
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Figure 2.8 plots f> as a function of reciprocal velocity (a scalable measure of ¢),
which allows us to correlate f;,, to transit time. The data is fitted to the functional form in

Equation 2.30.

Jo= S X (1 —exp (— A, x t)) Equation 2.30
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As is an adjustable fit parameter.
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Figure 2.8 gives an A; value of 1388. We can use this to come up with an f, term for any
beam under these optical conditions once we know the velocity of the beam.

The saturation measurements for the Aculight are performed in the same manner
and, as expected, we see a significant increase in the degree to which our molecular
beams are saturated. Figure 2.9 shows saturation curves for both the Burleigh and
Aculight laser systems for similar gas mixes under the same conditions. The black
circles and triangles represent IR absorption in a 100% CHs beam with a room
temperature nozzle using the Aculight and Burleigh lasers, respectively. The asymptote
representing saturation for the Aculight laser is more than double the Burleigh laser. The
additional Aculight photon density is so effective at saturating CHy4 in the beam that some
of the f, dependence on transit time disappears. This can be seen in the saturation curves
for the 5%CH4/He and 5%CH4/H; in Figure 2.9. When the nozzle is at room temperature

the beams have a ~22 kJ/mol difference in kinetic energy but both molecular beams reach
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a similar relative saturation asymptote because they have the same CHy4 density/volume.

This is a significant improvement in f> excitation from the Burleigh.

55



== L2 L L L I L L L L L L L B L L B
05F 3
04r ® E
03f ©® =

o E ]
021 -

F ® m
01F =
0.0 :f o b b e v b v b e v b e v b b e v b e b e 1:

0 1 2 3 4 5 6x1

Transit time

Figure 2.8. F’ as a function of transit time
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Figure 2.9. Laser Power Saturation Curve for Burleigh and Aculight
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2.4. Spatial Deposition of Carbon
The IR photons of both laser systems enter the chamber perpendicular to the

molecular beam path, through a sapphire port window. In order to maximize absorbable
IR we use a multi-pass cell to increase the number of laser passes through the molecular
beam which should increase the number of excited methane molecules. The multi-pass
has one fixed Au plated mirror and one adjustable mirror making it possible to “spread”
the laser excited molecules across x-y space, increasing the footprint diameter of laser
enhanced molecules that impinge on the Ni(111) surface. A pyroelectric bolometer
intersects the molecular beam and is instrumental in both verifying that the tunable IR is
resonant with the relevant transition and determining the number of vibrationally excited
CH4 molecules in the beam. The previous laser set-up limited the overall fraction of laser
excited CH4 molecules in the beam, f.,., because of the restricted IR power. The new
Aculight laser system has a surplus of power, making it easy to pump the v; transition to
Jexc=0.28, increasing effectiveness of the laser during measurements.

The sizable difference in output power for both lasers and the alignment of the
optical multi-pass cell required different methods for determining the laser excited CHy4
molecules that dissociated on the surface. The O, titration method determines carbon
coverage by correlating the integrated area under the CO desorption feature to ML’s
carbon. Therefore, there needs to be some way to account for non-uniform deposition of
laser-excited molecules across the Ni(111) surface.

An inhomogeneous beam profile is typical of the Burleigh F-Center laser system.
The IR entering the chamber is orthogonal to the molecular beam and its flow direction.
CH4 molecules that are diverging from the flow axis of the molecular beam will have

some velocity component along the direction of laser propagation, resulting in Doppler
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detuning of the CH4 molecules moving away from the flow axis.[21] If the laser is tuned
to the molecules moving along the beam axis these Doppler detuned molecules tend to be
located towards the crystal edges, giving an inhomogeneously broadened absorption
profile that is Gaussian in form. Typically, the CH4 moving along the molecular beam
axis towards the center of the crystal is preferentially excited, experiencing the maximum
excitation probability. An example of the Gaussian absorption profile can be seen in
Figure 2.10. An obvious consequence of this non-uniformity is variations in the

laseron a5 a function of position across the crystal, CH,/““""(x,y).

excitation fraction, CH,
Fortunately, it is relatively easy to account for this effect quantitatively.

A single laser-beam crossing orthogonal to the molecular beam or a multi-pass
cell aligned such that all excitation beams are parallel results in a CH,/““*"(x,y) that is
Gaussian in form. Consequently, CH,/““""(x,y) can be represented using a Gaussian
function, G(w,x). CH/““°"(x,y) can be further simplified to CH,““*"(x) because only the
x component of the molecular velocity leads to the Doppler shift in absorbance
frequency. Methyl coverage that is a result of laser excited CH4 molecules remains
constant in the vertical (y) direction. Spatially resolved AES measurements are used to
determine the shape of the carbon deposited by laser-enhanced molecules as seen in

Figure 2.10. These coverage maps are fitted to the Gaussian in Equation 2.31, where w is

the width of the fitted Gaussian.[21, 37]

_x Equation 2.31
CHj‘””o”(x):G(w,x):exp£ ’2) quation 2.3
w
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Figure 2.10. AES measurements of the spatial deposition of carbon across Ni(111) crystal
face using Burleigh FCL laser system.
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We define the center of the crystal as (x=0, y=0) and use the Ni(111) crystal dimension to
define the integration limits. Equation 2.32 becomes a function of x and the radial
dimensions of the Ni(111) crystal.[21, 37]

o Equation 2.32
CH!;ISWOH(X) — J‘2 PS (R2 — x2) [ G(W, X)dx

Equation 2.32 gives us the fraction of CH4 molecules that are vibrationally excited across
the area of the molecular beam that is imaged onto the crystal during experiments. The
CH/““°" fraction can be incorporated into the ML coverage determined by the O,
titration to determine the peak ML coverage resulting from methyl deposition at the
maximum excitation probability, as seen in

Equation 2.33. The fitted Gaussian function in Figure 2.10 gives w=0.48, resulting in
CH,/=*" =0 11.

ML = _ ML, Equation 2.33
correcte CHias‘eron(x)

Equation 2.34 shows the corrected ML coverage used to determine the sticking
probabilities for the laser excited sticking measurements.

Equation 2.34
Slasg” on __ MLcorrected quation
° flux ot

dose

The laser on sticking measurements can be used to determine state-resolved sticking
probabilities using Equation 2.35, where S,"” is typically treated as a negligible term

because of the comparatively small contributions of v=0 CH4 at relevant Eaps.

laseron __ glaseroff
SV3 — S 0 So

o

+87° Equation 2.35

exc

Fortunately, the large power output of the Aculight makes it possible to extend the

laser enhanced areal density across the entire molecular beam imaged on the crystal for
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las : i i
@ yuniformly covers the dimensions of

the laser on experiments. This means that CH,
the molecular beam and there is no longer a need to worry about inhomogeneous beam
profile. The carbon spatial deposition for laser excited experiments using the Aculight
can be found in Figure 2.11.

One would expect the carbon spatial distribution for a uniformly excited beam to
look similar to a top hat horizontal distribution. As can be observed in Figure 2.11 there
appears to be a slightly rounded shape to the distribution. This is mostly likely due to an
incomplete overlap of the AES electron gun beam and the carbon deposited near the
edges of the MBVH footprint. Figure 2.12 shows the same spatial deposition of carbon
as Figure 2.11 with three modeled curves designed to plot the functional form of carbon
deposition when the overlap between the electron beam and the chemisorbed carbon is
incomplete. The red, black and green lines represent the model fitted to an electron bean
radius of I mm, 1.5 mm and 2 mm, respectively.

None of the radii creates a fit that overlays directly onto the AES carbon map.
However, the functional form of the fits closely overlays onto the spatial deposition of
the laser excited carbon indicating the alignment of the IR is uniformly exciting the
molecular beam imaged onto the crystal. Some of the disparity in the fit compared to the

AES measurements could be due to the presumption that the electron beam has a uniform

electron density/mm”.
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Figure 2.11. AES measurements of the spatial deposition of carbon across Ni(111) crystal
face using Aculight laser system
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Figure 2.12. AES measurements of the spatial deposition of carbon with modeling of
incomplete electron gun overlap.
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Chapter 3. Surface Temperature

3.1. Introduction
The holy grail of chemical reaction dynamics is creating a potential energy

surface, PES, that gives a detailed understanding of how translational, vibrational,
rotational and electronic energy influence chemical reactivity.  Most dynamics
experiments are designed with the intent of probing one or more of these types of energy
and how they couple to the reaction coordinate. Gas-surface reaction dynamics
investigate the reactive channel in hopes of creating a more comprehensive PES to
describe the dynamic process. The most profound problem often encountered in these
experiments is the de-convolution of the internal state averaging that couples the degrees
of freedom in sticking measurements.

The reaction dynamics that govern the cleavage of the C-H bond in methane have
been rigorously investigated both experimentally and theoretically.[1-32]  The
dissociative chemisorption of methane on a surface is of considerable interest for several
reasons. Methane is the main reagent in the steam reformation process.[33] Currently,
this is the most common large scale commercial process used to create hydrogen gas,
which is critical in the industrial synthesis of ammonia. Methane provides a rich
energetic landscape for dynamics studies, it is a highly symmetric polyatomic molecule
with four distinct vibrational modes. Methane is also the simplest of all the
hydrocarbons, making it ideal for studying and modeling alkane(s) reactivity. These
reasons have contributed to CH4 dissociation becoming the archetypal system for the

study of gas-surface reaction dynamics.
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Methane dissociative chemisorption is a direct process, with reactivity increasing
exponentially with kinetic energy normal to the surface, Eju, and thermally hot
vibrations, E,;.[6, 34-37] These measurements are typically presented as plots of initial
sticking probabilities, S,, Vvs. Eyqus, Which take the form of “sticking curves”. The
molecules approaching the surface are experiencing a full range of geometric
orientations, vibrational phase factors and available surface sites. The energetic barrier to
reaction is highly condition dependant on these variables. Luntz posited that the
compilation of all these variables leads to a distribution of effective energetic barriers for
the molecules impinging on the surface, taking the functional form of a Gaussian.[38]
The distribution of energetic barriers will be dependent on how many degrees of freedom
are present in the molecular ensemble and how dependent the energetic threshold to
reaction is on these variables. The experimentally measured initial sticking probabilities
are the collective integral of the functional distribution of the effective energetic barriers.

Early experimental work proved the relevance of vibrations in reactivity,
however, due to the nature of these experiments it was impossible to determine the role
specific vibrational modes played in reactivity. Experimental work in the past decade has
combined molecular beam experiments with state specific infrared excitation to isolate
the impact of specific vibrational modes on CH4 dissociation.[2, 4-5, 8-9, 11-14, 39-41]
These experiments collapse the traditional Gaussian distribution that represents all the
available barriers to reaction sampled by the molecular beam and examines how specific
vibrational modes couple to the reaction coordinate. There needs to be a way to
quantitatively measure the effectiveness of the mode specific vibrationally excited

molecules reactivity compared to comparable E,,,s values. As long as the sticking curve
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for the laser excited measurements is similar in shape to the laser off sticking curve, the
constant offset between the two can be used to measure the vibrational efficacy, 7, in
promoting reactivity. Vibrational efficacy is measured using the expression found in
Equation 3.1, where AE,,,s is the offset in the translational energy between the laser
excited S,” and the laser off S’ curves, and E,; is the energy required to pump the
vibrational mode of interest.

E’’ —EY AE

trans trans __ trans

Evib E vib

n)= Equation 3.1

State resolved measurements of CH,4 reactivity on Ni (100) were the first reported.
Juurlink et al. measured sticking probabilities for the v; (v=1) anti-symmetric stretch of
CH,, finding that the v; mode was equally efficient at promoting dissociation as Ejqys
giving a vibrational efficacy, #, of =1.[8] The work was continued by Schmid et al. who
excited 2v3, the first overtone of vs, yielding #=0.8 +/- 0.1, slightly less than the efficacy
observed for v3 (v=1), which is expected due to anharmonicity.[11] Maroni et al. used
stimulated Raman pumping to excite the v; (v=1) symmetric stretch of CH4. The
experimental results proved to be quite striking, showing a nearly 10-fold increase in
sticking values for the v, (v=1) excited CH4 compared to the energetically comparable v;
(v=1) mode, with an estimated efficiency of #=1.4.[14] The implication of these results
is that mode specific selectivity strongly influences reactivity. The pronounced
difference between v, (v=1) and v; (v=1) reactivity suggests that the concerted vibrational
phasing of the CH4 bonds is most paramount and that it is the vibrational symmetry that
ultimately drives reactivity.

State resolved measurements of CH4 reactivity on Ni(111) were also performed.

Smith et al. reported the first state-resolved measurements with an efficacy greater than
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unity, investigating the impact of v3 (v=1) excited methane on reactivity. The results
showed that the v; vibrational mode is more efficient at dissociation than an equivalent
amount of translational energy, giving #=1.25.[2] Juurlick et al. investigated the impact
of the bending modes on CH4 reactivity, specifically the v4 (v=3) excited state. The
results showed that the bending motion of 3v; is far less effective at promoting reactivity
than the stretching motion of v; or an equivalent amount of Ei,ns, giving 7
(3v4)=0.72.[42] The CH4/Ni(111) and CH4/Ni(100) experiments both clearly exhibit
vibrational mode specific reactivity. Interestingly, the results also show that the ability of
vibrational energy to promote reactivity is dependent, to some degree, on surface
structure.

There have been extensive measurements made that have focused on how the
energetic components of the CHy4 gas-phase reagent couple to the barrier to dissociation
but much less work done investigating the role surface phonons play in reactivity. The
CH4/Ni state resolved experiments showed that specific types of vibrational motion in the
CH,4 molecule can access phase space regions near the transition state where the energetic
barrier to product is smallest. The experiments also show that surface structure plays a
role in how effective specific vibrational motion is in promoting reactivity, indicating that
the surface atoms play a role in the transition state accessed by the gas-phase reagent.
Vibrational motion is believed to enhance reactivity in systems that experience a “late”
barrier because it couples well to the transition state, the elongation of the active C-H
bond best mimics the act of dissociation. Because the surface is the necessary catalyst to

reaction it seems reasonable that the position of the active surface atom, with respect to

70



the rest of the surface, would have some impact on the dynamics of reactivity. That is to
say that the motion of the Ni atom would couple to the transition state as well.

There have been some molecular beam experiments that looked at the impact of
surface temperature on sticking probabilities. Homblad et al. performed experiments on
the CH4/Ni(100) system looking at the effect of different coordinates of energy on S, by
varying the surface temperature across a range of 300-625 K, Ej,.,s and Ey;3.[7] They
noted that sticking probabilities had a weak dependence on surface temperature with the
most pronounced dependence observed for the gas-phase reagents with the lowest E,;.
Yet, the effects of surface temperature on S, were relatively small compared to those of
Eyans and E,;. Lee et al. performed a similar experiment on the CH4/Ni(111) system,
investigating the effects of surface temperatures of 275 K and 475 K on sticking
probabilities.[6] They claim to measure identical sticking values for both surface
temperatures. However, the experimental conditions indicate a highly energetic
molecular beam (7,,,=830 K). Luntz et al. looked at CH4 dissociation on Pt(111)
including a set of experiments that investigated the impact of surface temperature on
sticking probabilities. The experiments probed surface temperatures from 400-1300 K
and 400-1000 K at two different incident energies, E~=1.27 eV and E=0.42 eV,
respectively.[18] A strong, near linear, temperature dependence was observed for the
low E; experiments and a more modest, near linear, temperature dependence was
observed for the high E; experiments. Both experimental conditions showed substantial
activation of the dissociation channel by increasing surface temperatures. Seets et al.
performed similar experiments studying the dissociative chemisorption of CH4 on

Ir(111), documenting both a surface temperature dependence and a decrease in the
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surface temperature effect as a result of increasing the incident energy of CHy4.[43] These
experiments show that the effect of surface temperature on dissociation is surface
dependent and that the incident energy of the molecular beam has a significant impact on
how discernible temperature effects are. None of the experiments were performed under
energy starved conditions on near static surfaces, which would really highlight the
possible significance surface temperature plays in dissociation. All of these experiments
run into the same problem that was apparent with the internally state averaged molecular
beam studies, the effect of surface temperature is buried in the Gaussian distribution used
to represent all the random variables that effect the barrier to reaction.

In conjunction with experimentalists, theorists have also been hard at work
modeling the CHy4 dissociation process. There are two major difficulties commonly
encountered. First, a quantum treatment of the reaction is preferred because of the
typically high barriers to activation and the possibility of important tunneling
contributions. However, a quantum treatment requires the use of a large number of
degrees of freedom making the calculations time consuming and difficult. Second, there
needs to be a way to incorporate the interaction of the incident molecule with the metal
lattice of the surface.

The first theoretical studies to address surface effects modeled the interaction
between the gas particle and the surface as a single harmonic oscillator.[20] The methane
molecule is treated as a quasi-diatomic, R-H, where R-CHj3. This simplified model limits
the system to two molecular degrees of freedom, the R-H bond length and the distance of
the center of mass of the molecule above the surface. The surface itself is also treated as

a harmonic oscillator, making it possible to incorporate atomic displacement of the
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surface into the CHy dissociation mechanism. The model provided a good qualitatively
agreement with experimental data, illustrating how thermally hot molecules and surface
temperature influence reactivity but could not be used as a fully predictive model. The
model was improved upon with the inclusion of two more molecular degrees of freedom
to the quasi-diatomic R-H, allowing it to fully rotate in space.[24] These improvements
also introduced the surface mass model, SMM, to account for the metal atom vibration.
In the SMM, the thermal distribution of the surface is used to describe the velocity
distribution of the lattice atom, which is mapped onto the relative motion of the incoming
CHy4. Theory improved on the SMM model with the lattice reconstruction, LR, model
which continues to use the quasi-diatomic R-H molecule but modified the methane lattice
interaction allowing the lattice to relax at the transition state to the most energetically
favorable state. The key distinction in these most recent theoretical models is that the
atomic movement of the lattice can modify the barrier height to dissociation, instead of
simply relocating the barrier to dissociation. Nave et al. recently reported results, using
this latest theory, for CH4 dissociation on Ni(111). Initially they mapped out the
transition to dissociation using a flat rigid Ni lattice. They discovered a sizeable barrier
to dissociation, 105 kJ/mol, which was in direct agreement with the 108 kJ/mol barrier
found by Kratzer et al.[26, 44] They then allowed the Ni atom directly below the
methane to relax within the lattice. This resulted in a Ni atom puckered ~0.2 A above the
surface plane and a new barrier to dissociation of 91.2 kJ/mol, approximately a 20%
reduction in barrier height.[26] These results suggest that it is not only the C-H
stretching vibrational modes that promote CHy4 dissociation on Ni(111), but also lattice

relaxations. These results are not anomalous to the CH4/Ni(111) system. Henkelman et.
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al reported an even more pronounced surface reconstruction for CH4 dissociation on
Ir(111). They reported surface relaxation leading to an Ir atom displaced by as much as
0.6 A out of the surface plane.[23] This displacement may be slightly overestimated, but
it offers further support that surface temperature plays an instrumental role in the CHy
dissociation process.

Currently, there has been only one report of state-selective reactivity as a function
of surface temperature.[13] The results were limited to a very narrow Ej,,s range and
only provide a cursory glimpse into the importance of surface temperature on reactivity.
This paper provides a comprehensive overview of the effect of surface temperature on
dissociative chemisorption of CH4 on Ni(111). The goal of these experiments is to mimic
both the static hard surface and the soft mobile lattice, using surface temperatures of 90 K
and 550 K. The 550 K surface temperature experiments provide the Ni atoms with ample
phononic energy, allowing them displacement in and out of the metal lattice. The 90 K
surface temperature effectively “freezes” the Ni atom in place, recreating the rigid
surface model used by theoreticians. There is an extensive data set that investigates the
role surface temperature plays in reactivity for modestly and highly energetic molecular
beams. This data set offers some insight but the role of surface temperature is still
convoluted by the distribution of barriers encountered by the incident CH4 molecule. The
vibrationally excited state-selective data set at lower incident energies circumvents the
problem of multiple barriers, making it possible to sample reactivity near threshold for

the first time.
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3.2. Experimental

The experimental apparatus and methods have been previously discussed in
detail.[34, 45-47] This section will summarize important details and feature new
methods used. The experiments are performed in a triply differentially pumped
supersonic molecular beam-surface scattering chamber. The molecular beams are
composed of methane seeded with a helium carrier gas. The beams are expanded through
a variable temperature nozzle, which controls the translational energy and the internal
energy of the beams. The molecular beam impinges on a Ni(111) crystal residing in the
ultra-high vacuum (UHV) chamber. The UHV chamber houses customary surface
science instruments used to evaluate both the molecular beam and the crystal surface; an
Auger electron spectrometer (AES) used for substantiating surface cleanliness and
quantifying carbon coverage, and an UTI quadrapole mass spectrometer (QMS) for beam
characterization and isothermal desorption measurements.

Previous experiments used one of two techniques to determine the carbon
coverage on the surface. Experiments primarily concerned with determining the number
of carbons on the surface used AES. AES is a useful tool for determining quantitative
measurements of dissociated carbon, but incapable of distinguishing between '*C and *C
or detecting H/D. Experiments that relied on isotopic identification to give meaning to
results used a bulk H titration TPD methodology. This technique was capable of
distinguishing between masses, and thus isotopic identities, but required that the surface
be kept at or below 150 K, which is experimentally limiting. A new method was adopted

that still allows for isotopic identification but allows for a wider range of surface
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temperatures, 95-550 K, giving greater flexibility to experiments. The method uses a
molecular oxygen beam to titrate the adsorbed carbons off the crystal surface and has
been well-established as a valid way to measure reactivity.[47-50]

The isothermal CO desorption measurements combine the use of a supersonically
expanded O, beam and a modified King and Wells technique. Once the cleanliness of the
surface is verified using AES, the Ni(111) is dosed with a molecular beam. After the
dose is concluded any remaining gas is pumped from the gas manifold and the QMS is
warmed up for analysis. In order to perform the O, titration the crystal temperature needs
to be warmed to ~550 K. A supersonically expanded molecular oxygen beam is
generated using the variable temperature nozzle. The Ni(111) crystal is blocked with a
beam flag at the beginning of the O, titration to allow for a baseline to be established.
The crystal surface is then exposed to the molecular beam and the oxygen dissociates on
the Ni(111) surface, reacting with the adsorbed C atom to form the CO desorbing
product. Multiple masses are monitored during the isothermal analysis; m/z=16,18,28,44.
Previous groups have observed a secondary CO, product. However, there was no
observable change in the CO; signal levels upon dosing the surface with the oxygen
beam. The results show a significant peak in the m/z=28 signal level upon oxygen
exposure and a corresponding dip in the m/z=16 signal indicating the uptake of oxygen
by the carbon covered surface. The area under the peak is integrated and the counts are
correlated to some carbon coverage. A calibration curve relating counts to carbon
coverage is to provide a quantitative result. The calibration curve is verified using both
AES and King and Wells experiments. The experimental technique currently has a limit

of detection of 0.002 ML.
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The molecular beams used in these experiments spanned a wide range of gas
mixes and nozzle temperatures. Due to the variance in surface temperature in these
experiments all molecular beams were seeded with a helium carrier gas. The laser off
experiments looked at the impact of surface temperature on reactivity across a range of
Eans for two distinct nozzle temperatures. The CHy in the molecular beam has a narrow
translational energy distribution, 4E/E < 5%, and have relatively cool rotational
populations. However, supersonic expansion has trouble cooling vibrations and nozzle
temperature ends up dictating thermal vibration populations for the CHy in the beam. If
experiments were performed across a range of nozzle temperatures there would be an
internal energy contribution from both E,,, and E,;, making the data set a convolution
of the two. We are able to extract out the direct contribution of £, in reactivity with a
fixed thermal vibration population by maintaining the nozzle temperature and seeding the
gas mix to sample a range of E,.,;. These experiments sampled five different values of
Eyans by expanding a 1%, 5%, 10%, 25% and 50% mixture of CH4 (99.999% purity,
Northeast Airgas) through a 700 K nozzle and three different values of Eju.s by
expanding a 1%, 25% and 100% mixture of CHy4 through a 1050 K nozzle. The laser
excited experiments do not have to worry about populating higher vibrational states and
their overall contribution to reactivity with increasing nozzle temperature because of the
nature of the data treatment. Therefore, the laser excited experiments were all performed
with a 5% CH4/He mix, with the exception of one low E,,,; measurement performed with
a 100% CH,4 beam. The laser experiments were performed across a wide range of nozzle

temperatures; 7,,,~400, 470, 500, 530, 550, 625, 700, 800 K.
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The experiments used two different laser systems to generate the IR photons
necessary to excite the v=1 anti-symmetric stretching state of the methane molecules via
the R(1) transition. One of the laser systems has been discussed in great detail in
previous publications.[13, 34, 42, 45-47, 51] The IR light is generated from a tunable,
continuous-wave single-mode laser (Burleigh, FCL-20). Specifically, a single line at 647
nm from a Kr' laser (Innova 400, Coherent) pumps a Li:RbCl crystal in the FCL-20,
generating multi-mode IR in the 2.8 ym — 3.4 um range. Single-mode lasing is achieved
with the use of an intercavity etalon. The color center photons are frequency stabilized
with a home-built, computer-controlled servo-loop that uses a temperature and pressure
stabilized Fabry-Perot etalon as a reference. It is possible to excite a specific
rovibrational state of the methane due to the narrow bandwidth of the laser, ~1 MHz.
The laser system is capable of ~SmW output of single-mode IR photons at the v R(1)
transition, 3038.495 cm™. The other laser system is a recent acquisition, capable of a
considerably larger output of single-mode IR. The laser system is Aculight’s Model 2400
periodically-poled Lithium Niobate (PPLN) optical parametric oscillator (OPO). The
Aculight provides widely tunable continuous wave infrared laser output with a significant
amount of laser power. OPO is a non-linear process that takes a single laser beam at a
fixed wavelength, the “pump” beam, and transforms it into two lower energy beams, the
“signal” beam and the “idler” beam, that are both tunable. Similar to the previous laser
set-up, the laser is frequency stabilized using a home-built, computer controlled servo-
loop, with a temperature and pressure stabilized Fabry-Perot etalon as a reference. The
IR photons of both laser systems enter the chamber perpendicular to the molecular beam

path, through a sapphire port window. In order to maximize the impact of the IR a multi-
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pass cell is used to enhance the number of excited methane molecules in the beam. The
multi-pass has one fixed Au plated mirror and one adjustable mirror making it possible to
“spread” the laser excited molecules across x-y space, increasing the diameter of laser
enhanced molecules that impinge on the Ni(111) surface. A pyroelectric bolometer
intersects the molecular beam and is instrumental in verifying that the tunable IR is
resonant with the relevant transition and qualitatively determining the extent of CHy
molecules in the beam that are excited. The previous laser set-up limited the overall
fraction of CH4 molecules in the beam, f;,., that could be excited because of the restricted
IR power. This new laser system has such a surplus of power that it is easily able to
saturate f..., ~0.28, increasing effectiveness of the laser on measurements.

The sizable difference in output power for both lasers and the set-up of the optical
multi-pass cell required different treatments for the laser excited CH4 molecules incident
on the surface. The O, titration method determines carbon coverage by correlating the
integrated area under the CO desorption feature to monolayers of carbon. Therefore there
needs to be some way to account for non-uniform deposition of laser-excited molecules
across the Ni(111) surface. The inhomogeneous beam profile is typical of the Burleigh
F-Center laser system. Whereas, it is possible to extend the laser enhanced areal density
to encompass the entire molecular beam imaged on the crystal for the laser on
experiments using the Aculight. The IR entering the chamber is orthogonal to the
molecular beam and its flow direction. CH4 molecules that are diverging from the flow
axis of the molecular beam will have some velocity component along the direction of
laser propagation, resulting in Doppler detuning of the CH4 molecules moving away from

the flow axis. If the laser is tuned to the molecules moving along the beam axis these

79



Doppler detuned molecules tend to be towards the crystal edges, giving an
inhomogeneously broadened absorption profile that is Gaussian in form.[51] Typically,
the CH4 moving along the molecular beam axis towards the center of the crystal is
preferentially excited, experiencing the maximum excitation probability. An obvious
consequence of this non-uniformity is variations in the excitation fraction, CH,/““"" as a
function of position across the crystal, CH,/““*"(x,y). Fortunately, it is relatively easy to
account for this effect quantitatively.

A single laser-beam crossing orthogonal to the molecular beam or a multi-pass
cell aligned such that all excitation beams are parallel results in a CH,/““*"(x,y) that is
Gaussian in form. Consequently, we can represent CH,/““”"(x,y) using a Gaussian
function, G(w,x). CH/““°"(x,y) can be further simplified to CH,“*“*"(x) because only the
x component of the molecular velocity leads to the Doppler shift in absorbance
frequency. Methyl coverage that is a result of laser excited CH4 molecules remains
constant in the vertical (y) direction. Spatially resolved AES measurements are used to

determine the shape of the carbon deposited by laser-enhanced molecules. These

coverage maps are fitted to the Gaussian in Equation 3.2.

2

CH‘l‘aseron(x) — G(W, X) _ exp(_x j Equation 32

WZ
The center of the crystal is defined as (x=0, y=0) and the Ni(111) crystal’s dimension are

used to define the integration limits. Equation 3.3 becomes a function of x and the radial

dimensions of the Ni(111) crystal.

CHAl‘aseron(x) — J‘2 ° (R2 _x2 )1/2 . G(W’ x)dx Equatlon 33
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Equation 3.3 gives us the fraction of CH4 molecules that are vibrationally excited across
the area of the molecular beam that is imaged onto the crystal during experiments. The
CH/™“"" fraction can be incorporated into the raw monolayer coverage, ML,q,
determined by the O, titration to determine the peak monolayer coverage, ML oyrecteds

resulting from laser excited methyl deposition as seen in Equation 3.4.

ML
MLCorrec ed — $ E t 4
ted CHiasnran(x) qua 10N 3

This ML smreciea can be used to determine the sticking probabilities for the laser excited

measurements using the expression found in Equation 3.5.

ML

corrected

ﬂux ® tdﬂse

Slaseron _
o =

Equation 3.5

The S,/ can ultimately be used to give state-resolved sticking probabilities, S,"”, using

Equation 3.6.

Slaseron _ S/aserojf
-0 .
Sh=—2 2 +S) Equation 3.6

exc
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3.3. Results/Discussion

3.3.1. Laser Off Data

Figure 3.1 summarizes the results of the laser off molecular beam studies, and the
results are compiled in Table 3.1. The experiments were performed at two different
nozzles temperature; 700 K and 1050 K, as well as several distinct surface temperatures;
90 K, 200 K and 550 K. There are several striking disparities between the data sets worth
addressing.

There is a distinct difference in the shift of the measurable surface temperature
effects between the 7,,,,=700 K and the 7,,,=1000 K data. The 7,,,=700 K data shows a
little more than 6-fold increase in the initial sticking probability measurements for the
T=550 K data compared to the 7,=90 K data. The 7,,,=1050 K data set exhibits a
significantly reduced surface temperature effect with only a 2-fold difference between the
T=550 K and 7,:=90 K data. This distinction supports the idea that surface temperature
effects get “washed out” as higher internal energy regimes are used for experiments.
There are several potential factors that could be contributing to the decrease in surface
temperature effects with “hotter” molecular beams. An increase in the nozzle
temperature correspondingly increases the thermal vibrational temperature of the
molecular beam, leading to enhanced reactivity. A hotter nozzle temperature will also
increase the translational energy or “impact energy” that allows for the methane molecule
to react at a higher probability. Finally, an increase in translational energy will also
decrease the residence time between the CH4 molecule and the surface, decreasing the

influence of the surface on reactivity.
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Similar to the reaction coordinate, it would be useful to understand how
translational and vibrational energy of the reagent couple to lattice motion of the catalytic
surface, and if one is more influential on overall surface temperature effects. Upon
further inspection the 7,,,,=1050 K trendlines show some difference in reactivity between
the slowest Ejqns (34.9 kJ/mol) and the fastest Ey,4,s (85.2 kJ/mol) data for the 550 K and
90 K surface temperatures. The slowest beam, E,,;= 34.9 kJ/mol, shows a near 3-fold
enhancement in reactivity as a result of surface temperature effects, compared to the 2-
fold enhancement measured for reactivity at Ej,,=85.2 kJ/mol. This data hints that
while E,.,s plays a role in surface temperature effects vibrationally hot molecules play a
far greater role overall. The data in Figure 3.1 presents a difference between the two
slopes representing reactivity for the 7,,,=700 K and T,,,~1050 K experiments. The
slope of the reaction curve for the 7,,,=700 K data is considerably steeper than the
T,,~=1050 K data. This data is consistent with hotter thermal vibrational populations

3

contributing more to “washing out” surface temperature effects. As the nozzle
temperature is increased so is the thermal vibrational population of the CH4 molecule,
increasing overall reactivity, which is consistent with the striking difference in the slopes
of the two data sets.

The T,,,=700 K experiments were performed at three different surface
temperatures; 7,,,=90 K, 200 K and 550 K. Initially interest in the 200 K surface
temperature data was cursory. The primary question was whether or not it had the same
sticking probabilities as the 90 K data. The idea being that there was some surface

temperature that effectively “activated” the surface and any contributions it makes toward

CH, dissociation. The results showed a constant increase in reactivity across the Ejqps
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range, suggesting that there is some sort of statistical randomization of surface energy
impacting reactivity, which will be explained in further detail later.

Nave et al. has been working on modeling surface temperature effects using
electronic structure studies and quantum scattering.[25-31] Figure 3.2 uses the LR2
model created by Nave et al. to fit the laser off dissociation probabilities for the 7,,,,=700
K data set. The LR2 model is an improved version of the LR model. The LR2 model
considers recoil effects more than the LR model with an extra term in the potential that
leads to stronger mechanical coupling to the lattice, which shifts the location of the
dissociation barrier relative to lattice atom displacement. The increase in the mechanical
coupling to the lattice increases the surface temperature effect in the LR2 model
compared to the LR model. The population of the lattice states are Boltzmann averaged
based on surface temperature. The model uses a Boltzmann distribution to average the
thermal vibration population of the molecular beam, due to the high nozzle temperature
used in the experiments Sven et al. included contributions from v,= 0,1 and 2.

The agreement between theory and experimental data is reasonable. The LR2
data increases in reactivity with kinetic energy and surface temperature similarly to the
experimental data. The relative magnitude of the theory sticking curves is within an
order of magnitude of the experimental data. The overestimation of the reactivity is
believed to be the result of the parameters of the LR2 model. The model presumes
incoming CHy4 follow the minimum energy path, MEP, over the Ni top site, neglecting to
include averaging over other impact sites with higher barriers to dissociation.[25] It is

also worth noting that both theory and experiment show a similarly small response in
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Figure 3.1 Sticking probabilities of CH4/Ni(111) at different 7,,,, and 7.
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Gas Mix ooz (K) Exin (kJ/mol) S, (90 K) SD 90 K S,200 K SD 200 K S, 550 K SD 550 K

1%CH,/He 700 547 4.09E-05 7.40E-06 8.25E-05 3.88E-06 2.54E-04 4.97E-05
5%CH,/He 700 50 1 48E-05 6.53E-07 2.28E-05 1.56E-06 1 24E-04 1.23E-05
10%CH,/He 700 451 3.11E-06 5 36E-07 1.33E-05 4.87E-07 6.57E-05 1.02E-05
25%CH,/He 700 37.8 3 44E-06 5.63E-07 4.95E-06 1.19E-06 2.18E-05 8.96E-07
50%CH./He 700 30.26 6.11E-07 1.11E-07 1.16E-06 4.88E-07 3.88E-06 1.07E-06
1%CH,/He 1050 85.2 3.17E-03 1.88E-03 1.63E-02 9.40E-05
25%CH,/He 1050 574 1.15E-03 7.11E-05 3.01E-03 2.90E-04
100%CH,/He 1050 349 1.07E-04 2.05E-05 3.09E-04 5.56E-05

Table 3.1 Table summarizing data for laser off molecular beam experiments
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reactivity to the increase in surface temperature from 90 K to 200 K, whereas there is
pronounced effect on reactivity at a 550 K surface temperature.

There appears to be a step structure in the reaction curves for both the 90 K and
200 K models, with the effect being most pronounced for the 90 K surface. These
features are most likely the result of contributions to reactivity from v,= 1 and 2, with
nearly all the reactivity at lower Ej,,s coming from molecules in v,= 2. Nave et al.
believe that including more DOF and the averaging over other impact sites would smooth
out the curves and decrease the slope.[25] Interestingly, the reaction curve for the 7,=550
K model data is relative smooth, suggesting that the phononic vibrations play a
substantial role in modifying the barrier to reaction.

The theoretical model compliments the experimental data. Both data sets show a
surface temperature dependence on reactivity. They also show that the internal energy of
the molecule has a marked effect on how much of a surface temperature dependence
there is. The stepped structure in the reaction curves of the theoretical model hint that the
more energy deprived the system, the more remarkable the effect surface temperature has
on reactivity. However, one problem with these energy deprived regimes is that while
decreasing available internal energy and translational energy we are also decreasing
reactivity, falling into a regime that has a very low probability for dissociation. Another
problem is the convolution of the E,,,s and E,; contributions to the overall internal
energy of the reactivity. Even at seemingly low nozzle temperatures it is possible to start
populating the vibrational bending modes, which can contribute to reactivity and
convolute the data.

State resolved experiments would provide an appropriate solution. Exciting the
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Figure 3.2. Reaction probabilities for CH4 on Ni(111) at nozzle temperature of 700 K.
The curves on the graph represent the LR2 model for each corresponding surface
temperature; 90 K, 200 K and 550 K. Figure reproduced from reference [25] with
permission.

88



vs, anti-symmetric stretch of CH4 would add ~36 kJ/mol of internal energy into the
system, along a coordinate that promotes reactivity, making it possible to perform the
experiments under conditions that are energy starved. It also addresses the problem of
mixed internal energy contributions from £, and E,; in reactivity, simply by the nature
of the data analysis.

State specific excitation of the v; fundamental mode channels energy into the
energetic coordinates that may be the most relevant in surface temperature dependent
experiments. Theoretical models of CH4 dissociation dynamics are including an
energetic contribution from the surface. The most recent models show the Ni atom below
the dissociating CH,; molecule puckering out of the metal lattice ~0.23 A to better
incorporate itself in the transition state, effectively lowering the barrier to dissociation by
~0.21 eV.[25] It is believed that vibrational motion, specifically the stretching states of
CHy, best mimics the type of atomic displacements that occur at the transition state for
dissociation. The stretching vibrations may be best suited for exploiting the surface

temperature dependency that results from the puckering Ni atoms.
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3.3.2. Laser On Experiments

Figure 3.3 illustrates the effect that surface temperature can have on reactivity in
energy starved regimes and Table 3.2 summarizes these results. The solid green triangles
represent the sticking probabilities for the v; excited CHy dissociation on a 550 K Ni(111)
surface and the solid blue diamonds represent the sticking probabilities for the v; excited
CHy dissociation on a 90 K Ni(111) surface. The solid red squares are laser on data from
a previous vs state resolved experiment performed at a surface temperature of 475 K, and
are used as a reference.[2] The data show a substantial difference between the 7= 550 K
and 7= 90 K sticking probabilities across the E;,,,s— 40 - 60 kJ/mol range. Both data sets
show a linear relationship between logarithmic initial sticking probabilities and
increasing kinetic energy, consistent with a direct mechanism governing dissociation.
The shift in reactivity remain approximately constant across the Ej,,= 40 — 60 kJ/mol
range, showing a near 12-fold gain in the 7= 550 K sticking measurements. It is the data
in the lower energy region, Ey..,s= 32 — 40 kJ/mol, that shows the most striking difference
between the two different surface temperatures. While the sticking probabilities for the
550 K surface continue to show the expected linear relationship between the log plot of
So VS. Eyans, the 90 K surface reactivity plummets over a very short range of kinetic
energies. It is under these energy starved conditions that we are able to fully appreciate,
qualitatively and quantitatively, the significant energetic role that surface temperature
plays in methane dissociation. In this very narrow range of kinetic energies the lack of
phononic activity on the 90 K surface effectively shuts down the reaction channel,

causing the sharp fall off in sticking measurements.
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The steep drop-off in the initial sticking probabilities observed in Figure 3.3 when
almost all high frequency phononic activity is removed from the surface suggests we are
observing, for the first time, a single reaction pathway to dissociation. The drastic
distinction between the sticking curve prior to and proceeding ~40 kJ/mol indicates a
dramatic change in the reaction dynamics landscape. A methane molecule approaching
the Ni(111) surface sees an infinite number of possible reaction channels to approach the
transition state to dissociation. These infinite pathways are the result of various degrees
of freedom available to the incoming gas molecule, molecular orientation, impact site
parameters and surface atom displacement, making up the multidimensional PES that
dictates reactivity. These variable parameters can have a significant impact on reactivity,
resulting in a distribution of barriers to C-H bond cleavage. This distribution of barriers
is apparent in the relatively large span of reaction rates across fixed kinetic energy
regimes. The reaction probability curves for these dissociation measurements typically
take the functional form of an erf function. The derivative of the erf function gives a
Gaussian form representative of the distribution of effective barriers for the system. As
the available degrees of freedom for the system are limited, the functional Gaussian form
should narrow. State-resolved measurements should remove the thermal vibrational and
rotational contributions to the molecular beam, narrowing the distribution of effective
barriers. However, the geometric heterogeneity of the system (molecular orientation,
surface atom displacement and impact site) still contributes to the overall broadening of
the distribution of barriers. The ultimate goal is to eliminate all heterogeneity and reduce
the distribution of barriers to unity, which should give an energetic threshold to

reactivity. The experimental use of cold surfaces, 7, = 90 K, essentially freezes all
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atomic displacements of the surface Ni, removing their contributions to reactivity. One
experimental variable still contributing multiple degrees of freedom to reactivity is the
energetic spread in the molecular beam. McCabe et al. reported narrow translational
energy distributions with a AE/E < 5%, using the same experimental apparatus as used
here.[47] Deconvoluting the translational energy distribution from the 7,= 90K data for
the energy deprived regime should further narrow the distribution of effective barriers
and increase the steepness of the slope in reactivity at ~40 kJ/mol.

The distribution of wvelocities (or energies) in the supersonically expanded
molecular beam used in our experiments is characterized by time of flight, TOF,
experiments. The TOF experiments modulate the molecular beam with a chopper wheel
creating individual gas pulses that traverse down the beam line to a QMS detector. The
QMS detector measures the duration of the gas pulse in the time domain, characterizing
the velocity (or energy) distribution of the molecular beam requires the transformation
from velocity to time space. First, we must account for the Jacobian of the
transformation from velocity to time space, using Equation 3.7 where f(v)dv is the flux

weighted velocity distribution and g(z) is the TOF distribution.[52]

g@®)dt = f(v)dv Equation 3.7

The expression commonly used for velocity distribution in simple cases is given by
Equation 3.8 where v is the velocity, v, is the stream velocity and o is a width

parameter.[52]

2
f(v)zv3xexp|:—(v_v0j j| Equation 3.8
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The normalization constants in the pre-exponential term get dropped and the expression
is reduced. The translational energy distribution of the molecular beam is similarly

determined and gives us the expression found in Equation 3.9.[52]

2
g(f)=i><exp{—(E_E"j :l Equation 3.9
t6

(24

The model used to deconvolute the translational energy distribution from the initial
sticking probabilities is described by Equation 3.10 and takes a similar form as Equation

3.9, where Eesnoia, f and o are constants determined by best fit parameters.

2
S, (model) = < exp { (Eions = Eursiond) } Equation 3.10
@

The S,(model) is used to determine sticking probabilities at the Ej,,s values used in the
experimental data. The translational energy distribution is determined for each data point
corresponding to a specific nozzle temperature on the sticking curve of the 7, = 90 K
experiment. The E,,,, distribution is functionally Gaussian in form. The Gaussian for
each T, is partitioned into 0.2 kJ/mol intervals on the Ej,, scale, g(E)y. The sum of the
product of the S,(model) and g(E)y at each 0.2 kJ/mol increment over the entire Ejqys
distribution gives the initial sticking probability for the respective T,.., So(7), as

expressed in Equation 3.11.
2 8(E)y xS, (model),,
N

=8 (T) Equation 3.11
E g(E)y
N

Figure 3.4 summarizes the results of the translational energy distribution
modeling and compares them to the 7,=90 K data. As can be seen in Figure 3.4 the S,(7)
data matches up well with the experimental data, with nearly all the S,(7) data from the

model falling within the 95% confidence interval of the 7,=90 K data. This suggests that
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the steep slope observed in the 7,=90 K data can be attributed to the translational energy
distribution in the molecular beam, and the actual sticking curve would more likely
resemble a step function.

The steep slope in the data in Figure 3.4 could lead one to believe that the
contributions from molecular orientation and impact site on the distribution of barriers
are negligible. While this may be true under these experimental conditions, it would be
remiss to presume these effects are ubiquitous. Effectively “freezing” the high frequency
surface phonons eliminates the thermal activation channel to reactivity shutting down
otherwise available reaction trajectories. In the case of molecular orientation, it is most
likely that only v; excited molecules with ~42 kJ/mol translational energy coming in
oriented correctly will dissociate. Any other orientation simply will not find enough
energy within the system to surmount the barrier. The same will hold true for impact site,
only CH4 molecules with the necessary amount of energy landing on top sites will react.

The observation of a step function in a sticking curve is a direct indication of a
distinctive threshold to reaction. Reaction rate theory has predicted threshold energies
for dissociative mechanisms on catalytic surfaces. However, because of the inherently
convoluted nature of molecular beam experiments a clear threshold for reaction was
never observed. These results are the first experimental data to show a threshold to
reaction. The S,(model) used to map out the translational energy distribution includes a
Enresnota term, which is determined using best fit parameters. The Ejesnos term is used to
model out the initiation of the sharp energetic cut-off, which corresponds to the shutting
down of the reaction channel. The best fit to the 7,=90 K data gives a Eesnoii=42 kJ/mol

value. The methane molecule has 36 kJ/mol of internal energy along the v; stretching

94



coordinate. The combination of E,; and Egyyemos gives us the minimum amount of
energy for molecules in this state to react, E,~78 kJ/mol. The total energy to
dissociation is remarkably close to predicted barriers.[22, 53]

Sticking curves tend to show reactivity over a broad range of energies including
regimes well below the barrier to reactivity, which has been attributed to the
multidimensionality of the reaction coordinate and tunneling contributions. The
experimental work here shows how significant a vibrationally active catalytic surface can
contribute to reactivity. Figure 3.3 shows the sticking curves for v; excited CHy
dissociating on Ni(111) at 7,= 90 K, 475 K and 550 K. The 7,= 475 K and 550 K data
show CHy4 dissociation well below the energetic threshold determined for the 7,= 90 K
data, indicating that thermal activation of the lattice atoms opens up reaction channels for
dissociation. Recent theoretical calculations show that methane molecules colliding with
lattice atoms at the outermost position in their turning point (Q > 0) have the most
reactive trajectories. Tiwari et. al observed trajectories as they randomly sampled initial
lattice energies. They performed 1000 trajectories for Ni(111) at 475 K and found that
the 78 most reactive pathways all had initial lattice energies above kT.[31] These
findings indicate that the methane molecule must collide with a vibrationally hot metal
atom that is in the correct phase in order to have a significant dissociation rate. These
observations are in conflict with the model of “thermally assisted tunneling”, which
posits that surface temperature influences the CH4 molecules ability to tunnel through the
barrier through “recoil” effects of the lattice atoms.[20] The relative velocity of the
lattice atom couples to the molecule, either enhancing or suppressing the effective

collisional energy of the incoming CH4. This mechanism is also described as a phonon-

95



gain process, whereby the hot metal surface transfers a quanta of phonon energy to the
incoming CH4 which can assist in tunneling through the barrier.[54] This model is
dependent on the CH4 “piggy-backing” on the relative velocity of the surface atom.
However, based on the calculations performed by Tiwani et. al the Ni atoms most likely
to lead to reaction are at the outermost position of their phononic vibration, giving them a
relative velocity of or close to zero. This is not to say that tunneling makes no
contribution to reactivity in these experiments, but it is unlikely that it plays a significant
role in the reaction probabilities determined for hot surfaces below the energetic
threshold to reactivity. The additional reaction channels opening up by the thermally
activated Ni atoms are the most likely explanation for the observed reaction probabilities
below E,..~ 42 kJ/mol. This means that the surface can not be treated as a static
component when considering reactivity. Surface motion is essential to reaction, with
only displaced atoms showing reactivity in some kinetic energy regimes.

The experimental work here has shown that the displacement of the Ni atoms out
of the surface plane contributes to the multidimensionality of the PES and the distribution
of barriers. There are two factors that heavily influence the strength of adsorbate-metal
interactions and the energy barrier(s) to dissociation; the level of filling of the
antibonding states upon adsorption and the size of the coupling matrix that describes
orbital overlap of the metal surface and the adsorbate.[55] Localized deformation of the
surface structure causes “strain” in the lattice that can result in modified reactivity. Strain
in the unit cell induces changes in the chemical properties of the metal, impacting

energetic barriers to dissociation, adsorption energies and chemisorption bond strength.
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These modifications in chemical properties are the result of shifts in the metal d-band as a
response to stress induced by strain on the surface.[55-60]

Mavrikakis et. al looked at the effect of strain on reactivity on metal surfaces.
They used density functional theory to look at CO dissociation on strained and unstrained
Ru(0001) surfaces. They found that compression of the surface atoms increased the
energy required for dissociation, while expansion of the lattice reduced the barrier. The
calculated equilibrium constant for Ru(0001) was 2.74 A, the model measured
dissociation energy as the lattice constant parallel to the surface was changed from 2.7-
2.8 A, equivalent to a maximum absolute relative strain of 2%. The energetic barrier to
dissociation for CO changed approximately 0.15 eV for each 1% of strain experienced by
surface atoms.[57] These dramatic effects on dissociation energy are believed to be the
result of a shift of the d-band center, ¢,.

The interaction between the adsorbate and the metal is strongly influenced by the
metal d bands, which are narrow and responsive unlike the broad and undefined s and p
bands of the metal.[57] As the lattice constant is expanded parallel to the surface the
subsequent overlap between the d electrons on nearby atoms decreases, decreasing the
overall width of the d-band. In order to uphold the fixed d band occupancy the d states
must increase in energy, which appears to lower the energetic barrier to dissociation.[57,
59] Similarly, when the lattice constant is compressed the overlap between the d
electrons on neighboring atoms increases, increasing the d bandwidth. This leads to
larger energetic barriers to dissociation.

Mavrikakis et. al compiled a comprehensive data set with similar DFT

calculations. The data summarizes adsorption energies and activation energies for
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several surface reactions. All the reactions describe similar conditions where an
adsorbate interacts with a metal atom under different environmental conditions, all of
which change the localized d-band structure. The data shows a strong correlation
between activation energies and the d-band center, consistent with expansive strain
lowering barriers to dissociation for adsorbates.[57] The correlation between the strength
of the adsorbate interactions with the surface and the d-band center appears to be
independent of the adsorbate and metal. The only factor that seems to factor heavily in
the strength of the strain effect is the metal itself, with interaction strength trending as
follows 5d > 4d > 3d.[55, 57]

Lattice strain parallel to the surface is not the only was to modify the chemical
properties of a metal, changing the coordination number also impacts the position of the
d-band center. The coordination number can be changed by increasing/decreasing the
number of neighboring atoms or introducing a secondary metal (bimetallic surfaces) to
the system. Generally speaking, lower coordination numbers tend to trend toward a
smaller local d-band width, increasing the d-band center energy.[57, 59]

The idea of lattice strain describes the observed effects of surface temperature
dependence on CHj4 dissociation on Ni(111). The dislocation of the Ni atom out of the
surface normal by 0.2 A decreases the overlap between neighboring d orbitals, including
subsurface Ni. In order to compensate for the narrowing of the d bandwidth, the d-band
center increases in energy, making itself a better energetic match for the CH4/Ni(111)

transition state and effectively lowering the barrier to dissociation.
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Tooz(K) | Exin (kJ/mol) S. (90 K) SD 90 K Tor (K) Exin (kJ/mol) S, 550 K SD 550 K

440 327 3.79E-07 400* 133 1.85E-05 1.41E-05
470 35 2.78E-06 3.59E-08 400 2 2.03E-04 7.66E-05
500 37 2.26E-05 7.36E-06 440 327 3.35E-04 8.20E-05
530 3.5 7.22E-05 1.86E-05 550 10 1.20E-03 1.16E-04
550 10 1.02E-04 3.57E-05 200 5 6.12E-03 1.95E-03
625 165 3.66E-04 6.44E-05 200 0.5 2.52E-02 3.08E-03
700 5 9.23E-04 4.02E-04

800 5.5 1.77E-03 3.15E-04

*100%CH,4 gas mixture was used for this experiment

Table 3.2 Table summarizing data for laser on molecular beam experiments
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3.3.3. Comparing the result to bulk H TPD experiments

Previous experimental work focusing on bond selective control of a
heterogeneously catalyzed reaction ended up stumbling across the possibility of a surface
temperature effect.[5, 12-13] The experimental data sampled S, over a limited
translational energy range, which limited the overall picture of the surface temperature
effect, but showed a pronounced difference between previously determined sticking
values for CH,4 reactivity at a surface temperature of 475 K and the 90 K surface used for
the experiments. The experiments were focused on using isotopes to identify bond
cleavage; specifically, by burying H/D atoms into the subsurface of the Ni lattice, dosing
the surface and then using Temperature Programmed Desorption, TPD, to help identify
desorbing products. The technique is well established and capable of reproducible results
with a low limit of detection.[5, 12-13, 37, 61-65] However, the introduction of the H/D
atoms into the subsurface region may cause some surface distortion of the Ni(111) lattice
face, and the highly energetic collision-induced recombinative desorption (CIRD) process
used to clean the surface of hydrogen after the bulk dose treatment, may influence CH4
sticking measurements. These techniques both have the potential to distort the Ni(111)
atomic structure at the face of the surface, thereby altering the unit cell, which could have
a impact on measured reactivity. There are reports that the bulk Ni lattice expands by
~5% with the addition of hydrogen into the bulk.[22] This was one of the driving forces
behind using oxygen to titrate the dissociated carbon on the Ni surface in subsequent
surface temperature experiments. The O, titration technique is non-invasive and

experiments can be performed across a wide temperature range (90 K-550 K), unlike the
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bulk H TPD experiments, which are limited to temperatures below 140 K to maintain
thermodynamic stability for the bulk hydrogen.

Figure 3.5 shows data from the bulk H TPD experiments, the data set from the v
(v=1) experiments at 7,= 475 K and the data from the v; (v=1) experiments at 7,= 90 and
550 K. The v3 (v=1) bulk H TPD data at 7,= 90 K maps onto the CO titration data at T
90 K, with the sticking values for the two trendlines falling within each others error bars.
The slopes look slightly different, with the bulk H TPD experiments having a slightly
steeper slope across the narrow E,.,s chosen for the experiment, but these deviations fall
within the error bars. There were two gas mixes used in the bulk H TPD data set; 1%
CHy/He at T,,,=550 K, 600 K and 5%CH4/He at T,,,=600 K. The data set from the CO
titration was obtained using only a 5%CH4/He mix across a range of nozzle temperatures.
In Figure 3.5 the single 5%CH4/He data point from the bulk H TPD results it is almost
directly overlaid with the trendline from the CO titration data. The slight deviations from
the CO titration data for the E,,,~= 41 and 44.6 kJ/mol bulk H TPD data points are
probably the result of the difference in gas mixtures. These results indicate that neither
the bulk H treatment or the CIRD process disrupt the crystal face structure or have any

significant impact on measured sticking values.
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Figure 3.5. Initial reaction probabilities of CH4 dissociation on Ni(111) at different 7
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(Killelea et al.) and the open black circles represent the laser off data corresponding to the
T, =90 K data (Killelea et al.).
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3.3.4. Step/Defect Sites

There has been some concern about the impact of step or defect sites on
reactivity, particularly for the CH4/Ni(111) system. Pedersen et al. found ~17 kJ/mol
difference in activation energies for CH4 dissociation on steps versus terraces.[50] The
concern is that sticking measurements for lower coverage C,;; measurements are
artificially high and not an accurate representation of the CH4/Ni(111) reaction dynamics.
The crystal used in these experiments is cut and polished to <0.1° of the Ni(111) plane,
which means that 1 in every 550-600 atomic rows has a step site defect; taking into
account the frequency of a step site occurrence on our Ni(111) crystal, the average
coverage of 0.05-0.10 ML for our experiments, the flux of our molecular beams and the
fact that the dissociation mechanism is a direct process the impact of step sites on the
measured reactivity of our experiments is negligible. This is further reinforced by the
near linear behavior observed for coverage measurements as a function of dose time. If
the presence of defect sites were substantial enough to affect the results one would expect
to see abrupt jumps, indicating the presence of more reactive step sites, instead of a
smooth linear relationship. The sharp step observed for the low Ej,,,s data when 7,=90 K
in Figure 3.4 suggests a homogeneous distribution of barriers, also incongruous with the
presence of defect steps significant enough to influence reactivity. Further, it has been
shown that sulfur passivates these highly reactive step sites. Our AES detection limit for
C, O, S contaminants is ~0.5% (0.01ML), which is larger than the frequency of step sites

on the Ni(111) surface.
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3.3.5. Boltzmann Modeling

In an attempt to give deeper meaning to the 7,=90 K results in Figure 3.3 and gain
a deeper understanding of how the motion of the Ni atom effects dissociation it seemed
useful to come up with a crude way to model out the phononic vibrations of the Ni atom
at various surface temperatures. The crude model used to approximate the phononic
population of the Ni atom(s) at specific surface temperatures is based on two fundamental
principles. First, the Boltzmann distribution in Equation 3.12 is used to represent the

fractional number of vibrationally excited phonons in the metal lattice:

_E.

g exp T Equation 3.12

E

Dg, eXPH

N,(v)=

Second, that it is reasonable to use the Harmonic Oscillator approximation in Equation

3.13 to model a single Ni atom in the lattice sea.
1
E =h k 2(“1) Equation 3.13
y2 2

Equation 3.13 reduces to Equation 3.14 when simply looking for change in energy with

individual vibrational quanta.

1

5 .
AE :h(ﬁj —ho Equation 3.14
y7i

The vibrational quanta term, v, is defined by Equation 3.15, where £ is the spring constant

and u is the reduced mass.

b 1 (sz Equation 3.15
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Nave et al. reports a vibrational quanta spacing of 21 meV for the v=0 to v=1 transition,
giving vp=0.508*10" Hz or 169.4 cm™, presuming anharmonic effects are negligible we
can construct a reasonable model of vibrational quanta population at specific surface
temperatures, going up to and including v=10 quanta.[25, 66] Figure 3.6 depicts the
populations of v =0-10 at four temperatures; 90K, 200K, 300K and 550K. As can be
seen in Figure 3.6 over 99% of the surface atoms are in either v=0 or 1 when the surface
is 90 K. This is in agreement with our description of the 90 K Ni(111) crystal
representing a frozen and “flat” surface. As the surface temperature is increased to 200 K
the number of atoms in the v =1 state increase from 6% to 25% but the majority of the Ni
atoms still remain in the v =0 state. As the surface temperature nears 550K we see an
appreciable depletion of the v =0 state and significant population of excited phonon
vibrations, with close to 60% of the surface atoms in v=1I or higher.

This crude model mirrors what we see experimental in Figure 3.7. As the
population of the v=1 and larger quanta of phonons gets activated there is a pronounced
increase in initial sticking measurements. This suggests that we might even see greater
sticking values at even hotter surface temperatures. However, carbon begins desorbing
into the bulk of the Ni lattice above 600 K, making it difficult to measure experimentally.

Figure 3.7 is an Arrhenius plot of vs excited CH4 reactivity on Ni(111) at different
surface temperatures for a fixed nozzle temperature. A traditional Arrhenius plot for a
rate-limited thermally activated process should give a linear relationship, making it
possible to extract both the activation energy of the process and the pre-exponential term.
Figure 3.7 shows a curved plot, which deviates from expected Arrhenius behavior. These

observations are analogous to series of experiments performed by Lauhon et al.
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measuring diffusion rates of H on Cu(001). Lauhon et al. observed that at sufficiently
high surface temperatures the H atoms had enough energy to overcome the classical
barrier to diffusion with a rate that could be characterized by Arrhenius behavior.
However, at lower temperatures there was a crossover from thermally activated diffusion
into a regime were H hopping is nearly thermally independent. In this thermally
independent regime H diffusion/migration is the result of quantum tunneling. Lauhon et
al. believe that the slight temperature dependence observed in the quantum regime is the
result of lattice and electronic excitations.[67-68] The curved plot observed in Figure 3.7
can be similarly viewed, where the measured reactivity at different surface temperatures
is limited by the quantized surface phonon population. The thermal activation of the
surface process is at the quantum limit. At lower surface temperature most of the surface
atoms are still populated in the v=0 state, providing no significant impact on the reaction
process. As the surface temperature is increased and vibrational quanta are activated we
would expect to start seeing linear behavior, which we do. Fundamentally, the purpose
of these experiments is to use state-resolved molecular beams to constrain energy into
particular coordinates in an energy deprived regime. The very nature of these
experiments is to look at localized effects on reactivity, which is not an environment

favorable to Arrhenius behavior.
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3.3.6. Efficacies

Sven et al. recently published a theory paper addressing the role of surface atom
motion in CH4 reactivity on Ni(111) and Pt(111). Within the paper they discuss
efficacies of the phonon quanta, plotting out the reaction probabilities as a function of
normal incidence energy for four different theoretical models. The four theory models
incorporate surface motion into the PES differently; they are solid surface, SS, single
oscillator, SO, lattice reconstruction, LR, and a revised lattice reconstruction, LR2. The
figure specifically looks at the reaction curves for the first two phonon states, v=0 and 1.
The v=0 to v=1 phonon vibrational spacing is only 21 meV. In all but one of the
theoretical models used to map out reaction curves, SO, LR, and LR2 the shift in
incidence energy between the v=0 and 1 is greater than 21 meV. The efficacy of this
phonon mode for promoting reactivity is greater than one for all three models. They go
on to investigate the efficacy of exciting v=1 to 2 and find that while the shift in the
reaction curves is larger than the 21 meV spacing, the efficacies are smaller. They find
that overall the efficacies decrease as the v increases and as the reactivity of the system
increases.

Determining efficacy values from our own results is a little bit more challenging
because of the inflection point in the 90 K data. Because the inflection point in the 90 K
data signals the onset of threshold and takes on a different shape then the 550K data, we
measure the efficacy values across the £, reaction curve corresponding to the 7,,,=550
K-800 K data points. The measured shift in E,q,s between S,"*(90 K) and S,*(550 K) at
a reaction probability of 8.8e-05 is ~0.212 eV, giving an efficacy of ~10. The overall

shift in £, decreases as the incident energy gets larger but maintains an efficacy greater
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than one, which is consistent with both the theory models and other surface temperature
dependent data. Sven et al. cite these efficacies as a combination of both “electronic
effects”, where there is variation in the barrier height as a direct result of the lattice
motion, and “mechanical effects”, where the location of the barrier height with respect to

the PES shifts as a function of atom displacement.
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3.4. Conclusions and Future Work
These experiments show for the first time an observable energetic threshold to

reaction for state-selected v; excited CHs on a Ni(111) surface in an energetically
deprived regime. Future experiments should look for similar energetic thresholds using
different internal energy constraints and different lattice planes. Previous experiments
have shown different vibrational efficacies for v; excited methane reacting on Ni(111)
and Ni(100) surfaces. Similarly, experiments found vibrational mode specific reactivity
for the energetically degenerate v, and v; modes reacting on Ni(100) surface. This has
been attributed to the vibrational phasing of the spectator C-H bonds as the transition
state is accessed. Recent theoretical calculations have predicted a similar surface
temperature dependence for the Ni(100) surface.[29] Surface temperature dependent
experiments performed on the Ni(100) surface in an energy deprived regime could
potentially provide some insight into the observed vibrational mode preference to
reaction. Similarly, investigating the impact different vibrational modes have on the
energetic threshold could also provide some insight into the landscape dynamics of
reaction.

Future experiments should also investigate the effect surface temperature has on
reactivity of different metal surfaces. Nave et al. investigated the impact of lattice recoil
on both Ni and Pt surfaces and while they found that Pt(111) was more reactive than
Ni(111) the pronounced overall surface effect was reduced for the Pt(111) surface.[25,
29] Pt is a heavier atom than Ni and as a result moves slower. The residence time for a
hyperthermal CH4 molecule on a metal surface is less that a full vibrational period of the

surface atom. This decreases the likelihood that an incoming CH4 molecule will interact
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with a Pt(111) atom when it is near or at the outermost point of displacement. However,
Nave et al. found that Pt(100) and Ni(100) share similar reductions in their energetic
barriers to dissociation when displaced ~0.2 A from the surface normal plane.[29] Based
on the trends observed when the effect of strain on reactivity of metal surfaces was
investigated, one would expect displacement of a Pt atom to have a greater impact on
reactivity because 5d metals have stronger coupling matrix elements than 3d.[57] More
extensive experiments attempting to isolate the exact effect of lattice displacement on
reactivity for different metal surfaces could help in clarifying some of the seeming

inconsistencies.
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Chapter 4. Isotope Selective Deposition of Carbon using
Vibrational Activation

4.1. Introduction
Isotopes are a variance in the number of neutrons found in an atom’s nuclei. This

change in nuclear mass can radically impact the way a material behaves. In crystalline
solids isotope mass-related effects primarily impact lattice dynamics. The affected
phonon related properties include lattice constant, thermal conductivity, electronic band
gaps, localized vibrational modes and self-diffusion.[1] Isotopes can also possess
different nuclear spins and cross-sections for nuclear reactions. Isotopically pure
materials can display specialized properties that make them potentially advantageous in
new and developing technologies.[2-3]

A isotopically enriched germanium semi-conductor was the first material to
experimentally demonstrate an increased thermal conductivity as a direct result of
isotopic purity.[4] Isotopic purity of '*C in diamond radically increased thermal
conductivity, increasing '*C from 98.89% to 99.95% resulted in a 40% increase in
thermal conductivity at room temperature with an even more profound effect (10-fold
increase) at lower temperatures.[5S] The effects of thermal conductivity on isotopically
enriched Si are being investigated for use in high speed integrated circuits.[6] There is
huge industrial potential for isotopically pure materials and technology is advancing,
making fabrication of these isotopically engineered products easier and more realistic on
an industrial scale.

Currently, the process of creating an isotopically pure product is both a time-
consuming and costly process. Isotope separation tends to rely on differences in physical

properties, namely mass, because of their shared chemical properties.  These

119



discrepancies in mass are often small and the current large scale industrial processes used
to separate isotopes requires multiple steps. These multi-step processes used to enrich
isotope composition are referred to as cascades because the separation scheme uses
identical processes in succession which each produce a slightly higher concentration of
the isotope. There are alternative methods available for isotope separation; diffusion,
centrifugal effect, electromagnetic, gravity and chemical methods.[7] However, all these
methods are either incredibly costly, due to the conditions required to perform the
isotopic separation, time-consuming or have a low thru-put. The emergence of laser
isotope separation as a viable technique created the possibility of a re-usable single step
process.

Laser-based methods hold great appeal as a separation technique because it is
possible to selectively promote dissociation or reaction with one isotope, while leaving
the other(s) completely unperturbed. Laser technology has been used in research to
separate isotopes since the early 1970°s. Early experiments tried to exploit electronic
excitation to predissociative states and infrared multiphoton dissociation (IRMPD) of
halomethanes.[8-12] These experiments were successful at producing significant isotope
enrichment, but they also changed the chemical identity of the isotope, requiring the
chemically altered product be transformed back into its original composition. This
requires multiple steps and ends up significantly increasing the involvedness of the
isotope separation process. Technological advances in the laser industry have led to more
economically practical methods for using laser-based isotope separation. Currently,
researchers have been able to successfully perform laser-based isotope separation of °C,

»Si and *Si from gas-phase precursors.[13-21] Almost all of these laser schemes require
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a multi-photon pumping scheme to perform isotopic enrichment. The spatial overlap of
these multi-photon processes and the working pressure of the reagent gas considerably
affects final product yields, further complicating the isotope separation process. The
current advances in technology have led to more complex and powerful laser systems,
and improved chemical methods. This creates the possibility of more economically
viable strategies for laser-based isotope separation.

Many of these experiments use halomethanes as the route to “C production,
because of the large cross-section to excitation and the ease of accessibility to excited
states. Freon has been increasingly controversial in the past decades because of
environmental and safety concerns. A naturally occurring highly abundant gas to
generate °C would be preferential.

Carbon-13 is extensively used in medicine, biology, bio-chemistry, chemistry and
geology, albeit in small quantities. Carbon-13 has recently emerged in the medical
community as a useful diagnostic in breath tests, specifically targeting gastrointestinal
issues and liver function.[15, 22-23] The "*C breath tests are non-invasive, safe and non-
radioactive. This new use for °C has the possibility of creating a greater demand for the
isotope. Currently, °C is mass produced by cryogenic distillation of CO. This process
has a high energetic cost, requires a large footprint and has reached its maximum
efficiency. This potential increase in demand of '’C has regenerated interest in
developing an alternative isotope separation scheme.

Recent work from Killelea et al. capitalized on infrared (IR) laser excitation
increasing the dissociative chemisorption of methane on a nickel surface and attempted

isotope-selective vibrational excitation as a viable alternative for controlling isotopic
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identity of surface adsorbates deposited from gas-phase reagents.[21] It is possible to use
IR to selectively excite the C-H stretching vibration in one of the isotopes of an
isotopically mixed molecular beam. It has been well established that vibrationally
excited molecules dissociate with greater probability on a nickel surface, leading to an
isotope-enriched product in a single step-process without modifying the chemical identity
of the reactant.[24-32] Experimental results showed a 9-fold enhancement of '*C or *C
deposition through selective vibration excitation.[21] However, the previous results were
limited by a laser system capable of only emitting 3-5mW usable IR and experimental
limitations built into the detection method. The group has since upgraded to a more
powerful commercially available laser capable of emitting 1W IR and developed

alternative detection methods that make a more significant isotope enhancement possible.

122



4.2. Experimental Details
The experimental apparatus and methods have been previously discussed in

detail.[21, 33-37] This section will summarize important details and feature new
methods used. The experiments are performed in a triply differentially pumped
supersonic molecular beam-surface scattering chamber. The molecular beams are
composed of methane seeded with a hydrogen carrier gas. The beams are expanded
through a variable temperature nozzle, which controls the translational energy and the
internal energy of the beams. The molecular beam impinges on a Ni(111) crystal
residing in the ultra-high vacuum (UHV) chamber. The UHV chamber houses standard
surface science instruments used to evaluate both the molecular beam and the crystal
surface; an Auger electron spectrometer (AES) used for substantiating surface cleanliness
and quantifying carbon coverage, and a UTi quadrapole mass spectrometer (QMS) for
beam characterization and isothermal desorption measurements.

Previous experimental measurements were made using one of two techniques to
determine carbon coverage on the surface. Experiments primarily concerned with
determining the raw number of carbons on the surface used AES. AES is a useful tool for
determining quantitative measurements of dissociated carbon, but incapable of
distinguishing between '>C and "*C or detecting H/D. Experiments that relied on isotopic
identification to give meaningful data used a bulk H titration TPD methodology.[21, 25,
38-42] This technique was capable of distinguishing between masses, and thus isotopic
identities, but required that the surface be kept at or below 150 K, which is
experimentally limiting. Our group adopted a method that still allows for isotopic

identification but across a wider range of surface temperatures, 95-550 K, giving greater
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flexibility to experiments. The method uses a molecular oxygen beam to titrate adsorbed
carbons off the crystal surface and has been well-established as a valid way to measure

reactivity.[34-37]
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4.3. CO Titration

This section will briefly address the procedure used in the isothermal CO
desorption measurements. Once the cleanliness of the surface is verified using AES, we
dose the Ni(111) with a 5% CH4 molecular beam seeded with a H, carrier gas. These
experiments were all performed at a T,,,= 425 K and a surface temperature of 550 K.
After the dose is concluded we pump out any remaining gas from our manifold and warm
up our QMS for analysis. In order to perform the O, titration the crystal temperature
needs to be warmed to ~550 K. We generate a supersonically expanded molecular
oxygen beam using our nozzle. We block the Ni(111) crystal with a beam flag at the
beginning of our experiments to allow for a baseline to be established. We expose the
crystal surface and the oxygen dissociates on the Ni(111) surface and reacts with the

adsorbed C atom, to form the CO desorbing product, as seen in Equation 4.1.[35]

02 (g) + Cads - Cads + 20ads - CO(g) + Oads Equati()n 4 1

We monitored m/z=16,18,28,29,44. Previous groups have sometimes cited a secondary
CO; product as well. However, we saw no change in our CO; signal levels upon dosing
the surface with the oxygen beam. Our results show a significant peak in the m/z=28
signal level upon oxygen exposure. We integrate the area under the peak and correlate
the counts to some carbon coverage. In order to use these measurements to provide a
quantitative result we created a calibration curve for carbon coverage and verified these

results using AES. The experiments have a limit of detection of 0.002 ML.
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4.4. IR Excitation

Previous experiments used a Burleigh, FCL to generate the IR photons necessary
to excite the v=1 anti-symmetric stretching state of our methane molecules via the R(1)
transition.[21, 25, 33, 38, 43] The maximum single-mode IR output was ~SmW. The
laser system has been replaced with an Aculight’s Model 2400 periodically-poled
Lithium Niobate (PPLN) optical parametric oscillator (OPO). The Aculight provides
widely tunable continuous wave infrared laser output with a significant amount of laser
power. OPO is a non-linear process that takes a single laser beam at a fixed wavelength,
the “pump” beam, and transforms it into two lower energy beams, the “signal” beam and
the “idler” beam, that are both tunable. Similar to our previous laser set-up, the laser is
frequency stabilized using a home-built, computer controlled servo-loop, with a
temperature and pressure stabilized Fabry-Perot etalon as a reference. The IR photons
enter the chamber perpendicular to the molecular beam path, through a sapphire port
window. In order to maximize the impact of the IR we use a multi-pass cell to enhance
the number of excited methane molecules in the beam. The multi-pass has one fixed Au
plated mirror and one adjustable mirror making it possible to “spread” the laser excited
molecules across x-y space, increasing the diameter of laser enhanced molecules that
impinge on the Ni(111) surface. A pyroelectric bolometer intersects the molecular beam
and is used to verify that the tunable IR is resonant with the relevant transition and
qualitatively determining the extent of excited CH4 molecules in the beam. Our previous
laser set-up limited the overall fraction of laser excited CH4 molecules in the beam, f;,.,
that we could excite because of the restricted IR power. This new laser system has a
surplus of power and we are able to saturate f,,., ~0.28, increasing effectiveness of our

laser on measurements.
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Previous experimental work had to worry about non-uniform deposition of laser-
excited molecules across the Ni(111) surface, due to both laser power restrictions and
geometric constraints.[21, 33] Molecules in the beam that are diverging from the
perpendicular laser intersect experience some doppler detuning, these tend to be the
molecules that make up the crystal edges. Gaussian modeling of the laser excited
molecules across the crystal face was required in order to properly account for the laser-
enhanced molecules contributing to reactivity. However, the upgraded laser system is
able to extend the laser enhanced areal density to encompass the entire molecular beam
imaged on the crystal. This is verified by AES imaging. The increased power of the laser
and conversely our ability to saturate the beam means we are able to get uniform

excitation across the molecular beam.
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4.5. Excitation of BCH, to v; via R(1) transition
The IR excitation scheme for 13CH4 is very similar to 12CH4. Because the only

physical difference is the mass of the central carbon atom the rotational sublevels are the
same as is the degeneracy of the rotational levels. Both 12CH4 and 13CH4 are in the
tetrahedral, 7, point group and are treated as spherical tops with exactly the same
spectroscopy. The principle difference between the two is the red shift experienced by
the 13CH4.

Similar to 12CH4, we excite the 13CH4 molecules in our molecular beam with
narrow bandwidth IR from our Aculight. The BCH,4 molecules are pumped from the
ground state (v=0, J=1) to the transition of interest, v3 (v=1, J=2), via the R(1) transition,
3028.852 cm™. The *CH4 R(1) transition is red shifted ~10 cm™ from the '*CH, R(1)

transition, 3038.495 cm’!

. A big concern with this excitation scheme is the existence of
any overlap with 2CH, absorption features. There are only two 2CH, absorption
features near the "CHy4 v; (v=1, J=2) transition; the Q(5) vs+ v4 € vy transition at
3028.895 cm™ and the R(0) transition at 3028.752 cm™.[44] Fortunately, both of these
transitions are sufficiently far away from the *CH, R(1) transition.

The 1.1% of naturally occurring ?CHy in the methane molecular beam results in
proportionately reduced PED raw signals. Prior to the updated laser system a room
temperature 100% CH, beam had to be used to establish the *CHy transition, and verify
that the laser remained locked during the experiment. This required locking the laser to
the 100% CH4 molecular beam prior to and proceeding each experiment. The diluted

CH,4 gas mixes and the lack of laser power made it was impossible to directly measure an

absorption signal for these experiments. Ultimately, only ~9.6% of the *CH4 molecules
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in the molecular beam were absorbing IR.[21] The power provided by the Aculight
allows for an enhancement in the overall laser absorption of the '*CH, transition, making
it possible to measure raw PED signal using our 3% CH4/H, beam. We use the same
methods discussed in Chapter 2 to determine our f,,. for 13CH4 molecules in our beam
and we excited ~27% of the *CH, molecules in our 3% CH4/H, beam at T,,,= 425 K.

The flux of the laser-excited molecules is the product of the isotopic weight of *C
in the molecular beam and f;,.. 13 CH, has a natural abundance of 1.1% and f;,. is ~0.27,

exciting ~0.28% of the '°C methane molecules in the beam.
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4.6. Results
Figure 4.1 shows the isothermal CO desorption data for a standard laser off

experiment. The laser off experiments yielded an overall methyl coverage of 0.193
monolayers (ML) with ~97.4% (0.19 ML +/- 0.01) desorbing as '>CH,, and ~2.6% (0.005
ML +/- 0.001) desorbing as *CH,4. The CH, exposure corresponded to 1800 CHy/surface
Ni atom. The "*C/"C ratio is =0.027 +/- 0.006. The ratio is slightly higher than one
would expect from the 1.1% natural abundance of BC because of the slightly higher Eqns
experienced by the BC in the seeded molecular beam. 12CH4 and 13CH4 isotopologues
undergoing a supersonic expansion have the same velocity, which is determined by the
nozzle temperature of the beam. However, due to its greater mass the 13CH4 molecules
have a greater translational energy. The probability of CH4 dissociating increases
exponentially with increasing Eians, Which explains why the ratio for the B¢ and ’C
coverages exceeds the expected 0.011 ratio.[24] The BC/1C ratio from this data set is
consistent with previous laser off results that reported a 0.03 ratio.[21]

The total coverage for these experiments is nearly 20% of a monolayer. Under
the current set of experimental conditions it is optimal to look at coverages of 15% ML
and lower, where we can ensure that we are resolving true initial reaction rates.
However, previous work has looked at carbon coverage as a function of dose time and the
slope representing carbon deposition changes little from 15% to 20% of a monolayer.[45]
Regardless, the measurements were repeated at a lower exposure of 750 CHa/surface Ni
atom. The lower coverage experiments yielded an overall methyl coverage of 0.098
monolayers (ML) with ~95 % (0.10 ML) desorbing as '*CH,, and ~5 % (0.005 ML)

desorbing as "*CH,;. The "“C/'’C ratio is ~0.05. These coverages give sticking
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measurements that are within the error bars of the higher coverage experiments. This
data set was primarily taken to verify that coverages of '*C exceeding 0.15 ML did not
compete with the sticking of the laser excited ">C for the laser on measurements.
Unfortunately, the low coverage laser off measurements were only performed once
making it difficult to infer anything concrete from the data. But, it does provide some
insight into the variance the detection method incorporates into the results, because of the
intrinsically low coverage of the '*C deposition during laser off experiments and the limit
of detection for the measurements themselves.

In Figure 4.2 we selectively excited the v=1 antisymmetric stretch of the '*CH,
molecule and probed the isotopic identity of reaction products. It has previously been
shown that vibrational excitation of the v; stretch in CH4 dramatically enhances reactivity
on Ni(111) surface.[24] Therefore we had to reduce dose time conditions dramatically to
avoid saturating the surface, exposing the surface to 23 CH,/ surface Ni atom. The v3
12CH, laser activated experiments yielded a 0.13 ML +/- 0.015 coverage of '>C on the
Ni(111) surface. This measured enhancement is consistent with the enhancement factor
one could predict from the laser on and laser off sticking values reported in Table 4.1,
which give a 30 fold increase in reactivity. Previous experiments, performed at a colder
surface temperature (90 K), showed only a 9 fold increase in reactivity for v; laser
excited "?CH4.[21] The "C yield was below the limit of detection for these experiments,
measuring 0.001 ML +/- 0.002. The amount of °C deposited on the surface is not
statistically significant and therefore the detection limit is used to determine the minimum
amount of possible '°C coverage resulting from excitation of v; mode. The laser

excitation of the '*CH, anti-symmetric stretching state increases the '>CHy4 coverage on
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Figure 4.1. Isothermal O, titration showing desorption of CO,, >CH,, ?CH,4 and O,. The
traces have been offset their vertical axis for convenience.
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the surface from 97.7% to 98.5%. This increase in coverage is the minimum possible
increase in coverage given the detection limit and the enhancement in the amount of *C
relative to other experiments suggests that it is actually higher than previous experiments,
which record an increase from 97.7% to 99.7%.[21] The relationship between coverage
and dose time is linear in low coverage regimes, making it possible to extrapolate an
expected "°C coverage using the laser off data. The theoretical coverage of *C for the v;
laser excited *CHy4 experiments is 6.3e-05 ML, increasing the '*CH, product yield from
97.7% t0 99.95%.

In Figure 4.3, we excited the v=1 antisymmetric stretch of '*CHy prior to reaction.
The experimental conditions mirrored the high exposure laser off data set, with dose
exposures of 1800 CH4/Ni atom. There is a dramatic increase in the number of BcH,
molecules that reacted with the surface, measuring a coverage of 0.112 +/- 0.002 ML.
Comparing this ?CH; yield with the laser off coverage we observe a ~25 fold increase in
reactivity of >C. This substantial increase in *CH, reactivity accounts for ~36% of the
total yield, as opposed to the ~2% for the laser-off experiments. Similar experiments
performed on the same system yielded only a 9-fold increase in the °C yield with the
laser enhancement.[21] These results show a significant improvement in the overall

isotopic enhancement resulting from laser selectivity.
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Figure 4.3. Isothermal O, titration following excitation of *CH, to vs (v=1) (solid red
line). The dashed lines represent the same experiment without laser excitation.
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2CH,(98.9%)

BCH,(1.1%)

E ans,kJ/mol 62.3 64.9

transition, cm™’ 3038.495 3028.852
s, faseron 3x 107 55x10°
S, Jaserelf 1x10™ 3x10™
s,” 1x107 2x 107

Table 4.1. Experimental Parameters and Measured Reaction Probabilities for 7,,,,=425K.
(Initial sticking probabilities are average results of multiple measurements. Error limits
fOI' Solaseron_solaseroff are +/_ 40 %)
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4.7. Discussion
The product yield data shows that we are able to selectively enhance isotope

deposition using laser excitation of the C-H stretch vibration. Previous results from our
group performed a similar series of experiments using a different detection method and
laser system, limiting the effectiveness of the overall enhancement. This most recent set
of results is able to capitalize on some of the limitations imposed by the previous set of
experiments and show a more pronounced enhancement.

The 12CH4 and 13CH4 experiments both exhibit a considerable increase in
reactivity when compared to previous results. Previous work showed a 9-fold +/- 1
increase in reactivity for both isotopogues when the anti-symmetric C-H stretch was
excited. The most recent experimental work shows a ~30-fold increase in reactivity for
both the '*C and "°C isotopes. There are two major experimental modifications that can
account for such a significant improvement between the two sets of experiments. The
previous experiment used isotopes to help identify bond cleavage, by burying H/D atoms
into the subsurface of the Ni lattice, dosing the surface and then using TPD and a mass
spectrometer to help identify desorbing products.[39, 46] The experimental technique is
well-established and allows for isotopic identification but has some detracting limitations.
The critical step in this experimental technique is the migration of the subsurface H to the
Ni surface at ~180 K where it can then hydrogenate the surface bound methyls. This
requires that the crystal temperature be kept below 150 K at all times during the
experiment.  This limits the surface temperature of these experiments and the
translational energy of the molecular beam, which ends up having significant

experimental consequences.
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It turns out that surface temperature has quite a profound effect on the sticking
probabilities of CH4. The most dramatic example of this effect is observed in state
resolved laser excited v; experiments when comparing the S, of a 550 K surface to a 90 K
surface at lower E,,,;, where the system is starved for energy.[38] Recent experimental
work shows a sharp threshold for reactivity for vs excited CH4 molecules at a surface
temperature of 95 K. These results support several recently published theory papers that
suggest that surface phonons play an important role in the dissociation mechanism of
methane. The phononic vibrations cause the surface atom to pucker out of the surface
lattice and couple to the transition state of the dissociating CHy, resulting in an effectively
lower barrier to reactivity. At surface temperatures of ~90 K there is virtually no
population in any of the excited phononic states, which limits the reactivity of the CHy4
isotopogues. There is also a much lower limit on surface coverage before saturation for a
90 K surface temperature. The CH3; molecule and the dissociated H atom on the 90 K
surface take up more available sites for reaction than the lone dehydrogenated C atom at
surface temperatures of 550 K, decreasing the saturation coverage, and correspondingly
signal levels, by a factor greater than two.[38]

Another limitation imposed by the surface temperature restrictions is the
preclusion of any H, seeded molecular beams. In order to access a wide range of
translational energies we seed molecular beams with both He and H, gases, allowing us
to sample an energetic range of 8-200 kJ/mol. H, readily dissociates on Ni(111) but at
temperatures of 150 K and below will not desorb, instead blocking available sites for
reactivity, rendering the surface inert. Helium is non-reactive with the Ni(111) surface at

any temperature and does not interfere with reactivity. However, due to its heavier mass
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requires hotter nozzle temperatures than hydrogen seeded beams to access kinetic
energies where laser on reactivity is measurable. The necessity of these higher nozzle
temperatures creates two problems. The first problem is the increase in thermal
population of excited vibrational states that arises as a direct result of hotter nozzle
temperatures. The hotter vibrational and the higher translational energies contribute to
increased sticking for both '*CH, and *CH,. This ends up having a significant impact on
%, the multiplicative constant used to relate the state-resolved reaction probabilities to the
laser-off reaction probabilities at the same kinetic energy and nozzle temperature. This is
turn ends up having a significant impact on the ratio of °C to '*C deposited on the
surface when exciting the *CHy stretching mode. The second problem is incomplete
rotational cooling of the hot nozzle molecular beams and the resulting depopulation of
the v"=0 J"=1 ground state that is used to excite v;. Even though the supersonic
expansion cools the rotational population, which is restricted to transitions within its own
symmetry species, there is less efficient cooling for the seeded beams and as the nozzle
temperature increases rotational cooling decreases. A fairly rudimentary Boltzmann
weighted model gives a 20% depopulation of the J"=1 state as the nozzle temperature
increases from 300 K to 600 K. This is just an estimate and likely underscores the extent
of incomplete rotational cooling. Nonetheless, it illustrates the dramatic impact nozzle
temperature can have on rotational populations. A series of state-resolved experiments
indicate that T,,,= 300 K would increase f... nearly 2-fold (f...~0.19), compared to
fexc=0.09 at a Ty,,,= 600 K, using a power limited IR source.[21]

The implementation of a new detection scheme that allows for carbon deposition

measurements to be performed at a hotter crystal temperature provides a solution to these
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problems. Titrating adsorbed carbon with oxygen is a well-established technique and
provides an alternative detection method that allows for experimentally hot surface
temperatures. Experiments performed at hot surface temperatures allow for the use of a
hydrogen seeded beam and conversely considerably cooler nozzle temperatures. The
decrease in nozzle temperature decreases the thermal vibrational population in the
molecular beam and increases the J"=1 population, thereby increasing molecules
available for IR excitation. There is also a nearly 5-fold increase in sticking for surfaces
at 550 K at Ejqus = 60 kJ/mol, contributing to larger measurable signal levels making
measurements easier.

Another limitation in the previous experiments was laser power. The previous
laser set-up used an IR color center laser, which was only capable of putting out ~3-5mW
of useable single-mode IR. A recent upgraded to Aculight OPO/OPA laser system that is
capable of putting out >0.5W useable IR light provides more than enough power to

sufficiently saturate the v transition, giving the maximum f;,. = 0.28.
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4.8. Isotope-Resolved Yield of Reaction Products

In order to quantitatively evaluate isotopic deposition we need a way to evaluate
the ratio of °C versus '>C molecules on the surface. Similar to the H-atom TPD method
the CO titration provides an isotope specific relative measure of the number of carbon
atoms on the surface, N('?CHs) and N(**CHj;). Equation 4.2 gives a qualitatively way to
evaluate the ratio of the isotopologues for the laser off experiments.

off Equation 4.2
e _ NCCH)

- N(]ZCH3)0ff
First, we evaluate the laser off isotopic coverage. The methane flux in the

molecular beam is uniform across the crystal surface and dimensionally defined by the
choice of valve hole. In this particular set of experiments we chose to use the medium
beam valve hole, which images a 7 mm diameter molecular beam onto the center of the
crystal. The uniform coverage and spatial positioning of the molecular beam are verified
using spatially resolved AES measurements.

The number of methyl reaction products over the surface directly relates to the
areal density of the surface methyl, o("’CHj) and o("*CHj). The areal densities for '*CHj
methyls for laser off experiments, o('°CHj), is directly dependent on the reaction
probability for 12CH4 in the beam, SO(IZCH4), the flux of the 12CH4 molecules per unit

area time, F("’CH,) and the dose time, ¢, as expressed in Equation 4.3.

0_(12CH3)OJJ" — So (12CH4) X F(12CH4) - Equation 4.3

Equation 4.4 gives an analogous expression for laser-off deposition of *CHj; methyls.

O_(I3CH3)0]7' _ SO (13CH4) ) F(13CH4) .t Equatlon 4.4
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The velocities of the two isotopologues are equivalent, which is confirmed with time of
flight measurements, making their fluxes different by their relative abundances in the

molecular beam, as expressed in Equation 4.5.

F(13CH4) — 0-01 1 ‘F(IZCH4) Equatlon 4.5

The carbon isotope ratio for laser off experiments, R,y can be predicted by combining
equations Equation 4.2, Equation 4.3, Equation 4.4 with Equation 4.5 to get the

expression found in Equation 4.6.[21]

oo _ 0011, (°CH,)
S0(12CH4)

Equation 4.6

Referring back to Table 4.1 and the values for So('’CHy) and So('*CH,) gives a prediction
of R,;=0.03. This is reasonable close to the experimentally measured values, 0.024, for
the laser off experiments.

The evaluation for the laser on ratio of *C/'*C carbon deposition becomes more
complicated because the laser does not uniformly excite all the molecules in the beam.
There are three types of molecules in the molecular beam that produce measurable
reaction products. The first species is the “CH4 molecules that are absorbing the IR
photons resonant with the v=1 vs3 anti-symmetric C-H stretching mode. These molecules
are the main focus of the isotope enrichment. However, not all of the "*CH, molecules
absorb the IR light. The fraction of *CH4 molecules excited to v3 (v=1), fixc, depends on
the original population of molecules in the v"=0, J"=1 ground state and the ability of the
laser to saturate the transition. In the presence of enough IR power to saturate the
transition it is still ultimately the nuclear spin statistics and the symmetry species that

dictate the maximum possible f.... Even with unlimited IR photons, f... for the v"=0,
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J"=1 v; (v=1) anti-symmetric stretch in CH4 cannot exceed ~28%, which means that 72%
of the 3 CH,4 molecules are not excited to the v; mode. The 13 CH4 molecules unaffected
by the laser are the second reactive species in the beam and their contributions to
reactivity need to be accounted for as well, as does the contribution from the third
species, the 12CH4 molecules. The inherent reactivity of the laser off molecules is
dictated by both the nozzle temperature of the experiments and the translational energy
available. The experiments were performed at T,,,= 425 K. It has been reported that the
increasing thermal population of vibrational states with nozzle temperature begins to
become significant at nozzle temperatures above 450 K.[45] So, while the molecular
beam may not be heavily populated with excited vibrational states it still has ~60kJ/mol
of translational energy making both laser off methane isotopologues significant
contributors to reactivity. The number of BCH; adsorbates resulting from laser off
reactivity in the beam is described by Equation 4.7, where A4 is the surface area.

_ Equation 4.
NCCH,Y = A-o(PCH,)™ = A-S,(°CH,)- F(°CH,)-¢ ~ “auion 4]

The ratio of *C/"?C with laser excitation, R”", incorporates the contributions from both
the laser on and the laser off reactivity, as seen in Equation 4.8.

RO N(°CH,) N(°CH,)""+N(°CH,)"”" Equation 4.8
N(’CH,) N(*CH,)”"

Equation 4.7 can be combined with Equation 4.8 to create a new expression for R”
described by Equation 4.9.

_S»(°cH,)-F(°CH,)-t-A- f,.+4-S,(°CH,)- F(°CH,)-t  Equation 4.9
A-S (°CH,)-F("’)CH,)-t

RDn

143



In order to simplify the expression in Equation 4.9 we re-define the relationship between
the state-resolved reaction probability for the laser-excited isotopologue, So"*(**CH,) and
its laser-off reaction probabilities using a multiplicative constant, y, using Equation 4.10.

S (PCH,) = x-S, (°CH,) Equation 4.10

The multiplicative constant, y, is dependent on three variables; the translational energy of
the methane isotopologue, the nozzle temperature and the identity of the laser excited
state. The data presented in Table 1 predicts that for the v3 excitation of *CH, in beams
at T,,,=425 K and E;.,=62.3 kl/mol, y=65. The multiplicative factor can be

incorporated into the R*" term to simplify the expression giving Equation 4.11.

0.011-S,(°CH,)- - forn 1 _op Equation 4.11
= 12 :R .(.]pexc.l—'_l)
So( CH4)

Equation 4.11 predicts a R””" value of 0.58 for ?CH, excitation. This value is over 2x the

R()n

R’ value reported for previous experiments performed at colder surface temperatures,
indicating a significant improvement in isotope selective chemical vapor deposition using
vibrational activation. Table 4.2 compiles the data from the Killelea et al. experiments

and these results providing direct comparison.
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Killelea et al.

Results

12C 13C 12C 13C
Elrans, kJ/mol 48.7 51.6 62.3 64.9
Transition, cm™' 3038.495 3028.852 3038.495 3028.852
S, seron 4x10° 7x 107 3x 107 55x 107
S, seroff 5x10° 1x10° 1x10™ 3x 10"
S,” 89x 10 13x 107 1x 107 2x 107
foxe 0.096 0.096 0.28 0.28
Killelea et. al +/- Results +/-
Rofr €Xp. 0.03 0.01 0.026 0.01
Rofr calc. 0.022 0.008 0.03 0.014
X 130 20 67 27
Ron €XP. 0.28 0.03 0.37 0.15
Ron calc. 0.23 0.02 0.63 0.36

Table 4.2 Compilation of results
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4.9. Improvements
The implementation of an alternative detection method and the use of a more

powerful laser system has improved the '“C/C ratio considerably. However, the
improvement has only been a fraction of what was predicted in previous experiments.
The colder surface temperature experiments predicted a possible 20 fold increase in R™”
values using a new detection method and more powerful laser. The results from these
experiments did not yield that magnitude of an improvement. But, that does not mean
that type of a measureable enhancement is not possible.

One of the dominant variables in the model used to predict R” values is a
multiplicative constant, y, relating state resolved reaction probabilities and laser off
reaction probabilities. The y value is a fractional representation of the relationship
between the state resolved and laser off sticking probabilities. The larger the difference
between the two, the more pronounced the y value. This data set yielded a y value of
~65, approximately half of the y value determined for the previous experiments, ~130.
This result is the opposite of what is expected. The previous paper stipulated that by
decreasing the nozzle temperature from 600 K to 300 K one would decrease the thermal
population of excited vibrational states in the beam by 20-fold, increasing  to ~2600.

This current data set could not use a 300 K nozzle temperature for the 1C laser-on
experiments because of geometric constraints within the multipass that resulted in a
coincidental Doppler shift for the non-orthogonal crossings that was resonant with the '*C
R(0) transition. The reflections off the back mirror of the multipass are reflected towards
the main chamber which is in the direction of the molecular flow, resulting in a Doppler

shift producing seemingly “red” shifted photons. The R(0) transition for 2Cis ~0.1 cm™
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red-shifted from the v; R(1) transition for ">C, which unfortunately corresponds to the
Doppler shift experienced by a T,,,=300 K beam.. The magnitude of the Doppler shift
depends on the flow velocity of the molecular beam. A T,,,=425 K provides the
molecular beam with just enough energy to detune the Doppler shift for the R(0)
transition for '*C.

The Tn.,~425 K was used, significantly reducing the thermal population of
excited vibrational states to <5%, with >95% of the molecular beam populating v=0.
However, this also increases the translational energy of CH4 molecules in the beam to
~62 kJ/mol, a 25% increase in overall translational energy, which increases the overall
laser-off reactivity of the beam by ~7-fold. These results imply that it is the overall
difference in reactivity between the state-resolved and laser-off sticking that has the most
significant impact on the y factor and that beam conditions favoring the biggest
discrepancy between the two would yield the best result.

Another significant variable contributing to the overall R” value is the R term,
which is determined by the laser off sticking probabilities of the '*C and "C
isotopologues. One of the few drawbacks when comparing the O, titration method to the
H, TPD titration is the decreased limit of detection. The H, TPD titration method had no
background signal complicating the determination of carbon coverage, with an incredibly
low limit of detection, 0.0003 ML.[21] The limit of detection for the O, titration
detection method is ~0.002 ML. The coverage for the *C laser-off experiments is
appreciably close to this coverage, with-in a factor of 2, as is evidenced by the
discrepancies seen in the lower coverage laser-off experiments, which makes for larger

error bars on any absolute sticking measurements. The O, titration method, while robust,
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usually has some contributing background signal that has to be teased out of the raw data,
leading to increased error bars. The contributing background signals and the limit of
detection of the O, titration method may produce an artificially high laser-off reaction
probability for the '*C isotopologue, inflating the R value.

There are two alternative approaches one could take to increase the overall
measured enhancement in the '*C/'*C ratio. The dominating variable is the y factor,
which is directly related to the ratio of laser-off and laser-on reactivity. One approach
would be to re-adjust the alignment of the multi-pass mirrors used in the laser excitation
scheme, moving either mirror ~1 inch should be enough to account for the Doppler
tuning observed. The experiments could be repeated using the 5% CH4/H; at T,,,=300
K, Eyans~43 kJ/mol, which should give a x value of =300. Another approach would be to
use a 5% CH4/He mix at Tp,,,=450 K, Ens=33 kJ/mol, which should also give a y value

of =300.
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Chapter 5. Molecular Beam Reflectivity Experiments

5.1. Introduction

Experimentalists are always seeking faster, easier and more accurate ways to
collect data. Surface scientists are somewhat limited in the methods available to measure
initial sticking probabilities. King & Wells is one of the most convenient methods
currently available to determine sticking values because of its near immediate results.
The King & Wells measurement is based on changes in partial pressure, measured by a
mass spectrometer, of the reagent upon exposure to the catalytic surface.[1] Typically,
the experiment uses a beam flag to block the crystal to establish an averaged magnitude
of the maximum counts prior to crystal exposure, P,. Once the beam flag is removed,
exposing the reagent gas to the crystal, there is a decrease in the partial pressure of the
reagent relative to the total partial pressure, P, signifying the gas is reacting with the
surface.[1] The experiments typically take less than five minutes and data analysis tends
to be fairly straightforward. Figure 5.1 illustrates a typical K&W experiment.

Sticking values are proportional to the partial pressure measurements and can be

determined as seen in Equation 5.1.

P -F Drop Equation 5.1
’ P, Maximum — baseline

K&W measurements can be an incredibly useful tool when many sticking
measurements are required. However, because the data is dependent on a change in

partial pressure, it is only possible to make accurate initial sticking measurements for
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Figure 5.1. King and Wells experiment
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systems with a sticking probability ~le®* or greater, which limits the dissociation
mechanisms that can be investigated using K&W. The alternative experimental
techniques for systems with sticking probabilities <le* can take a significantly longer

time to complete.
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5.2. Experimental

One of the goals within the group has been to come up with an alternative type of
experiment that has a lower limit of detection that the current King&Wells method but
still allows for a short experimental time. A new technique may make it possible to
measure reactivity in the le™ range and reduce the time required for data acquisition.
One of the reasons the K&W experiments have difficulty measuring smaller initial
sticking values is due to noise. The measurable signal becomes indistinguishable from
noise on the signal at the lower limit of detection. Another reason is built into the
experimental technique itself. Sticking measurements are based on the measured drop in
the partial pressure as the catalytic surface is exposed to the gas reagent. Functionally,
the drop and subsequent rise in partial pressure should follow a langmuirian adsorption
model. As the changes in partial pressure become smaller the dwell time(s) become too
long and the data acquisition software will read artificially high because it is averaging
one low point with subsequently higher points. These artificially decreased drops in
partial pressures result in lower than expected sticking measurements. One method to
reduce noise sources interfering with data acquisition is the lock-in technique. The lock-
in technique is typically used to detect and/or measure small ac signals that would
otherwise be buried or obscured by noise source(s). The lock-in method uses an
arbitrarily narrow bandwidth to filter out signal that is not tuned to the modulated
frequency of the input signal. This bandwidth filter serves to reject most of the undesired
noise signal interfering with the data signal. The lock-in also has a built-in gain along

with filtering capacities, making it possible to amplify input signals significantly. The
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main premise behind this new detection scheme is to couple the K&W experiments and
the lock-in detection method in hopes of developing a more sensitive method capable of
making quick, easy measurements in a lower sticking regime.

The main principle behind the lock-in technique, LIT, is that measured signals are
defined by a specific frequency, requiring that the input signal of interest be modulated at
a fixed frequency. It is important that the fixed frequency be chosen in a “quiet” part of
the noise spectrum. This was one of the biggest obstacles to a new detection technique.
LIT requires some constant frequency modulation of the signal correlating to sticking
measurements and a secondary reference signal that is frequency coupled to the primary
input signal. A standard K&W experiment monitors the change in pressure as a clean
surface is exposed to some reagent gas, usually measured by a mass spectrometer. If we
modulated the mass spec detection signal at some ideal sampling frequency we could
create the type of input signal required for lock-in detection. We designed an apparatus
that coupled external (atmospheric) rotational motion with internal (vacuum) rotational
motion in the main chamber, through the use of a UHV compatible rotational motion feed
through, as seen in Figure 5.2, Figure 5.3, Figure 5.4 and Figure 5.5.

The rotational motion is controlled by a generic motor coupled to a gear tooth
assembly that drives the rotational motion of the UHV feed through. The speed of the
rotation can be modified by using different gear tooth assemblies. The external rotational
motion is coupled to the internal rotational motion through a shaft terminated with a
bevel gear that drives a slotted disk mounted in front of the crystal housing. The slotted

disk has five equidistant sections that alternate solid and cut-out material. The solid
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Figure 5.2. Side view of the chopper wheel assembly protruding out of the EELS flange
into the Main Chamber. A-Internal Slotted Disk (5 slots); B-Pillow Box w/ bearing; C-
Mitar Gears; D-Al platform; E-Eels Flange
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Figure 5.3. Front view of the chopper wheel assembly protruding out of the EELS flange
into the Main Chamber. A-Internal Slotted Disk; B-Pillow Box w/ 3 bearings; C-Mitar
Gears; D-Pillow Box w/ bearing; E-Rod driving motion; F-Al support; G-Eels flange; H-
UHV compatible rotational motion feed through; I-External Slotted Wheel
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Figure 5.4. Top down view of the chopper wheel assembly protruding out of the EELS
flange into the Main Chamber. A-External Slotted Wheel; B-UHV compatible rotational
motion feed through; C-Pillow Box w/ bearing; D-Mitar Gears; E-Pillow Box with 3
bearings; F-Internal Slotted Wheel
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Figure 5.5. Front view of External Rotational Motion Rig. A-Spur Gear (large); B-
External Slotted Disk; C-Eels Flange; D-Spur Gear (small); E-Motor Housing; F-Roller
Chain; G-LED for monitoring Slotted Disk position; H-Post for LED.
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material sections of the slotted disk function as the ‘beam flag’ and the cut-out material
sections expose the crystal surface to the molecular beam. The motion of this slotted disk
is coupled to a similarly slotted disk mounted on the rotational motion feed through
outside the chamber. The motion of the external slotted disk is monitored using a
LED/photodiode detector. The photodiode detector generates current when the light
emitted by the LED can be detected. However, if the small gap between the detector and
the LED is disrupted or blocked the device no longer produces current, the circuit is
“broken”. The LED/photodiode device is used to determine which part of the slotted disk
is passing through the gap in the device. When the slotted disk is moving at a constant
speed this device is capable of producing current at a constant frequency. The current
being generated by the LED/photodiode device is input into a homemade NIM
electronics box which houses a TTL chip that converts the analog signal to a digital
binary signal that can be read by a computer using the built-in NIM card. There is a BNC
mounted to the front of the NIM box that serves as a secondary output for the converted
signal and that is the signal used to drive the reference channel of the lock-in device,
providing the required frequency modulation necessary to make measurements using the

lock-in.

The motion of the external slotted wheel is coupled to the internal slotted wheel,
so both wheels are moving at the same constant frequency with some phasing offset. The
speed of the rotation for the slotted wheel determines the constant frequency that drives
the modulation of the molecular beam. Thus, it is important than the frequency used to
modulate the beam be slow enough to account for any built-in constraints, like pumping

speed. The gear tooth assembly used to drive wheel rotation corresponded to a constant
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frequency of 1.4 Hz. This frequency provided enough time between beam exposures for
the diffusion pumps to catch-up with the gas load. A faster rotation speed would have
resulted in artificially low partial pressure changes which ultimately would provide
artificially low sticking probabilities.

The mass spec channeltron signal is the raw input signal for the lock-in scheme.
However, the channeltron output is just a raw current signal, which can not be measured
by the lock-in. The raw channeltron signal gets converted into a voltage and amplified
(1076 V/A) through a simple RC circuit. In order to clean up the signal it is filtered
through a 6-pole bandpass filter prior to the lock-in. The lock-in itself is essentially a
filter. However, the ideal sampling frequency for these particular lock-in experiments is
in the noisiest region of the noise spectrum. The 6-pole high pass bessel filter selectively
allows signals within a particular frequency range to transmit, specifically 1.2-1.7 Hz.
The roll-off beyond this narrow frequency range is incredibly steep. Built into the 6-pole

bandpass filter is an additional gain, amplifying the signal 7-8 fold.
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5.3. Interpreting the Data

The output from the Lock-In is not a sticking value and needs to be converted into
a format that can be properly interpreted to make sense of the data. The output is not the
arithmetic mean of the magnitude of the signal. Instead it is the root mean square (RMS),
which is a statistical measure of the magnitude of the oscillating signal. In order to
determine sticking values we need to convert the RMS values into a value that represents
the total magnitude change of our signal.

The RMS value can be determined using Equation 5.2.

Xoys = %lez Equation 5.2
i=1

If we extend Equation 5.2 to represent the RMS value for a continuous wave function

defined over some time interval, 7;<t<T,, we get Equation 5.3.

_ L = 2 Equation 5.3
Siws = J g b ord

The frus in Equation 5.3 is an integer representing a complete cycle over some time
interval. This same idea can be applied to a sinusoidal current (AC) as seen in Equation

5.4.

_ 1 g : 2 Equation 5.4
L ovss _\/TZ—TI IT] (I, sin(at))"dt q

Ip is the peak current and a real and positive value. Using a simple trigonometric

relationship we can replace the sin term to give us Equation 5.5.

~ 1 (nl-cosCax) Equation 5.5
]RMS_IP\/E—Y;Iﬂ 2 dt " .
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When solved, we get Equation 5.6.

. T, .
I =7 1 | ¢ sinCaox) Equation 5.6
ST, -T2 4w

2 1

T,
Due to the periodic nature of the intervals the sin terms cancel out and we end up with

Equation 5.7.

PR R N e |
RMS — 4P T,-T |2 2 Equation 5.7

Ip is half of the peak-to-peak amplitude so we end up with Equation 5.8 representing total

current.

Lor =2%1, Equation 5.8

Equation 5.9 represents the simple relationship that will convert the RMS 1,1, output

into the total magnitude of input signal, Vrzor.[2-3]

Vior = RMS iy, *242 Equation 5.9

In order to convert Vryor into sticking measurements we still need to extract any gain in
the signal from electronic devices and factor in the magnitude of the overall change in
partial pressure, expressed as P, . For this particular set-up we found that the electronic
gains on the signal from the active bandpass filter and the i->V converter resulted in a net
gain of 3.3. Table 5.1 shows some preliminary data taken with a 0.25% CH4/H, gas mix
with a 1000 K crystal temperature. A similar set of experiments were performed using

the K&W technique. The results are in Table 5.2.
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Gas Mix Toor RMS (V) Vi Raw(V) Vid3.3 (V) P, (V) So
0.25%CH4/H2 | 1000K 1.82E-01 2.58E-01 7.82E-02 0.157 4.98E-01
1.83E-01 2.59E-01 7.86E-02 0.157 5.01E-01
1.81E-01 2.57E-01 7.77E-02 0.155 5.02E-01
1.80E-01 2.55E-01 7.73E-02 0.155 4.98E-01
1.76E-01 2.49E-01 7.55E-02 0.156 484E-01
900K 1.38E-01 1.96E-01 5.93E-02 0.151 3.93E-01
1.37E-01 1.94E-01 5.88E-02 0.152 3.87E-01
1.36E-01 1.93E-01 5.84E-02 0.152 3.84E-01
1.35E-01 1.91E-01 5.79E-02 0.152 3.81E-01
800K 8.94E-02 1.26E-01 3.83E-02 0.147 2.61E-01
9.02E-02 1.28E-01 3.87E-02 0.146 2.65E-01
9.04E-02 1.28E-01 3.87E-02 0.148 2.62E-01
8.89E-02 1.26E-01 3.81E-02 0.146 2.61E-01
700K 4.82E-02 6.82E-02 2.07E-02 0.141 1.47E-01
483E-02 6.83E-02 2.07E-02 0.141 1.47E-01
4.73E-02 6.68E-02 2.03E-02 0.14 1.45E-01
4.72E-02 6.67E-02 2.02E-02 0.141 1.43E-01

Table 5.1. Initial sticking probabilities for preliminary Lock-In results using a 0.25%
CH4/H; gas mix with 7,=1000 K
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Gas Mix Troz S, Lock-In 2*Sigma S, K&W

0.25%CH4/H2 1000K 4.97E-01 1.43E-02 5.10E-01
900K 3.86E-01 9.81E-03 4.10E-01
800K 2.62E-01 3.87E-03 2.90E-01
700K 1.45E-01 3.18E-03 8.77E-02

Table 5.2. Initial sticking probabilities measured using King & Wells technique. The
molecular beam was a 0.25% dilute CH4/H; gas mix with 7,=1000 K.
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The results seem to be fairly consistent, with all but one result falling within the
experimental error of the experiments. This can easily be explained by a lack of
experimental measurements for the K&W data. While the Lock-In experiments were
repeated several times some of the K&W results were taken only once or twice, merely as

a proof of principle.
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5.4. Preliminary Experiments

5.4.1. Bulk/Surface Equilibrium

Preliminary experiments were performed at surface temperatures of 1000 K due
to properties unique to nickel, which led to several interesting discoveries. One of the
qualities specific to the Ni crystal is its treatment of surface bound carbon(yls). A
methane molecule that dissociates on the Ni crystal can exist in two forms; either as a
methyl or a carbon atom. The specific functionality of the chemisorbed molecule is
dependent on surface temperature. Methyl bound carbons can exist unperturbed on Ni
surfaces at 200 K or less. When the Ni surface temperature exceeds 400 K the methyl
dehydrogenates, leaving a lone carbon atom.[4-5] The lone carbon atom will remain on
the Ni surface until temperatures exceed 600 K, at which point the carbon will diffuse
into the bulk of the Ni crystal. This is how we remove carbon from the Ni(111) crystal
after doses. The preliminary diagnostic experiments for testing the Lock-In detection
method involved running a highly reactive molecular beam into a 1000K Ni(111) crystal
over long periods of time. In the preliminary experiments it became obvious that after
these fairly lengthy doses there was a substantial build-up of carbon on the Ni(111)
crystal despite the hot crystal temperature. This observation was counter-intuitive based
on the characteristics of the Ni(111) crystal. It was fairly easy to remove the carbon by
annealing the crystal for 10-15 minute cycles, checking surface cleanliness with the AES.
This carbon build-up on the Ni(111) after extended doses at hot crystal temperatures was
reproducible. After 1-2 hours of running a highly reactive beam onto the hot crystal
surface there was immutable carbon on the Ni(111) face. This was not particularly

concerning since it was fairly easy to remove. However, it did bring up an interesting
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question regarding the equilibrium dynamics of carbon atoms in the Ni(111) bulk that has
not previously been mentioned in publications. Based on these observations it appears
that it is possible to saturate the available Ni(111) bulk with carbon atoms making it
impossible to continue ‘absorbing’ carbon. Thus, the extraneous carbon begins to
accumulate on the Ni(111) surface until the surface is also saturated and effectively
‘inert’. Clearly, there is a bulk/surface carbon equilibrium effect. It was beyond the
scope of the preliminary experiments but it might be interesting to further pursue this
observation and see if it is possible to quantify the ratio of C atoms to bulk Ni atoms once
saturation has been achieved. The new lock-in technique would be well suited for these

experiments, as would TPD analysis.
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5.4.2. Hydrogen Recombination

The preliminary Lock-In experiments led to another interesting and potentially
novel observation. The frequency modulated technique provides immediate feedback
using the Lock-In, which gives a unique advantage in diagnosing potential problems.
This immediate feedback made it possible to “see” the carbon chemisorbing and
desorbing at temperatures across the 550-790 K range. As the crystal temperature of the
Ni(111) sample was ramped from 475 K to 550 K there was an observable increase in the
initial sticking probability of the carbon. All prior experiments performed in the group
used a 475 K surface temperature for acquiring carbon sticking measurements, which
made this a somewhat puzzling discovery. Preliminary lock-in results indicated that
there was a 2-fold increase in sticking values when the crystal temperature was increased
from 475 K-550 K. All preliminary experiments for the frequency modulated detection
method used a highly reactive beam. Specifically, a 0.25% CH4/H, gas mixture at 1000
K nozzle temperature. The experiments were repeated using a He seeded molecular
beam but the same 2-fold increase in sticking was not observed as the surface
temperature was increased from 475-550 K. The effect appeared to be isolated to
hydrogen seeded beams leading us to re-visit the frequency modulated Lock-In
experiments probing the m/z=2 channel instead of the m/z=15 channel. Based on the
design of the Lock-In detection method one would expect to get zero signal when probing
the m/z=2 channel, as it should be an un-reactive reagent. However, at a surface
temperature of 475 K, there was some measurable signal level at m/z=2 indicating a
change in hydrogen’s partial pressure during CHy4 dissociation. When the surface

temperature was increased to 550 K this signal disappeared, verifying that the signal was
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indicating some uptake of hydrogen on the surface. Thermodynamics dictates that
hydrogen will not remain on a 475 K Ni(111) surface and the 2-fold increase in sticking
probabilities is only observed for hydrogen seeded beams. These observations seemed to
suggest some sort of reaction site competition between the reacting CH4 and the H,.
Specifically, we believe these results indicate recombinative desorption of the H, seeded
in the molecular beam acting as a competitive reaction channel. The hydrogen molecules
dissociate on the Ni(111) surface upon collision, recombine and desorb back into the
chamber. Due to the high influx of H,, especially with respect to the relative CHy
density, this secondary reaction channel leads to site blocking on the Ni(111) crystal.
Some of the reaction sites that would have previously been available to incoming CHy4

molecules are no longer available, leading to lower measurable sticking probabilities.
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5.4.3. Surface Temperature: 475 K-550 K

The recombinative desorption of H, led to a fairly exhaustive investigation of
surface temperature dependence. The initial experiments primarily focused on highly
reactive molecular beams. Figure 5.6 shows a data set probing the reactivity of 3
different gas mixtures: 1% CHa4/He, 0.25% CH4/H; and 11% CH4/H,. The data points for
the 11% CH4/H; and 0.25% CHa4/H, beams are depicted using blue and green markers,
respectively and were taken at surface temperatures ranging from 400 K-850 K. The data
for the 1% CH4/He beam is shown using red markers and the temperature range is a bit
more expansive, spanning from 300K-750K.

As expected, the figure indicates that the reactivity of the hydrogen seeded beams
is strongly affected by surface temperature, with all sticking measurements plateauing at
~550 K. There is an abrupt change in the slope for gas mixes seeded with hydrogen gas
as surface temperatures fall below 475 K. There have been extensive TPD experiments
directly and indirectly studying surface bound hydrogen on Ni(111) surface. Surface
bound hydrogens are observed at surface temperatures of < 300 K. As the surface
temperature increases from 300-450 K the surface bound hydrogen undergoes
recombinative desorption.[6-9] The decrease in sticking values as the crystal temperature
decreases from 475-400 K may be the result of an increase in the site blocking caused by
the recombinative desorption of the H, in the molecular beam. It is also possible that as
the surface temperature goes below 450 K, the surface bound hydrogens resulting from
CH,4 dissociation as well as the H, molecules used to seed the molecular beam have a

longer lifetime on the surface before they recombine and desorb. Instead of one
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Figure 5.6 Initial reaction probabilities of CH4 dissociation on Ni(111) for 1%CH4/He,
11%CH4/H, and 0.25%CH4/H, gas mixtures at different 7;. The green filled circles
represent the 0.25%CH4/H; beam across a range of 7,=400-750 K. The blue filled circles
represent the 11%CH4/H, beam across a range of 7,=400-850 K. The red filled circles
represent the 1%CH4/He beam across a range of 7,=300-750 K.
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competitive channel, there are two further increasing site blocking leading to lower
measurable reactivities.

These findings may explain some of the slight deviations in the vs sticking curve
data in the work performed by Smith et al.. Smith et al. was probing the impact v;
excited methane had on reactivity. Smith looked at the effect v; excitation had on
reactivity across a wide range of translational energies. Figure 1.2 illustrates these
results. Each data point corresponds to a specific gas mixture and nozzle temperature,
making it possible to effectively ‘tune’ the translational energy of the beam to span a
wide range while maintaining a low internal vibrational temperature for the molecules.
This resulted in some data points being collected using a hydrogen seeded beam (the
higher Ey.,s data) and a He seeded beam (the lower Eg.,s data). The sticking
measurements appear to fall on the fitted S-curve trendline on the log plot and follow a
smooth curve illustrating the increase in S, as a function of Ey.,s. However, under close
inspection these S, curves have a kink corresponding to the transition from the He seeded
beams to H, seeded beams. This ‘kink’ can be observed in the data in Figure 1.2,
specifically the S,"3 data point at Eqans= 50 kJ/mol. This ‘kink’ corresponds to the nearly
2-fold increase in sticking measurements as the surface temperature is increased from

475-550 K.
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5.4.4. Importance of Vibrationally excited states across E,, .,

The group has been interested in looking at the effects of internally hot vibrations
on CHy reactivity across a wide range of translational energies. There has been extensive
experimental and theoretical work that supports the supposition that vibrational energy
promotes reactivity for the CH4/Ni(111) system.[10-29] The internal energy of the CHy4
molecules can be controlled by modifying the nozzle temperature, carrier gas and density
of the gas mixture. This internal energy is partitioned into translational, rotational and
vibrational motion. The supersonic expansion does a reasonable job of cooling the
rotational population of the molecular beam but not the vibrational population. The
internal energy that is partitioned into vibrational motion populates polyads (this is
discussed in detail earlier in the experimental chapter). The internal vibrational energy,
E,», of a molecular beam can be modeled using Boltzmann distributions based on 7,,,.
Several sticking measurements were made at 7,=550 K using different gas mixtures at
different nozzle temperatures. The results are summarized in Figure 5.6.

The experiments were limited to sticking measurements > 5x10~ because of the
constraints of the detection methods used. Figure 5.7 shows the results for reactivity of
vibrationally hot CH4 across a range of fast translational energies at a surface temperature
of 550 K.

Figure 5.7 indicates that excited vibrations play a minimal role at higher
translational energies. Figure 5.7 shows the trendline for reactivity for E,,,=120 kJ/mol
and upwards following a smooth curve towards an asymptotic limit to reactivity

regardless of T;,,. This is consistent with the current reaction dynamics landscape for the
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Gas Mix Tn Energy (kJ/mol) |So StDev
0.25%CH4/H2 [550 K 105.9 3.40E-02 5.53E-03
650 K 124.8 9.23E-02 3.62E-03
750 K 143.7 1.92E-01 8.69E-03
850 K 162.7 3.11E-01 9.44E-03
950 K 181.6 4.05E-01 9.12E-03
1050 K 200.6 4.76E-01 8.64E-03
3%CH4/H2 650 K 106.0 2.77E-02 7.08E-03
750 K 122.0 8.33E-02 3.76E-03
850 K 137.4 1.62E-01 5.70E-03
950 K 153.4 2.50E-01 9.59E-03
1050 K 169.3 3.24E-01 8.50E-03
11%CH4/H2 750 K 83.2 8.40E-03 3.77E-03
850 K 94.0 1.85E-02 4.64E-03
950 K 104.9 4.24E-02 2.99E-03
1050 K 115.8 7.89E-02 8.43E-03
2%CH4/He 750 K 59.5 7.03E-03 1.00E-03
850 K 67.5 9.84E-03 4.31E-03
950 K 77.7 1.35E-02 4.02E-03
1050 K 86.1 2.47E-02 3.11E-03

Table 5.3 Data summarizing initial reaction probabilities for methane reacting on Ni(111)
using four types of seeded molecular beams, spanning a range of different nozzle
temperatures.
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Figure 5.7 Initial sticking measurements for thermally hot CH,4 vibrations. Four different
molecular beam compositions (0.25%CH4/H;, 3%CH4/H,, 11%CH4/H, and 2%CH4/He)
were used to sample a range of thermally hot vibrational motion of CHy4 across a range
nozzle temperatures (7,,,=650-1050 K).
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system. At Ej,,,>120 kJ/mol all incoming CH4 molecules have sufficient kinetic energy
to surmount the barrier to reaction regardless of internal vibrational energy. However, as
E,ans<120 kJ/mol we begin to see the onset of a separation in trendlines based on 7).,
with the most pronounced differences observed at the lowest Ej,,. These results are
consistent with internal vibrations promoting CHy4 reactivity on Ni(111). The thermal
vibrational population of the molecular beam is directly influenced by nozzle
temperature; hotter nozzle temperatures lead to greater population of the thermally
excited vibrational states. However, this data set is not complete. Further measurements
spanning a more comprehensive range of E,,s, particularly lower translational energies,
should further distinguish the trendlines for each nozzle temperature and elucidate the
role of vibrationally excited states on reactivity. Ultimately, the goal is to generate a
large enough data set, spanning a large range of E,, to permit a modeling estimate of
v=0 and the contributions from the thermally excited vibrational states. In order for an
accurate determination of S, ° to be obtained there needs to be a precise measure of
methane reactivity at varying nozzle temperatures and translational energies. It is
believed that the lock-in technique could be useful in helping to obtain a data set at 550 K

surface temperature.

178



5.5. References

10.

11.

12.

13.

14.

15.

16.

17.

D. A. King, M.G.W., Molecular Beam Investigation of Adsorption Kinetics on
Bulk Metal Targets: Nitrogen on Tungsten. Surf. Sci., 1972. 29.

D. Halliday, R.R., J. Walker, Fundamentals of Physics. 5th ed. 1997, New York:
John Wiley & Sons, Inc.

Cartwright, K.V., Determining the Effective or RMS Voltage of Various
Waveforms without Calculus. Technology Interface, 2007. 8(1): p. 20.

M. B. Lee, Q.Y.Y., S. L. Tang, S. T. Ceyer, Activated Dissociative Chemisorption
of CHy on Ni(l11): Observation of a methyl radical and implication for the
pressure gap in catalysis. J. Chem. Phys., 1986. 85(3).

Q. Y. Yang, JK.M., A. D. Johnson, S. T. Ceyer, The structure and Chemistry of
CH; and CH Radicals Adsorbed on Ni(111). J. Chem. Phys., 1995. 109(1): p.
7734-7749.

K. L. Haug, T.B., T. R. Trautman, S. T. Ceyer, Distinctive reactivities of surface
bound H and bulk H for the catalytic hydrogenation of acetylene. J. Am. Chem.
Soc., 1998. 120(34).

A. D. Johnson, S.P.D., A. L. Utz, S. T. Ceyer, The Chemistry of Bulk Hydrogen-
Reaction of Hydrogen Embedded in Nickel with Adsorbed CH;. Science, 1992.
257(5067).

S. P. Daley, A.L.U., T. R. Trautman, S. T. Ceyer, Ethylene Hydrogenation on
Ni(111) by Bulk Hydrogen. J. Am. Chem. Soc., 1994. 116(13).

Ceyer, S.T., The unique chemistry of hydrogen beneath the surface: Catalytic
hydrogenation of hydrocarbons. Accounts of Chemical Research, 2001. 34(9).
Beck, R.D., et al., Vibrational mode-specific reaction of methane on a nickel
surface. Science, 2003. 302(5642): p. 98-100.

Beck, R.D. and T.R. Rizzo, Quantum state resolved studies of gas/surface
reaction dynamics. Chimia, 2004. 58(5): p. 306-310.

Bisson, R., et al., Vibrational activation in direct and precursor-mediated
chemisorption of SiH4 on Si(100). Journal of Chemical Physics, 2008. 129(8).
Bisson, R., et al., State-resolved reactivity of CH4(2 nu(3)) on Pt(111) and
Ni(l11): Effects of barrier height and transition state location. Journal of
Physical Chemistry A, 2007. 111(49): p. 12679-12683.

Maroni, P., et al., Efficient stimulated Raman pumping for quantum state resolved
surface reactivity measurements. Review of Scientific Instruments, 2006. 77(5).
Maroni, P., et al., State-resolved gas-surface reactivity of methane in the
symmetric C-H stretch vibration on Ni(100). Physical Review Letters, 2005.
94(24).

Schmid, M.P., et al., Surface reactivity of highly vibrationally excited molecules
prepared by pulsed laser excitation. CH4 (2 nu(3)) on Ni(100). Journal of
Chemical Physics, 2002. 117(19): p. 8603-8606.

Yoder, B.L., R. Bisson, and R.D. Beck, Steric Effects in the Chemisorption of
Vibrationally Excited Methane on Ni(100). Science, 2010. 329(5991): p. 553-556.

179



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Juurlink, L.B.F., et al., Comparative study of C-H stretch and bend vibrations in
methane activation on Ni(100) and Ni(l111). Physical Review Letters, 2005.
94(20).

Killelea, D.R., et al., Surface Temperature Dependence of Methane Activation on
Ni(111). Journal of Physical Chemistry C, 2009. 113(48): p. 20618-20622.
Killelea, D.R., et al., Isotope-selective chemical vapor deposition via vibrational
activation. Journal of Physical Chemistry C, 2008. 112(26): p. 9822-9827.
Killelea, D.R., et al., Bond-selective control of a heterogeneously catalyzed
reaction. Science, 2008. 319(5864): p. 790-793.

Smith, R.R., et al., Preference for vibrational over translational energy in a gas-
surface reaction. Science, 2004. 304(5673): p. 992-995.

Luntz, A.C., A simple model for associative desorption and dissociative
chemisorption. Journal of Chemical Physics, 2000. 113(16): p. 6901-6905.

Luntz, A.C., Toward vibrational mode control in catalysis. Science, 2003.
302(5642): p. 70-71.

Luntz, A.C. and J. Harris, CH4 DISSOCIATION ON METALS - A QUANTUM
DYNAMICS MODEL. Surface Science, 1991. 258(1-3): p. 397-426.
Abild-Pedersen, F., J. Greeley, and J.K. Norskov, Understanding the effect of
steps, strain, poisons, and alloying: Methane activation on Ni surfaces. Catalysis
Letters, 2005. 105(1-2): p. 9-13.

F. Abild-Pedersen, O.L., J. Engbaek, G. Nielsen, I. Chorkendorff, J. K. Norskov,
Methane activation on Ni(l11): Effects of poisons and step defects. Surf. Sci.,
2005. 590.

Juurlink, L.B.F., et al., Eigenstate-resolved studies of gas-surface reactivity: CH4
(nu(3)) dissociation on Ni(100). Physical Review Letters, 1999. 83(4): p. 868-
871.

Juurlink, L.B.F., R.R. Smith, and A.L. Utz, The role of rotational excitation in the
activated dissociative chemisorption of vibrationally excited methane on Ni(100).
Faraday Discussions, 2000. 117: p. 147-160.

180



