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Abstract

The dissociative chemisorption of methane on transition metal surfaces has proven a
productive model system for the observance of mode-specific and bond-selective reactions trends.
More recently, the narrow energetic distributions afforded by narrow-bandwidth IR laser excitation
of a supersonically expanded molecular beam has also proven useful for testing surface specific
effects. With researchers in the field beginning to move toward the study of more complex systems,
there is a desire to generalize the nonstatistical and/or surface specific trends observed for methane.
However, there are still significant gaps in our understanding of the mechanism of surface induced
energy flow within the approaching gas molecule. The observed trends have also been limited to a
relatively limited number of low-index surfaces and surface temperatures well-below those used in
industry.

In this work, we studied the reactivity of methane on flat and stepped nickel surfaces across
a wide range of incident energies and surface temperatures. We employed C-H stretch selective
excitation of CH2D2 (1 ; and 1 ) and found identical reactivity of the symmetric and antisymmetric

modes on Ni(111). This result contrasts with previously reported vibrational state ordering for CH4



suggesting that the degeneracy of the stretching states may play a role. Theoretical work based on
the reaction path Hamiltonian (RPH) by our collaborators verifies that different coupling strengths
between the stretching oscillators have a large impact on the reaction probability of the excited
molecules. Bond-selective measurements confirm that this energy exchange is limited to similar
oscillators within the C-H manifold. The nozzle temperature dependence of bond-selective cleavage
in selectively excited molecules is also discussed for the first time.

A slight modification to well-employed beam reflectivity methods allowed for the study of
carbon dissolution on the stepped nickel surface with a molecular beam of CH4 on a moderately
stepped Ni(997) surface. These results indicate a rapid shift in rate of carbon uptake through the
(997) plane at a surface temperature of 700 K. The application of a proven model based on the
surface local equilibrium hypothesis predicts a bulk diffusion barrier in line with those reported on
low-index Ni surfaces and highlights the significance of the step edges. Dissolution measurements
were also used to investigate coverage dependent reactivity.

Finally, CH4 (Laser off and 1 3) and CDs (Laser off) dissociation were studied at sutface
temperatures approaching those used in industrial reactors on the stepped Ni surface. These
measurements mark the first state-resolved study of methane dissociation on a high-index plane of
nickel. In contrast to Ni(111), methane dissociation on the Ni(997) displayed a complete lack of
surface temperature dependence from 500 to 1000 K. Additionally, the reactivity on the stepped
surface was lower than measurements on the (111) plane at high incident energies suggesting a
greater density of reaction sites on the atomically flat single crystal. Angle-resolved measurements
confirm significant reactivity contributions from the terrace atoms under the conditions in this

study.
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Chapter 1: Introduction

From the condensation on your beer mug that made the ring on your dining room table to
the chemical corrosion that rusted the metal railing on your balcony to the associative reactions on
space dust capable of producing the complex organic building blocks1-3 responsible for life as we
know it, the interactions between gases and surfaces are ever present in the world around us.
Unsurprisingly, entire industries are built on the foundation of understanding the fundamental
parameters that control these interactions with the goal of enhancing the desirable outcomes (e.g.
ammonia production) and inhibiting less constructive processes (e.g. rust formation). Heterogeneous
catalysis (HC), in which the phase of catalyst and reactants differ, often involves the adsorption and
desorption of gases from metal particles. HC is either directly or indirectly responsible for over a
third of the annual global gross domestic product (GDP) and roughly 90% of the chemicals
produced in large-scale industrial processes involve interactions on surfaces in some way.4

Methane steam reforming results in the conversion of methane, the primary component of
natural gas, to carbon monoxide and hydrogen gas which are then used downstream to produce
methanol, ammonia and a variety of other chemical compounds. This bellwether HC reaction takes
place over multifaceted nickel-based catalysts at elevated pressures (30 atm) and temperatures (750
to 1000 K). These extreme conditions are necessary to overcome the barrier to initial C-H bond
cleavage (~90 k] mol-1) which would otherwise inhibit large scale implementation and production.s”
The dissociative chemisorption of methane has become the model polyatomic/sutface system of
choice in research settings due to this industrial significance as well as the accessibility of fine control
over the energetic distribution within the system for both experimentalists and theoreticians. As we
transition away from an energy economy based on fossil fuels, it is only becoming more important

to test the generalizability of the trends and ‘rules’ which guide our understanding of surface



catalyzed C-H bond cleavage. These studies can also inform the production of new materials for
energy storage which are often grown through processes which again involve complex interactions
on surfaces.

There are two generally accepted mechanisms for dissociation and chemical adsorption of
gas molecules on metal surfaces. At low incident energies, the approaching molecule can dissipate its
translational energy and trap on the surface in a process mediated by attractive intermolecular forces.
Once on the surface, the molecule can either acquire enough energy to surmount the barrier to
dissociation or desorb back into the gas phase unreacted. Precursor-mediated dissociation becomes
less likely as the incident energy of the gas phase species increases and the interaction time
subsequently decreases. Rather, at high incident energies, reactivity is driven by a single-collision
direct dissociative mechanism. In this case, measured reactivity is tied directly to incident energy and
the molecule either approaches the surface with enough energy to surmount the barrier to
dissociation or scatters away unreacted.

Statistical models generally assume that it is the total energy, not the partitioning of energy
within available degrees of freedom, that ultimately determines whether or not a gas molecule will
dissociate.s-10 While appealing for their simplicity, experimental rovibrationally state-resolved
measurements of reactivity have repeatedly shown that the type of energy (translational or
vibrational) is often just as important as the amount of energy.i11-18 This finding is consistent with
Polanyi’s rules for the dissociation of diatomic species which indicate that the location of the
transition state within the entrance or exit channel will determine the precise form of energy that will
most likely lead to dissociation.1s The success of the sudden vector projection (SVP) model, a
polyatomic extension of Polanyi’s work, at qualitatively reproducing state-ordered reactivity trends

further supports the application of this relatively straightforward description of dissociation. 13, 20-23



SVP assumes that dissociative chemisorption occurs at the sudden limit, meaning that the
reaction time is significantly shorter than the time required to dissipate energy through other
channels. This picture makes sense in light of recent work by Alec Wodtke’s group which suggests
that the vibrational character of adsorbed molecules is preserved significantly longer, ~0.1 ns for CO
on Au(111), than previously predicted.« However, combining this result with findings by
Dombrwoski et al. that the degree of enhancement resulting from vibrational excitation is identical
in the precursor-mediated and direct dissociation channels suggests a more nuanced approach may
be warranted as indirect dissociation by-definition cannot occur at the sudden limit. 25

In contrast, the adiabatic model assumes that the surface does play an important role in
rovibrational state-specific reactivity trends by driving an evolution of the eigenstates of the
approaching gas molecule.2s Modes which correlate well with the transition state will soften and
convert energy into motion along the reaction coordinate, resulting in higher levels of reactivity.
Nonadiabatic curve crossings which would correspond to redistribution of energy within the
vibrational structure of the approaching gas molecule are completely avoided by convention. Again,
this model is capable of qualitatively reproducing experimental trends, but quantitative agreement
remains elusive. Additionally, state-to-state scattering experiments by Werdecker et al. suggest that
there is significant energy exchange between the symmetric and antisymmetric stretching modes of
methane induced by the brief interaction with the surface.27 Limited energy exchange between
similar oscillators could explain why experimental comparisons of the relative reactivity of the two
stretching modes are orders of magnitude lower than predicted by the purely adiabatic model.

In Chapter 3, we describe results from a combined experimental-theoretical approach
performed in conjunction with our collaborators at the University of Massachusetts — Amherst to
investigate the likelthood and impact of limited energy exchange on observed dissociation trends.

We carefully selected a system, CH2D2 on Ni(111), which allowed for direct comparison of reactivity



of symmetric and antisymmetric stretch excited molecules on a high barrier surface where the
influence of internal energy exchange would likely be the most exaggerated. We measured identical
reactivity of the two stretching modes and found agreement with theory only in the case where
nonadiabatic curve crossings were allowed. This result is consistent with Werdecker’s scattering
experiments proving unreactive molecules and bond-selective measurements confirmed the limited
nature of vibrational energy exchange within the dissociating species. This work dramatically
improves our understanding of the fundamental dynamics underlying mode-specific reactivity and is
particularly important as researchers begin to investigate the state-specific reactivity of other small
polyatomics (NH3 and H202s) and larger molecules (CH3OH, C2He).

State-resolved experiments provide reactive gas-molecules with a narrow, well-described
distribution of internal energy. Therefore, it is also an ideal technique for probing the impact of
surface atom identity, lattice atom motion, and surface structure on dissociation. Measurements of
C-H stretch excited methane dissociation on low-index planes of Ni, Pt and Ir have found that the
degree of enhancement correlates directly with the predicted transition state C-H bond length on
each surface.17,25,20.31 These results indicate that the lateness of the barrier, which is a function of
both the bond being broken and the surface itself, has a dramatic impact on reactivity. Additionally,
measurements at low-incident energies have shown that increasing the surface temperature can
increase reactivity by several orders of magnitude.s Accompanying theoretical work suggests that the
shift in reactivity is due primarily to modulation of the dissociation barrier height as a result of the
position of the nickel atom at the reaction site with respect to the macroscopic (111) plane. This
barrier height modulation is consistent with higher reactivity on undercoordinated step atoms which
are themselves attributed to shifts in the center of the metal atoms d-band.32:33

It’s easy to generalize the above paragraph to suggest that it is always possible to increase

methane dissociation on metal surfaces by increasing the surface temperature, step density or both



simultaneously. However, it is important to note that virtually all of the state-resolved studies to date
have been performed on low-index planes of metal surfaces at temperatures below 600 K. In fact,
work by Dombrowski suggests that surface temperature plays a much less significant role in
moderating reactive trends in the high energy regime at temperatures approaching those used in
industrial reactors.s« We probe this region further in this work by monitoring the reactivity of
methane on a modestly stepped Ni(997) surface. In Chapter 4, we highlight a novel approach used
to study the diffusion of the adsorbed carbon atom following methane dissociation and
dehydrogenation. This work was necessary to characterize coverage dependent reactivity trends on
the new surface. In Chapter 5, we attempt to bridge the structure and temperature gaps by
investigating dissociation at near industrial temperatures on the stepped surface. To our surprise, a
set of conditions was discovered under which methane dissociation on the stepped surface was
lower than previous measurements on the flat (111) plane. These findings suggest that reactive
trends measured along the minimum energy pathway may not be fully generalizable to reactivity on
the surface as a whole.

Taken together, the results in this thesis improve our understanding of the role that the
surface plays inducing energy exchange within the dissociating molecule and modifying reactivity
over a wide range of conditions. This work emphasizes caution in applying the trends observed
under a relatively limited set of conditions to more complicated molecules and surfaces, while also

highlighting mechanistic insights that are likely to be at least somewhat transferable.
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Chapter 2:  Experimental Apparatus and Methods

The apparatus and many of the techniques used to quantify reactivity in this work are well-
described elsewhere.1s The purpose of this chapter is to review the relevant experimental details and
to highlight updates that were made to the chamber in the course of collecting the data published in
this thesis. Practical insights into the best day-to-day practices for dosing and laser excitation are also
included with the intention of reducing the barrier to performing the necessary measurements.
Finally, a detailed description of the calculation of the fraction of laser excited molecules, fi, should

hopefully reduce confusion as to the meaning of the associated parameters.
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2.1 General Experimental Approach

The experiments in this thesis were performed using a triply differentially pumped
supersonic molecular beam connected to an ultra-high vacuum (UHV) surface scattering chamber.
A general schematic of the experimental apparatus is found in Figure 2.1. The molecular beam is
used to provide high incident energy gas molecules with a narrow distribution of translational
energies as confirmed by time-of-flight analysis (Section 2.2.2). The beam is differentially pumped
and skimmed to reduce the effusive load on the UHV chamber. The only major update to the
apparatus was the replacement of the cold trap and VHS-6 diffusion pump on the second
differential chamber with a Varian V250 turbomolecular pump. The change was made in part to
dramatically reduce nitrogen consumption by the lab. A Varian V70LP is mounted between the
V250 and its mechanical pump to reduce the foreline pressure on the outlet of the turbo and
improve the pumping efficiency. Even still, the base pressure in the 2na was roughly an order of
magnitude higher than the value reported with the cold trap/DP on the chamber. A residual gas
analysis (RGA) of the main chamber with the sliding beam valve open and closed was used to
confirm that the effusive load on the main chamber remained minimal relative to the directed flux of
molecules associated with the molecular beam itself.

Selective rovibrational excitation with a narrow bandwidth IR laser provides further control
over the internal energy distribution of the approaching gas molecules. State-resolved reaction
probabilities enable the study of mode-specific and bond-selective reactivity trends (Chapter 3). The
well-controlled energies of the reacting species also enable detailed studies of the impact of surface
structure and temperature (Chapter 5) on reaction trends. A Ni(997) surface (Section 2.3) was used
for structural comparisons of reactivity. Measurements of the incident flux (Section 2.2.4) enabled
detailed studies of coverage dependent reactivity trends and carbon diffusion into the bulk of the

modestly stepped single crystal (Chapter 4).
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Figure 2.1 A schematic of the supersonic molecular beam surface scattering chamber.
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2.2 Characterizing the Molecular Beam

2.2.1 Formation of the Molecular Beam

The molecular beam is formed by expanding a high backing pressure (> 20 PSI) of gas
through a roughly 35 M orifice in an Inconel 600 nozzle. The water-cooled nozzle is resistively

heated from 290 to 1050 K and the temperature is monitored by a Type-K thermocouple spot
welded near the nozzle orifice. A 4-stage temperature controller (Omega, CN77353-RSP) is used to
regulate the nozzle temperature °1 K of the desired value. The gas continuously expands into the
low-pressure source chamber ( < 5x1 0% ) and skimmers (Beam Dynamics, Inc.)
located between the source/1s and 1s/2na differential chambers further collimate the supersonic
molecular beam and reduce the effusive load on the reaction chamber. The nozzle is mounted on an
x-y transfer stage and it’s position relative to the first in-line skimmer is adjusted with a series of
ultra-torr sealed external knobs on the source chamber. Preliminary alignment with the first skimmer
can be done with the chamber at atmosphere and rolled apart by maximizing the high-pitched sound
of an inert He beam expanding through the metal skimmer. The alignment is then fine-tuned with
the chamber at vacuum by maximizing the pressure in the main chamber with the beam running.
Finally, time-of-flight measurements (Section 2.2.3) are used to verify the narrow spread of the beam
to ensure proper alignment with the internal skimmers.

Trace contaminants (water, oxygen, reactive hydrocarbons) are removed from the high
putity gases prior to expansion with an in-line acetone/dry acetone bath and a getter trap (Supelco,
Supel Pure-O). However, the reactive contaminants remain a concern, particularly at elevated nozzle
temperatures. The absence of reactive species in the molecular beam is verified in two ways. First, a
residual gas analysis (RGA) is recorded with the molecular beam incident on the inert beam flag in

the main chamber. Subtracting an RGA recorded in the absence of a molecular beam identifies the
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primary components of the beam as well as the species present in the effusive load from the second
differential chamber. Second, the Ni single crystal is dosed with a non-reactive methane beam. At
low nozzle temperatures, this involves dosing at normal incidence for two to three times longer than
the experimental dose. At high nozzle temperatures (> 600 K), the crystal is dosed at grazing
incidence to reduce the energy of the methane molecules in the molecular beam below levels at
which reactivity should be observed. The surface is then analyzed through a combination of Auger
Electron Spectroscopy (AES), Oz Titrations (see Section 2.4.2) and temperature programmed
desorption (TPD) measurements to verify the absence of carbon, oxygen, water and other reactive
adsorbates on the surface of the crystal.

The energy of methane in the molecular beam, Enns, in this thesis was controlled primarily
by varying the temperature of the nozzle. Generally, it is preferable to vary the composition of the
molecular beam itself by seeding pure methane with lighter gases (He, H2) for higher energy beams
ot heavier gases (Ar, Xe) for slower beams. Changing the composition of the beam at a constant
nozzle temperature maintains the ground state vibrational population of the beam and allows for
more direct comparison of laser off measurements of reactivity. However, mixtures with deuterated
isotopologues of methane (see Chapter 3) are made in house and it is more cost effective to collect
measurements of reactivity as a function of Euans by varying the nozzle temperature. Additionally,
measurements in the high incident energy regime (see Chapter 5) require mixtures containing 99%
or greater Hz gas again limiting our ability to alter the incident energy of methane by changing the
seed gas ratio. In these cases, the laser off reaction probability is treated as an upper limit on the
ground state reaction probability, but the state-resolved reactivity accounts for the shifting thermal

distribution of vibrational state populations as described in more detail in Section 2.5.2.
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2.2.2 Time-of-Flight Measurements

The enetgy, Euns, and distribution of energies, DEtans/ Etns, of the molecules within the
molecular beam are verified using time-of-flight (TOF) mass spectrometry. For these measurements,
the crystal is raised above the path of the molecular beam so that the high energy molecules are
incident directly on the snout of the in-line quadropole mass spectrometer (QMS, UTI 100C). It is
of note that the QMS is no longer perfectly level with the beam line and the slight droop is
accounted for by clipping the top edge of the molecular beam with the crystal. The mechanical
chopper wheel in the 2.4 differential chamber is rotated at 300 Hz and signal from a light-emitting
photodiode (LED) mounted with the chopper is used as a trigger to synchronize the pulse detected
by the QMS with the position of the chopper wheel. This procedure introduces an electronic delay
into the measured neutral flight times. The reader is directed elsewhere for a thorough discussion of
the appropriate manner to account for this delay as well as the correct procedure for determining the
ion-flight times through the rod assembly of the QMS.2 s

A representative TOF measurement for a 1%CH4/H2 mixture at Troze = 700 K is shown in

Figure 2.2 along with the fit to a density-weighted Gaussian function which defines the stream

velocity, o, and width, @, of the gas pulse according to Eq. 2.1.

(= (-1 Eq 2.1
N, is a normalization constant. A detailed discussion of the TOF fitting procedure is provided
elsewhere. In short, the measured flight time, 7 is determined from the fit by substituting » = I./#
where L is the neutral flight path length. Again, the measured value of 7 represents the sum of the
neutral flight time and the associated delays. In the absence of well-calibrated delays, it is possible to
record the flight times with and without a 0.21 m extender. In this case, the difference in #is due

simply to the change in I and the calculation of Esas is fairly straightforward.
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A representative time-of-flight (TOF) measurement for methane molecules in a 1%
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using a density weighted Gaussian which accounts for the neutral path length, L, the
neutral flight time, t, the spread of the molecular beam, @, and the electronic and ion

flight time delays associated with the TOF measurements.
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2.2.3 Pumping Speed Measurements

It is necessary to quantify the steady-state pressure of methane in the reaction chamber in
order to report reactivity on the Ni surfaces. Accurate measurements of the pumping speed for
methane are a key factor and can vary based on the age and condition of the diffusion pump and
nitrogen trap. It is therefore important to periodically replicate pumping speed measurements. To do
so, a beam of pure methane is admitted into the main chamber. The beam is terminated at the inert
beam flag to avoid potential interactions with the crystal and the cryostat is left empty to avoid the
impact of cryotrapping. It is also important to ensure that the nitrogen trap is completely full as the
level nitrogen in the trap can impact these measurements. The partial pressure of methane in the
main chamber is recorded under the above conditions. Once the QMS signal stabilizes, the beam
shutter in the 1« differential chamber is closed and the decay in the partial pressure of methane is
tracked. The decay is then fit using a double exponential equation as described elsewhere.1 The
pumping speed for methane is determined from the ‘fast” exponential while the ‘slow’ exponential is
necessary to propetly account for outgassing from the regions of the chamber that are less directly in
line with the pump stack. These fits are inherently difficult and replicate measurements are
important. The pumping speed for methane in the current set-up was determined to be 2064 L/s.
This number represents a nearly 20% decrease in pumping speed since the diffusion pump was first
installed ~25 years ago, but remains in line with the reported pumping speed for the VHS-10 when

accounting for conductance through the gate valve and cold trap.
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2.2.4 Flux Measurements

The flux of methane on the surface of the single crystal is simply the number of molecules
impacting the surface in a given amount of time. It is necessary to record the flux under all beam
conditions (mix percentage, backing pressure, nozzle temperature, beam valve) used as the flux is
strongly dependent on each of these parameters. The flux of methane in the chamber is measured
experimentally again using the QMS with the beam entering the main chamber. The signal at m/z =
16 is first monitored with the beam scattering off of the inert beam flag. The shutter is then closed
and pure methane is leaked into the main chamber via a Varian 951-5106 leak-valve until the counts
match the level obtained for the beam. The QMS is then turned off and the pressure readout on the
nude ion gauge is recorded, 4 It is necessary to measure the pressure of methane in the chamber
in this manner since dilute mixtures of methane are used and the pressure in the main chamber with
the beam running is a result of both the methane and seed gas in the molecular beam. It is also
important that the nitrogen trap is filled, and the cryostat is empty prior to measuring fluxes in the
main chamber. The flux can now be calculated according to Eq. 2.2 using the recorded steady state
pressure of methane in the chamber.

3211694
— 4
( 7)=—10 Eq. 2.2

The factor of 1.4 is a correction for the sensitivity factor of the ion gauge. PS corresponds to
the experimentally measured pumping speed (Section 2.2.3) and 3.21 x 1019 CHa/torr L is a
correction factor calculated using the ideal gas law under the assumption that the methane molecules
have equilibrated with the wall temperature. These parameters enable the calculation of the number
of methane molecules leaving the chamber via the pump per second. The area of the crystal
impacted by the molecular beam, Apw., and the density of nickel atoms on the surface of the crystal,

, are then used to convert the measured flux to monolayers per second, ML s-1. It is important to
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use the appropriate value of A corresponding to the beam valve aperture used for a given
measurement (LBVH = 0.95 cmz; MBVH = 0.384 cmz; SBVH = 0.066 cmz). The number density of
metal atoms on the surface is a function of the crystal structure with Ni(111) and Ni(997)
corresponding to 1.90 x 1015 atoms cm-2 and 1.77 x 1015 atoms cm-2, respectively. The reported flux
values are generally on the order of 1 ML s-1 with the current nozzle set-up. The fluxes are as much
as a factor of two less than those reported for previous nozzles, but similar reductions as a function
of age and clogging have been observed in our group.1 The dose times in low-reactivity
measurements are adjusted to account for the apparent loss in flux. Finally, it is necessary to multiply

the incident flux by the cosine of the incident angle for doses not at normal incidence.
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2.3 Substrate Preparation

The Ni single crystal [(111) or (997)] (Surface Preparation Laboratory) was spot welded to
tantalum legs and mounted to a home-built copper sample holder. The sample holder itself was held
on the end of a cryostat (McAllister, LN2-HAT) which was mounted on a doubly differentially
pumped XYZ-rotatable manipulator (McAllister Technical Services, MA2006). The manipulator
allowed for translation and rotation of the crystal for alignment with the molecular beam, AES and
sputter gun as well as off-axis measurements of reactivity. A Type-E thermocouple was spot welded
to the top edge of the crystal to monitor the surface temperature. The crystal was cooled to 82 and
200 K, respectively, by filling the cryostat with liquid nitrogen or dry ice. It is of note that cooling
the crystal to these temperatures rapidly required a switch back to the previous sample holder based
on a design from the Ceyer group at MIT.1,¢ The more open design used by recent group members
on this chamber did not provide adequate shielding from ambient thermal radiation resulting in long
wait times (> 20 minutes) to reach an elevated minimum temperature (~100 K).

A thoriated tungsten filament is mounted within the cold shield directly behind the crystal.
The filament allows for radiative heating (Tt < 600 K) or electron bombardment with a positive
bias on the crystal (Tt < 1200 K). The crystal temperature is controlled to within 1 K using a
LabVIEW based PID controller.s A thermocouple conditioner (Intronics) electrically isolates the
biased crystal from the control electronics and also provides an ice point reference and signal
amplification. The accuracy of the temperature reading is verified by measuring the temperature of
liquid nitrogen and boiling deioinized water.

The cleaning procedure for the two Ni surfaces is similar and the (111) surface is well-
characterized by previous group members.2s, 7.8 Therefore, the remainder of this section will focus
on characterization of the newer Ni(997) crystal. The terraces of the (997) surface are comprised of

7 true terrace atoms, 1 buried corner atom and 1 undercoordinated atom along the step edge. A
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graphical depiction of the surface is displayed in Fig. 2.3. The crystal was mounted in the UHV
chamber with the steps running vertically to allow for incident angle-dependent reactivity
measurements. The step density and crystal orientation were verified by scanning tunneling
microscopy (STM) courtesy of Alex Schilling in the Sykes group (Fig. 2.4). The crystal was cleaned
each morning by heating to 1000 K for 2 minutes, sputtering with 500 eV Ar+ ions at < 250 K and
680 from the surface normal for 5 minutes, and then annealing at 1100 K for 15 minutes. Crystal
cleanliness was verified via the AES (AG Microtech, VG-100AX). Representative pre- and post-
clean auger traces in the carbon, oxygen, sulfur and nickel regions are displayed in Fig. 2.5. It is
worth noting that the auger displayed nonuniform shifts in the expected expected peak positions,
but the carbon and oxygen peaks were verified by recording auger spectra after dosing the crystal
with each adsorbate. The shift could not be attributed to shifts in the DVM outputs, analyzer
energies or other relevant control electronics. Subsequently, a short in the hemisphere itself resulted
in a loss of detectable signal, particularly from the low energy electrons and surface cleanliness was
instead verified using a standardized dose.

Between doses, flashing the crystal to 1000 K for 2 minutes was found to remove any
detectable surface bound carbon by bulk dissolution. The crystal was periodically oxidized (Section
2.4.2) with a molecular beam of Oz at Tsuf = 550 K and reduced by leaking 1x10. torr of Hz into the
chamber for 5 minutes to remove additional trace impurities. The absence of carbon was further

verified by monitoring the CO and COz2 peaks during the oxidation procedure.
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A schematic representation of the Ni(997) surface (modified from Surface Explorer).

Figure 2.3
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Figure 2.4 STM image of the Ni(997) crystal used to verify the step density and orientation

(courtesy of Alex Schilling and E. Chatrles H. Sykes).

24



() (B)

1000 SN\ —— Preclean /\

800 -
\ —— Postclean /
0 —\ N 600

\/ — v oV V “\\“/“»\/

-1000 f
\

B AT i B Sputter -200 \/
- -~ Anneal -400 \
260 280 300 320 340 480 500 520 540 560
eV eV

(©) ®)

30l 6000
—— Preclean| 7]
‘\ e Flash 4000 A /l
20 || T Sputter | _| 2000
- -~ Anneal JWH MM
T Borngh g it |
: U0 R VA VT
-4000 I
-6000 || — Preclean I
—— Postclean
-8000 1
140 160 180 200 220 240 650 700 750 800 850 900 950
eV eV

Figure 2.5 Differential AES signal pre (black) and pot (red) clean from the (A) carbon, (B)

oxygen, (C) sulfur and (D) nickel regions.

25



2.4 Measuring Reactivity

There are a number of tools available on the chamber to measure methane dissociation on
the surface of the Ni single crystal. The vast majority of these techniques (AES, Bulk H/D, O2
Titration) involve post-dose detection of the adsorbed carbon species. The general schematic for
these measurements involves exposing the clean surface to methane in the molecular beam for a
limited amount of time, shutting down the dose and then measuring the amount of carbon on the
surface of the crystal. During the dose, it is important to record the pressures in the differential
chambers as these are the primary indicators that the beam and chamber are behaving as expected
on a day-to-day basis. The researcher is otherwise blind to the carbon uptake process during the
course of the dose. It isn’t until after the dose is finished and the crystal position and/or temperature
are adjusted as appropriate for the selected detection technique that the success of the dose is
known. It is therefore necessary to verify that the chamber conditions are within normal limits via
residual gas analysis (RGA) and the crystal is clean (AES or standardized dose) prior to running
these measurements.

For measurements of initial sticking probability, Sy, it is further necessary to adjust the dose
time to maintain levels of carbon on the surface within the low-coverage limit. On the Ni(111)
surface, it has been shown that lateral interactions between adsorbed methyl species do not begin to
inhibit subsequent uptake until coverages in excess of 0.10 ML are achieved.o Carbon uptake
measurements in Chapter 4 indicate surface coverage should be kept below a similar level (~0.12
ML) on the Ni(997) surface to measure So. Finally, the peak integrals associated with all of the post-
dose analytical techniques described below must be directly coordinated to carbon coverages.
Previous group members have used saturation curvess or daily saturation doses under conditions

where the self-limiting surface coverage is known.7 It is also possible directly coordinate the peak
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integrals to carbon uptake during beam reflectivity measurements in order to account for daily
changes in chamber conditions.

Beam reflectivity measurements (Section 2.4.2) are the one technique accessible on the
current chamber that enable real-time measurement of methane dissociation. The advantages are
that the researcher can observe changes in the carbon signal in real-time and adjust the dose as
necessary resulting in significantly shorter dose times and higher overall throughput. Simple
adjustments to the standard procedure also allow for detection of coverage dependent reactivity,
5(q), carbon dissolution (see Chapter 4) and simultaneous collection of reactivity with and without
laser excitation (see Chapter 5). These real-time measurements also enable probes of reactivity at
elevated surface temperatures (> 550 K) where the adsorbed carbon species are mobile and could
not otherwise be appropriately accounted for via post-dose techniques. The primary limitation of
beam reflectivity measurements is a signal-to-noise issue. It is only possible to measure relatively
high reactivities, So > 0.5%. It is up to the researcher to assess the relative strengths and weaknesses
of each of the described techniques and to decide which is the most appropriate given the question
being studied.

The following sections describe the associated methods for the primary analytical techniques
used to determine methane reactivity and carbon coverage on the Ni surfaces in this particular
thesis. Each description also includes a reference to the previous group member and corresponding
thesis who developed and/or refined the technique as appropriate. As a final note, previous work
has demonstrated that the post-dose analytical techniques will return nearly identical sticking

probabilities when used to measure reactivity under similar dose conditions.s
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2.4.1 Bulk H/D Titration of Surface Bound Products
The method of bulk H/D titration was initially developed by the Ceyer group at MIT.10.15 It

is currently the only technique available in our lab to study isotopic reactivity trends.ic Measurements
of bond-selective cleavage are achieved by dosing isotopically labeled methane molecules (e.g.
CH:2D2) and detecting the recombinative desorption of the adsorbed methyl species with subsurface
hydrogen or deuterium as the surface is heated. Subsurface H/D atoms emetge from the bulk with
significantly more energy (~50 kJ mol.i) than thermally distributed surface bound species.1s As a
result, the rising bulk atoms are capable of hydrogenating surface bound unsaturated hydrocarbons,
even in instances where recombination with surface H/D atoms is energetically unfavorable relative
to complete dehydrogenation .11 The newly formed molecule (e.g. CHD3) desorbs from the surface
and the detected product is dependent solely on the broken bond in the initial dissociation event
(e.g. C-H or C-D).

Pretreating the clean Ni crystal with subsurface deuterium atoms is the first step in the
experimental procedure. This is done by backfilling the chamber with 4 x 10 torr of D2. A hot
filament mounted ~1.5 cm from the front face of the crystal cracks the D-D bond and the Ni crystal
is dosed with D atoms for 10 minutes. Careful calibration of the filament voltage and filament-
crystal distance is necessary to maintain the surface temperature below 140 K.7 Above this
temperature, the D atoms begin to emerge from the crystal bulk and can recombinatively desorb
which is undesirable. This standardized procedure covers the surface with a full monolayer of
deuterium and embeds the equivalent of roughly 2 ML of D atoms beneath the surface. It is
necessary to remove the surface bound deuterium prior to dosing without also removing the
dissolved bulk D atoms or altering the crystal structure. These requirements preclude heating the
crystal to remove the surface bound species. Collision-induced recombinative desorption (CIRD) is

alternative method that used to remove D atoms from the surface without impacting the bulk
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concentration.iz A 0.25% Xe in He mixture is expanded through the supersonic nozzle source at T
= 1040 K and impinges on the surface 45, from normal for 40 minutes. Previous measurements
have confirmed that the impact of the high energy Xe atoms induces recombinative desorption of
the surface bound D atoms, resulting in the required clean surface preloaded with deuterium in the
immediate bulk.; Temperature program desorption (TPD) measurements have also found little
change in the D2 spectra at longer Xe dose times indicating that a 40 minutes CIRD process
adequately removes the surface bound deuterium.7

The crystal is now well-prepared for the methane dose. Again, the surface temperature for
these doses must remain below 140 K to avoid the loss of adsorbed species and bulk deuterium
during the course of the dose. Following the methane dose, the surface is heated at a rate of 3 K/s
and the desorption of the relevant species is tracked with the QMS. An example TPD spectrum
following a 300 second dose with a thermally excited 1.3% CH:D2/He gas mixture expanding from
a 725 K nozzle and reacting on a 95 K Ni(111) sutface is displayed in Figure 2.6. The D2 (m/z = 4)
trace shows the typical surface desorption peaks at 350 and 380 K as well as a large additional peak
at 210 K that is attributed to desorption mediated by the emerging bulk D atoms. The methane
products desorb quickly within the leading edge of the bulk D2 peak (T' = 185 K). The primary
species, CHDs at m/z = 19 and CHz2Dz at m/z = 18, are tracked along with additional ionization
fragments at m/z = 17 and 16. Integrating the m/z = 19 peak is enough to quantify the C-H
cleavage channel, but quantifying C-D cleavage is requires removing signal produced by cracking
CHD:s in the ionizer. A similar correction is also necessary to relate integrated counts in these

measurements to the CHs/bulk H saturation curve used to determine surface coverage.
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2.4.2 King & Wells Beam Reflectivity Measurements

The beam reflectivity technique was developed as a method for investigating reaction
probabilities by King & Wells.17 This method is most useful in the region of high reactivity (5o >
0.5%) due to instrumental noise limitations. For methane on Ni, this generally involves monitoring
the reactivity of high incident energy beams (Exas> 90 k] moli) at elevated surface temperatures
(Tar 2 500 K). It is important to ensute that the liquid nitrogen trap is full, and that the cryostat is
filled with dry ice prior to beginning the measurement to minimize variations in signal resulting from
changes in partial pressure due to desorption from the cyrogenic surfaces. Use of liquid nitrogen in
the cryostat is unnecessary at the surface temperatures used in these studies and causes larger dose-
to-dose variation in measured sticking probabilities as a result of the adsorption and desorption of
condensable gases from the surface of the sample mount and cryostat itself.

The K&W method is exceptionally straightforward. The partial pressure of methane (m/z =
15) in the UHV chamber is monitored with the QMS and the dose proceeds in four steps:

(1) The dose is initialized with the molecular beam blocked by the optical shutter in the 1« stage
to record a background pressure of methane in the chamber, Psackgoumd

(2) The optical shutter is opened, but the beam is inhibited from interacting with the reactive Ni
surface by the inert beam flag. This step records the partial pressure of methane in the
chamber as a result of the molecular beam, Prypine.

(3) Once the topline stabilizes (t ~ 60 sec), the beam flag is removed and the methane molecules
in the beam interact directly with the Ni surface. The drop is partial pressure corresponds to
the number of reacting molecules, Ppry.

(4) The dose is terminated in reverse by closing the beam flag, allowing the topline to again
stabilize and then closing the optical shutter.

A typical K&W beam reflectivity dose is displayed in Figure 2.7. The initial sticking probability, So, is
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calculated directly from the recorded changes in partial pressure via Eq. 2.3.

0~ Eq.23

It is also possible to calculate the sticking probability as a function of dose time, S(?). If the incident
flux is known, these reactivities can be converted carbon uptake curves, C(?), by integrating the
product of §(#) and the incident flux over the course of the dose. Minor adjustments to the basic
K&W procedure allow for additional studies of carbon dissolution (see Chapter 4) as well as
simultaneous collection of laser-off and laser-on reactivity (see Chapter 5). The associated LabVIEW
program also allows for simultaneous collection at multiple m/z which is useful when working with
deuterated isotopologues or for investigating recombinative desorption. Finally, an Igor program
was developed by Eric Dombrowskis to automate the fitting procedure and reduce person-to-person
variation in the measurements. Further details for that program can be found in Appendix B of his

thesis.
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2.4.3 O:2 Titration of Surface Bound Products

Titration of surface bound carbon with molecular oxygen is a well-established techniqueis-2
and was first modified for use on this chamber by Victoria Campbell.4 Oxygen titrations are another
TPD-like post-dose analytical tool that is used to measure methane dissociation on Ni. The surface
temperature is raised above the dehydrogenation temperature of the surface bound methyl product
meaning it is not possible to discern bond-selective cleavage. However, the technique is capable of
monitoring the relative reactivity of carbon isotopes.4 This method is also capable of measuring
reactivity at higher surface temperatures (> 140 K) and in significantly less time (no long sample
preparation) than bulk H/D measurements. It is therefore preferable to bulk titrations if bond-
selective trends are not being studied.

The surface is initially cleaned as described in section 2.3 and then methane is dosed with the
moleculatr beam at Tsus ¢ 550 K. After the dose, the temperature is raised to or maintained at 550 K
as the methyl resulting from dissociative chemisorption is known to completely dehydrogenate at
this temperature.232« The hydrogen desorbs from the surface leaving only carbon. The beam valve,
optical shutter and inert beam flag are all closed while the methane is being pumped out of the gas
manifold and the QMS is also warmed up. A new manifold was installed in 2017 with distinct
regions for the methane mixes and pure oxygen. This change dramatically reduces the common area
exposed to both gases resulting in much faster pump down times. Once the manifold is fully
pumped, pure Oz is expanded supersonically through the molecular beam nozzle. The remainder of
the dosing procedure mimics a standard K&W dose (section 2.4.2) with an oxygen beam in place of
the methane mix. Oxygen dissociates on the warm Ni surface, oxidizes the surface bound carbon
and desotbs as CO as is detected in the QMS at m/z = 28. In addition, the LabVIEW program

monitors m/z = 16, 18 and 44 to detect shifts in signal attributed to oxygen, water and CO2. While
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some have cited a CO2 desorption product using similar methods, only CO desorption has been
observed on our system.s,”

A typical O: titration following a daily saturation dose with a 1% CHa/Hz mix (Tnoze = 600
K) reacting on a 550 K Ni(997) surface for 60 seconds is displayed in Figure 2.8. The downward
deflection in the oxygen signal (m/z = 16) when the beam flag is opened indicates dissociation of O2
on the metal surface and CO is observed to simultaneously begin desorbing from the surface. The
preceding methane dose in this instance was monitored as a traditional K&W measurement,
allowing direct calibration of the integrated CO peak area to carbon coverage. The desorption peaks
for non-saturation doses are significantly smaller as reactivity is limited to the low-coverage limit to
avoid site-blocking effects.

After the O2 titration, the chamber is backfilled with 5 x 10-s H2 for 5 minutes to remove
excess oxygen from the surface and chamber walls. The surface is then annealed at 1100 K for 5
minutes. Following the reduction and anneal cycle, the crystal is clean and ready for the next dose.
Oz titrations are also run on ‘clean’ surfaces to verify the absence of carbon. Additionally, blank
doses where the methane is terminated at the inert beam flag are followed by Oz titrations to verify
the absence of CO desorption from the chamber walls resulting from dose times that can exceed
several hours in length. The measured signals following blank doses are negligible and generally

below detectable levels (< 0.005 ML).
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Figure 2.8 A representative O: titration follwoing a daily saturation dose (1% CHa4/Hz, Thozte =

600 K, Tsut = 550 K| tdose = 60 s) on the Ni(997) surface.
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2.5 Optical Excitation of Methane

2.5.1 Laser System

The laser system used for selective rovibrational excitation in this work is a periodically
poled Lithium Niobate (PPLN) optical parametric oscillator (OPO) [Aculight Model 2400, Module
C]. The OPO splits a fixed wavelength input or ‘pump’ laser into two lower energy tunable output
waves, the ‘signal’ and the ‘idler’. The less energetic idler beam is selected for experiments and the
pump and signal beams are terminated into beam dumps directly in front of the cavity output on the
laser table. The output power of the idler wave produced by the OPO system was typically in excess
of 1 W at the frequencies used in this work.

There are three primary adjusts on the laser system used to tune the frequency of the single
mode IR light. The coarsest wavelength controls involve adjusting either the temperature of the
OPO crystal assembly or turning the fine-pitch screw on the top of the OPO cavity which in turn
adjusts the angle of the crystal with respect to the incoming pump beam. Care should be taken when
adjusting either the cavity temperature or the set-top screw as the instability of the laser generally
increases for an extended period of time (hours to days) as a result. Adjustments to the angle of the
internal OPO etalon provides intermediate control of the output wavelength. Caution is again
advised when adjusting the etalon angle as multimode behavior can be observed. Generally,
adjustments to the etalon angle allow the user to achieve output frequencies in close proximity to the
desired transition (within 0.1 cm-1). Once a stable etalon configuration is found, the position should
not be adjusted on a day-to-day basis. Rather, daily locking is achieved by fine tuning the output
frequency. The finest adjust is achieved by applying a variable voltage (0-90 V) to the piezoelectric
(PZT) stack on the seed laser. A non-inverting operational amplifier sums the lock-in output, digital-
to-analog computer output and a 0-30V variable bias to drive the PZT to ‘lock’ the IR laser output

to the desired transition (see Victoria Campbell’s thesis for schematicss). The adjust knob on the
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variable bias is tuned to approach the transition for locking. A second power supply provides a
constant 30 V input to the op-amp circuit.

The diagnostic set-up on the laser table has remained virtually unchanged in recent years and
the reader is referred to the schematic in Nan Chen’s thesis7 (Figure 2.9) for a detailed view. A series
of beam splitters divert a small fraction of the idler output into the wavemeter (Burleigh, WA20-IR),
spectrum analyser (Burleigh) and Fabry-Perot etalon cavity. The bulk of the idler beam is directed
into a multipass in the 1. differential chamber for excitation of the molecular beam. The wavemeter
confirms the output frequency of the OPO. Alignment with the wavemeter cavity is achieved by
adjusting the two mirrors located between the beam splitter and wavemeter. The internal reference
laser was recently replaced, and ideal alighment is best achieved by feeding the BNC outputs for the
reference and input laser signals into an oscilloscope. The spectrum analyzer confirms that the OPO
output is single mode and narrow frequency. Finally, the Fabry-Perot provides a frequency reference
for the home-built, computer-controlled locking system. The temperature controlled Fabry cavity is
contained within a vacuum jacket which is pumped by a 20 L/s ion pump (Varian, 911-5030)
capable of maintaining pressures below 1 x 10- torr. Maintaining a constant temperature and
pressure dramatically improve the stability of the reference signal and lock. The cavity length of the
Fabry etalon is adjusted to maximize transmission, a small dither is placed on the laser frequency and
the derivative signal of transmission is locked to the zero-crossing. The position of the etalon angle
is tuned manually tuned to the transition with a 0-15 V power supply prior to initializing the
computer program, which maintains the lock. This locking scheme provides reliable, frequency
stabilized IR output for several hours or more.

The laser is locked to the peak of the molecular beam transition. A reference gas cell remains
in-line on the laser table and can provide a broader indication that the laser is approaching resonance

with the desired transition. However, the signal from the intersection of the OPO with the
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molecular beam is generally high enough that the reference cell is unnecessary. That signal is
produced by a lithium tantalite pyroelectric bolometer (PED) housed in the 2na differential chamber.
The output of the PED is fed into a preamplifier which connects directly to a lock-in amplifier. It is
worth noting here that if PED signal is not observed for non-obvious reasons, it may be time to
change the battery in the blue preamplifier box located on the diving board. The PED monitors
changes in heat content so the laser is chopped with an optical shutter driven by a square wave
generator. As the laser approaches resonance with the desired transition, the internal energy of the
incident methane molecules increases, and this produces positive PED signals. The laser is locked to
the peak of this signal. It is important to remember that the multipass produces two narrow peaks if
properly aligned (see Richard Smith’s thesisz). Additional peaks or especially broad peaks indicate
poor alighment with the molecular beam. Better alignment is best achieved by blocking the idler
output and dropping a HeNe in the laser path. The bounces of the HeNe on the multipass mirrors
can be observed directly. The HeNe should proceed through the notch in the multipass mount and
the spots on the mirror should be parallel to the ground (at least for the first 5 or so bounces). The
spots should also converge as they approach the end of the multipass cell to observe the expected
top hat reactivity profile (see Figure 2.9). Divergence of the laser spots is consistent with ‘striped’
reactivity on the crystal which is unwanted.2 Typically, only relatively minor adjustments need to be
made once a well-aligned HeNe is removed to maximize the PED signal as a function of the

position of the IR beam.
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A)

B)

Figure 2.9

(A) HeNe trace displaying improper alignment within the multipass. The adjust knob
on the multipass mirror should be used to change the angle of the observed mirror
so that the spots converge. (B) Reasonably good HeNe alignment with 5 roughly
parallel converging spots observed. The upward tailing at the end of the mirror can
be further reduced by adjusting the incoming angle of the HeNe beam (start with the

two mirrors on the periscope).
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2.5.2 Excitation of CH4

CHea is a spherically symmetric molecule belonging to the Tb point group and it has one
singly degenerate normal vibrational mode, one doubly degenerate mode and two triply degenerate
normal modes (Table 2.1). The spectroscopy of CHa is well-studied and the relevant details are
explained in depth by previous group members.1,3 The focus of this section is the proper
determination of the fraction of molecules in the molecular beam excited by the IR laser system, fe.
This quantity is required for state-resolved measurements, but the associated terminology can vary
from thesis to thesis. The attempt here is to explain the relevant parameters and return the group to
a more uniform discussion of the relevant terms to avoid further confusion.

For state-resolved measurements of CHa dissociation, the Aculight IR laser system was
tuned to the R(1) transition of the antisymmetric stretching state, 1 3, at 3038.495 cm.1. State-

resolved reaction probabilities are extracted from sticking probability measurements made with,

0 , and without, | , selective IR laser excitation via Eq. 2.4.
0= - 2 + 70 Eq. 2.4
The reactivity of the vibrational ground state is approximated as =% = | . Thermal
excitation of CHa as a result of nozzle temperature means that is an upper limit on the

true reactivity of molecules in v=0. This term is typically dwarfed by the first term in Eq. 2.4 and can
often be neglected. is the product of the degree to which the transition is saturated, », and the
fraction of molecules in the rovibrational ground state prior to laser excitation,

= 2 Eq. 2.5
The ; term is a function of the radiation density, , the Einstein coefficient, A21, the transit time of

the molecular beam, t, and the degeneracies of the ground, g1, and excited states, g2 (Eq. 2.6).2
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1t

2= ——(1- [ 24— Eq.2.6

1t 2 1
It is more typical in our group to define ; as the product of two separable parameters
2= 2,00 Eq 2.7

where

2w = ——= = Eq. 2.8

and

1t

=(1- [ 24 1) Eq.2.9

1

The quantity ;. defines the limit of saturation at large transit times and reduces to 2 as noted in
Eqg. 2.8 due to the requirement that only transitions where 1 = 5 are symmetry allowed.s 26 The
value of can be calculated for a single laser pass from reported quantities for well-defined
transitions using Eq. 2.9. However, the excitation scheme used here employs an optical multi-pass to
maximize the degree of saturation, so an alternative approach is taken to experimentally quantify the
efficiency with which the IR laser excites the molecular beam. In these measurements, the laser
power is attenuated using a half-wave plate located in the laser path and the pyroelectric bolometer
signal (PED) is monitored as a function of laser power. It is necessary to repeat laser saturation
measurements for all beam conditions (mix percentage, backing pressure and nozzle temperature)
used in a given study. In general, the high power of the Aculight laser is capable of saturating the
transition if the system is well-alignhed with the molecular beam. In this case, =land , =

200 = 1/ 2. A detailed description of the appropriate way to calculate ; if the transition is not
saturated can be found in Chapter 3, but all measurements with CH4 in this work were performed
under conditions where the transition was indeed saturated.

Now that the degree of saturation is understood, it is necessary to determine the fraction of

42



molecules in the rovibrational ground state, . This quantity is equivalent to the product of the
fraction of molecules in v=0, , and the fraction of molecules in the rotational correct ground
state, , as shown in Eq. 2.10.
= Eq. 2.10

The fractional populations of the vibrational states in the molecular beam are calculated using
statistical mechanics. The energy of each state, Fj, is treated as a linear combination of the product
of the energy of the four fundamental vibrational modes and the number of quanta in each
fundamental mode contributing to the mode of interest as summarized in Eq. 2.11.

=% )R (L% )k 9 (Lx ) Eq. 211
The ~400 states with Ei below 16,000 cm-1 in energy are included in the calculation of . The
degeneracy of each state, g, is the product of the degeneracy of each contributing mode (Eq. 2.12).

= = X X X
[ 1 5 5 A Eq.2.12
The equations necessary to calculate the normal mode degeneracies are summarized in Table 2.1.

The vibrations of methane do not cool efficiently in the supersonic expansionzr-2s so the temperature

of the nozzle, T, is used to approximate the vibrational temperature of the molecules in the beam.

The Boltzmann factors for each state, #, can now be calculated according to Eq. 2.13.

= X (— —) Eq. 213
The partition function for each mode, | is calculated using Eq. 2.14
_ 1
= =D Eq. 2.14
(- [-—D
and the total vibrational partition function is the product of for the four fundamental modes
(Eq. 2.15).
=1 = L X , X X, Eq. 2.15

43



Mode Band Center (cm.1) Degeneracy Symmetry  Description
1 2914 1 Ai Symmetric Stretch
5 1524 ( ,F 1 E Symmetric Bend
3020 1 F2 Antisymmetric Stretch
: SC L+ (,+2)
1306 1 F> Antisymmetric Bend
‘ S0+ ,+2)
Table 2.1 Normal vibrational modes of CHa.
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It is now possible to calculate the fractional population of each state, , by dividing the Boltzmann

factors by the total vibrational partition function as shown in Eq. 2.16.
= — Eq.2.16

The output of Eq. 2.16 for the vibrational ground state, =g, is equivalent to . Alternatively,
can be approximated by dividing - by the sum of all of the Boltzmann factors. The two methods
produce equivalent values to at least three significant figures.

The last remaining parameter necessary to determine and, therefore, is the fraction
of molecules in the rotational ground state, . The statistical weight of 2]+1 is characteristic for
rotational levels, but nuclear spin statistics must also be taken into account when determining the
rotational degeneracies as molecules do not interconvert between nuclear symmetries while cooling
in the expansion. CH4 has three nuclear spin symmetries A, E and F with statistical weights of
5:2:9.20 The J=1 level that 1 3 is excited from is F symmetry meaning that if the rotations cooled
completely, a maximum of 9 out of 16 molecules would reside in the J=1 state. Accounting for the

statistical spin weight, r, and the number of levels of a given symmetry type, , enables calculation

of the total spin weight of the rotational levels, 4,

ZF rr Eq 2.17

and the degeneracy of each level, g
= (2 +1) Eq.2.18
The relevant equations for  and  are summarized in Table 2.2.
The energies of the rotational states, , are calculated using Eq. 2.19
= o (+1)- o2 +1)7 Eq. 2.19
Where Bo is the rotational constant and Do is the centrifugal distortion constant for the vibrational

ground state.so Unlike the vibrational modes, the rotational states are known to cool efficiently in the
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supersonic expansion. Previous group members have measured the rotational populations for CH4
beams and developed empirical relationships that relate the rotational temperature, Tr, to the
fraction of methane in the molecular beam, .15 The relationship expressed in Eq. 2.20 for

CHa4/H: gas mixes to relate the nozzle temperatute to T

1@ & ,+109
X
408

Eq. 2.20

The related expression for CHs/He mixes is found in Chapter 3. The Boltzmann factors for each

rotational state, 7, can now be calculated via Eq. 2.20.
= X (— —) Eq. 2.20
Finally, the fractional population of each rotational state, , was calculated by dividing the

Boltzmann factor of a given state by the sum of all Boltzmann factors up to the J=50 level.

= 550 Eq. 2.22
The value of  for the J=1 rotational state is equivalent to for the transition excited in this

work. Finally, can be calculated by substituting the outputs of Eq. 2.8, 2.16 and 2.22 for the
appropriate vibrational and rotational levels into Eq. 2.5.

For completeness, an alternative approach using the measured PED signals to calculate fi
was developed by V. Campbell.4 In the case where the transition is saturated, the calculation is

summarized by Eq. 2.23.

9
16

= X X

N~

Eq. 2.23

In this equation, PED represents the measured pyroelectric signal under dose conditions, PE Dy 1s
the pyroelectric signal for an identical beam expanding through a room temperature nozzle (same
mix percentage and backing pressure), 9/16 accounts for nuclear spin statistics and cooling into the

rotational ground state (this is specific to CHa4 excitation out of J=1) and 1/2 is the degeneracy
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limited maximum fraction of molecules that can be excited by the linearly polarized laser. The PED
value provides a direct experimental measurement of the vibrational and rotational populations that
have been approximated through statistical mechanics and the two methods generally produce very
similar fr values. It is preferable to use the experimentally measured values when possible. However,
the use of Eq. 2.23 is limited to excitations out of the lowest lying rotational state within a particular
symmetry manifold (not applicable to the excitation scheme used for CH2Dz2 in Chapter 3). It is also
difficult to record accurate PED values at elevated nozzle temperatures (Chapter 5) as the excitation
fractions are generally low and the response of the bolometer can be minimal. Finally, occasionally
the laser alighment is such that a significant amount of scattered light from the edge of the multipass
mirror reaches pyroelectric detector resulting in non-zero PED signals when the frequency of the
light is not resonant with the transition (see Dombrowski’s thesiss). In the latter case, it is possible to
subtract the background PED signal from the resonant signal, but the default statistical mechanics

approach is generally favored out of precaution.
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Spin Weight () Number of Levels ()
1
A §(2 +1)2( 2+ +3) _42 + 1+ 3(-1) +ES| (23+ 1))
2
e (e 142 14300 - s -6
2
F (2 +1)%( +1) %(2+1_(_1))

Table 2.2 Equations for calculating the spin weights, &, and number of levels, N, for each

symmetry of CHa. For hydrogen, I=1/2.50
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Chapter 3: Entrance channel mixing of C-H stretching

modes

In vibrational state-resolved studies of late barrier reactions, the symmetric stretch vibration
is generally more reactive than its nearly isoenergetic antisymmetric counterpart, as predicted by
vibrationally adiabatic models of reactivity. Here, we report a combined theoretical and state-
resolved experimental study of dideuteromethane, CH2D2, dissociation on Ni(111). We find that the
symmetric V; and anti-symmetric Vg stretches have equal reaction probabilities over a wide range of
translational energies (38.3 to 62.5 kJ/mol). The experimental results are consistent with predictions
of new reaction path Hamiltonian calculations, which reveal extensive mixing of the two C-H
stretching modes in the entrance channel. We examine the suitability of a vibrationally adiabatic
picture to describe reactivity and provide a more general argument as to when and why symmetric
stretch excitations are more efficacious for promoting dissociation than antisymmetric stretches for
molecules with N equivalent X-H bonds. We also review these trends in light of experimentally

observed preferential C-H bond cleavage as a result of selective C-H stretch excitation.
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3.1 Introduction

In the last twenty years, researchers have demonstrated an impressive ability to utilize
selective rovibrational excitation to achieve mode-specifici-i2 and bond-selectivei214 control over the
rates and product distributions of heterogeneously catalyzed gas-surface reactions. Methane has
served as the prototypical molecule for the majority of this work due to the industrial significance of
C-H bond cleavage as the rate-limiting step in steam reforming.1s The first example of vibrationally
mode-specific behavior in a gas-surface reaction was reported by Beck et al. in their study of the
dissociation of C-H stretch overtone excited CH2D20n Ni(100).1 Killelea et al. reported the first
bond-selective gas-surface results via state-resolved excitation of the symmetric v; stretching state in
CHD:s dissociation on Ni(111).13 In many ways, cross-beam studies of rovibrationally excited
polyatomic molecules in the gas phase have served as a useful road map guiding the interpretation of
similar trends in the more complex heterogeneously catalyzed systems.16-19 Additionally, the relatively
simple vibrational structure of CH4 and its isotopic counterparts makes them an ideal class of
molecules to serve as fundamental benchmarks for theoretical modeling of the dissociative
chemisorption of a polyatomic gas on a metal catalyst. Parallel advances in available theoretical tools
can now provide detailed mechanistic insight into the origin of the observed effects.20-22

The experimental observation of mode-specificity and bond-selectivity are generally
understood within the framework of the vibrationally adiabatic model.2s In short, the eigenstates of
the isolated molecule evolve as the molecule approaches the surface and the initially excited gas-
phase eigenstate is correlated adiabatically with a zero-order vibrational state of the gas-surface
complex in the entrance channel. Nonadiabatic curve crossings which would scramble energy
between vibrational modes are fully avoided as intramolecular vibrational energy redistribution
(IVR) are assumed to be too slow relative to the rate of dissociation. In principle, the adiabatic

model is similar to the Sudden Vector Projection (SVP) modelz, 24 which was developed as a
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relatively straightforward polyatomic extension of Polaynyi’s rules.2s The success of both models at
qualitatively reproducing experimentally observed trends in mode-specificity is a testament to their
viability. Interestingly, recent experimental work by Wodtke group indicates that the lifetime of
vibrationally excited CO molecules on Au(111) is on the order of 0.1 ns.2s This work suggests that
the excited vibration is not rapidly quenched by the interaction with the surface and is consistent
with the observation of vibrational enhancement in the indirect dissociation channel.i1o However, the
SVP and adiabatic models each display system dependent shortcomings (e.g. SVP underestimates
the reactivity of bending states) indicating that the reactions are not fully occurring at this ‘sudden’
limit.

Recently published state-to-state scattering experiments by Werdecker et al. demonstrate
significant energy exchange between the antisymmetric, V3, and symmetric, V1, C-H stretching
modes in scattered CH4 molecules.7 The energy transfer was consistent over the entire range of
incident kinetic energies measured (~10 to 36 kJ/mol). Unlike CO, methane is a polyatomic with
multiple vibrational modes and Werdecker’s results suggest that energy exchange between similar
oscillators may indeed occur on a time scale that is competitive with single collision events on metal
surfaces. This result is consistent with a tiered model of IVR in which limited energy exchange
occurs between similar oscillators or doorway states.2s The dissociation of dideuteromethane,
CH:2D:2, on metal surfaces presents the ideal test case for the observance of internal energy exchange
in reactive events as both the symmetric (V;) and antisymmetric (Vg) C-H stretches are accessible via
direct laser excitation out of the same rovibrational ground state.

In this study we report new results for the dissociative sticking of CH2D2 (1 y or 1vg) on
Ni(111) indicating identical reactivities for the two modes over a wide range of incident kinetic
energies. Fully quantum calculations based on a first-principles potential energy surface are in

excellent agreement with the experimental results. These calculations indicate that the similar
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reactivity of the stretching states is a result of surface-induced mixing of the states in the entrance
channel. We then present an argument that allows us to understand the mode-selective behavior
observed in gas-phase and gas-surface reactions involving the isotopologues of methane. Finally, we
discuss experimental bond-selective trends in the same system which further support the notion that

limited IVR is occurring within the dissociating methane molecules.
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3.2 Experimental Methods

3.2.1 Characterization of the Molecular Beam

Experiments were performed in a supersonic molecular beam surface-scattering chamber.
Dilute (1.3-3.5%) mixtures of CH:D2 (99.99%, Cambridge Isotope Laboratories, Inc.) in He
(99.9999%, Airgas) expanded continuously and supersonically from a 35-um diameter orifice in an
Inconel 600 nozzle source. A dry ice/acetone cold trap and a getter trap (Supelco, Supel-Pure-O)
removed trace impurities, including CO, H20, Oz and unsaturated hydrocarbons, from the CH2D2/He
gas mix before entering the nozzle source. The absence of reactive impurities (carbon, oxygen) in the
molecular beam was verified by dosing at grazing incidence for multiple hours. The nozzle was
resistively heated via a PID temperature controller capable of maintaining the nozzle temperature, TN,
within + 1 K as monitored by a Type-K thermocouple. A total of three in-house CH2D2/He mixes
were required to collect the experimental data summarized in this chapter.

The incident translational energies (Etans) and natrow spread of the molecular beam (AEans /
Euwans = 5%) were verified by time-of-flight (TOF) mass spectrometry for the 1.3% CH:D2/He
mixtures. Table 3.1 summarizes Ewans from these measurements. Also included are the values of Ecans
calculated by the beam energy prognosticator for the same mixes. The prognosticator takes into
account the heat capacities and molecular weights of the components in the beam along with the mix
percentage to predict the translational energy of the incident methane molecules as a function of
nozzle temperature.o At Ty < 7 0 R, the calculated energies were within 3% of the experimentally
measured values. TOF measurements were not found for the 3.5% mixture used to collect a subset
of the data. These doses are marked with an asterisk in the relevant tables as the energies and spread

of this mix was not experimentally verified. It is of note that the data collected with the 3.5%
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CH:D:2/He mix were limited to nozzle temperatures at which the prognosticator and TOF
measurements have historically displayed strong agreement with one another.

The incident flux of CH2D: in the molecular beam was approximated by measuring the flux
for similar compositions of CHs/He under otherwise identical conditions. This approximation is
typical for deuterated methane mixtures in our groupso-»2 due to the expense and small available volume
of the pure isotopologues. Flux measurements were carried out by monitoring the partial pressure of
methane (m/z=15) in the ultra-high vacaum (UHV) chamber with the QMS. The molecular beam
was first directed at the inert beam flag until m/z=15 stabilized. The beam was then blocked with the
beam shutter in the first differential chamber and pure methane was leaked into the UHV chamber
until the QMS signal matched the previous reading. At this point, the QMS was turned off and the
pressure reported by the nude ion gauge was recorded, Re . The flux (ML/s) was then calculated
according to Eq. 3.1.

P 2408 32 1x169°h
fl@Ms)= ——2x s Lo Eq. 3.1

X -
14 03&m 19x1 @ SNI—:rtr?O_mS

It is important to remember that the beam valve size selector determines the area of the crystal

impacted by incident methane molecules. In this dataset, the medium beam valve (MBVH),

corresponding to a spot size of 0.38 cmz, was used to dose the crystal.

58



Table 3.1 Velocity (v) and translational enetgy (Eins) of the 1.3% CH2D2/He mixtutres as a
function of nozzle temperature. Also summarized are the predicted translational
energies (Ewans. Prog.) and percent difference between the calculated and measured

values.

Tn(K) v(m/s) Euus (kJ/mol)  Euus (Prog) % Diff.
293 1710 26.3 26.4 0
380 1934 33.6 343 2
425 2039 37.4 383 2
475 2158 41.9 42.8 2
525 2267 46.2 473 2
570 2371 50.6 51.4 2
600 2430 53.1 54.1 2
640 2490 55.8 57.7 3
675 2562 59.1 60.8 3
725 2635 62.5 65.4 5
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3.2.2 Measuring Reactivity with Bulk Deuterium Titration

The Ni(111) crystal (Surface Preparation Laboratory) was cut and polished to within 0.1 of
the (111) plane, as verified by monochromatic X-ray diffraction. The crystal was housed in the UHV
chamber with a base pressure of 6 x 10-11 torr. Heating the surface to 1000 K for 30 seconds,
sputtering with 500eV Ar+ for 5 minutes, and then annealing at 1050 K for 15 minutes produced a
clean surface with impurity levels below the = 0.01 ML detection limit of the Auger electron
spectrometer (AES). The subsurface was saturated with deuterium atoms via the procedure
described in Chapter 2. The pretreated crystal (Ts = 95 K) was exposed to the CH2D2/He molecular
beam and the dose times were adjusted to measure reactivity in the low coverage limit (B¢ <
0.0 BM D). Six components (m/z = 19, 18,17, 16, 15 and 4) were monitored during the post-dose
temperature programmed desorption (TPD) measurement while the surface was heated at a rate of 2
K/s. Integrating the peaks at m/z=18 and m/z=19 quantified product yield for C-D (Eq. 3.2) and
C-H (Eq. 3.3) bond cleavage channels respectively.

CHzD; (9) - CHD(a W+ Ds yb s wreraCH2D2 (9) Eq.3.2

CH,D, (9) ~C Dy (@ Wi+ Ds ypsur G B3 (9) Eq.3.3
It was necessary to correct the peak at m/z=18 for the experimentally measured cracking pattern of
CHD:s to accurately determine the contribution of C-D bond cleavage.so A representative TPD trace
is displayed in Figure 3.1.

The total methane yield resulting from the bulk D titration was calculated as the sum of the
cracking pattern corrected integrals from both cleavage channels, Artp. In order to calibrate the
measured methane yield to monolayer coverage, the dose time was varied in a series of bulk H titration
experiments with 5% CHa4/He at Tn= 625 K and T's = 95 K. The resulting saturation curve is displayed
in Figure 3.2. The Ni(111) surface has been shown to saturate at 0.20 ML of CHs under similar

experimental conditions.ss Therefore, the methyl coverage for this set of experiments was determined
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according to Eq. 3.4 where 9.70 x 105 was the experimentally measured TPD integral corresponding

to saturation of the Ni(111) surface.

— ArpD
ML= méOZ ML Eq 34

The sticking probability on the clean surface, So, was finally calculated by dividing the measured
coverage (number of molecules that reacted) by the product of the incident flux and dose time
(number of molecules that impinged on the surface). Again, the methyl coverages were all maintained
below 0.05 ML to avoid the impact of lateral interactions, ensuring that the reported sticking values

were indeed representative of So.
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Figure 3.1
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A representative TPD trace from a bulk deuterium titration of the surface bound
methyl fragments resulting from CH:Dz2 dissociation on a 95 K Ni(111) surface. The
blue and green peaks at 185 K correspond recombinative desorption of methane

isotopologues following initial C-H and C-D bond cleavage respectively.
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(Tn = 625 K) on a 95 K Ni(111) surface. The saturation value corresponds to the
self-limiting methyl coverage, 0.20 ML, and can be used to convert experimentally

measured TPD peak integrals to coverage via Eq. 3.4.
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3.2.3 Spectroscopy of CH:D2 and Determination of f, ,

CH:2D: is the only isotopologue of methane categorized as an asymmetric top with three
unique moments of inertia such that Ia < Is < Ic. CHz2D:2 belongs to the Cav point group and the
molecule has nine singly degenerate normal vibrational modes (Table 3.2). Unlike CH4, both the
symmetric (V1) and antisymmetric (Vg) fundamental C-H stretches are IR active. The angular
momentum quantum numbers Mj and | are good for asymmetric top molecules and the typical
selection rules hold (AM; = 0 for excitation with linearly polarized light; AJ= 0,+1). However, as
there is no principle symmetry axis, K is not a good quantum number for asymmetric tops. Rather,
K is defined in the prolate (K.) and oblate (K¢) symmetric limits and the rotational energy levels are
identified as J_k.. Rovibrational transitions in asymmetric top molecules are defined as A-type, B-
type and C-type as determined by the primary axis of the dipole moment change resulting from a
given transition and the selection rules for Ka and Ke are dependent on the transition type. The
vibrational ground state (v=0) has symmetry A1. Excitation into 1 y, which also has A1 symmetry,
represents a B-type transition while excitation into 1vg, Bi symmetry, is C-type. The selection rules
and symmetry allowed transitions for excitation into 1 y and 1 y from the rovibrational ground state
are depicted graphically in Figures 3.3 and 3.4.34 The P (AJ= -1), Q (AJ= 0) and R branches (AJ=
+1) are also identified in the figures.

For state-resolved measurements of CH2D: dissociation on Ni(111), the Aculight IR laser

system was tuned to 1 y at 297421 cma (' =1, K& =0, K’=1) or 1 g at302388em: (J’ = 2, K’ =0,
Ko = 2) Theoretical evaluations indicate that the stretching vibrations are well-described by the normal mode basis set in the gas phase with Vq
being a rnajority (97%) V1 in character plus a small amount of V3 bending motion while Vg 1S purely comprised of
the antisymmetric stretching mMotion.3s Care was taken to select transitions Originating from the same

rovibrational ground state (v=0, ]”=1, Ka"=1, K’=0) to ensure that the comparison of %’1 and St\;ﬁ

was not complicated by
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Table 3.2 Normal vibrational modes of CH2Dz2.36

Mode Band Center (cm.1) Degeneracy Symmetry Description

v, 2975.4823 1 A1 Symmetric C-H Stretch

Vv, 2203.2171 1 At Symmetric C-D Stretch

V3 1435.1346 1 Ai CH: Scissoring

V4 1033.0534 1 Ai CD:2 Scissoring

Vs 1331.4087 1 Az CH: Twisting

Vg 3012.2595 1 B1 Antisymmetric C-H Stretch
Vv, 1091.185 1 B CH:z Rocking

Vg 2234.6923 1 B> Antisymmetric C-D Stretch
Vg 1236.2771 1 B CH: Wagging
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differing rotational cooling dynamics within the molecular beam. The peak positions and identified
rovibrational states are consistent with published high-resolution spectroscopic measurements.3e-37
State-resolved reaction probabilities are extracted from sticking probability measurements made

with, S5 2 S © 1 Y without, §5 @ S € ', Qlektive IR laser excitation via Eq. 3.4.

L aserQnaser Of f
= B2 E T M a0 Eq. 3.4

fexc

The reactivity of the vibrational ground state is approximated as §7° = § 2 S © | Phdrmal excitation
of CH2D:2 as a result of nozzle temperature means that § 2 S © "i®4n upper limit on the true
reactivity of molecules in v=0. This term is typically dwarfed by the first term in Eq. 3.4 and can
often be neglected. Finally, it is necessary to quantify the fraction of laser excited CH2D2 molecules
in the molecular beam, fg 4.as the product of the degree to which the transition is saturated, f,, and
the fraction of molecules in the rovibrational ground state prior to laser excitation, f, ¢

fex&s faxfyop Eq.3.5

It is possible to define the f, term as a function of the radiation density, p, the Einstein

coefficient, Az, the transit time of the molecular beam, t, and the degeneracies of the ground, g1, and

excited states, gz, using Eq. 3.6.38

- o (g ute
2= g, (1€ XAz «(7 =) t]) Eq. 3.6

It is more typical in our group to define f, as the product of two separable parameters

f2 = f2'm st at Eq 3.7
where
fr = —2_= 1 Eq. 3.
2 g1+ g2 2 q. 3.8
and
+
foat (1 X[mA; (=) 1]) Eq. 39
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The quantity f, ., defines the limit of saturation at large transit times and reduces to 2 as noted in
Eq. 3.8 due to the requirement that only transitions where g; = g, are symmetry allowed.s2, 30 The
value of fs 4 gan be calculated for a single laser pass from reported quantities for well-defined
transitions using Eq. 3.9. However, the excitation scheme used here employs an optical multi-pass to
maximize the degree of saturation, so an alternative approach is taken to experimentally quantify the
efficiency with which the IR laser excites the molecular beam.

In these measurements, the laser power is attenuated using a half-wave plate located in the
laser path and the pyroelectric bolometer signal (PED) is monitored as a function of laser power.
The measurements are typically repeated for all beam conditions (mix percentage, backing pressure
and nozzle temperature) used in a given study. Saturation measurements for the 3.5% CH:D2/He
mix were not identified and so the values of fg 5 determined for the 1.3% CH2D2/He mix and the
transit times predicted by the prognosticator were used to approximate f, for those beams. Again,
these doses are marked appropriately in the relevant data tables. We believe this approximation is
valid as no changes to the laser alignment were recorded between the saturation measurements and
the doses with the 3.5% mix. Additionally, state-resolved measurements of reactivity with the two
mixes at similar translational energies produced nearly identical sticking probabilities. The laser
saturation measurements are summarized in Figures 3.5A (V1) and 3.6A (Vg).

The resulting saturation measurements are fit with an empirical formula derived from Eq.
3.0.

Y = Yma f1-€ X[{A(P-A))]) Eq.3.10
In Eq. 3.10, A1 and Az are adjustable fit parameters that respectively summarize the constants in Eq.
3.6 and account for small electronic offsets in the laser power, P, measurements. It is important to
constrain A1 to the value output for the room temperature nozzle for each transition as that beam is

the slowest and most closely approaches saturation.4«o The asymptote of the fit is defined by Yma x
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(A) Experimentally measured PED signal (mV) as a function of nozzle temperature

for V; excitation of a 1.3% CH:D2/He mixture at the nozzle temperatures indicated

on the figure. The solid lines are fits with the functional form indicated by Eq. 3.10.

(B) Saturation of the selected V; transition, f, plotted as a function of transit time.

The blue curve is a non-linear least square fit with the functional form defined by

Eq. 3.12.
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(A) Experimentally measured PED signal (mV) as a function of nozzle temperature
for Vg excitation of a 1.3% CH2D2/He mixture at the nozzle temperatures indicated
on the figure. The solid lines are fits with the functional form indicated by Eq. 3.10.
(B) Saturation of the selected Vg transition, f,, plotted as a function of transit time.

The blue curve is a non-linear least square fit with the functional form defined by

Eq. 3.12.
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and the value of fg 5 ¢an be calculated as the ratio of the measured PED value, y, and the predicted

asymptotic value.

fo a7 — Eq. 3.11

Yma x

For transitions in CHa, it is typical for Y = Y4 xby 0.5 W of input laser power, reducing f, to the
asymptotic value of 2 (see Chapter 2). As evidenced in Fig. 3.5A and 3.6A, it is clear that neither
stretching mode of CH2D:2 was saturated most likely as the result of less than ideal optical alignment.
Therefore, the transit time dependence of f, for v; and Vg excitation as determined by Eq. 3.7 are
plotted in Fig. 3.5B and 3.6B. To test the consistency of the laser saturation data in this section, the
saturation measurements are fit to the functional form

y = fre X(1-e X[{A3 X t]) Eq. 3.12
The fitting parameter As was found to equal 1.04 x 106 for v; and 1.85 x 106 for Vg under the optical
conditions used in this study. The experimentally verified transit times (T'able 3.1) were then input
into Eq. 3.12 to calculate f, for all beam conditions.

Now that the degree of laser saturation has been quantified, it is necessary to determine the
fraction of molecules in the rovibrational ground state, f, 5 o This quantity is equivalent to the
product of the fraction of molecules in v=0, f, ; ,;and the fraction of molecules in the rotational
correct ground state, f; o,¢as shown in Eq. 3.13.

foor fviXfiot Eq.3.13
As mentioned previously, the selected v; and Vg transitions were both excited out of the v=0, J”=1,
Ko”=1, K’=0 state so the calculation of f, ¢ s identical for the two modes. The approach to f, 4
for CH2D:z is similar to the calculation described in Chapter 2 for CHa. The relevant procedure is
again described here to highlight the differences between the two molecules. The fractional

populations of the vibrational states in the molecular beam are calculated using statistical mechanics.
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The energy of each state, I is treated as a linear combination of the product of the energy of the
nine fundamental vibrational modes and the number of quanta in each fundamental mode

contributing to the mode of interest as summarized in Eq. 3.14.

E = (Vi X En) + (Vo X )+ (VX B9+ + (W% Ey)  Fq.3.4
The ~6400 states with Ei below 11,000 cm-1 in energy are included in the calculation of f, ; gs
compared to the nearly 400 states with Ei below 16,000 cm-1 included in the CHa calculation. The
vast increase in the number of states in CH2D2 is due primarily to combinations involving the five
bending modes with energy below 1500 cm-1. The degeneracy of each state, g, is the product of the
degeneracy of each contributing mode (Eq. 3.15).

Oi = TGy, = Guy X Oy X Guy X - X Qg Eq.3.15
Because the nine fundamental motions of CHzDz are all singly degenerate, it is possible to reduce
Eq. 3.15 to g; = 1. The vibrations of methane do not cool efficiently in the supersonic expansionsi-4
so the temperature of the nozzle, T), is used to approximate the vibrational temperature of the
molecules in the beam. It is now possible to calculate the Boltzmann factor for a given state, 7,

using Eq. 3.16.
n=g x e x([:-)kETin Eq. 3.16

The partition function for each mode, Q,,, is calculated using Eq. 3.17

1
Q\,i = CEEEY Eq.3.17

(e X [Re])

and the total vibrational partition function is the product of Q,, for the nine normal modes (Eq.

3.18).

Qir MQ, = Q,*x Q,x Q,x..x Qy Eq. 3.18
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It is now possible to calculate the fractional population of each state, f,,, by dividing the Boltzmann

factors by the total vibrational partition function as shown in Eq. 3.19.

fo= Eq. 3.19
Vi Quiob 4

The output of Eq. 3.19 for the vibrational ground state, f, -, is equivalent to f, ; .pAlternatively, it is
possible to approximate f, ; py dividing n,=q by the sum of all of the Boltzmann factors. The two
methods produce equivalent values to at least three significant figures.

The last remaining parameter necessary to determine f, o and, therefore, fe s the fraction
of molecules in the rotational ground state, f; o.¢{The statistical weight of 2]+1 is characteristic for
rotational levels. The levels of asymmetric rotors are further categorized as symmetric (A) and
antisymmetric (B) with respect to rotation about the Cz axis. Interconversion between states of
different symmetry is not allowed and nuclear spin statistics result in an additional 15:21 weighting
parameter for A:B states in the case of CH2Dz2.34 Eq. 3.20 and 3.21 define the statistical weight, g3,

for symmetric and antisymmetric rotational states respectively.

A = 32 3 1) Eq. 3.20
21
9(B) = (2 3 1) Eq. 3.21

The symmetry factor of rotational levels within a symmetric vibrational state (v=0, V1), fs y mis
defined by Eq. 3.22.
foy m= (-1 Eq. 3.22
where
T= Ki-K; Eq.3.23
and states with fs y & 1 are categorized as symmetric while states with fs y = -1 are antisymmetric.
As an example, the dideuteromethane molecules in the expansion were excited out of J”=1, K.”=1,

K<”=0 within the vibrational ground state. For this rotational level, T = 1 and
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fs y o= -1, so the rotational ground state is categorized as antisymmetric and the statistical weight is
calculated using Eq. 3.21.

The energies of the rotational states of CH2Dz, E;, were calculated by building a matrix for
each J < 1 Gn the basis prolate symmetric rotor.;0 Diagonalizing the matrices produced eigenvalues
in good agreement with available experimental datass and allowed calculation of the Boltzmann

factors for each rotational level using Eq. 3.24.

E
n;= g; x e x(karJo) Eq. 3.24

t

Unlike the vibrational modes, the rotational states are known to cool efficiently in the supersonic
expansion. Previous group members have measured the rotational populations for CH4 beams and
developed empirical relationships that relate the rotational temperature, Tr, to the fraction of
methane in the molecular beam, Fey, 29,32, 40 We assume the rotations in CHz2D2 cool similarly during
the expansion and use the relationship expressed in Eq. 3.25 for CHs/He gas mixes to relate the

nozzle temperature to Tre.

_ 1 ®5%Fcyt+735
T oF 30'; X Thoy Eq. 3.25

Finally, the fractional population of each rotational state, f, , was calculated by dividing the

Boltzmann factor of a given state by the sum of all Boltzmann factors up to the J=15 level.

f,o=
Va7 58 g

Eq. 3.26
The value of f,, for the 11 rotational state is equivalent to f, 4 for both the v; and vg transitions

excited in this work. The values of f; o,y i ,fp o gnd f, calculated as described above are

summarized in Table 3.3 along with the values of fg 4 for all beams conditions used to measure

state-resolved reactivity.
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Table 3.3

Summary of the degree of saturation, f,, and the fractional populations of the

vibrational, f, j ,gotational, f; ¢,and rovibrational, f,  yground states which are

necessary to calculate the fraction of the molecular beam excited to the chosen

transition, fg y,under the defined beamed conditions. fg y is necessary for

calculations of state-resolved reactivity. The mathematical description of all of these

parameters can be found in the proceeding text.

Transition % CHi Ta (K) f, fuio fiot foop| fexc
V1 3.5 450 0.213- 0.892 0273  0.244 | 0.052
3.5 500 0.205- 0.846 0271 0229 |0.047
3.5 550 0.198- 0.794 0266 0211 |0.042
3.5 600 0.191- 0739 0260  0.192 | 0.037
1.3 600 0.188 0739 0263  0.194 | 0.037
1.3 675 0.180 0.655 0253  0.166 | 0.030
1.3 725 0.176 0599 0246  0.147 | 0.026
Ve 1.3 380 0.326  0.945 0269 0254 |0.083
1.3 425 0316 0913 0272 0248 |0.078
1.3 475 0.306 0.870 0273 0237 |0.073
1.3 525 0297 0.820 0270  0.222 | 0.066
1.3 570 0288 0772 0266  0.205 | 0.059
1.3 725 0269 0599 0246  0.147 | 0.040

-As mentioned in the text, f, for these mixes was approximated using the measured laser

saturation measurements for the 1.3% CH2D2/He mix and the flight times from the beam

energy prognosticator.
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3.3 Results and Discussion

3.3.1 Experimental Measurements of Mode-Specificity

The experimental approach was chosen to be highly sensitive to reactivity differences
between the V3 and Vg states and to provide a stringent test of theory. State-resolved beam-surface
scattering measurements quantified the initial sticking probability (So) for CH2D2 on a 95 K Ni(111)
surface. Incident translational energies (Ewans) spanned a broad range, including the steeply sloped
energy threshold region where So varies by neatly three orders of magnitude. In this region, the
extreme sensitivity of So to small changes in Eans can reveal state-specific energy threshold
differences of 1kJ/mol or less. Transitions at v = 2974.21 cm-1 and V = 302388 cm. excited CHz2D2 to
vi (JJ=1,Ko=0,K’=1)orvg (J =2, K= 0, K’= 2).Both transitions originated from the same
v’=0, J”=1, Ki’=1, K’=0 level, ensuring that rotational cooling dynamics in the beam do not
complicate the comparison of §* and §°.

Experimentally measured values of ¢, §° and S5 2  © "aPd flotted as a function of Fuas in
Fig. 3.7 and are also summarized in Table 3.4. The symmetric (S*) and antisymmetric () C-H
stretching modes are, within experimental error, equally reactive over the entire range of Erans
studied. This result was unexpected given the published state-resolved comparisons of the relative
reactivities of symmetric and antisymmetric stretch excited methane isotopologues on metal
surfaces. In the case of CH4, symmetric stretch (V1) excited molecules were neatly an order of
magnitude more reactive on a Ni(100) surface than molecules excited to the antisymmetric
stretching mode (v3).5 The experimental comparison of the two CHa stretching modes is
complicated by the fact that only one of the modes (v3) is IR active. It is therefore unclear whether
the dramatic difference observed is due to the degree of coupling of the stretching modes to the

reaction coordinate or a product of the pumping schemes used to excite the methane molecules.
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Initial Sticking Probability, S,

Figute 3.7
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Table 3.4 Summary of the initial sticking probabilities, §, and associated error, 2 gfor all beam

conditions displayed in Figure 3.7.

Transition % CHy4  Etrans (kj mol.1) S 20
Laser Off | 3.5 46.8+ 1.48e-06 8.59e-07
3.5 51.0~ 7.08e-06 3.38e-06

1.3 59.1 4.47e-05 5.23e-06

1.3 62.5 2.11e-4 7.13e-05

1 3.5 38.3+ 2.97E-05+  4.39E-06
3.5 42.5+ 1.38E-04=  7.24E-05

3.5 46.8+ 2.51E-04+  7.43E-05

3.5 51.0+ 5.14E-04~  3.50E-04

1.3 53.1 7.59E-04 6.78E-04

1.3 59.1 1.26E-03 4.90E-04

1.3 62.5 1.61E-03 6.12E-04

Vg 1.3 33.6 8.64E-06 6.60E-06
1.3 374 3.70E-05 2.31E-06

1.3 419 1.16E-04 2.98E-05

1.3 46.2 3.20E-04 1.09E-04

1.3 50.6 6.05E-04 4.44E-04

1.3 62.5 1.55E-03 7.41E-04

+ As mentioned in Section 2.3.1, the energies displayed for these beams are the result of

calculated predictions rather than TOF measurements.

=As mentioned in Section 2.3.3, f, for these mixes was approximated using the measured
laser saturation measurements for the 1.3% CH2D2/He mix and the flight times from the

beam energy pI‘OgI‘lOStiCﬂ.tOt.
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Additionally, vy is singly degenerate while V3 is triply degenerate. There is theoretical evidence
suggesting that the three isoenergetic antisymmetric stretch states couple differently to the reaction
coordinate further complicating the dynamics.4s This variation in coupling may explain the smaller
reactivity difference between the stretching states observed experimentally as compared to the much
larger spread of reactivity predicted by purely adiabatic models.2s

Again, CHz2D2 represents the ideal isotopologue for studying the relative reactivity of the
symmetric and antisymmetric stretching states. Unlike CH4, both modes are IR active and both
modes are singly degenerate resulting in a more direct comparison of the impact of C-H stretch
excitation on observed reactivity trends. There are two previous studies of the impact of V; and Vg
excitation on CH2D2 dissociation on metal surfaces. The first compared the relative reactivities of
overtone states, finding that 2 y was as much as five times more reactive than the combination
mode V; + Vg on a Ni(100) surface.1 The difference between the two modes dropped to a factor of
two at higher incident energies. Beck et al. suggested that the overtone states are best treated in a
local mode basis set with the symmetric stretch localizing on the dissociating C-H bond and the
antisymmetric stretch localizing on the nonreactive bond. This depiction is consistent with SVP
predictions for CHz2D2 reactivity on Ni(111).44

The second study was more directly comparable to the work in this chapter. Hundt et al.
used RAIRS uptake curves to probe the reactivity of v; and Vg excited CH2D2 on a 150 K Pt(111) at
a single incident energy, 24 k] mol-1.12 Under these conditions, symmetric stretch excitation was only
1.4 times more reactive than the antisymmetric stretch. The modest preference for v; was
qualitatively consistent with SVP predictions (S* = 1.2 §°), however the overtone data suggests
that increasing the incident energy may have even further reduced the difference between the two
stretching states. Comparing the reactivity of the two modes in the data summarized in Table 3.4, it

can also be said that the v; state is 1.2 times as reactive as the Vg state on Ni(111) at a single incident
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energy (Ewns = 42 k] mol1) even though the difference is clearly within the error. These data suggest
caution when comparing reactivity trends of vibrational modes at a single incident energy.

In the gas phase, Riedel et al. observed nearly identical enhancement of C-H bond cleavage
in crossed beam reactive scattering measurements of Cl + CH2D2 (v, Vg) over a similarly broad
range of translational energy to that reported here.ss The researchers proposed collision induced
coupling of the C-H stretch oscillators in the entrance channel as a potential mechanism for the
observed similar reactivity of the two modes, but were unable to directly test this mechanism of
energy exchange. In the following section, we present work from our theoretical collaborators at the
University of Massachusetts, Amherst which indicates that strong coupling between v; and vg far
out in the entrance channel is indeed responsible for the identical reactivity of the two states
reported here. We also develop a model based on the number of C-H stretching oscillators in the

methane isotopologues of interest to generalize the observed trends.
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3.3.2 Investigating the Extent of State Mixing

To assess the extent and effect of state mixing in the CH2D2/Ni(111) system, So was
computed using a fully quantum scattering approach based on the reaction path Hamiltonian
(RPH).20,46-4s The potential energy surface (PES) and all parameters in the models were computed
from first principles using the DFT-based Vienna ab initio simulation package (VASP).49.52 A 4-layer
3% 3 supercell with periodic boundary conditions models this system as a slab with a methane
coverage of 1/9 ML. The location of the minimum energy pathway (MEP) for reaction was
necessary to generate the PES. The total energy Vo(s) was computed at 66 points along this path,
where s is the distance along the MEP. At each of these points, the force-projected Hessian was
computed and diagonalized to find the 14 normal vibrational coordinates Qx and corresponding
frequencies wk(s) describing motion orthogonal to the MEP in the harmonic approximation. These
were then used to construct the part of the Hamiltonian describing the 9 internal vibrational modes
of the molecule. Molecular rotation and motion of the molecule parallel to the surface were treated
separately using sudden models. Other well-tested models were used to include the effects of lattice
motion.s3s+ Standard quantum techniques were used to evolve wave packets on vibrationally
adiabatic potential energy surfaces corresponding to each mode wk(s). Vibrationally nonadiabatic
couplings Big(s) allowed for transitions between all modes q and k.

In Fig. 3.8 it is shown that the calculations, which make no assumptions as to vibrationally
adiabatic or sudden behavior, agree remarkably well with the experimental results. It is of note that
S 2 s®Mfor CH2D:2 is significantly greater than §7°. Limited vibrational cooling during supersonic
expansion results in thermally populated vibrational states in the beam. The theoretical estimate for
§ 2 5@k computed by including contributions from vibrationally excited molecules Boltzmann-
weighted at the experimental nozzle temperature. The lower frequency C-D stretching and bending

vibrations populated in the beam dominate the laser off reactivity. Additionally, excitation of the
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V; and Vg normal modes can increase So by 3 to 4 orders of magnitude.

The dynamics underlying this behavior can be understood by examining Fig. 3.9. In the gas
phase, CH2D: has two equivalent C-H bonds, and the v; and Vg normal modes are symmetric and
antisymmetric combinations of these degenerate oscillators. As the molecule approaches the
transition state (T'S) for C-H cleavage at s = 0, the molecule-surface interaction removes this
degeneracy. The dissociating C-H bond nearest the surface weakens and its frequency drops, while
the other C-H vibration is relatively unperturbed. The identity of the normal modes of the molecule-
surface system and their frequencies reflect this decoupling of the two C-H oscillators. Figure 3.9A
shows the calculated energy of these nine normal mode vibrations along the MEP. The labels on the
left correspond to each state’s identity in the isolated gas phase molecule. All states are classified as
symmetric (A’ solid) or antisymmetric (A”, dotted) with respect to the reduced Cs symmetry of the
molecule-surface complex. Solid lines connect the calculated vibrational state energies of the
symmetric vibrations zz the vibrationally adiabatic linit, while dotted lines connect the vibrationally
adiabatic antisymmetric states. Fig. 3.9A shows how, in the vibrationally adiabatic limit, the lower
frequency gas-phase symmetric stretch, Vq, correlates with and evolves into the softened C-H stretch
mode while the gas-phase Vg stretch correlates with the unperturbed C-H oscillator whose frequency
remains essentially constant along the MEP.

If the vibrational states evolved adiabatically during TS approach, v; would be much more
reactive than Vg for two reasons. First, mode softening lowers its vibrationally adiabatic barrier by
about 10 kJ/mol. Second, for molecules initially in the v; state the vibrational energy becomes
localized on the reacting C-H bond, while for molecules initially in the Vg state this energy localizes
almost entirely on the unreactive C-H bond. Prior studies show, however, that trajectories

frequently undergo non-adiabatic transitions to lower energy adiabatic states.4s These non-adiabatic
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transitions are most probable at points along the MEP where the vibrationally adiabatic potentials
are nearly degenerate and the Bqk(s) are large. In Fig. 3.9A, molecules initially in the Vg state can
cross to Vy, then to Vp, then to V3, and then to V; and so on at sequential avoided crossings. Figure
3.9B shows that the Bqk(s) peak at these avoided crossings. Projecting the gas phase transitions onto
the evolving stretching states along the reaction path indicates that v; and Vg evolve into linear
combinations of the gas-phase states as the reacting molecule approaches the transition state as a
result of these nonadiabatic curve crossings. When molecules follow this non-adiabatic path to lower
and lower vibrational energy, the excess energy is converted into motion along the reaction path,
which corresponds to bond breaking at the TS. These curve-crossings also preserve the localization
of vibrational energy on the reacting C-H bond. For energies near or below the barrier height, these
non-adiabatic pathways are the only mechanism for reaction. It is of note that these types of
trajectories frequently dominate thermal processes.

In Fig. 3.9B, v; and Vg are nearly degenerate far from the surface. B(Vg, V1) is not large, but
it has a broad peak in the early entrance channel about 1.5 A from the TS. This coupling pattern
contrasts with that of other states, where significant coupling occurs at curve crossings much nearer
the surface. To assess the importance of V; / Vg coupling eatly in the entrance channel, the So
calculations were repeated with B(Vg, v1) = 0 for s < -2.5 amui/2 A, but all other non-adiabatic
couplings were included. Fig. 3.10 shows that in the absence of this B(Vg, V1) entrance channel
coupling, §° would be about two orders of magnitude less than S, while S;* remains relatively
unchanged. In addition, the fully vibrationally adiabatic case was also considered, where all B(q, k) =
0. As shown in Fig. 3.11, the sticking decreases significantly for both initial states, and is in
complete disagreement with experiment. As noted earlier, V1 is more reactive than Vg in this limit, as
mode softening lowers the vibrationally adiabatic barrier. However, without the non-adiabatic

transitions, So is negligible at energies below these vibrationally adiabatic barriers.
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Figure 3.1
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It is possible to generalize these results to explain the dissociative chemisorption of other
methane isotopologues. A molecule with N equivalent C-H bonds has 1 symmetric and N-1
antisymmetric C-H stretching normal modes, each with vibrational energy distributed equally among
all bonds. As a molecule approaches the TS, the reactive C-H bond weakens, drops in frequency,
and decouples from the remaining oscillators. Frequencies of the remaining N-1 stretches are
relatively unperturbed. As the lowest frequency C-H stretching state, the symmetric mode correlates
adiabatically with the softened C-H stretch of the reactive bond. In all applications of the model to
the isotopologues of methane dissociating on Ni and Pt surfaces, the symmetric stretch is the most
reactive of the stretching modes, since all vibrational energy becomes localized on the reactive bond,
and this is preserved via transitions to lower vibrational states at the avoided crossings. Among the
remaining N-1 antisymmetric modes, one mixes strongly with the symmetric mode in the entrance
channel, as observed for the vi and vs states here. The remaining N-2 modes do not couple strongly
to the symmetric stretch and cannot access the lower vibrationally adiabatic barrier that allows for
reactions at low kinetic energies. This is simply due to symmetry. Consider N=4, where the 3
antisymmetric vibrations are localized on the nonreacting methyl group, angled away from the
surface. Two of these vibrations are polarized perpendicular to the Csv axis of the methyl group, and
thus will not couple to the reactive C-H stretch, which is roughly along the Csv axis. The remaining
mode, polarized along this axis, does couple strongly. Therefore, in CH4, only one of the three
antisymmetric modes is strongly reactive, and the ratio So(symmetric):So(asymmetric) will be at least
3:1. Similarly, for CHsD this ratio is at least 2:1, and for CHzDx2 it is about 1:1. This difference
explains why mode-specificity is more pronounced for CH4 where on Ni(100), v; has been found to
be nearly an order of magnitude more reactive than vz while the results presented here show the

modes to be equally reactive, within error.
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3.3.3 Experimental Measurements of Bond-Selectivity

The TPD peak integrals recorded in bulk deuterium titrations can also be used to measure
the fractional bond cleavage of dissociating dideuteromethane molecules. When a reactive CHz2D2
molecule adsorbs on the Ni(111) surface via C-H bond cleavage, recombinative desorption of the
sutface bound methyl fragment with subsurface deutetium produces CHDs (m/z = 18) in the gas
phase. Initial C-D bond dissociation cotrespondingly results in CH2D2 desorption (m/z = 18). The
fraction of CH2D2 molecules adsorbing on the Ni(111) surface via C-H bond cleavage, f(G-H), is

therefore defined by Eq. 3.27.

f(GH) = T PID; ir)gp 53 Eq.3.27

It is important to again note that the m/z=18 peak must be corrected using the experimentally
measured cracking pattern of CHDs in the UHV chamber.

The measured values of f(G-H) for thermally excited CH2D2 molecules are plotted in Figure
3.12 as a function of nozzle temperature alongside the published branching ratios for CHD:3 on
Ni(111).13 The CH2D2/Ni(111) data are also summarized in Table 3.5. Similar to the ratios observed
by Killelea et al., a modest preference for C-H bond dissociation was observed at Tn = 550 K with
the C-H bond demonstrating an average reactivity roughly 1.7 times greater than the C-D bond.
Nearly eight out of ten CH2D2 molecules occupy the vibrational ground state at this temperature and
zero-point energy (ZPE) corrected barrier heights based on the reaction path Hamiltonian (RPH)
suggest a modest preference for C-H bond dissociation consistent with these findings.ss That being
said, state-resolved measurements of methane dissociation on metal catalysts continue to emphasize
the significant contribution of vibrationally excited molecules to overall reactivity (see Section 3.3.2).
While the fractional populations of the fundamental stretches are extremely low under these

conditions, nearly eight times as many vibrationally excited molecules
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Table 3.5 Fractional cleavage of CH2D20n a 95 K Ni(111) surface measured via titration with

subsurface deuterium.

Excitation Tn f(C-H) 2o

Laser Off | 550 | 0.83 0.21
600 | 0.58 0.14
675 | 0.52 0.00
725 | 0.45 0.08

Vi 550 | 0.92 0.01

600 | 0.94 0.08
675 | 0.66 0.09
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populate the lower lying C-D stretch fundamentals (1 y and 1vg) as compared to the C-H stretches
(1 yand 1 y) at 550 K. It is not atypical to assume that the additional energy within the C-D
stretching manifold would result in preferential C-D bond cleavage which should at least partially
compensate for the difference in ZPE between the two bonds. However, RPH calculations of the
change in barrier height found a similar reduction of the activation energy for both C-H and C-D
bond cleavage (AEy(CGH) = -8k o0} and AE,(CGD) = -1 &k o1 as a result of 1 ¥ excitation.ss
In contrast, 1 y excitation was found to promote only C-H bond cleavage. Taken together, these
calculations provide strong support for the preferential C-H bond dissociation observed at low
nozzle temperatures. As a quick note, it is not possible to entirely rule out the impact of tunneling as
a contributing factor to the nonstatistical values of f(CG-H). Tunneling, however, is generally
considered secondary to ZPE effects for the dissociation of methane and it’s isotopologues on
single crystal catalysts and would likely result in a more pronounced preference for breaking the C-H
bond than was observed here.s6-58

Increasing the nozzle temperature increases both the translational energy of the incident
CH2D:2 molecules as well as the populations of the excited vibrational states. It is difficult to separate
the impact of these two changes in laser off measurements, but the branching ratios of both CHD3
and CH2D2 were observed to decrease toward the statistical limit (1:1 for CH2Dz2 and 1:3 for CHD:3)
as a function of nozzle temperature. Statistical cleavage ratios were also reported for CHD3, CHz2D2
and CHsD on Pt(111) as detected by reflection adsorption infrared spectroscopy (RAIRS) at Tx =
700 K.14 Given the relative changes in activation energy discussed above, this trend is likely a result
of the increased incident energy of the dissociating CH2D2 molecules. In direct dissociative
chemisorption, the reactivity of both the C-H and C-D cleavage channels should track directly with
the incident energy. As the incident energy increases, the orientational dependence and relatively

small differences in bartier height should also become less significant. However, the discussion so
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far presents a fairly simplified view of the dynamics resulting in preferential bond cleavage,
neglecting the contribution of bending and combination modes to the observed trends.

State-resolved measurements of bond selective reactivity enable a more direct probe of shifts
in the fractional cleavage ratio as a function of C-H stretch excitation and incident translational
energy independent of changes in the thermal distribution of states. Representative TPD traces for
the C-D and C-H cleavage channels at Tx = 600 K with and without IR laser excitation of 1 y are
displayed in Figure 3.13. Also displayed are the difference spectra calculated by subtracting the laser
off measurements from the laser on peak. It is important that the laser off and on data be collected
as close together in time as possible to avoid the impact of day to day variations in the chamber
backing pressure and responsivity of the QMS. The difference spectra indicate that C-H stretch
excitation leads exclusively to dissociation of the C-H bond with measured fractional cleavage ratios
as high as 30:1. This preferential C-H bond cleavage is consistent with previous experimental values
reported for methane isotopologues measured at similar nozzle temperatures.i314 This result is also
consistent with the softening of the barrier to C-H bond dissociation predicted by the RPH.ss

The nozzle temperature dependence of the measured branching ratios calculated from the
difference spectra are summarized in Table 3.4 and Figure 3.14. Also plotted are the unreported
f(GH) values for CHDs measured under neatly identical conditions. While both molecules display a
strong preference for C-H bond cleavage at T, < 6 0 Ras expected, a measurable drop in f(GH) is
observed at T, = 7 2 B. Theoretical evaluations of these systems suggest that energy exchange from
1 y into the C-D manifold is unlikelyss indicating again that shifts in the thermal distribution of
states and/or incident energies are the most probable sources of the relative increase in reactivity of
the C-D channel at higher nozzle temperatures. The thermal distributions of vibrational states for
CH2D:2 molecules in the molecular beam, including the fraction of molecules excited to 1 y, at Tx =

550 and 725 K are displayed in Figure 3.15. The reported branching ratios
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Figure3.13  Bulk deuterium titration TPD spectra produced by recombinative desorption of the
products of CH2D: dissociation on a Ni(111) surface with (solid lines) and without
(dotted lines) laser excitation (In = 600 K, Ts = 95 K). The peaks at m/z=18 (green)
and m/z=19 (blue) represent initial adsorption via C-D and C-H cleavage
respectively. The difference spectra (C) are the result of subtracting the curves

collected without laser excitation from the peaks resulting from 1 Yy excitation.
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Both molecules were excited to the symmetric stretching state and the cleavage ratios
presented in this figure are the result of difference spectra collected with and without
laser excitation. The dotted lines represent the statistical cleavage ratios for CH2D:

(1:1) and CHDs (1:3).
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resulting from 1 y excitation are the product of difference spectra, meaning that Figure 3.16 is a
more accurate representation of the population shifts in state-resolved measurements. Unlike the
thermal measurements, we can therefore discount major shifts in the populations of bending states
and combination modes.

The decrease in the population of the vibrational ground state and 1 y as a function of
nozzle temperature would both decrease the tendency toward preferential C-H bond cleavage given
the relative barrier heights associated with these two pathways. Additionally, the translational energy
of the incident CH2D2 molecules increases by nearly 10 k] mol or slightly more than twice the
predicted difference in activation energies for ground state molecules via the C-H and C-D cleavage
channels. As a result, the state-resolved measurements indicate a similar dependence on both
incident energy and vibrational state populations as suggested by the laser off dataset. Varying the
mix composition to produce beams with similar kinetic energies at lower nozzle temperatures would
allow a more thorough investigation of these trends. There are practical limitations to employing
such follow-up measurements. Most importantly, hydrogen cannot be used as a seed gas at these
surface temperatures due to the impact of site blocking. Therefore, the beams are limited to a
relatively low variation in helium seed percentages which are unlikely to dramatically alter the nozzle
temperatures required to obsetrve reactivity.

Selective excitation of the C-D stretching states would further allow the investigation of the
predicting energy exchange into the C-H manifold, but these states are not within the range of
wavelengths accessible by the current laser system. A new laser system was recently purchased that
could access a combination C-D stretch/bend mode (v, + v,4) in CH2D2 which would allow
investigation of the anticipated energy exchange and may provide further insight into the nozzle
temperature trends discussed in this section. It is also worth noting that theoretical projections of

bond selectivity do not anticipate a fall toward statistical cleavage ratios until much higher incident
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energies, even for molecules in the vibrational ground state. The reason for the different energetic
dependence between the experimental work presented here and theoretical predictions is not well
understood, but direct investigation of the C-D stretching manifold would again provide additional

insight.
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Figure 3.15 Fractional populations of the vibrational states in CH2D2 at Tx = 550 (black) and 725

K (red). These data include the fraction of molecules excited from v=0 into 1 y.
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Figure 3.16 Difference in fractional populations of the vibrational states in CH2D2 at Tn = 550

(black) and 725 K (red) with and without laser excitation of 1 y.
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3.4 Conclusion

In summary, the reactivity of the C-H stretching modes of dideuteromethane on Ni(111)
was found to be equivalent within experimental error over a wide range of incident kinetic energies.
These results were consistent with a theoretical model based on the reaction path Hamiltonian
indicating that IVR can occur on the timescale of direct dissociation events. Together, these findings
support a more nuanced model for comparing the reactivity of symmetric and antisymmetric
stretches that is strongly dependent on the number of deuterated atoms in the approaching
molecule, in agreement with previously published results. Nonstatistical cleavage ratios from bond-
selective measurements for the same system further suggest that IVR is not widespread throughout
the entite CH2D2 molecule, but rather is limited within the C-H manifold. These results are
significant in the context of recent adsorption/desorption measurements by Wodtkezs which suggest
that vibrationally enhanced reactivity trends may extend beyond systems which are traditionally

studied by state-resolved methods.
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Chapter 4: A Beam Reflectivity Study of Carbon Diffusion

on Ni(997)

This chapter marks a significant shift from measuring reactivity on the atomically flat (111)
plane of nickel to a mildly stepped (997) single crystal. Carbon diffusion and site-blocking are
characterized on the stepped Ni surface. A novel molecular beam reflectivity approach is utilized to
track the instantaneous carbon uptake onto and into the Ni single crystal. The primary physical
quantities discussed are the barrier to bulk carbon diffusion, Ep, as well as the coverage dependent

sticking probability, §0).
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4.1 Introduction

Heterogeneous catalysis is typically defined by the reactions occurring at the gas-metal
interface. However, subsurface atoms have demonstrated a surprising ability to control the reactivity
on the surface. This control is often the result of changes in the electronic properties of the metal
and/or crystal lattice structure in order to accommodate the dissolved atoms. For example, DFT
calculations predict enhanced dissociation of Hz, Oz and NO on Ag(111) due to a shift in the d-band
center driven by the presence of subsurface oxygen.1 Similarly, experimental measurements show
that the conversion of methanol to formaldehyde is enhanced by an oxygen-based reconstruction of
polycrystalline silver.23 In some cases, such as methyl hydrogenation on Ni(111)4, the desired
reaction itself is fully dependent on the segregation of the dissolved species to the surface. It is,
therefore, a vast oversimplification to ignore the role of the immediate subsurface and bulk material
when studying reactions on surfaces.

Carbonaceous species are widely prevalent in the feedstock gases of metal catalyzed
reactions. As such, subsurface carbon deposits may augment reaction trends in a number of
industrial relevant processes. The McEwen group recently predicted that a minimal concentration of
interstitial carbon may in fact enhance methane dissociation on supported NI-catalysts.s This result
could have major implications for methane steam reforming, but is surprising as carbon deposits are
typically viewed as a precursor to coke formation and subsequent catalyst deactivation.ss However, a
similar enhancement in catalyst activity has been observed experimentally on Fe-based catalysts as a
function of bulk carbide concentration.o-10 Additionally, the selectivity of Pd catalysts for alkyne
hydrogenation is attributed at least in part to the concentration of carbon in the immediate
subsurface.ii-12

Small atom diffusion on transition metal surfaces has gained renewed interest more recently

as a means to produce high-quality graphene via chemical vapor deposition (CVD).13.16
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On stepped Ni surfaces, the proposed mechanism of growth involves carbon diffusion into the
metal followed by subsurface nucleation and eventual precipitation from the step edges.17-19 By
contrast, the evidence on Ni(111) suggests that well-order graphene is formed by an entirely surface
based process.19-20 Even still, the interaction between the Ni catalyst and graphene overlayer remains
highly dependent on the concentration of carbon directly below the surface.2:

The observed crystal structure dependence is likely due to dramatic differences in the height
of the subsurface and lateral diffusion barriers on these surfaces.2o, 22 Experimental measurements of
the barrier to bulk carbon diffusion support this conclusion. These C/Ni diffusion barriers have
been reported on either bulk catalysts2s24 or low-index (111), (110) and (100) planes.2s27 We present
in this work the activation energy for carbon diffusion through a modestly stepped Ni(997) surface.
Previous results suggest a strong dependence on the openness of the surface and the findings on the
(997) plane further emphasize the impact of the step edge on carbon dissolution. The more recently
published works have utilized spectroscopic methods to measure these barriers. In this study, a
technique utilizing molecular beam reflectivity measurements was used to monitor the total carbon
uptake onto and into the Ni surface. This method has the distinctive ability to directly measure the
temperature at which bulk diffusion becomes rapid. The same data can be used to concurrently

study changes in coverage dependent reactivity as a result of carbon adsorption and migration.
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4.2 Experimental Methods

Measurements of carbon dissolution were carried out on a molecular beam surface scattering
chamber that is well-described elsewhere.2s The key experimental parameters are summarized here.
A 1% methane mixture seeded in hydrogen with a backing pressure of 40 psi expanded continuously
and supersonically through a 25 Mm nozzle orifice into a high vacuum chamber. The nozzle was
resistively heated to a constant temperature of 800 K as monitored by a type-K thermocouple. This
expansion provided an incident source of reactive methane with a narrow distribution
(OE £ 5 r a &5 % of translational energy centered at 144 k] mol as determined by time-of-
flight measurements.

The triply differentially pumped molecular beam was directed perpendicular to the plane of a
Ni(997) sample mounted on a dry ice cooled XYZ-rotatable manipulator housed in an ultra-high
vacuum (UHV) chamber with a base pressure of 5e-11 torr. The nickel single crystal (Surface
Preparation Laboratory) was polished to within 0.1 of the (997) plane. The step density, crystal
otientation and terrace width were confirmed via scanning tunneling microscopy. A type-E
thermocouple was spot welded to the top of the crystal to monitor the surface temperature. A
thoriated tungsten filament mounted behind the Ni crystal maintained the surface temperature ° 1
K. The nickel surface was cleaned each morning by heating to 1000 K for 2 min, sputtering via
argon ion bombardment below 250 K for 5 to 15 min and then annealing at 1100 K for 15 to 45
min. Crystal cleanliness was verified by an Auger electron spectrometer (VG Microtech, VG-
100AX). Between doses, warming the crystal to 1000 K for 5 min was sufficient to dissolve any
surface bound carbon into the bulk of the crystal reproducing a clean surface with an undetectable

level of contaminants.

112



The reaction probability was measured as a function of time, t), using the beam reflectivity
technique developed by King and Wells (K&W).29 In short, the partial pressure of the
primary crack of methane at mass 15 amu was monitored using a quadrupole mass spectrometer
(QMS) (UTI, model 100-C) coaxially mounted with the molecular beam. The change in partial
pressure of methane when the molecular beam was exposed to the crystal surface corresponded
directly to §t). Representative K&W traces are included in Section 2.4.3. The surface temperature
was held constant throughout the dose. At these surface temperatures, the methyl fragment
dehydrogenates and recombinative desorption removes hydrogen leaving carbon as the only surface
bound product of methane dissociation.so-31 A similar approached was used to make preliminary
measurements of carbon dissolution on Ni(111).32 It is worth noting, however, that the time wave
output by the LabView program responsible for recording the data was later found to inconsistently
vary from real time making the fitting procedure incredibly difficult. In this work, reducing the dead
time to 0 s and increasing the dwell time to 0.5 s was found to produce an accurate time wave.

Figure 4.1 displays the shifting profile of carbon uptake, ((t), on the Ni(997) crystal resulting
from methane dissociation at surface temperatures ranging from 625 to 800 K. ((t) was acquired by

integrating the product of §t) and the incident flux of methane, J, over the duration of the dose, t.

) = f, S(t) x4 Eq. 4.1
At the lower surface temperatures studied, the plot of ((t) v.t shows an asymptotic Langmuir-like
profile consistent with reduced reactivity due to carbon site blocking. Dosing at elevated
temperatures broadened the linear region of the curve, where the measured reactivity remained
consistent with zero-coverage reactivity, S, resulting in an increase in the asymptotic value of ((t).
At 800 K, carbon accumulation was roughly linear over the entire duration of the dose indicating a
lack of significant site blocking. These findings suggest that increasing the surface temperature

mediates carbon diffusion away from the site of the reaction. We will next discuss the directionality
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of this diffusion in Section 4.3.1. We will then explain our novel approach to probe carbon
dissolution into the Ni(997) crystal in Section 4.3.2 and the implications of our findings in the

remainder of this chapter.
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Figure 4.1
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Carbon accumulation, ((t), as a function of dose time at surface temperatures of 625
(black), 650 (blue), 675 (red), 700 (green), 725 (maroon), 750 (grey), 775 (purple) and
800 K (brown). The data show the decreasing impact of site blocking on reactivity as
subsurface diffusion removes carbon atoms from the active sites on the Ni(997)

surface.
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4.3 Results and Discussion

4.3.1 Probing the Directionality of Diffusion

Taking a closer look at Figure 4.1, the final values of C(t) observed under the conditions
studied were all found to be in excess of 1 ML, reaching a peak >20 ML on the 800 K Ni(997)
surface. These results suggest a dramatic increase in the mobility of surface bound carbon as a
function of surface temperature. On Pt(111), lateral diffusion across the surface of the crystal was
found to explain values of carbon uptake modestly greater than 1 ML.33 The extent of long-range
lateral diffusion was evaluated in this system by dosing with the small beam valve hole (SBVH)
which has a spot size corresponding to roughly 8% of the total crystal surface area. It was possible
to dose five unique locations on the crystal with the SBVH without cleaning between measurements.
As can be seen in Figure 4.2, nearly identical reactivity and carbon uptake profiles was observed at
all points on the face of the crystal indicating the limited impact of lateral diffusion away from the
location of the dose.

These findings make no suggestion about localized surface diffusion within the region
impacted by the molecular beam. In fact, it has been previously reported that the barrier to lateral
carbon diffusion on Ni(111) is significantly lower than the barrier to dissolution into the crystal
bulk.2o However, Mafra et al. also reported roughly equivalent barriers on the more corrugated
Ni(110) surface. These findings in combination with the presence of step-edges on the Ni(997)
crystal strongly support a scenario in which lateral and bulk diffusion of surface bound carbon are
highly competitive within the boundaries of the dose. Localized surface diffusion alone would be
unable to account for the amount of carbon loading displayed in Figure 4.1.

The remaining scenarios that may explain the high levels of carbon uptake reported in Figure 4.1 are
either the removal of surface bound carbon via recombinative desorption or dissolution of carbon

atoms into the bulk nickel lattice. Oxygen is known to effectively remove carbon contaminants from
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nickel single crystal surfaces at elevated temperatures.s+3s In fact, thermal CO desorption has been
used as a detection method for methane reactivity under conditions where the reactivity is too low
to be measured in real time.ss While AES measurements verify the absence of surface bound oxygen
after crystal cleaning, it was not possible to rule out the potential impact of trace amounts of oxygen
in the UHV chamber on these diffusion measurements without further study. To that end, it was
possible to verify that the carbon produced by methane dissociation was not being removed via
recombinative desorption with oxygen by monitoring the partial pressure of m/z 28 during while
the crystal was exposed to the molecular beam. No change in the CO signal was observed indicating
that desorption of the surface bound product is another unlikely contributor to the high levels of
at).

Systematically scrutinizing the directionality of carbon diffusion as discussed above indicates
that the carbon loading and associated temperature dependence displayed in Figure 4.1 must
primarily be the result of bulk dissolution. In fact, the temperature range studied in this work is
consistent with the temperatures at which diffusion into the crystal lattice has been reported on low
index planes of nickel.2s-27 Despite these published results, it was necessary to verify this fact on the
Ni(997) surface as unidirectional carbon flow is a primary assumption of the model used in the

ensuing sections.
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Sticking Probability

Figure 4.2
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Sticking probability as a function of carbon accumulation on a 700 K Ni(997) surface
for a 1%CH4/Hz mix. The crystal was not cleaned between doses and the colors
correspond to the dose positions on the crystal surface as depicted on the inset. The
nearly identical reaction profiles indicate the limited impact of lateral diffusion on

observed reactivity trends.
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4.3.2 A Novel Approach to Measuring Carbon Dissolution

In previous studies of carbon dissolution, the nickel surface was held at a reduced
temperature (<550 K) while carbon was deposited to saturation. The crystal temperature was then
increased to values between 600 and 900 K, and carbon loss was tracked via a surface sensitive
spectroscopic technique (AES, XPS) over the course of several hours.2s-27 For this study, a modified
K&W beam reflectivity technique was used to probe carbon diffusion into the nickel lattice. This
experimental set-up took significantly less time and also required no change in the surface
temperature between the dose and dissolution measurements. The crystal was exposed to high
energy methane molecules at a constant surface temperature between 625 and 800 K for 75 s and
monitored the changing partial pressure of methane (m/z = 15) as desctibed above. The inert beam
flag was then reinserted into the beam line to block the incident methane from impacting the
Ni(997) surface for a variable amount of time, t,y 4 . AAfter t 4 j, the flag was again removed from
the beam path allowing the methane to dissociate on the Ni single crystal.

Figure 4.3 shows representative ((t) V.t cutves for a clean dose at Ts = 6 7 B as well as after
recovery times of 30, 60, 120, 300 and 600 s. The profile of the recovery dose was observed to
change as a function of wait time in a manner consistent with diffusion of carbon away from the
reaction site. The recovery doses were manually shifted in the x and y directions to match the
curvature of the initial dose as shown in Figure 4.4. The percent difference for the shifted recovery
doses relative to the initial doses were generally less than 1%. Most importantly, the point at which
each recovery dose first matched the initial dose, indicated by the arrows in Figure 4.4, corresponded
to the amount of catbon remaining on the sutface, G.

Assuming the diffusion is unidirectional, the relationship between G and ty, 4 i1 well-

described by the solution to Fick’s second law of diffusion from a constant plane source

C(t) = co-(Z vme,VDt Eq. 4.2

119



1.2
1.0
- 0.8
=
h—
S 06
N’
o
0.4
0.2
0.0
Figure 4.3

TTTT[TTTT I TTT T rrrT I TTT T [TIrTrT I TT T T rrrT I TTTT[rrrT I TTTT[TTTT

T, = 675K

LJ‘IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|II

NN EENN

......
.....
.....
anum
.....
______
-----
________
.....

.....
st
.t
.....
.
ot
.
o
.
e

---------- Initial dose
— Cyait = 30s
- Lyair = 60s
—— tya = 120s
e 300s
— t. ... = 600s

wait —

0

10 20 30 40 50 60
Dose Time (s)
Carbon uptake as a function of dose time on a clean 675 K Ni(997) surface (red).
The shorter curves show the uptake of carbon after inhibiting the reactive methane

molecules from impinging on the carbon covered nickel single crystal for 30 (gray),

00 (purple), 120 (green), 300 (blue) and 600 s (black).

120



IIIII""""I""""I""""I""""I""""I""5

1.2F :
1.0F ERE Y
r ] 3
o ] O
- . @
~ 0.8f 1. =
8F 13
s 3 19
~ = e Initial dose C:Dh"
) r i
8 0'6§ Tait = 30s E > 8
— =605 1% 3
= ST —— t,;x=300s 1. ¥
- - 11 <
0.2F — twair = 600s
OO E.I S T B |:1'17.1'11"7'1':1l'T'TT'T'| Parir i Wil ararATET IR AN AT AN |||:
0 10 20 30 40 50 60

Time (s)

Figure 4.4 Shifting the recovery curves to match the profile of the initial dose is a direct
measure of the amount of carbon remaining on the surface, G, after t,, 5 i. These
recovery values are indicated by the arrows and the dots indicate the percent

difference between the initial dose and the shifted recovery dose (right axis).

121



where Cp is the initial carbon coverage at ty, 5 7 0 and D is the bulk diffusion coefficient. This
model is the product of the surface local equilibrium hypothesis proposed by Lagiies & Domange.s7
In short, subsurface diffusion is assumed to be a two-step process in which carbon quickly diffuses
from the surface into the selvedge, the layer immediately beneath the surface, and subsequent
dissolution into the semi-infinite bulk is rate-limiting. The lynchpin of this model is the assumption
that the concentration of the bulk just below the selvedge, Gy, remains at equilibrium with the
concentration of carbon deposited on the surface.2s-26,38

Figure 4.5 shows a representative fit of the measured carbon dissolution data recorded at a
surface temperature of 700 K. In this case, the amount of carbon diffused, Gy(t), which is simply
taken as the difference between the initial carbon coverage, Cy, and the measured carbon remaining,
G, is plotted as a function of time. The strong fit over the entire temperature range supports the
application of the Fickian model to this data set. There are two major outputs resulting from this
fitting procedure. First, the fitting parameters allow enable the determination of the barrier for
carbon diffusion into the Ni(997) bulk lattice as will be discussed in Section 4.3.3. Second, the fit
provides a correction that can then be subtracted from ((t) to yield the surface coverage as a
function of time, 6(t). Previously, measurements of 8(t) at elevated temperatures where the surface

bound carbon becomes highly mobile were not possible.ss
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Figure 4.5 A plot of measured carbon diffusion, Cq, as a function of time (black points) on a

700 K Ni(997) single crystal. The fit (red) is achieved using the surface local

equilibrium hypothesis as described by Eq. 4.2.
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4.3.3 Determining the Barrier to Bulk Diffusion

The calculated fitting parameters described in Eq. 2 for carbon dissolution into Ni(997) at

surface temperatures ranging from 625 to 775 K are summarized in Table 4.1. The values of | ©,vD
as a function of inverse surface temperature are plotted in Figure 4.6 and show a sharp transition in
dissolution behavior just above 700 K. Schouten and co-workers demonstrated a clear Arrhenius
relationship for carbon diffusion into nickel through the (110) and (100) surfaces by plotting the
same parameters.2s-26 A key caveat to their results was that they were unable to measure carbon
dissolution above 700 K on either surface due to the rapid disappearance of surface bound carbon
between the dose and AES scans. The highest temperature at which carbon loss was measurable via
post-dose AES was 660 K on the Ni(110) surface.

Interestingly, two discrete linear regions are displayed in Figure 4.6 with an intersection point
at 675 K for diffusion into the (997) plane. Focusing first on the data collected from 625 to 675 K,
an Arrhenius fit of the data yields a carbon bulk diffusion barrier Ep = 1 2 4 0.7 X @0t on
Ni(997). This value is remarkably consistent with the average reported activation energy of 126 k]
mol-1 measured on the Ni(100) facet.26-27 It is also substantially lower than Wiltner’s experimental
measurement of Ep = 1 8 3 1 &k Mo} on the close-packed Ni(111) crystal.r DFT calculations on
the low index planes of nickel further support the much lower barrier on the more open Ni(100)
surface.2o In the case of (997) surface, the presence of the step-edge likely reduces the diffusion
barrier relative to Ni(111) by providing easier access to the immediate subsurface. These findings
are also consistent with the crystal structure dependence of the mechanism of graphene growth
observed nickel single crystals. Theory and experiment show strong evidence for epitaxial growth on
the flat (111) surface while a mechanism mediated by dissolution, subsurface nucleation and
subsequent precipitation has been reported on stepped nickel single crystals.17-20 In comparison with

Wiltner’s measurements, the experimental results presented in this work provide further explanation
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Table 4.1 Surface temperature dependence of the fitting parameter ¢,V D from Eq. 2 as well as

In(A) and the bulk diffusion barrier, Ep, for the low and high temperature regimes

measured on Ni(997).

Txtl (K) 1000/Txtl

CpVD (atoms cm-2s.1/2)

In(A) (atoms cm-2s-1/2)

Epb (k] mol-)

625

650
675
700

750
775

1.600
1.538
1.481
1.429

1.333
1.290

1.06E+13

2.77TE+13
6.24E+13
6.88E+13
9.85E+13
1.21E+14
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Figure 4.6 Arrhenius plot of | @,VD v. 1000/T for carbon dissolution on Ni(997) showing a
distinct break at 675 K. The error bars represent the 95% confidence interval from

the fits of Ca(t) v. twai. The likely origin of the transition point is discussed in the text.
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and support for the latter model of graphene growth in the presence of step edges.

Above 675 K, the Arrhenius relationship determined here indicates an essentially barrierless
loss of carbon into the bulk of the Ni(997) lattice. Again, this is consistent with the inability to
measure carbon loss via post-dose spectroscopic techniques on low-index planes of nickel at
similarly elevated crystal temperatures. The advantage of the novel approach in this work is the
direct observance of this break in the Arrhenius plot. The dramatic transition over a 25 K range in
temperature indicates just how critical the surface temperature is for well-ordered graphene growth.
A modest adjustment in the detection method enabled a more in-depth evaluation of the cause of
this transition point. Rather than dosing continuously for an extended period of time as described in
Section 4.3.2, the methane dose was interrupted with the inert beam flag every 5 seconds for tyy 4 i 3
5 SThe raw data displayed in Figure 4.7 produced a series of repetitive diffusion measurements with
a constant wait time. If the model were successfully capturing the rate of carbon loss from the
surface, the value of Gy(t = 5 ¥ should be independent of the cumulative amount of carbon dosed.
In fact, a constant carbon diffusion value was obsetved until C(t) ~ 0.7 M Lat which point the
amount of carbon diffusing rapidly decreased. These data are depicted in Figure 4.8.

It is important to remember that carbon is capable of dissolving into the crystal bulk while
methane is being dosed. The model used to predict carbon diffusion is wholly dependent on an
accurate description of the amount of carbon on the surface when the beam flag is first closed, and
the recovery time is initiated. It is likely that the rate of carbon loss at these elevated temperatures is
so rapid that the model no longer correctly partitions the carbon dosed between the surface and
subsurface layers. Additionally, the model assumes that the bulk concentration of carbon is
negligible at t=0 which is unlikely under conditions where the carbon becomes highly mobile. These

issues would explain the precipitous drop of Gy(t = 5 ¥ displayed in Figure 4.8 and indicate that the
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observed break in the Arrhenius curve is most likely the result of a failure of the model itself, rather
than a true shift in the diffusion barrier.

Reducing the dose and wait times should enable a more accurate determination of the
diffusion parameters at surface temperatures above 675 K. Currently, this method is limited by both
the manual beam flag as well as the fitting procedure which depends on the ability to match the
curvature of the initial and recovery doses to measure the carbon loss. Replacing the beam flag with
a UHV compatible optical shutter and developing a more analytical fitting approach should enable a
significant expansion the accessible temperature range. An alternative approach whereby the reactive
flux of the incident methane molecules is reduced may also prove successful. There is some question
in the existing literature as to the temperature dependence of Ep so these updates represent an
important next step.2s However, the significant bulk carbon concentration at t=0 may still render
diffusion measurements impossible above the breaking point.

In spite of these limitations, this work successfully demonstrated novel methodology for
measuring bulk carbon diffusion on nickel. The reported diffusion barrier is in line with presently

available data and highlights the role of step edges in mediating bulk dissolution.
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4.3.4 Coverage Dependent Reactivity at Elevated Surface Temperatures

A strong understanding of the coverage dependence of reactivity is important. In the case of
high reactivity measurements like those discussed here, a model that incorporates coverage
dependence allows for a more accurate determination of the value of §. Under conditions where
reactivity is low and post-dose analytical techniques are required, a detailed understanding of the
interaction between surface adsorbates and incident molecules is necessary so that dose times are
limited to avoid the impact of lateral interactions on measured reactivity. Generally, an evaluation of
this relationship is only possible in the temperature range below which carbon becomes highly
mobile. However, the diffusion model developed in the preceding sections can be used to correct
the measured carbon uptake and yield the surface coverage as a function of time, 6(t), as displayed
in Figure 4.9. The reactivity as a function of coverage, §0), can then be then plotted under
conditions where the model was found to be valid (Figure 4.10).

The coverage dependent sticking probability yields curves with three distinct regions.
Initially, sticking is roughly independent of coverage and defined by Eq. 3.

S0)' = & Eq. 4.3
Somewhat surprisingly, the value of § was largely independent of surface temperature over the
range studied in this work. This independence will be further probed in Chapter 5. At the end of the
dose, there is a similar lack of coverage dependence at which the sticking reaches a steady state
value, Sg g Similar to the trend observed on Ni(111),32 Sg sincreased as a function of surface
temperature. The relative values of S5 sare higher on the (997) plane again emphasizing the
significance of steps in mediating carbon dissolution.

Between these two plateaus, the presence of carbon on the surface inhibited reactivity and

the value of Y@¢) decreased as a function of increasing coverage. This region of the curve is well fit
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by a modified version of the Langmuirian site-blocking model previously developed to explain
coverage dependent reactivity trends on Ni(111).3s

S@)' = S x(1-§@ Os9)° Eq. 44
The carbon coverage dependent reactivity, Oc), is defined as the product of the initial sticking
probability, &, and the probability of an incident molecule landing on an open site. That probability
is defined as (1- €@¢) if an adsorbed particle statistically occupies a single site and (1- £€9¢)? if
dissociation leads to the particle occupying two adjacent sites. In this model, § repressents an
adjustable parameter which indicates the number of sites blocked by the resulting products of
dissociative chemisorption of methane. The adjustments to Eq. 4 in this work include the addition
of Og g an x-offset defining the coverage at which surface bound carbon begins to inhibit reactivity,
as well as the allowance of the adsorption order, as determined by the power P, to be an adjustable
output of the fitting function.

The resulting fitting parameters are summarized in Table 4.2. The value of Og gis largely
independent of surface temperature. As there is no known restructuring of the single crystal surface
in the temperature range studied,s this value should not show a strong dependence on crystal
temperature and this finding is interpreted as internal validation of the dissolution model used to
solve for B(t). Initial models assuming first order bulk diffusion kinetics predicted an exponential
dependence of Og gon surface temperature which makes no physical sense. Furthermore, the value
of Og gin this work is consistent with the value of 0.10 ML reported on the Ni(111) surfacess and is
roughly equivalent to the measured step density of the (997) surface. Again, it also represents
important experimental benchmark used to limit the dose times for molecular beams with lower
sticking probabilities where real time beam reflectivity measurements of reactivity are not possible.

The values associated with the number of sites blocked by the dissociated methane

molecules, & and P, are slightly more difficult to interpret. & displayed a modest inverse relationship
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Table 4.2

Fitting parameters for coverage dependent sticking measurements on the Ni(997)

surface including the initial sticking probability (), adjustable site-blocking

parameter (§), site-blocking coverage (Og g, adorption order (P) and steady-state

sticking probability, , S g

T (K) S = CH Sss
625 0.170  1.682° 0.018 0.111 ° 0.006 0.995° 0.061  0.008 ° 0.0003
650 0.166  1.603 ° 0.020 0.138 ° 0.005 1.016 ° 0.037  0.007 ° 0.0004
675 0.170  1.538 ° 0.023 0.131 ° 0.005 1.059 ° 0.044  0.015 ° 0.0004
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with surface temperature averaging ~1.5 sites blocked per reactive CH4molecule while the reactivity
was found to have a first order dependence on carbon coverage at all surface temperatures studied,
P = 1. Dissociative reactions are generally second order, P = 2, as was reported for the
CHa4/Ni(111) system at Txa = 475 K.3s One possible explanation for these seemingly incongtruous
findings may be a difference in the final state and mobility of the surface bound carbon after
methane dehydrogenation. Theoretical predictions show that the flat nickel surface preferentially
dissociates CH4 to the CH fragment while the presence of Ni steps mediates complete
dehydrogenation to atomic carbon.s1 Additionally, the kinetic measurements in the preceding section
indicate the high mobility of the carbon on the Ni(997) surface. It is therefore not unreasonable to
assume that the growth mechanisms of the carbanaceous overlayers on the (111) and (997) surfaces
would be dramatically different. Finally the amount of subsurface carbon has been shown to impact
the adsorption geometry of the carbon overlayer formed on the surfaces which could account for
the non-integer value of & found here. These findings emphasize the need for further study and

more direct comparison of the two surface structures at similar surface temperatures.
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4.4 Conclusion

In summary, a novel beam reflectivity approach was used to monitor small atom dissolution
on a transition metal catalyst. Carbon uptake onto and into the (997) plane of nickel was measured
by monitoring partial pressure changes of methane in the molecular beam surface scattering
chamber. The rate of carbon loss was tracked by introducing a recovery time into the measurement
and the bulk diffusion was well-fit by an established two-step Fickian model based on the surface
local equilibrium hypothesis. An activation barrier for bulk diffusion was calculated from an
Arrhentius plot that was representative of values previously reported on low index Ni-surfaces. These
results further emphasize the significance of step-edges as an access point for diffusion from the
surface into the selvedge.

The carbon diffusion curves resulting from the delay measurements were also used to
calculate the surface coverage as a function of time allowing the concurrent study of coverage
dependent methane reactivity beyond the point at which carbon becomes highly mobile. Future
work will further investigate the region around 700 K by varying the reactive flux of incident
molecules. These studies will likely provide additional evidence that the rapid buildup of carbon in
the subsurface is the most probable cause for the observed break in the Arrhenius plot at the highest

temperatures studied.
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Chapter 5: Methane Reactivity on Ni(997) in the High
Energy Regime

This chapter describes a systematic evaluation of the surface temperature dependence of
methane dissociation on a modestly stepped Ni(997) surface at high incident energies. Vibrationally
state-resolved measurements of antisymmetric stretch excited CHs molecules at crystal temperatures
ranging from 500 to 1000 K on the stepped surface are presented first. Similar measurements for
thermally excited CDs are next discussed. The CH4/Ni(997) data are then compared with sticking
probabilities previously reported on the flat Ni(111) surface. Finally, angle-resolved reactivity
measurements on the (997) plane are discussed along with a plausible explanation for the
unexpected reactivity trends observed on the two surfaces based on the total number of sites

available.
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5.1 Introduction

The dissociation of methane on single crystal catalysts has served as a model system for gas-
surface reactionsi7 due to the approachable nature of methane’s vibrational structures as well as the
industrial significance of methane steam reforming.s State-resolved measurements, in which an IR
laser is used to selectively excite a given rovibrational state, have proven useful at elucidating the
dynamics of energy exchange prior to reaction (see Chapter 3). These studies have produced a
relative ordering of the degree of coupling of energetic modes within the approaching methane
molecules to the reaction coordinate as a means of identifying the most reactive species within the
thermal distribution of states typically found in industrial reactors.s,7 For example, symmetric stretch
excitation of CHa4 has been shown to increase reactivity on Ni(100) to a greater degree than
partitioning an equivalent amount of energy into the translational motion of the methane gas.1o

The observed trends have also included a strong dependence on the identityi1-13 and
structureiz 14 of the surface itself and the calculated dissociation barriers are often well-correlated
with the position of the d-band center at the reaction site.1s Higher barrier reaction sites correspond
to elongation of the C-H bond at the transition stateis17 which can explain the system dependent
impact of stretch excitation on measured reaction probabilities. More recently, researchers have
taken advantage of this mechanistic insight, employing state-resolved studies to probe surface site-
specific reactivity.is Chadwick et al. tracked the dissociation of 1V3 excited CH4 molecules on a
Pt(211) surface with reflection adsorption infrared spectroscopy (RAIRS). Shifts in the RAIRS
spectrum of the adsorbed methyl fragment enabled researchers to differentiate the precise site of
dissociation along the three-atom terraces, with adsorption on the step edge corresponding to a
slightly higher IR frequency. Preferential uptake of the methyl product was observed on the

undercoordinated step atoms as predicted by the d-band model.
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In a follow-up study, defect sites were again found to dominate measured reactivity for
thermally excited methane on Pt(111), Pt(211) and Pt(110)-(1x2).10 However, a comparison of
similar sites on the three surfaces found that the coordination number of a given site was not always
predictive of the observed trends. For example, the reactivity on a Pt(111) terrace atom was higher
than the measured value on a Pt(211) terrace even after correcting for differences in normal
incidence energies despite the fact that the sites have the same coordination number. Even the
generalized coordination number developed by Calle-Vallego et al. which takes into account the
coordination number of the reaction site as well as its nearest neighbors in an attempt to account for
the local environment of the metal atomzo was inconsistent with the relative ordering of terrace
atoms on the different surfaces. That being said, DFT calculations found that the observed trends
remained consistent with the position of the d-band, with a compressive strain on the (211) terraces
driving the center of the d-band downwards on the stepped surface.

It is important to note that the incident energies studied in both works were at or below the
calculated barrier for dissociation on the terrace atoms. Even still, the relative contribution of the
terraces to the overall sticking probability was observed to increase as a function of incident energy.
This leaves open the question as to how the dissociation probabilities would compare as a function
of surface structure if the approaching methane molecules were not limited to the minimum energy
pathway (MEP). Additionally, the necessity that the methyl fragment not fully dehydrogenate limits
the usefulness of RAIRS to crystal temperatures below 200 K. Campbell et al. found that the
sticking probability of 1V3 excited CH4 with incident energies just below the calculated activation
barrier on Ni(111) increased by several orders of magnitude simply as a result of raising the surface
temperature from 90 to 550 K.21 It was shown that the dramatic increase in reactivity as a function
of surface temperature was a product of changes in the distribution of Ni phonon populations.

Motion of the surface atom above the (111) plane was found to dramatically reduce the dissociation
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barrier along the MEP, likely resulting in the observed temperature dependence.2i-22 These results
emphasize the temperature gap separating state-resolved studies from the those used in industrial
catalysts, which generally exceed 900 K.23

In an attempt to bridge this gap, Dombrowski et al. employed a modified beam reflectivity
technique to probe state-resolved methane dissociation on Ni(111) at near-industrial temperatures.24
A modest surface temperature dependence was observed prior to a plateau in reactivity above Txu =
800 K. Despite the fact that the internal energy of all molecular beams was well-above the
dissociation barrier on a static surface, Dombrowski continued to observe a dependence on incident
energy consistent with a direct dissociation mechanism. These results suggest that both gas and
surface temperature continue to play a significant role in the dissociation of methane on metal
catalysts under conditions where the incident molecules are capable of reacting at a multitude of
sites on the surface.

In this chapter, we probe the impact of surface structure on methane dissociation at high
incident energies and elevated surface temperatures. We use the same modulated King & Wells
technique developed by Dombrowski et al. to study the dissociative chemisorption of methane on a
Ni(997) surface. The (997) plane includes 9 atom wide (111) terraces separated by (111) B-type steps.
We report values of 7 for both CHs and CDs on Ni(997) as well as §° for Txa = 500 to 1000 K.
We compare the CHu4 sticking probabilities with those reported by Domborwski on Ni(111). Finally,
we report incident angle-resolved measurements of methane dissociation on Ni(997) to explain the
different reactivity observed on the two surfaces. While these beam reflectivity studies are limited to
conditions of high reactivity, we will explain how such studies provide useful limits to the

generalizability of trends observed along the MEP.

147



5.2 Experimental Methods

Measurements of methane dissociation probability were carried out on a molecular beam
surface scattering apparatus consisting of a series of four chambers. A 1% methane mixture seeded
in hydrogen with a backing pressure of 40 psi expanded continuously and supersonically through a
25 M nozzle orifice into the source chamber. The gas manifold was equipped with an inline dry ice
acetone bath and Supelpure-O Oxygen/Moisture Trap (Sigma Aldrich) to remove impurities from
the gas prior to expansion. The nozzle was resistively heated with the temperature monitored by a
K-type thermocouple. Time-of-flight measurements were used to verify the translational energy and
spread of the molecular beam. The relevant beam parameters are summarized in Table 5.1.

The triply differentially pumped molecular beam was collimated by a series of skimmers and
a size selective beam valve. The gas molecules were directed perpendicular to the plane of the
Ni(997) sample which was mounted on a dry ice cooled XYZ-rotatable manipulator housed in an
ultra-high vacuum (UHV) chamber with a base pressure of 5e-11 torr. The nickel single crystal
(Surface Preparation Laboratory) was polished to within 0.1 of the (997) plane. The step density,
crystal orientation and terrace width were confirmed via scanning tunneling microscopy courtesy of
the Sykes group. The crystal was mounted with the steps running vertically to allow measurements
as a function of the angle of incidence relative to the (997) plane.

A Type-E thermocouple was spot welded to the top of the crystal to monitor temperature.
The crystal was heated radiatively by a thoriated tungsten filament mounted behind the crystal. A
positive bias on the crystal and heating via electron bombardment were necessary to achieve the
high temperatures reported in this study. The nickel surface was cleaned each morning by heating to
1000 K for 2 min, sputtering via argon ion bombardment below 250 K for 5 to 15 min and then

annealing at 1100 K for 15 to 45 min. Crystal cleanliness was verified by an Auger electron
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spectrometer (VG Microtech, VG-100AX). Between doses, warming the crystal to 1000 K for 5 min
was sufficient to dissolve any surface bound carbon into the bulk reproducing a clean surface with
an undetectable level of contaminants.

The molecular beam was intersected by a narrow bandwidth infrared laser in the first
differential chamber. The laser was broadened by a slightly misalighed multipass cell in the same
chamber to allow for excitation of the molecules that diverged from the center of the molecular
beam. In this work, the laser was tuned to the antisymmetric C-H stretching mode (V3) via the R(1)
transition at 3038.49 cm-1. The lock-in setup for the laser itself is well-described elsewhere.2s A
square-wave generator was used to modulate excitation via the infrared laser during methane
deposition. Modulating the laser at 0.5 Hz allowed simultaneous collection of reactivity with ()
and without () laser excitation during a single dose.

Reactivity was measured by monitoring changes in the partial pressure of the primary crack
of methane (m/z = 15) with the quadrupole mass spectrometer (QMS) housed in the UHV
chamber. This technique as well as the calculation of §° are described in more detail in Chapter 2. A

similar description can also be found in Eric Dombroski’s thesis.s

149



Table 5.1 Relevant beam parameters defining the 1% CH4/H2 molecular beam as a function of
nozzle temperature. The incident translational energy (), stream velocity (V) and
width parameter (0) were verified by time-of-flight measurements. The vibrational
ground state population (f, ; )p rotational temperature (T, ,); rotational ground state
population (f; )iand excitation fraction (fe y)cwere calculated as described in the text.

Lo (K) E (kJ moly) | Vo (m/s) | a (m/s) fvib T ot fr ot fexc
300 54 2590 67 993 7.99 0.542 0.269
500 92 3400 126 0.908 13.3 0.473 0.215
600 111 3731 159 0.828 16.0 0.434 0.180
700 128 4002 185 0.734 18.6 0.397 0.146
800 144 4245 228 0.636 21.3 0.363 0.115
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5.3 Results and Discussion

5.3.1 State-Resolved Reactivity of CH4 on Ni(997) at Elevated T's

The state-resolved sticking probability of antisymmetric stretch excited CHs, 2, at three
incident energies, Ewns = 92, 111 and 144 kJ mol-, as a function of inverse surface temperature, Tx
=500 — 1000 K, is plotted in Figure 5.1. The error bars represent the 95% confidence interval or 2 ¢
The v3 data is summarized in Table 5.2 along with the analogous values for thermally excited CH4
molecules, f fAt all incident energies, a complete lack of surface temperature dependence was
observed. This finding is further emphasized by the zero-slope fit lines on the figure which fall
within the 95% confidence interval for seventeen of the eighteen plotted points. This result is
interpreted as an indication that surface temperature, and therefore Ni atom motion, has a limited
impact on reactivity under the conditions studied in contrast to the previously reported Txa
dependence for low incident energy molecules on Ni(111).21 This interpretation is at least
qualitatively consistent with theoretical work by Jackson et al. for the CH4/Ni(211) system which
found that the sticking probability of methane in the vibrational ground state, S converged at
E a9 & dno? for surface temperatures ranging from 200 to 800 K.z Interestingly, the
translational energy at which the sticking curves were predicted to converge was identical to the
calculated barrier for methane dissociation over a terrace atom on the Ni(211) surface. This suggests
that the initial reactivity on a clean stepped surface plateaus as a function of surface temperature
once methane in the molecular beam approaches with enough energy to dissociate at both step and
terrace sites.

Although the step density is significantly lower on the (997) surface, Jackson’s work again
emphasized the idea that the approaching molecules are able to sample reaction sites beyond the

MEDP at these high incident energies. This conclusion will be revisited in a comparison with data
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Figure 5.1 Arrhenius plot showing the surface temperature independent reactivity of

antisymmetric stretch excited methane, %)3, on a Ni(997) surface. The translational
energies of the incident methane molecules were 92 (circles), 111 (squares) and 144
k] mol. (triangles). The horizontal lines are fits with zero slope which further

emphasize the lack of surface temperature dependence under the conditions studied.
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Table 5.2 The measured initial sticking probability for thermally excited, f,fand
antisymmetric stretch excited, ¥, methane molecules on Ni(997) at high incident
energies and surface temperatures ranging from 500 to 1000 K. Also included are the

3.50f f

relative change in sticking probability due to selective vibrational excitation, T

v %’3_$f f

Toor (K) | B () moly) | Tw (K) | T 20°FF | S 20"3 T 20
500 92| 1000 | 0.009 0.005 0.054 0.023 4.9 0.51
900 | 0.010 0.005 0.056 0.026 4.8 0.47

800 | 0.009 0.005 0.056 0.026 5.3 0.01

700 | 0.010 0.004 0.057 0.024 4.6 0.39

600 | 0.006 0.002 0.062 0.011 9.6 0.36

500 | 0.004 0.003 0.057 0.014 12,5 0.67
600 111 | 1000 | 0.030 0.001 0.108 0.004 2.6 0.092
900 | 0.031 0.001 0.113 0.004 2.6 0.091
800 | 0.032 0.001 0.114 0.005 2.6 0.112
700 | 0.031 0.001 0.116 0.005 2.8 0.108
600 | 0.032 0.001 0.126 0.008 3.0 0.039
500 | 0.023 0.001 0.107 0.008 3.6 0.054
800 144 | 1000 | 0.151 0.001 0.237 0.008 0.57 0.078
900 | 0.158 0.001 0.249 0.006 0.58 0.061
800 | 0.166 0.001 0.261 0.007 0.58 0.070
700 | 0.171 0.002 0.257 0.018 0.50 0.039
600 | 0.172 0.003 0.234 0.031 0.36 0.090
500 | 0.147 0.003 0.228 0.032 0.55 0.062
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collected on a Ni(111) surface in Section 5.3.3. On Ni(997), the sticking probability increased by
greater than 400% with E; | 5 despite the fact that the total energy of the reactive species in this
work (B | a # sBEy,) were all well-above the highest tabulated (211) barriers. This continued B 4 s
dependence suggests that the additional energy enabled the molecules to overcome non-idealized
factors (e.g. collision geometry) that would otherwise inhibit dissociation.

This effect is more closely investigated by plotting the relative change in sticking probability

due to excitation of the antisymmetric stretch as compared to thermal excitation.

V3 <Of f
Rel aC€h a/rcacg?%sgfsgf Eq. 5.1

The calculated change in sticking is plotted as a function of inverse surface temperature in Figure
5.2. At the highest surface temperatures studied, Ty 3 7 O K, the relative impact of the vibrational
quanta decreased by nearly a factor of 9 as the translational energy was increased from 92 to 144 k]
mol-1. This dramatic drop indicates that the system became less dependent on the additional 36 k]
mol-1 of vibrational energy as the translational energy increased. In other words, the reactivity
continued to depend on the energy available within the reaction coordinate even in this energy rich
regime, but the relative proportion of new reactive sites/geometries that became available decreased
once the total energy in the reactive methane molecules exceeded that of the predominant energy
barriers in the system.

Another interesting trend appears when focusing on the surface temperature dependence of
the relative change in sticking probability. The fastest beam was again horizontal as of function of
the temperature of the Ni(997) surface when comparing §° and ', ‘consistent with the previously
mentioned relationship for Sg3 and Txw. However, the 111 kJ mol1 molecular beam showed a
modest surface temperature dependence in the 500 to 700 K regime that became even further

exaggerated when the incident energy was reduced to 92 kJ mol.. It is important to note that while
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the trends observed here are significant, even the largest values are dwarfed by the relative
differences between §° and ' At low incident energies and surface temperatures which can exceed
several orders of magnitude.

These findings indicate that the Ni atom motion may be playing a more subtle role in
determining the reaction trends within this region than the sticking curves alone would suggest.
Further reducing either the incident energy or the surface temperature should produce an even
stronger dependence on the vibrational content of the beam. However, the reactivity at lower
incident energies and surface temperatures drops below the detectable threshold via K&W
modulation. The beam composition also needs to be adjusted to avoid hydrogen site-blocking at
lower surface temperatures. Studies are ongoing in the group to probe methane dissociation on

Ni(997) in the energy starved regime.
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5.3.2 Dissociation of Thermally Excited CD4 on a Hot Ni(997) Surface

The Arrhenius measurements presented in the previous section were replicated using a 1%
CD4/H:z mixture. It was anticipated that the methane molecules would completely dehydrogenate on
the hot nickel surfacez7-2s, but monitored both the parent molecule (m/z = 20) and CHDs (m/z =
19) during standard K&W doses in order to verify the lack of recombinative desorption. The
absence of a positive deflection in the m/z = 19 trace on Figure 5.3 when the inert beam flag was
opened was typical at all incident energies and surface temperatures studied and confirms that the
carbon is remaining on the Ni single crystal following methane dissociation. Evidence of methane
desorption would have complicated both the sticking values presented here as well as the carbon
dissolution measurements discussed in Chapter 4. Therefore, these measurements represent a
significant verification of the reported values.

Additionally, the CD4/Ni(997) data are summarized in Table 5.3 and Figure 5.4. The
deuterated methane was also found to display initial reactivity independent of the temperature of the
stepped surface at Txa > 600 K. There may be a modest increase in reactivity for the lower incident
energy beam as a result of increasing the temperature of the Ni crystal from 500 to 600 K. An
elevated barrier for the dissociation of deuterated methane on nickel due to zero-point energy is a
potential cause of this slight dependence particularly in relation to the complete absence of such a
relationship in the CH4/Ni(997) system under similar conditions. These findings emphasize the need
to characterize the state-resolved reactivity of low-incident energy methane at multiple surface
temperatures and further support the likely relationship between reactivity and T in the energy

starved regime implied by Figure 5.2.
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Table 5.3 The measured initial sticking probability for thermally excited CDs, ST, fon Ni(997)

at high incident energies and surface temperatures.

Toor (K) | E; (k] mol.1) Ta () | L 20°Ff

650 145 | 1000 | 0.072 0.002
900 0.072 0.005
800 0.073 0.002
700 0.077 0.007
600 0.079 0.012
500 0.064 0.003

800 179 | 1000 | 0.193 0.006
800 0.204 0.010
600 0.198 0.014
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lines are fits with zero slope.

160



5.3.3 Comparison with Observed Trends in the CH4/Ni(111) System

Similar measurements of methane dissociation at high incident energies and elevated surface
temperatures were previously made using K&W modulation on a flat Ni(111) surface.24
Dombrowski’s work represented the first state-resolved measurements of methane dissociation on a
nickel catalyst at near industrial temperatures. A plateau in reactivity was observed on the (111) plane
above Txa = 800 K again suggesting saturation of the diversity of accessible reaction sites. This idea
is consistent with a rough Einstein model of Ni phonon populations on the flat surface which
predicts a minimal shift in the distribution of states between 800 and 1000 K especially in
comparison to the calculated shifts at lower crystal temperatures.i However, in contrast to the
results reported in Section 5.3.1, a modest dependence on surface temperature was observed for
CHa4/Ni(111) below Txa = 800 K. Dombrowski attributed this dependence to Ni atom motion
increasing the availability of secondary bridge sites for methane dissociation. The lack of surface
temperature dependence on the (997) plane under similar conditions is likely due to a compressive
strain on the terraces introduced by the loss of the edge atoms nearest neighbor. It is reasonable to
assume that this strain would make a terrace atom on the stepped surface less labile than a similarly
positioned atom on a flat crystal. This same effect is often cited as the source of higher calculated
dissociation barriers for reactions occurring over terrace atoms on stepped surfaces in comparison
to reactions on flat (111) single crystal surfaces.1s-19, 26,29

We build to an unexpected outcome of the differing surface temperature dependency of CHs4
dissociation on the flat and stepped nickel single crystals in Figures 5.5, 5.6 and 5.7. In these figures,
we plot a direct comparison of the initial sticking probability of methane as a function of incident
energy on the (111) and (997) planes with the figures summarizing data collected at Txa = 500, 600

and 800 K respectively. The error bars on these figures represent the standard error of the mean, Oy,
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as calculated by Eq. 5.2 where 01is the standard deviation and n is the number of replicate
measurements.

Oy = Eq.52

Sile

Ox was chosen in these plots to emphasize the precision of the modulation technique.

The state-resolved reaction probabilities at a surface temperature of 500 K are plotted in
Figure 5.5. The elevated reactivity on the stepped surface at the lower incident energies studied is
consistent with experimental measurements of CHa dissociation on a 500 K Ni(14 13 13) surface.s0-31
In that work, selectively blocking the step sites with sulfur was found to dramatically reduce the
observed sticking probability, confirming the higher activity of Ni atoms located along the step
edges. Theoretical projections suggested that the relative reactivity of the two surfaces was largely a

product of the position of the d-band center at the reaction site. It is important to note that the

dramatic differences in sticking probability as a function of dissociation site on Ni(14 13 13) (§ ter
28x1 0 and " " &21x1 P) were recorded at much lower incident energies. By contrast, the
data presented here identify reactivity in the high energy tale of the Maxwell-Boltzmann distribution
and indicate much more comparable values of § on flat and stepped Ni surfaces. Further, the
sticking curves on the (111) and (997) planes converge above Ewns = 140 k] mol.1 indicating that the
position of the d-band center along the MEP is not entirely predictive of reaction trends for
molecules with energy well above the dissociation barriers at multiple sites on the surface.

At 600 K (Figure 5.6) an inversion of the anticipated surface ordering with a slight
preference for the Ni(111) surface at incident energies greater than 125 kJ mol.1 was observed.
Further increasing the surface temperature to 800 K (Figure 5.7), methane dissociation showed a
discernable preference for the (111) plane at all incident energies studied. Both the state-resolved

and thermally averaged sticking probabilities on the hot Ni surfaces are plotted in Figure 5.7 to
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emphasize that the higher reactivity on the flat single crystal is not a product of the calculated
excitation fraction, fex, or due to the coupling of V3 excited methane with the step-edge. To our
knowledge, these figures are the first reported set of conditions under which methane is shown to
dissociate more readily on a higher coordinated plane of surface atoms. Additionally, it is significant
that the preference for the (111) plane is most exaggerated as the surface temperature approaches
those used in industrial catalysts. While these results suggest a recalibration of the argument that the
defects dominate reactions on metal surfaces, it is important to note that the methane molecules in
this work account for only a small percentage of thermally excited molecules in a typical industrial
reactor. That being said, these results do suggest that the most reactive species may dissociate more
readily on terrace sites, potentially leaving the lower barrier step edges open for their less energetic
counterparts.

In the search for an explanation, thermal sticking probabilities for CHDs on Pt(111) and
Pt(211) from a previously published work were plotted (Figure 5.8).32 Although the surface
temperatutes were not identical, the thermal data also suggests an inversion of § on flat and
stepped surfaces at high incident energies. Assuming Pt(111) displays a similar temperature
dependence to the Ni(111) data presented here, the measured reactivity on the flat crystal would
have likely been even greater had the temperatures been identical. The published platinum data
suggests that the findings on nickel single crystals are not an aberration. In fact, systematic studies of
Hz dissociation on Pt(111), Pt(755), Pt(533) and Pt(211) have found a similar dependence on terrace
width at higher incident energies.333« Groot et al. essentially made a number density argument to
explain the observed ordering. Under conditions where the terraces contribute significantly to the
measured reactivity (larger nanoparticles, higher gas temperatures), that reactivity should track
directly with the number of terrace sites available on a given surface. This trend is consistent to the

reported trends for methane dissociation on Ni(111) and Ni(997) surfaces in this work.
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Unlike the published H2 dissociation data, surface temperature was found to have a
significant impact on the translational energy at which the flat crystal displayed reactivity greater than
its stepped counterpart. At higher crystal temperatures, Ni atoms on the terraces have the energy
necessary to reposition themselves relative to the (111) plane. This motion not only decreases the
barrier along the MEP, but also increases the diversity of available reaction sites. At these
translational energies, the reactive methane molecules are sampling not just the minimum energy
pathway, but the total diversity of reaction sites available on a given surface. Therefore, these results
indicate that the flat Ni crystal presents a broader distribution of reaction sites and it is changes in
these distributions on the two surfaces as a function of surface temperature that are likely

responsible for the trends described in this section.
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5.3.4 Angle-Resolved Reactivity on Ni(997)

The Ni(997) crystal was mounted on a rotatable manipulator that allowed the angle of
incidence of the molecular beam to be varied with respect to the (997) plane. As displayed on the
inset of Figure 5.9, rotation in the positive direction, 8; > 0 ymoved the beam toward the (111)
terrace with the 6; = 6 Point corresponding roughly to direct incidence with the terrace atoms.
Rotation in a negative direction, 8; < 0 ;directed the beam into the (111) step edge. These angle-
resolved measurements are commonly used to compare the contribution of terrace and step atoms
to overall reaction probabilities and can further inform the findings at normal incidence presented in
Section 5.3.3. Previous measurements of the angular dependence of methane dissociation on (111)
surfaces have found that the sticking probability is directly proportional to the component of
translational energy that is normal to the surface plane.ss-s6 In other words, the reactivity on flat
single crystals was found to be symmetrical with respect to the angle of incidence. By contrast,
measurements on stepped Pt(533)37 and Pt(211)3s surfaces found the measured dissociation
probabilities were asymmetrical with respect to the angle of incidence. These surfaces showed a clear
preference in the direction of the (100) steps indicating the dominance of the atoms along the step
edge as the preferred site for methane dissociation under the conditions studied.

The measured angular dependence of the dissociation probability for thermally excited
methane molecules on an 800 K Ni(997) surface is plotted in Figure 5.9. The translational energy,
E, of the 1% CH4/H2 beam was 128 k] mol.1. There is a slight preference for reactivity in the
direction of steps, however the observed angular dependence is much more symmetric than the
measurements on the stepped Pt crystals. These data provide further confirmation that the terraces
are indeed making a significant contribution to the measured sticking probabilities.

Equation 5.3 relates the angle of incidence to the normal component of translational energy,

E =Ec &8 Eq. 5.3
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Assuming normal energy scaling, the translational energies of doses recorded at normal incidence
were converted to values of 6; and plotted these sticking measurements against the angle resolved
dataset in Figure 5.9. The same relationship described in Eq. 5.3 was used to calculate the normal
component of the incident energy for the angle-resolved measurements to plot a comparison of the
sticking curves at normal incidence, into the steps and into the terraces of the Ni(997) surface
alongside the Ni(111) data. The angle resolved sticking curves, ' ind %3, are displayed in Figures
5.10 and 5.11. The angle-resolved measurements are also summarized in Table 5.4.

Together, these figures again emphasize the contributions of Ni atoms on both the steps and
terraces at high incident energies on the hot Ni(997) surface. The importance of the terrace atoms to
the measured §) further supports the number density argument made in the preceding section as a
plausible explanation for the higher observed reactivity on the Ni(111) crystal. Additionally, the
divergence of the angular datasets as the normal energy component is reduced fits with the expected
dominance of the step sites at low incidence energies as predicted by models including only the

minimum energy pathway.
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Table 5.4 Summary of angle resolved measurements of methane reactivity on an 800 K
Ni(997) single crystal including the incident energy (), normal translational energy
(E ), angle of incidence (8;), thermal ' ind state-resolved (S*) reaction

probabilities. The nozzle temperature was 700 K for all doses.

E (k mol) |E (kJ moli) |6 (radians) | '] &®'"| & | &
128 84 -0.628 0.007 0.0006 0.027 0.0038
128 96 -0.524 0.016 0.0003 0.052 0.0026
128 107 -0.419 0.033 0.0004 0.084 0.0027
128 116 -0.314 0.049 0.0002 0.107 0.0018
128 123 -0.209 0.064 0.0003 0.134 0.0029
128 127 -0.105 0.080 0.0003 0.150 0.0022
128 128 0.000 0.082 0.0002 0.155 0.0010
128 127 0.105 0.073 0.0004 0.132 0.0024
128 123 0.209 0.060 0.0004 0.116 0.0035
128 116 0.314 0.040 0.0004 0.086 0.0033
128 107 0.419 0.023 0.0004 0.061 0.0027
128 96 0.524 0.011 0.0005 0.036 0.0045
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5.4 Conclusion

The results discussed in this chapter mark a significant stride toward understanding the
impact of the surface on methane dissociation under conditions more representative of those found
in an industrial steam reformer. Methane dissociation proceeded independent of surface temperature
from Txa = 500 — 1000 K on the lightly stepped Ni(997) single crystal. This is in contrast to the
moderate surface temperature dependence observed under similar conditions on Ni(111). The
different behavior of the two surfaces is attributed to the compressive strain on the Ni(997) terrace
atoms and unexpectedly resulted in a higher sticking probability on the flat surface at the
temperatures most similar to those used industrially. Measurements of deuterated methane on
Ni(997) confirmed that the technique was not underestimating the dissociation probability on the
stepped surface due to recombinative desorption. Further, angle resolved measurements supported
the argument that the higher density of terrace atoms on Ni(111), in addition to their increased
ability to accommodate thermal energy, was the likely source of the comparatively higher reactivity.

While these results are specific to the low proportion of molecules in the high energy tale of
thermally available states, they do suggest that the d-band model is not necessarily predictive of the
measured reactivity under conditions where a multitude of pathways are accessible for dissociation.
The angle resolved measurements suggested that the steps should become more important as the
incident energy is decreased. Measurements probing reactivity in the energy starved regime are
ongoing to confirm that the CHs4/Ni(997) system behaves as expected. A systematic study of
methane dissociation on a variety of stepped surfaces under similar conditions would also support

the arguments made in this chapter.
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