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ABSTRACT

Experimental results from molecular beam investigations of
trapping and dissociative chemisorption phenomena for several gas-
surface systems are presented. The dissociative chemisorption of
oxygen on Ir(110)-(1x2) in the limit of zero coverage S, was studied
as a function of incident kinetic energy E;, incident angle 6; and
surface temperature Ts. Results from this investigation indicate
that two mechanisms account for the initial chemisorption. At low
incident kinetic energy (less than 4 kcal/mol) chemisorption
mediated by trapping is primarily responsible for the dissociative
adsorption while at high energies a direct mechanism can account
for the results. In both energy ranges the initial dissociative

chemisorption probability is insensitive to incident angle.

The trapping of molecular ethane as well as the dissociative
chemisorption of ethane on the clean Ir(110)-(1x2) surface has also
been investigated. The initial trapping probability {, is found to
decrease with incident kinetic energy from a value of ~0.98 at 1
kcal/mol to ~0.1 at 16 kcal/mol. These data scale with E;cos9-56;.
The initial dissociative chemisorption of ethane on Ir(110)-(1x2)
occurs via a trapping-mediated mechanism at low E; and a direct
mechanism at high kinetic energies. In the trapping-mediated

regime S, decreases rapidly with increasing Ts. These data



Vi
quantitatively support a kinetic model consistent with a trapping-
mediated chemisorption mechanism. The difference in the
activation energies for desorption and chemisorption from the
physically adsorbed, trapped state Eg4-E. is 2.2+0.2 kcal/mol.
Chemisorption at high kinetic energies, in the direct regime, is

independent of surface temperature.

Additionally, the trapping probability of Ar on Pt(111) has
been measured as a function of incident kinetic energy, and angle for
Ts=80, 190 and 273 K. The trapping probability decreases with
increasing E; in a manner that depends on both 6; and Ts. The angular
scaling law governing the trapping is a function of Tg such that {,
scales with Ejcos'-56; at 80 K, Ejcos'-06; at 190 K and Ejcos0-56; at
273 K. These results suggest that parallel momentum dissipation
becomes increasingly more important to the trapping dynamics as

the surface temperature is increased.
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CHAPTER|

INTRODUCTION

The study of gas-surface dynamics and reactions is important
for both fundamental and practical reasons. At a basic level, the
chemical and physical processes that occur when a particle collides
with a surface are only poorly understood. For example, the energy
transfer mechanisms that account for the physical adsorption of a
rare gas atom at a solid surface are just beginning to be recognized.
The dynamics and energetics of the dissociative chemisorption of
gas phase molecules at solid surfaces are even more complicated.
Thus, this type of phenomena provides many intellectually
challenging problems. The results of such studies are frequently
useful in understanding and enhancing industrial processes also. For
example, quantifying and understanding dissociative chemisorption
is useful in improving the performance of heterogeneously catalyzed

commercial reactors.

Fundamental studies over the past 30 years have carried
surface science and in particular the dynamics of gas-surface
interactions to a new level of maturity!. Increasingly more detailed
questions are being asked and answered. The past five years have
witnessed a virtual explosion in activity with regard to studies of
the dynamics and reactions of gas-surface systems by molecular

beam techniques2-'4. Much of the recent progress in surface science
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is due to these studies. Thus, this thesis reports findings from

several investigations of gas-surface dynamics employing the

molecular beam technique.

Chapters Il and Il contain the results of research concerning
the chemisorption dynamics of the interaction of oxygen with the
Ir(110)-(1x2) surface. Experimental results of the dissociative
adsorption as a function of incident kinetic energy, incident angle
and surface temperature are reported. Chapter Il also contains a
detailed description of the apparatus used in obtaining the

experimental data reported in Chapters 1I-V and Appendix A.

Chapters IV and V and Appendix A report results from an
investigation of the interaction of ethane with the Ir(110)-(1x2)
surface. In particular, Chapter IV is an account of the initial
probability of physical adsorption on the surface at 77 K. The
incident kinetic energy and angle dependence of the trapping
probability are reported and discussed. Chapter V describes the
results of experiments concerning the initial dissociative
chemisorption of ethane as a function of incident kinetic energy,
incident angle and surface temperature. Appendix A reports findings
from a comparison of Monte-Carlo simulations and molecular beam
reflectivity measurements of the physical adsorption probability of

ethane on Ir(110)-(1x2) as a function of time.

Chapter VI and Appendix B contain descriptions of results from

experiments probing the interaction of argon at relatively low
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kinetic energy with the Pt(111) surface and the 2H-W(100) surface.

These studies were motivated by a desire to better understand the
trapping step in trapping-mediated chemisorption. Chapter VI
reports studies of the trapping probability as a function of incident
energy and angle as does Appendix B. In addition, Chapter VI reports

the surface temperature dependence of the trapping probability.

Appendices C and D display and discuss experimental results
from electron energy loss measurements of ammonia and ethylene on

Ru(001).
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CHAPTER Il

DYNAMICS OF THE DISSOCIATIVE CHEMISORPTION OF
OXYGEN ON AN Ir(110)-(1x2) SURFACE

[The text of Chapter Il consists of an article coauthored with W.H.
Weinberg, to be submitted.]
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ABSTRACT

~ The dissociative chemisorption of oxygen on Ir(110)-(1x2) has
been investigated employing molecular beam techniques. The
probability of dissociative chemisorption as a function of incident
kinetic energy between 1 and 23 kcal/mol, incident angle between 0
and 45°, and surface temperature between 150 and 600 K is reported
in the limit of zero-coverage. For kinetic energies less than
approximately 4 kcal/mol the initial probability of dissociative
chemisorption data are explained via a trapping-mediated
mechanism. For kinetic energies greater than 4 kcal/mol a direct
mechanism is primarily responsible for dissociative chemisorption.
The data are insensitive to surface temperature except at greater
than 500 K in the trapping-mediated chemisorption regime where
the temperature effect is manifested in a decrease in the trapping
probability. The height of the activation barriers for desorption and
chemisorption from the trapped state are equivalent to within 100
cal/mol. Both the direct and trapping-mediated chemisorption

regimes are very insensitive to incident angle scaling with total

energy.



I. INTRODUCTION

| Quantifying and understanding the dynamics and energetics of
the dissociative chemisorption of a gas-phase diatomic molecule on
a transition metal surface is a problem attracting a great deal of
interest currently. Indeed, the problem is multifaceted and complex.
Comparatively little is known, for example, regarding the
mechanism with which the impinging molecule transfers its kinetic
energy to substrate and internal molecular excitations. The surface
site at which dissociation occurs for a given incident kinetic energy
remains a pertinent question. The role d electrons play in the
dissociation mechanism is only beginning to be understood. There
are far more questions than answers concerning this class of
chemical reactions. It is clear this problem is important for
fundamental reasons but answers to the above questions are also of
practical significance. Heterogeneously catalyzed chemical
reactions are an important part of industrial chemical processing
and the dissociation of a diatomic at a surface is among the
simplest of the profusion of reactions occurring in an industrial
reactor. Obviously the dissociation of a diatomic molecule at a
surface will have to be understood before significant progress on
other more complex reactions can be made. Perhaps more relevant
to this discussion, the dissociative chemisorption of oxygen is an
important step in the epoxidation of ethylene and the oxidation of

carbon monoxide.
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Recently several groups!-'4 have investigated the dynamics of
dissociative chemisorption utilizing molecular beam techniques.
These studies have greatly enhanced our understanding of the gross
features of the molecule-surface interaction potential. Thus we
employ a molecular beam apparatus in this investigation of the
dissociative chemisorption of oxygen on Ir(110)-(1x2) to probe and
determine the general features of the potential hypersurface for

this system.

The results from a large body of work including the previously
mentioned molecular beam investigations indicate that there are
two basic mechanisms that account for most dissociative surface
reactions in the limit of zero surface coverage. There is a direct
mechanism whereby the molecule dissociates upon impact with the
surface at relatively high incident kinetic energy and with little or
no surface temperature dependence. There is also a trapping-
mediated mechanism in which the molecule transfers sufficient
translational energy to substrate and internal excitations during the
collision to trap in a molecularly adsorbed state. The probability of
trapping at the surface increases with decreasing incident kinetic
energy. Once it is trapped the molecule equilibrates with the
surface and either desorbs or reorientates such that dissociation
can occur. Thus, trapping-mediated chemisorption rates are
typically strong functions of temperature. However, this is not
always true and the system discussed in this paper (O»/Ir(110)-
(1x2)) is one of the exceptions. Indeed, increasing surface

temperature Tg can serve to both decrease and increase reaction
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rates or have no effect at all'S. The chemisorption rate decreases
with increasing Ts if the activation barrier to dissociation is less
than the barrier to desorb from the molecularly adsorbed (trapped)
state. On the other hand, the chemisorption rate increases with
increasing Tg if the reverse is true. Systems with the former
characteristics are relatively facile so that chemisorption
probabilities can be quite high while the latter characteristics are
relevant to activated chemisorption systems since the barrier to
dissociation is higher than the vacuum zero energy level. It is our
belief that both channels exist for most molecule/surface systems.
However the probability of dissociative chemisorption can be quite
low in the activated systems. Obviously if the probability of
dissociation in a trapping-mediated chemisorption mechanism is
surface temperature independent the barrier to desorb is the same

height as the barrier to dissociate.

Some of the earlier molecular beam studies of chemisorption
dynamics focussed on the direct mechanism of dissociation for
activated systems'-9. These studies revealed that translational
energy can be very effective in surmounting the barrier to
dissociative chemisorption and that this barrier is often very nearly
one-dimensional. However, this work generally has not revealed any
details regarding the trapping-mediated mechanism for activated
systems. That this channel exists for these activated systems has
been demonstrated with experiments at relatively high pressure in
batch reactors'6.1'7 where the available kinetic energies are limited

to low values according to a Maxwell-Boltzmann distribution. Thus
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indicating the importance of this channel in industrial

heterogeneously catalyzed chemical reactions.

Some of the more recent accounts of molecular beam studies
of surface chemical reaction dynamics have described relatively
facile chemisorption systems which have been particularly useful in
uncovering the relevant dynamics in a trapping-mediated
mechanism10-14 In a study of N» on W(100) Rettner, et al.14
convincingly demonstrated the existence of a trapping-mediated
channel at low incident kinetic energies. In a separate paper on the
same system Rettner, et al.'8 also showed that the trapping
probability was only weakly influenced by surface temperature, a
critical assumption in several analyses prior to these

measurements.

Rettner and coworkers have also investigated the initial and
coverage-dependent dissociative chemisorption of oxygen on W(110).
This study has not supported assignment of a trapping-mediated
mechanism for dissociative chemisorption for T between 280 and
800 K. In fact, the initial probability of dissociative chemisorption
S, increases rapidly with increasing E; from 2.3 to 11.5 kcal/mol
which fits better with a direct dissociation mechanism. Only weak
indirect evidence for trapping-mediated dissociative chemisorption
was found for incident kinetic energies of less than 1.1 kcal/mol.
However a study of Oo chemisorption on W(110) using an effusive

beam source by Wang and Gomer!9 indicates that a trapping-
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mediated chemisorption channel may be significant for surface

temperatures less than 200 K.

Luntz and coworkers have investigated the dissociative
chemisorption of oxygen on Pt(111) recently using molecular beam
techniques'2. This study unambiguously shows both trapping-
mediated and direct channels to dissociative chemisorption. The
high incident kinetic energy direct channel for this system also
showed a weak but suprising temperature dependence. In a separate
paper Luntz, et al. have also demonstrated the existence of a
physically adsorbed state of O, on Pt(111) which is believed to be

the precursor to the molecular chemisorbed state20.

Of particular interest with regard to the present study is the
work of Taylor, et al.2' on the dissociative chemisorption of O, on
1r(110)-(1x2). Indeed this work provided some motivation for this
study. In their investigation Taylor, et al. employed thermal
desorption mass spectrometry, low-energy electron diffraction and
work function measurements to determine initial and coverage-
dependent chemisorption probabilities. Their results indicate that
the initial probability of chemisorption is independent of surface
temperature. They also concluded for T between 300 and 700 K that
the adsorption kinetics could be described by a second-order

precursor model.

This paper is a presentation and discussion of experimental

data concerning the interaction of O, with the Ir(110)-(1x2) surface
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employing a molecular beam apparatus. In particular, measurements
of the initial probability of dissociative chemisorption as a function
of incident kinetic energy, incident angle and surface temperature
are presented and discussed in light of the mechanisms described
above. We find evidence at low kinetic energies for a trapping-
mediated chemisorption channel and a direct channel at high E;. We
also find that the initial probability of chemisorption is relatively
insensitive to incident angle and surface temperature. A detailed
description of the apparatus and procedures used to obtain the data
is presented next. A brief, preliminary account of this work has

appeared previously?22.
Il. EXPERIMENTAL

The experimental apparatus is shown schematically in an
overhead view in Fig. 1 and consists of an ultra-high vacuum (UHV)
scattering chamber and a thrice differentially pumped molecular
beam source. The apparatus is particularly well suited for studies
of the dynamics of adsorption because of its relatively small volume
and high pumping speed. These attributes simplify and increase the
accuracy of the analysis that is necessary to determine
probabilities of adsorption from uptake measurements.
Determination of the probability of adsorption by coverage versus
exposure measurements either by thermal desorption mass
spectrometry or Auger analysis can also easily be performed. Ease
of operation and maintenance are also a consideration in the design

of a molecular beam apparatus. The machine has a particularly
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simple yet effective sample manipulator which allows extremely
rapid cooling via liquid nitrogen. The nozzle, nozzle heater and
nozzle temperature controller were also very easy to construct and
have provided simple operation and stable performance. Experiments
are typically conducted by directing a supersonic beam of oxygen at
an Ir single crystalline sample and measuring the scattered flux.
Details of the experimental procedure and the relevant portions of

the apparatus are provided below.

The scattering chamber is the largest vacuum chamber in the
system and is also the focus of the apparatus since it houses the
crystal sample and all the spectroscopic instrumentation. The
scattering chamber has a volume of ~100 liters and is pumped by a
turbo-molecular pump (Balzers TPU2000) with an effective pumping
speed of approximately 1000 liters/s. A typical base pressure of
~1x10-10 Torr is achieved within a few days of a 36 hour bakeout at
150°C. The third beam-source chamber (C3 in Fig. 1) is also pumped
by a turbo-molecular pump (Balzers TPU270) and after bakeout has a
pressure of ~1x10-® Torr. The other beam-source chambers (C1 and
C2) are pumped by diffusion pumps and do not need to be baked to
attain adequate vacuum. The function and contents of the beam-

source chambers is explained below.

The iridium crystal was cut from a boule that was oriented
with a Laue diffractometer and then polished using standard
techniques.  The surface was cleaned routinely by argon ion

sputtering and annealing the surface in an oxygen background. This
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treatment reduced impurity levels on the surface (mainly carbon) to
below the detection level of our Auger spectrometer (Physical
Electronics Industries, 15-255G). The clean surface exhibited a
sharp (1x2) Ilow-energy electron diffraction (LEED) pattern
indicative of the reconstructed Ir(110) surface. LEED measurements
are made using a 4-grid screen (Varian) which can be viewed and
photographed through a standard 6 in. flanged window. The
azimuthal orientation of the sample as determined by LEED is such
that an [001] vector lying in the plane of the sample surface is
approximately 15° from the axis of rotation of the manipulator (i.e.,

the polar angle).

The single crystalline sample is mounted on a manipulator
which can be rotated to vary the angle of incidence of the molecular
beam on the surface. The crystal is mounted on the manipulator by
small copper blocks that clamp on two short Ta wires spot welded to
the backside of the sample. The crystal is heated by passing a
current through the Ta supports and the sample itself. - With liquid
nitrogen flowing through the manipulator the sample can be cooled
from 1600 K to 80 K in less than 90 seconds. The sample
temperature is determined by a 0.003 in. W-5%Re/W-26%/Re
thermocouple spot-welded to the backside of the crystal. The
copper mounting blocks are attached to the copper rods from a
miniconflat combination power and thermocouple feedthrough. The
upper end of the feedthrough copper rods, located inside the
stainless steel manipulator shaft, are immersed in liquid nitrogen

when cooling is desired. The liquid nitrogen flows down a tube
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inside and coaxial to the manipulator shaft directly to the attached
feedthrough whereupon the fluid turns 180° and flows back over the
inner tube to exit the manipulator shaft. This aspect of the design
together with the small thermal resistance from the copper rod to
the crystal is largely responsible for the rapid cooling of the
crystal. The molecular beam is horizontal and therefore the surface
normal of the crystal is aligned in a horizontal plane during
mounting using a HeNe laser beam. The angle of incidence of the
molecular beam can be read and repositioned to ~0.1° and its
absolute value has been determined to ~1° using a HeNe laser beam

coaxial with the molecular beam apertures.

A supersonic beam of molecular oxygen is generated using a
heatable nozzle source with a 100 um diameter orifice and a total of
three differential pumping stages. The vacuum chamber housing the
nozzle is shown in Fig. 1 and denoted C1. A 0.48 mm skimmer (Beam
Dynamics, Model 1) is mounted in this chamber and the nozzle is
positioned from 2-8 mm from the knife-edge orifice of this
skimmer, depending on the gas, nozzle temperature and pressure.
The second beam chamber, C2, has a 0.98 mm skimmer (Beam
Dynamics, Model 1) mounted inside, as well as a beam stopping flag
(Newport). The flag has a response time of ~0.001 seconds and can
be used to accurately dose the crystal with the molecular beam (as
short as 0.01 seconds). The flag is also used in making reflectivity
or uptake measurements, as is discussed later. Finally, the third
beam chamber, C3, has a 2.0mm plate aperture which is the last the

beam must pass through before entering the scattering chamber. The
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third beam chamber also contains a chopper so that modulation of
the beam is possible. The two skimming apertures and the final
plate aperture were aligned concentrically visually with a telescope
and also by diffraction of light from the HeNe I»aser. The laser has
an optical fiber attached which directs light coaxial with the
molecular beam to aid in aligning the crystal in the beam. The
nozzle has a window at the end outside the vacuum chamber which
can also be used with the laser for alignment of the nozzle with the

apertures.

As mentioned above the third beam chamber contains a high
speed chopper which allows beam energies to be determined via
time-of-flight measurements using a quadrupole mass spectrometer
(ExtraNuclear) as a detector. This operation is conducted in pulse
counting mode using a multichannel scaler board (Ortek, ACE-MCS)
inside a personal computer. The chopper is composed of an aluminum
disc with 2 narrow slits machined into it radially 180° apart, near
the disc edge. The disc is mounted on and driven by a synchronous
motor (Globe-TRW, 75A6000). As the disc rotates and the upper slit
passes through the molecular beam, light from an incandescent bulb
passes through the lower slit illuminating a photodiode. This creates
a voltage pulse which is used as a trigger signal for the
multichannel scaler. In practice there is a small lag (or lead) time
due to misalignment of the diode and light bulb with respect to the
molecular beam. Thus the real zero time is established by running

the chopper both clockwise and counter-clockwise and averaging the
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results of the time-of-flight measurement to cancel the lead and lag

effects.

To accurately determine beam kinetic energies it is also
necessary to measure the ion flight time to the electron multiplier
following ionization. lon flight times have been calibrated using a
molecular beam of SFg and comparing the time-of-flight
measurements of the various mass fragments from the cracking
pattern. These data are then fit to an equation of the form
tion~(CionXMion)%-> where My, is the ion mass and Cjon is a constant
determined by the fit. lon flight times are between 5 and 10% of the
total flight time.

Beam kinetic energies between approximately 1 and 23
kcal/mol can be generated by controlling the nozzle temperature and
seeding in Ar and He. Nozzle heating is accomplished by passing an
AC current through a ceramic insulated inconel clad nichrome wire
which is tightly wrapped around the final 9 inches of length of the
nozzle. Even with this long heated length there is a maximum 15%
discrepancy between the measured nozzle temperature and time-of-
flight determined gas temperature (for rare gases) for nozzle
temperatures above 300 K. The nozzle temperature is measured
with a Chromel-Alumel thermocouple spot welded to the end of the
nozzle and the temperature is controlled and stabilized with the aid
of a temperature controller (Omega). The energy spread of the beam
is typical of most supersonically generated beams with

AEFWHM/EPeak~O-1 5.
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Dissociative chemisorption probabilities are measured
primarily using an uptake method commonly known as the beam
reflectivity method of King and Wells23. In this transient
measurement the surface acts as a getter and the experimentally
determined partial pressure of oxygen is used as a measure of the
molecules that reflect from the surface without adsorbing. In
principle this technique can yield the value of the chemisorption
probability as a function of surface coverage in a single
measurement. For a system with negligible vacuum time constant
(e.g., Fig. 2) the initial probability of chemisorption would be
determined by a comparison of the initial oxygen partial pressure,
following the opening of the high speed shutter (at t;), to the oxygen
partial pressure from the beam scattering from the saturated
surface (at tz). In this case the initial probability of dissociative

chemisorption is simply P{/(P1+P>).

Data is acquired during a reflectivity measurement in the
pulse counting mode using the same multichannel scaler and
quadrupole mass spectrometer mentioned earlier. The data can be
analyzed using the same personal computer that is used for
acquisition. This analysis is relatively straightforward for an ideal
system as demonstrated above. However, for a real system with
finite vacuum time constant and increases in the observed partial
pressure which are not totally due to the supersonic beam impinging
on the surface, extra measures must be taken. Fortunately another

complicating factor, unstable pumping speed, has a negligible effect
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on our measurements. The high pumping speed of the turbomolecular
pump (effectively 1000 I/s) and the small chamber decreases the

effect of pumping by chamber walls to an immeasureable effect.

In cases with reactive gases where the chemisorption
probability is near unity such as the present study, oxygen
dissociation on Ir(110)-(1x2), the initial rate of change of the
surface coverage is too rapid to neglect the vaccum time constant.
We have accounted for this complication with two measures.
Firstly, we dilutely seed all beams to reduce the flux of reactive
gases to the surface. Secondly, we directly measure the vacuum
time constant, ignore the initial transient and linearly extrapolate
back to the beginning of the transient using data that is at least 5

time constants (< 0.1s) removed from the time zero.

As pointed out by Rettner et al.13 there is a component in the
partial pressure rise in the scattering chamber in. addition to the
component due to the supersonic beam impinging on -the crystal
surface. This additional nonnegligible partial pressure rise is due to
an effusive beam of gas emanating from the final differentially
pumped chamber, C3. This gas scatters out of the supersonic beam
and eventually effuses into the main chamber contributing to the
oxygen flux. To measure this component we note the pressure rise in
the third beam chamber with the beam on and the flag open and then
measure the partial pressure of oxygen increase in the scattering
chamber. Then, with the flag shut a leak valve mounted on the third

chamber is opened and adjusted to give the same pressure rise in
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this chamber as with the beam on and flag open. The partial
pressure of oxygen in the scattering chamber is then measured once
again and attributed entirely to the effusive beam component. The
effusive beam component has been measured for several gas
mixtures (oxygen and carrier gas) and in all cases yields a value that
is 1.75% of the supersonic component. Since the effusive component
radiates into a half space with a cosine distribution that is
azimuthally symmetric the number of particles that interact with
the crystal surface is negligible. This means that the entire
effusive component adds to the partial pressure recorded during a
reflectivity measurement at each instant in time after the initial
0.5 seconds, where time constant effects are present. Hence, the
effusive component is subtracted from the reflectivity measurement

from t14+0.5 s through ts.

The initial probability of dissociative chemisorption s
computed as follows. The values of the partial pressures from t, to
ti are averaged and this average is labeled Py., and an uncertainty
co0-1 is computed for this average. A similar computation is
performed for partial pressures from to to t3 and the average is
labeled Pt,.t,. The uncertainty in Py, is labeled c2.3. Finally, as
mentioned earlier a linear least squares fit is performed on the
initial transient partial pressure data suitably removed from t; (55
vacuum time constants) and the line generated by this fit is
extrapolated to t,. This value is labeled P; and the associated

uncertainty is labelled o;. The initial probability of dissociative

chemisorption is then computed as:
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So=(Pt,t,-Pi)/{(P1,-,-P1,-t,)0.9825}.

The factor of 0.9825 in the equation accounts for the effusive

component in the partial pressure.

Uncertainties for each measurement are estimated from the
individual uncertainties that make up the computation of the initial
dissociative chemisorption probability. The uncertainty in the
effusive component is not included in the propagation of uncertainty
since the contribution to the total uncertainty is much less than
that of the other components (always < 5% of the total uncertainty).
The propagation of uncertainties is straightforward and leads to the

following simple formula for computation:

(650)2[Pty-1,-P1,-1,12=[1-S0]2(02-3)2+ Sp2(00-1)2+(0i)2.

Uncertainties in S, are always less than 0.05 and typically ~0.025.

Finally, the surface coverage during a reflectivity
measurement is represented by the cross-hatched area in Fig. 2 so
that probabilities of chemisorption versus coverage can be obtained.
However in practice this tends to be quite difficult since the beam
reflectivity technique is not accurate for values of S,<0.05 thus

making the area representing coverage ill-defined.
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I1l. RESULTS AND DISCUSSION

Figure 3 shows the initial probability of dissociative
chemisorption of oxygen on the Ir(110)-(1x2) surface as a function
of incident kinetic energy for T¢=150 and 300 K at normal incidence.
At low incident kinetic energies ( < 4 kcal/mol) the initial
probability of chemisorption decreases with increasing E;. This
behavior is characteristic of a trapping-mediated mechanism for
chemisorption and is completely different from that which is
expected for direct chemisorption. As previously mentioned, the
trapping probability is expected to decrease with increasing E; since
the fraction of kinetic energy dissipation that is required in order to
trap will increase. Simply put, trapping will occur when the
fraction of incident kinetic energy that is dissipated upon
impingement is greater than Ej/(Ej+€), where € is an effective
attractive well depth24. This qualitative feature has also been
demonstrated with simple hard-cube models25 and classical
trajectory techniques?é. Additionally, recent experiments
investigating trapping of rare gases27-29 and molecules39-32 exhibit

similar trends.

As mentioned earlier, a trapping-mediated dissociative
chemisorption mechanism has previously been identified for O, on
Pt(111)12. Thefalloffin S, with increasing E; for oxygen on Pt(111)
in the trapping regime occurs over nearly the same energy range as
that shown in Fig. 3. This falloff in S, with E; is quite rapid

compared to other systems. The kinetic energy range over which



I1-19

trapping-mediated chemisorption occurs is smaller for oxygen on
Ir(110)-(1x2) and Pt(111) than for N> on W(100)'4 or CoHg on
Ir(110)-(1x2)10, This is probably due to the depth of the well in
which trapping occurs being smaller for the oxygen on Ir(110)-(1x2)
and Pt(111) cases than the latter cases. Indeed for trapping-
mediated chemisorption of O, on Pt(111) the well into which the
particle traps appears to be the well for physical adsorption20 which
is approximately -3 kcal/mol deep. Alternatively, the well depth for
the physical adsorption of CoHg on Ir(110)-(1x2) is approximately
9 kcal/mol'0., However, this explanation is by no means definitive.
Prior to their identification of a physically adsorbed state of oxygen
on Pt(111) Luntz, et al. favored trapping into the molecularly
chemisorbed state20. The reconstructed (110) surface of iridium is
expected to be more reactive than either the (110) or (111) surfaces
of Pt however the two metals show similar behavior in their
reactions with hydrogen33 and hydrocarbons34. Indeed Taylor, et
al.21 mention a stable molecularly chemisorbed state of oxygen on
Ir(110)-(1x2) for Tg less than 100 K. The similarities between the
two surfaces leads us to believe that the oxygen molecule is
probably trapping into the physically adsorbed well on the Ir(110)-
(1x2) surface also. Until additional surface spectroscopic work is
performed with O, on Ir(110)-(1x2), particularly vibrational
spectroscopy at low Tg, comparisons with Pt are the only

alternative.

Also shown in Fig. 3 is a rapid increase in S, with increasing

incident kinetic energy for E; greater than approximately 4 kcal/mol.
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This behavior is. typical of that expected for dissociative
chemisorption via a direct mechanism. A direct chemisorption
mechanism has also been identified for oxygen chemisorption on

Pt(111)12 and on W(110)13.

The data shown in Fig. 3 are for two surface temperatures
(150 and 300 K) and have virtually the same value of Sy as a function
of E; indicating a lack of dependence on Ts. Such behavior is
expected for dissociative chemisorption via a direct mechanism but
it is somewhat atypical of chemisorption in the trapping-mediated
regime. Figure 4 shows the initial probability of dissociative
chemisorption as a function of surface temperature for two
incident conditions. The upper data represented by a A are in the
direct regime with E;=9.1kcal/mol and 6i;=15° whereas the lower data
are in the trapping-mediated regime with E{=980cal/mol and 6;=45°.
This figure is further evidence of a lack of surface temperature
dependence on the initial probability of chemisorption. The decrease
in §, for Ts greater than 500 K for the data in the trapping-mediated
regime (lower data in Fig. 4) is most likely due to a decrease in the

trapping probability as will be discussed shortly.

As mentioned previously the probability of trapping-mediated
dissociative chemisorption can increase with Tg, decrease with Tg or
be independent of surface temperature, depending on the details of
the potential energy surface. Once the molecule is trapped it loses
all memory of its prior gas-phase conditions and accomodates fully

to the surface temperature. Thus the surface temperature
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dependence of S, in the trapping-mediated regime arises from a
kinetic competition between the dissociative chemisorption and
desorption of the molecule from the trapped state. A simple kinetic
model has been constructed that can account for this kinetic
behavior for the relatively facile reactions of No on W(100)14.23, O,
on Pt(111)12 and C,Hg on Ir(110)-(1x2)10 and the activated reactions
of alkanes on Pt(110)-(1x2)'® and Ni'7. However for systems where
the activation barrier to desorption from the trapped state is
equivalent to the activation barrier to dissociation from the trapped
state there is no surface temperature dependence. Using the kinetic
model mentioned abovel0.14,16,.23 we estimate that the difference in
the heights of the barriers to dissociate and desorb from the trapped

state is approximately 100 cal/mol.

As mentioned previously the decrease in the initial probability
of dissociative chemisorption for surface temperatures greater than
500 K as shown in Fig. 4 is probably due to a decrease in the trapping
probability. Recently Rettner, et al.'8 have made detailed
measurements of the trapping of N, on W(100) for T from 300 to
1000 K. These studies indicate that the trapping probability does
decrease slightly (< 20%) over this temperature range. Intuitively
we would expect that the amount of decrease in the trapping
probability for a given system would depend dn the trapping well
depth and the vibrational structure of the substrate. Additional
work regarding the trapping of Ar on Pt(111) as a function of
surface temperature2® support the weak but measureable dependence

of the trapping probability on T,.
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Figure 5 shows S, as a function of incident angle for
measurerhents in the trapping-mediated and direct regime. As
clearly shown in Fig. 5 the value of the initial probability of
dissociative chemisorption is independent of the incident angle for
both the direct and the trapping-mediated regime. Also shown in
Fig. 5 are predicted curves of the value of S, assuming normal energy
scaling of the data. It is clear that normal energy scaling does not
hold and that the system scales with total energy. The nature of the
angular dependence on dissociative chemisorption as well as on
trapping is poorly understood at the moment. Total energy scaling
was found for N, activated dissociative chemisorption on W(110)1
and explained by invoking a model3> which scrambles the parallel
and perpendicular components of momentum via relatively small
corrugations in the molecule-surface interaction potential. However
the activated dissociative chemisorption of H, on various Cu
surfaces4 has been found to scale with normal energy. Trapping-
mediated chemisorption of ethane on Ir(110)-(1x2) is found to
nearly scale with total energy while the direct channel scales with
normal energy!'®. Oxygen chemisorption on W(110)'3 scales with
normal energy but O, dissociative chemisorption on Pt(111)12 scales
between normal and total energy scaling. Clearly much more
experimental and theoretical work is required to understand the

nature of the angular dependence on dissociative chemisorption.
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IV. SUMMARY

The results of a molecular beam investigation of the dynamics
of the dissociative chemisorption of oxygen on Ir(110)-(1x2) in the
limit of zero-coverage have been presented. We find that the initial
dissociative chemisorption probability can be described by a
trapping-mediated mechanism at low kinetic energies and by a
direct mechanism at high kinetic energies. The value of S, is
independent of the surface temperature except in the trapping-
mediated regime for Tg greater than 500 K. Here the value of the
initial probability of chemisorption decreases most likely due to a
decrease in the trapping probability. We also find that the value of
S, is insensitive to incident angle in both the trapping-mediated and

the direct chemisorption regimes scaling with total energy.

This work was supported by the National Science Foundation
under grant number CHE-8617826. Acknowledgment is also made to
the Donors of the Petroleum Research Fund of the American Chemical
Society for partial support of this research under grant number PRF

19819-AC5-C.
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FIGURE CAPTIONS

Figure 1. Schematic of molecular beam apparatus for determining
the probability of dissociative chemisorptir.i. Key: C1-C3,
differential pumping chambers for nozz.e source (ns), GM, gas
manifold, VG, valve for gas flow, VP, view port, sa, skimmer
aperture, F, flag, a, aperture, BC, beam chopper, UHV, ultra-high
vacuum scattering chamber, Art+, argon ion gun, QMS, quadrupole
mass spectrometer, AES, Auger electron spectrometer, LEED, low-
energy electron diffraction optics. The single crystalline sample is
held on a manipulator which can cool or heat the sample and rotates

on an axis perpendicular to the molecular beam.

Figure 2. Schematic of the partial pressure of oxygen in the
scattering chamber as a function of time during a beam reflectivity
measurement. At t, the nozzle is filled with gas and at t; the flag is
opened so that the beam impinges on the crystal surface. The patrtial
pressure at ti is P> greater than the baseline partial pressure. As
time proceeds the partial pressure approaches a value P{+P5 greater
than the baseline and is steady after to. This is because the surface
is saturated with oxygen at this point and thus all oxygen molecules
in the beam are reflected from the surface. Finally, at t3 the flag is

shut again.

Figure 3. The initial probability of dissociative chemisorption of
Oz on Ir(110)-(1x2) as a function of incident kinetic energy for

Ts=150 K (@) and for T¢=300 K (X) at normal incidence.
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Figure 4. The initial probability of dissociative chemisorption of
O2 on Ir(110)-(1x2) as a function of surface temperature for Ei=980

cal/mol and 6i=45° (g) and for Ei=9.1 kcal/mol and 6i=15° (a).

Figure 5. The initial probability of dissociative chemisorption of
O2 on Ir(110)-(1x2) as a function of incident angle for Ej=9.1
kcal/mol and Ts=300 K (O) and E;=2.6 kcal/mol and T¢=225 K (0). The
X symbol and A symbol represent the values of Sp at Ej=9.1 kcal/mol
and Ej=2.6 kcal/mol, respectively, if normal energy scaling held.

These values are obtained by interpolating between points on Fig. 3.
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CHAPTER 1l

AMOLECULAR-BEAM STUDY OF THE DISSOCIATIVE CHEMISORPTION
OF O, ON Ir(110)-(1x2)

[The text of Chapter lll consists of an article coauthored with Y.
Wang and W.H. Weinberg, which has appeared in J. Vac. Sci. Technol. A
7, 2125 (1989).]
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A molecular-beam study of the dissociative chemisorption of O,

onlir(110)-(1x2)
C.B8. Mullins,® Y. Wang,andW.H. Weinberg

Division of Chemistry and Chemical Engineering, California Institute of Technology.

Pasadena, California 91125

(Received 14 October 1988; accepted 31 October 1988)

The zero-coverage probability of dissociative chemisorption of O, on Ir(110)-(1X2) has been
measured using molecular-beam techniques for a wide range of incident kinetic energies, incident
angles, and surface temperatures. The data indicate that a trapping-mediated mechanism is
responsible for dissociative chemisorption at low energies, whereas at high energies a direct
mechanism accounts for dissociative adsorption. Total energy scaling approximately describes
the dissociative dynamics on the very corrugated Ir(110)-(1Xx2) surface.

Dissociative chemisorption on transition-metal surfaces is a
key step in many industnally important heterogeneous cata-
lytic reactions. The dynamics of dissociative chemisorption
are currently poorly understood and an active area of re-
search. In an effort to contribute further to an understanding
of dissociative chemisorption, we have conducted a series of
experiments to probe the interaction of molecular oxygen
with the Ir(110)-(1X2) surface.

Two studies of oxygen chemisorption dynamics employ-
ing molecular beams have appeared recently. Rettner er al.!
have studied the interaction of oxygen with a W(110) sur-
face and concluded that the initial probability of adsorption
depends strongly on the incident kinetic energy E; scaling
with the normal energy E, = E, cos’6,, where 6, is the angle
of incidence. They also found some evidence for the exis-
tence of a weakly bound precursor to dissociative chemi-
sorption at low incident kinetic energies. Williams er al.2
have investigated the dynamics of dissociative adsorption of
oxygenon Pt(111). They concluded that trapping-mediated
chemisorption occurred for low incident energies and low
surface temperatures, whereas at high incident kinetic ener-
gies a direct mechanism was likely the mechanism for chemi-
sorption of oxygen. Taylor er al.’ have investigated the inter-
action of oxygen with Ir(110)-(1x 2) previously, and their
work provided motivation for this study. They used thermal
desorption mass spectrometry, low-energy electron diffrac-
tion, and work function measurements, and concluded that
the initial probability of chemisorption was independent of
surface temperature T,. They also concluded for T, between
300 and 700 K that the adsorption kinetics could be de-
scribed by a second-order precursor model.

Zero-coverage dissociative chemisorption measurements
have been made using the reflectivity method (of King and
Wells*) employing an apparatus that will be described in
detail elsewhere.’ Briefly, the apparatus consists of a thrice
differentially pumped supersonic molecular-beam source
and ultrahigh vacuum scattering chamber. Low-energy elec-
tron diffraction optics, Auger electron spectroscopy, and an
ion gun are mounted on the scattering chamber for obtaining
and checking surface cleanliness and order. A quadrupole
mass spectrometer is also mounted on the scattering
chamber for thermal desorption mass spectrometry, reflec-
tivity measurements, and beam time-of-flight measure-

2125  J. Vac. Scl. Technol. A 7 (3), May/Jun 1989
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ments. The source chambers contain the nozzle, a high-
speed shutter, and a chopper for beam modulation as well as
apertures for beam collimation. Both the scattering chamber
and the third-beam chamber are pumped by turbomolecular
pumps. The other two beam chambers are pumped by diffu-
sion pumps. The Ir(110)-(1X2) sample is mounted on a
manipulator in the scattering chamber which provides pre-
cise alignment of the sample in the beam. The manipulator is
liquid nitrogen cooled, providing rapid cooling of the sample
to 80 K. The sample temperature is determined from a
0.003-in. W/5% Re-W/26% Re thermocouple spotwelded
to the back of the crystal. As mentioned above, the initial
probability of adsorption data reported here have been deter-
mined by a beam reflectivity method similar to that of King
and Wells. The partial pressure of oxygen in the scattering
chamber is used as a measure of the flux of O, molecules that
do not chemisorb. Initial chemisorption probabilities S,
(corresponding to chemisorption at zero coverage) are thus
determined by a comparison of the initial oxygen partial
pressure, following the opening of the high-speed shutter, to
the oxygen partial pressure from the beam scattering from
the saturated surface. Beam energies are varied by a combi-
nation of seeding and variation of nozzle temperature, and
are measured by time-of-flight techniques.

Figure 1 shows S, as a function of incident kinetic energy
for an angle of incidence of 15° with respect to the surface
normal and surface temperatures of 150 and 300 K. As £, is
increased from its lowest values, S, decreases from a relative-
ly high value to a minimum at ~4 kcal/mol. Note that this
occurs for the measurements at 150 K as well as those at 300
K. The data displayed in Fig. 2 support the insensitivity of
Soto T,. This figure shows S, vs T, for an incident angle of
45° and total incident energy of 980 cal/mol, and an incident
angle of 15° and E, of 9.1 kcal/mol. A decrease in S, with
increasing kinetic energy in the low-energy range is associat-
ed with a trapping- or precursor-mediated chemisorption
mechanism, cf. Fig. 1. A similar decrease in S, with £, in the
low E, regime for O,/W(110),' O,/Pt(111),> N,/
W(100),” C;Hg/Ir(110)-(1x2),® and CH,/Ir(110)-
(1x2)® has been observed before. However these systems
displayed a strong sensitivity to surface temperature, with S,
decreasing with increasing surface temperature. This type of
behavior can be interpreted as follows: the trapping proba-

© 1989 American Vacuum Society 2125
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bility into the precursor state is a strong function of E; de-
creasing with increasing E;, but weakly influenced by T,.°
Once a particle is in the precursor state it either desorbs or
chemisorbs dissociatively, the temperature dependence of
which depends on the kinetic parameters for desorption and
dissociation.'® For the system under discussion, O,/
Ir(110)-(1Xx2), the relative insensitivity of S, to T, at low
E, suggests that the activation energy for dissociation is
nearly equal to the activation energy for desorption from the
precursor or trapped state. The slight decrease in S, ob-
served from 400 to 600 K is probably due to a decrease in the
trapping probability.® The insensitivity of Sy to T, at high £,
supports the assignment of a direct mechanism to dissocia-
tive chemisorption in this regime. Behavior of this type has
been observed previously,'”- but one should note that in the
study by Williams er al.’ S, was found to have a surface
temperature dependence even at high E,. The previous study
of 0,/Ir(110)-(1x2) by Taylor ef al.’ supports these con-
clusions in that S; was determined to be insensitive to T,
from 300 to 700 K. The fact that S, for the O, /Ir(110)-
(1 X 2) system is nearly insensitive to incident angle suggests
near total energy scaling for the chemisorption dynamics of
this system. This is not too surprising considering that the
surface reconstructs into a very corrugated geometrical
structure, providing a corrugated potential energy surface.
Total energy scaling in dissociative chemisorption of a di-
atomic has been reported previously for the N,/W (110) sys-
tem® and the N,/W(100) system.’ Chemisorption probabi-

J. Vac. Sci. Technol. A, Vol. 7, No. 3, May/Jun 1989

lities S have also been determined as a function of coverage
over a wide range of conditions. At low incident kinetic ener-
gies and low surface temperatures, S remains constant or
decreases slowly for low coverages. This provides further
supporting evidence for our assignment of a trapping-medi-
ated chemisorption mechanism for the low £, regime. A
more complete description of the coverage dependence of
the probability of dissociative chemisorption, as well as oth-
er details, will appear in a future publication.’
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*' IBM Predoctoral Fellow.

'C. T. Rettner, L. A. DeLouise, and D. J. Auerbach, J. Chem. Phys. 8S.
1131 (1986); J. Vac. Sci. Technol. A 4, 1491 (1986).

IM. D. Williams, D. S. Bethune, and A. C. Luntz, J. Chem. Phys. 88, 2843
(1988); J. Vac. Sci. Technol. A 6, 788 (1988).

3J. L. Taylor, D. E. [bbotson, and W. H. Weinberg, Surf. Sa. 79, 349
(1979).

“D. A. King and M. G. Wells, Surf. Sci. 29, 454 (1971).

3C. B. Mullins, Y. Wang, and W. H. Weinberg (to be published).

*D. J. Auerbach, H. E. Pfaiir, C. T. Rettaer, J. E. Schiacgel, J. Lee, and R.
J. Madix, J. Chem. Phys. 81, 2515 (1984).

’C. T. Rettner, H. Stein, and E K. Schweizer, J. Chem. Phys. 89, 3337
(1988).

YA. V. Hamza H. -P. Steinrick, and R. J. Madix, J. Chem. Phys. 85,7494
(1986).

°C. T. Rettaer, E K. Schweizer, H. Stein, and D. J. Auerbach, Phys. Rev.
Lett. 61, 986 (1988).

'°W. H. Weinberg, in Kinetics of Interface Reactions, edited by M. Grunze
and H. J. Kreuzer, Vol. 8 in Springer Series in Surface Science (Spninger,
Berlin, 1987), p. 94.



V-1

CHAPTER IV
TRAPPING OF MOLECULAR ETHANE ON THE Ir(110)-(1x2) SURFACE
[The text of Chapter IV consists of an article coauthored with W.H.

Weinberg, which has been submitted to The Journal of Chemical
Physics.]
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Trapping of a gas-phase particle at a surface is fundamentally
important and an elementary step in many physical and chemical
processes. Yet there is a paucity of data available concerning the
kinetic energy and angular dependence of trapping. Moreover, most
of the extant data are from measurements of rare gas scattering!-6
and extraction of thermally averaged trapping probabilities from
accommodation coefficients’?. The relevant dynamics regarding
atomic versus molecular trapping are somewhat _different. In both
cases the particle must transfer sufficient normal kinetic energy to
other degrees of freedom to remain bound. For a molecule-surface
collision, transfer of kinetic energy to internal rotational and
vibrational degrees of freedom is possible, as well as substrate
excitations. Parallel momentum must ultimately be dissipated also
to insure complete translational accommodation, and this is usually
much slower than loss of normal momentum8. Although simple to
discuss qualitatively, an accurate quantitative description of
molecular trapping dynamics is very complicated to construct.
Dynamical measurements of molecular trapping will increase our
understanding of the role played by the excitation of various degrees

of freedom and provide a benchmark for predictive schemes.

Our particular interest in studying the trapping of molecular
ethane on Ir(110)-(1x2) was motivated by studies of trapping-
mediated dissociative chemisorption in this same gas-surface
system9. We present here the results of such a study employing a
molecular beam apparatus. |In particular, measurements of the

trapping probability as a function of E, the incident kinetic energy
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(1.2 - 17.3 kcal/mol), and 6, the incident angle (0° - 45°), at a

surface temperature Tg of 77 K are presented and discussed.

Measurements of the trapping probability in the limit of zero
surface coverage, {o,, have been made using the reflectivity method
of King and Wells'! employing an apparatus that will be described in
detail elsewhere®. Briefly, the apparatus consists of a thrice
differentially pumped, supersonic molecular beam source and ultra-
high vacuum scattering chamber. Low-energy electron diffraction
optics, Auger electron spectroscopy and an ion gun are mounted on
the scattering chamber for obtaining and checking surface
cleanliness and order. A quadrupole mass spectrometer is also
mounted on the scattering chamber for thermal desorption mass
spectrometry, reflectivity measurements and beam time-of-flight
measurements. The source chambers contain the nozzle, a high-
speed shutter and a chopper for beam modulation, as well as
apertures for beam collimation. Beam energies are varied by a
combination of seeding and variation of the nozzle temperature
(300-750 K), and are measured by time-of-flight techniques. With
the beam-reflectivity method'!, the partial pressure of ethane in
the scattering chamber is used as a measure of the flux of C,H,that
does not adsorb. Initial trapping probabilities are thus determined
by a comparison of the initial ethane partial pressure following the
opening of the high-speed shutter, to the ethane partial pressure

from the beam scattered from a saturated surface.
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At Ts=77 K all molecules that trap on the clean surface will
remain physically adsorbed since the desorption temperature at low
coverages of ethane on Ir(110)-(1x2) is approximately 150 K12. This
fact has been verified by also measuring o at Ts=90 K and 110 K.
There is no change in {, for 77 K < Ts < 110 K, although there is a
reduction in the saturation coverage with increasing Ts. Previous
studies of the trapping of Ar on Pt(11<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>