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Introduction

Dissociative adsorption of oxygen on transition-metal
surfaces has been studied extensively due to its impor-
tance as a fundamental step in many industrial catalytic
processes.! Additionally, the relative simplicity of the
oxygen molecule may allow generalization to studies of
other adsorption systems as well. Efforts to develop a
rudimentary understanding of these oxidation reactions
have centered largely on surface chemical techniques that
probe the chemical and physical interactions of gas-phase
molecules and metal surfaces. Specifically, single-crystal
metal samples under ultrahigh vacuum conditions (~10-10
Torr) are typically employed, and the fairly recent ap-
plication of supersonic molecular beam techniques has
shown marked utility in simplifying and characterizing
adsorption reaction pathways. In cooperation with several
spectroscopic techniques, experiments designed to probe
adsorption probabilities over a wide range of conditions
have yielded much insight into the mechanisms by which
gas-phase molecules interact with metal surfaces. In
particular, fundamental studies investigating adsorption
mechanisms in the limit of zero adsorbate coverage have
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provided evidence of complex and seemingly numerous
adsorption mechanisms.

Mechanistic details of oxygen adsorption on bare
transition-metal surfaces are typically explained under two
distinct regimes. Under certain conditions, indirect or
precursor-mediated mechanisms are employed, while for
others, a more direct process is thought to characterize
adsorption. In general, if a thermally accommodated
surface state precedes dissociative chemisorption (surface
chemical bonding), substrate temperature may be para-
mount in dictating adsorption probability. Conversely, in
the absence of a dissociation precursor, where an imping-
ing molecule is considered to dissociate essentially upon
impact with the surface, adsorption probabilities may be
expected to be a stronger function of gas-phase properties
than surface conditions.? This easily measurable trend
has often been used as a defining criterion for labeling a
system “direct” or “precursor-mediated”.

Although direct and indirect mechanisms exhibit clearly
distinct trends in experimental adsorption data, differ-
ences in the inherent physical properties that dictate
which mechanisms manifest themselves in various sys-
tems may be much more subtle; indeed, strong similarities
exist in the basis behind several mechanistic explanations.
A universal concept of electron transfer likely underlies
oxygen adsorption mechanisms, and the ease of transfer
may dictate the lifetime of negative-ion intermediates and
thus their putative existence. The ultimate formation of
a chemical bond between oxygen and a metal surface
implies an exchange of electrons, specifically donation
from the surface into the antibonding orbitals of the
oxygen molecule, and the rate of this transfer may vary
considerably among systems. Furthermore, the facility of
charge transfer is often experimentally manifested as an
effective kinetic energy barrier to the dissociated final
state.

In regimes exhibiting impeded electron transfer (due
to low surface temperature, low incident kinetic energy,
unfavorable surface configuration or electronic states,
etc.), intermediate surface states have sufficient lifetimes
to accommodate fully to the substrate temperature and
serve as precursor states to dissociation. Kinetic competi-
tion between desorption and dissociation is often clearly
observable as a change in adsorption probability with
substrate temperature. Molecular intermediates are fre-
quently used to rationalize data exhibiting such a depen-
dence, and the existence of these states as low coverage
precursors has indeed been supported over a wide range
of experimental conditions.

In the opposite extreme, namely, systems displaying
facile electron transfer, the surface intermediates have
insufficient lifetimes to complete thermal accommodation,
and other factors (lattice oscillations, incident translational
energy, etc.) may contribute more strongly to trends in
adsorption. Due to an observed surface temperature
independence and increasing adsorption probability with
kinetic energy, data from such studies have been ex-
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plained under simple direct mechanisms. However, these
results may be rationalized in a broader sense as occurring
through essentially the same charge-transfer mechanism
as precursor-mediated adsorption; since the electron
transfer occurs more readily, the molecular species do not
have the opportunity to accommodate appreciably, ren-
dering kinetic precursor effects less important.

Much of the available literature focuses on the exist-
ence or absence of precursors in dissociation, but the
distinction may not be so absolute. The lifetime of nega-
tive-ion intermediates, and hence the degree of thermal
accommodation, influences the extent to which kinetic
competition plays a role in adsorption probabilities over
various conditions. The relative role of this competition
in light of additional relevant explanations (several ex-
amples are delineated in the balance of this review) may
justify experimental data trends on various surfaces and
under various conditions. The charge-transfer basis for
oxygen adsorption may help to clarify mechanistic details
of dissociation by rationalizing ostensibly distinct expla-
nations.

Low Kinetic Energy Regime

The concept of dissociation precursors dates back to
Langmuir,®# as a mobile, molecular surface state could
explain a coverage independence in the adsorption prob-
ability of cesium on a tungsten filament. Up to nearly
saturation coverage, a unity adsorption coefficient was
observed, necessitating a surface diffusion mechanism, as
direct adsorption cannot explain high adsorption prob-
abilities in high coverage regimes (with reduced available
adsorption sites). Since then molecular precursors have
been invoked widely to rationalize similar trends as well
as surface temperature dependencies on adsorption for
various systems.

Typically hypothesized for oxygen at low incident
energies (less than ~0.1 eV), a precursor-mediated mech-
anism is often characterized by an impinging molecule
trapping into a physisorbed (physically adsorbed) state via
weak van der Waals interactions. From this state, surface
thermal energy drives a kinetic competition between one
of two ultimate fates: (1) desorption from the surface to
the gas phase or (2) dissociation into chemisorbed atomic
species—likely through one or more molecularly chemi-
sorbed states. Since successful trapping largely depends
on efficient linear momentum dissipation, systems gov-
erned by such a process are likely to exhibit a strong
inverse relation of incident kinetic energy with trapping
probability—hence with dissociative chemisorption prob-
ability as well (Figure 1). However, an absence of such a
dependence for at least two systems, Ag(110) and (100),
suggests that a contribution from the physically ad-
sorbed state may not always manifest itself strongly
enough for experimental detection.>¢ Additionally, sur-
face temperature effects are often strong since the final
dissociated state is accessed directly by a surface species
with sufficient lifetime for appreciable thermal accom-
modation.
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FIGURE 1. Figure shows initial dissociative adsorption probability
versus incident kinetic energy for Ir(111), Ru(001),*® Pt(111).8 In
the low incident kinetic energy regime, initial adsorption probability
falls with increasing kinetic energy for most transition-metal systems.
The decrease in adsorption probability likely stems from a required
dissipation of linear momentum necessary for “trapping” into a
physically adsorbed state.

On transition-metal surfaces, short precursor lifetimes
preclude the spectroscopic detection of chemisorbed
molecular oxygen at high temperatures; the molecular
species appears easiest to isolate on platinum and silver
surfaces—substrate temperatures below only ~200 K are
required. However, the fact that measurable quantities
of molecular oxygen have not been observed at these
temperatures on other transition-metal surfaces does not
abate the extent to which the molecular species influences
the dissociation process. Although the lifetime, and hence
the steady-state apparent concentration of such a precur-
sor (whether it be physically or chemically adsorbed) is
too short for detection, it may well be sufficient to
equilibrate thermally to the surface and subsequently play
a role in the mechanism and kinetics of dissociative
adsorption.

A spectroscopic study on Al(111) by Hofmann et al.”
showed early evidence that physically adsorbed molecular
oxygen is the precursor to the dissociated state. Although
the pathway leading to low coverage adsorption was not
specifically considered, the formation of physically ad-
sorbed oxygen and its conversion to an atomically chemi-
sorbed species were investigated. The implication of
molecular oxygen as a precursor to atomic oxygen mani-
fested itself in UPS (ultraviolet photoelectron spectros-
copy) measurements of the conversion from the molecular
species to the atomic final state. Because the conversion
through the molecular state occurs so rapidly, a surface
temperature of 30 K and approximately half a monolayer
of dissociated oxygen were required to first observe the
physically adsorbed state. Further evidence supporting
the precursor lies in the observed decrease in chemisorp-
tion probability from nearly unity at 30 K to less than 0.05
at 300 K.

Early studies of low kinetic energy chemisorption on
W(110) and (100) by Kohrt and Gomer® and Wang and
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Gomer? yielded additional evidence of precursor-mediated
adsorption. An observed decrease in initial adsorption
probability with increasing kinetic energy (up to 0.08 eV
via an effusive beam) on both faces indicated the plau-
sibility of a molecular dissociation precursor—a possibility
corroborated by the initial insensitivity of adsorption
probability to surface coverage. Wang and Gomer identi-
fied a weakly chemisorbed molecular species, a-O,, which
they believed to be the previously postulated molecular
precursor,® but subsequent UPS and XPS (X-ray photo-
electron spectroscopy) analysis furnished no evidence of
molecular oxygen until after the formation of an atomic
layer. However, this observation does not preclude a
mobile precursor, as the lifetime of such a surface species
may be too short to allow spectroscopic identification. In
a nonactivated dissociation process, a nondesorbing mo-
lecular precursor may diffuse along the surface to a
suitable site and dissociate;° since the time scale of such
an event largely depends on substrate temperature, the
precursor may not be practically isolatable until dissocia-
tion sites are filled and it can remain atop a covered
surface. Further, the presence of surface oxygen adatoms
increases the metal’s work function, impeding electron
transfer and rendering the formation of the molecular
state more likely. Thus, the o-O, species may indeed
represent the molecular precursor to the final dissociated
state, despite the fact that its existence has been verified
only atop a saturated atomic monolayer.

Although examples of experimental data supporting a
low coverage, low kinetic energy, precursor-mediated
oxygen adsorption mechanism exist for several sys-
tems,>11-15 jt is perhaps most instructive to consider the
Pt(111) surface since a very large body of research has
been conducted recently on this system. High coverage
studies, similar to those discussed on tungsten and
aluminum, have implicated the presence of a low-cover-
age molecular dissociation precursor on this surface.6.17
While the best true evidence of a precursor to initial
adsorption most assuredly lies in spectroscopic verifica-
tion in the low coverage limit, short precursor lifetimes
render this analysis difficult. Because low coverage
precursor evidence inferred through high coverage experi-
ments is largely circumstantial (nothing mandates the
same mechanisms need apply in the two different cover-
age regimes), various kinetic measurements have been
employed to discern adsorption mechanisms. The recent
development of molecular beam techniques has helped
to provide strong kinetic evidence of a molecular precur-
sor to dissociatively chemisorbed oxygen and allowed the
construction of simple, one or two-dimensional potential
energy surfaces characterizing the adsorption process.

Dissociative chemisorption measurements of O, on Pt-
(111) by Luntz et al.’81° via the reflective method de-
scribed by King and Wells?° clearly show a trend of
decreasing adsorption probability with increasing surface
temperature and incident kinetic energy in the low-energy
regime (see Figure 2). Both inverse trends are justified
using a kinetic scheme with physically and chemically
adsorbed molecular dissociation precursors. This simpli-

800 ACCOUNTS OF CHEMICAL RESEARCH [ VOL. 31, NO. 12, 1998

0.4
Z
3 |
3 o
§.0.3 - o Oo
= lo o© [
a LY o000
5 00 40%%°
@ °
2020 o.o
[
2 o
s I o P(111) ©=0°
[3)
o
201 e ® o =200 K
£V @ ‘
£ ® T.=35K
=
1 n 1 . -

I

0 02 04 06 08 1 1.2

incident kinetic energy (eV)

FIGURE 2. The O/Pt(111) system!® exhibits a marked surface
temperature dependence over the entire energy range studied;
clearly increasing adsorption probability with increasing surface
temperature trend extends well into the high energy regime. A kinetic
model based on direct molecular chemisorption has been most
convincingly used to explain such an effect for this surface as well
as for Ag(110),° Ir(111),*? and Ir(110).1
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FIGURE 3. A one-dimesional potential energy schematic showing
qualitative aspects of oxygen adsorption. Relative barrier heights to
dissociation and desorption from the molecularly chemisorbed and
physisorption wells may dictate the observed surface temperature
dependence in various systems. Low incident energy molecules
initially sample the physically adsorbed state, while hyperthermal
molecules may adsorb directly as a molecular chemisorbed species.

fied model may be visualized most easily as a one-
dimensional potential energy surface featuring a shallow
molecularly chemisorbed well prior to the dissociation
well (Figure 3). The initial energy dependence may be
attributed to a decreasing trapping probability into the
physically adsorbed state with increasing incident energy,
and the inverse temperature dependence arises from the
positive difference in barrier heights for desorption and
dissociation (for both molecular states). If the molecular
precursor accommodates thermally to the substrate,
kinetic competition dictates rate enhancement to the state
with the larger apparent activation barrier as surface
temperature increases. Similar simplistic kinetic models
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have been discussed in the literature.? Much recent
debate has centered on characterizing the molecular
precursor itself; various studies employing TDS (thermal
desorption spectroscopy),?2—24 UPS,22:23.25-27 EELS (elec-
tron energy-loss spectroscopy),?224.26.27 and NEXAFS (near-
edge X-ray adsorption fine structure)?8—3° have resolved
atomic, molecularly physisorbed, and molecularly chemi-
sorbed states. However, separate EELS and NEXAFS
experiments have identified different surface species
(namely a peroxo-like O,2~ phase and a superoxo-like O,
phase) as the molecularly chemisorbed state. Perhaps the
most compelling description of this adsorbed precursor
state is the concept of sequential precursors first devel-
oped by Avery et al.24 and recently characterized as both
peroxo-like and superoxo-like species by Puglia et al.3!
This successive precursor mechanism makes intuitive
sense when the chemisorption process is viewed as a
consecutive addition of electronic charge into the molec-
ular antibonding orbitals.

High Kinetic Energy Regime

Much of the research focused on high kinetic energy
adsorption of oxygen on transition metals has transpired
in the past decade, due to the recent establishment of
molecular beam techniques. High nozzle temperatures
and inert gas seeding have allowed the development of
well-characterized, nearly monoenergetic beams with high
translational energies (up to ~1.5 eV) and permitted the
study of dissociative adsorption in the high-energy regime.
Although precursor-mediated mechanisms are widely
used to explain trends in low kinetic energy adsorption
data, the question remains over whether such indirect
mechanisms apply for high translational energies as well.

In general, oxygen/transition-metal systems in the high
incident energy regime exhibit a common trend of in-
creasing adsorption probability with increasing transla-
tional energies. Often depicted one-dimensionally as an
effective potential energy barrier, the underlying impetus
to dissociation likely lies in the ability of the substrate to
donate charge to an impinging oxygen molecule. Metals
with higher work functions may necessitate smaller
molecule/surface separations for successful electron do-
nation, requiring higher incident energies to overcome the
dissociation barrier. However, the cumulative picture is
considerably more complicated, as adsorption prob-
abilities cannot be correlated directly with work func-
tion magnitudes. Effects such as surface geometry and
others not considered in an electron-sea depiction of the
metal likely contribute to reaction kinetics and dynamics
as well.

An insensitivity of adsorption probability to surface
temperature of several systems under certain conditions
has led to the assignment of “direct” mechanisms, where
the impinging molecule is thought to essentially dissociate
upon impact. In such a picture, no intermediate surface
state is present, and the thermal properties of the surface
will not drive the temperature dependent kinetic branch-
ing observed in “indirect” (precursor-mediated) mecha-

nisms. Recently, observed substrate temperature depend-
ences of certain systems have been explained through
either direct or indirect mechanisms, and a closer look at
this debate may prove instructive, as the explanations for
presumably opposing viewpoints may well be compatible.

A re-examination of oxygen adsorption on W(110) using
high-energy molecular beams by Rettner et al.32 proved
interesting in light of the previously accepted precursor
model for the system. While experimental findings sup-
ported earlier assertions®® of precursor-mediated adsorp-
tion for energies below ~0.05 eV, behavior consistent with
a direct adsorption mechanism was observed in the high-
energy regime. The initial sticking probability was found
to rise markedly with increasing incident energy, indicat-
ing that trapping into a physically adsorbed molecular
state is negligible. The observance of a decreasing trend
in adsorption probability with increasing surface coverage
(even for near zero coverages) further substantiates this
implication by precluding a dominant mobile precursor
state. Further, over a range of incident kinetic energies,
incident angles, and substrate temperatures, adsorption
probability measurements were determined to scale rea-
sonably well with “normal energy” (i.e., the effective
translational energy due to the normal component of an
impinging molecule’s velocity, E, = E; cos? 6). Although
normal energy scaling merely suggests the presence of a
normal translational energy dissociation barrier along the
reaction coordinate (between the initial gas-phase and
final dissociated states), such a trend is often used as
rationale for an activated, direct process.

Similar behavior has been observed on Cu(110) by
Hodgson et al.;*®> normal energy scaling, increasing initial
sticking with increasing translational energy, and a relative
insensitivity of initial sticking to surface temperature
indicated a direct mechanism for high translational ener-
gies. The results from such studies suggest coexisting
dissociation channels—namely a precursor-mediated chan-
nel present at low kinetic energies and a direct mechanism
predominating at high energies.

In contrast to systems exhibiting evidence of simple,
direct mechanisms, the O,/Pt(111) system has featured
temperature dependencies consistent with a regime in
which an incoming molecule responds to thermal effects
from the surface. Luntz et al.’® observed a significant
temperature dependence throughout the kinetic energy
range studied—even at translational energies as high as
1.2 eV (Figure 2). The authors suggest a “quasi-direct”
mechanism in which the incident species briefly accesses
the molecular precursor potential en route to dissociation;
the lifetime in this well may be sufficient for parallel and
perpendicular momentum scrambling but not so long that
the species completely “forgets” its incident state. This
mechanism retains the direct mechanism characteristic
of enhanced adsorption probability for increasing incident
energy and may also explain the absence of normal energy
scaling. Phonon interaction upon entrance or exit from
the molecular resonance well was offered as possible
explanations for the temperature dependence, but neither
convincing evidence nor a quantitative model existed.
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FIGURE 4. EEL spectra indicate different initial adsorption states
for high and low translational energies.®* High-energy oxygen
adsorption features exclusive population of a peroxo-like molec-
ular species (690 cm1), while both peroxo-like and superoxo-
like (870 cm™1) states are observed after exposure to a low kinetic
energy oxygen beam. Atomic oxygen (490 cm™1) likely arises
from dissociation of the molecular state over the time of the
experiment.

A follow-up study by Rettner and Mullins®3 provided a
novel explanation for the mechanism of high-energy
adsorption of oxygen on Pt(111). The authors considered
a purely indirect, precursor-mediated mechanism more
likely at high incident energies; since high kinetic energy
adsorption does not increase saturation coverage, it
appears unlikely that the final dissociated state is accessed
directly from the gas-phase molecular state. Specifically,
this “direct molecular chemisorption” model suggested
that dissociative chemisorption for this system occurs via
direct access of an accommodated molecular precursor
followed by thermally dictated kinetic branching between
desorption and dissociation (Figure 3). Through a kinetic
treatment much like that for low-energy, precursor-
mediated adsorption, the direct molecular chemisorption
interpretation accounts for the relatively strong temper-
ature dependence in adsorption probabilities observed for
the system.

Only recently, however, was direct verification of this
high-energy molecular chemisorption mechanism real-
ized.3* Figure 4 displays EEL spectra of small beam doses
of oxygen on a clean, Pt(111) surface at 77 K. Peaks at
490, 690, and 870 cm~! correspond to atomic oxygen,
peroxo-like molecular oxygen (0,27), and superoxo-like
molecular oxygen (O,7), respectively; the loss feature at
2100 cm~1 signifies background CO adsorption. For the
entire range of energies studied (0.055—1.30 eV), molecular
oxygen is indeed observed on the surface; the small atomic
oxygen features result from dissociation from the molec-
ular species over the time of the experiment. Simple
direct dissociation (from the gas phase) appears negligible.
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Interestingly, high incident energies (0.2—1.3 eV) populate
the peroxo-like state exclusively, while low-energy (0.055
eV) adsorption exhibits filling of both molecular states.
Given that the peroxo-like state is characterized by a
higher degree of charge transfer than the superoxo-like
state, the nature of the translational energy effect on the
adsorption reaction appears to be tied closely to electron
transfer facility. Perhaps hyperthermal incident molecules
penetrate the surface “deeper” and are more receptive to
initial electron donation than molecules approaching the
surface slowly.

Observations of high-energy inverse dependencies of
initial adsorption probabilities on surface temperature
have prompted assignment of direct molecular chemi-
sorption as an adsorption model describing oxygen ad-
sorption on several surfaces. A similar high-energy, sur-
face temperature dependence on Ag(110)® has been as-
cribed to direct access of a molecularly bound precursor
state, an explanation substantiated by the observed ab-
sence of dissociated oxygen on the surface at low surface
temperature. EELS measurements of surface states at 83
K following dosing with beam energies up to 0.62 eV
yielded only molecularly bound oxygen, indicating the
plausibility of a low coverage intrinsic dissociation precur-
sor. Likewise, the model has been implicated in describ-
ing oxygen adsorption on Ir(110);14 although spectroscopic
evidence of a molecularly chemisorbed species has not
been realized, the stability of such a state at 90 K has been
inferred from CPD (contact potential difference) measure-
ments.3> Finally, recent adsorption data on Ir(111)!2 have
been attributed to direct access of the molecular well. EEL
spectra yield no molecular oxygen state at 70 K (at the
lowest oxygen coverages investigated) but identify two
molecularly chemisorbed states at coverages of approxi-
mately 0.25 monolayers of atomic oxygen for both 1.4 eV
and ambient adsorption; lower temperatures are likely
necessary to isolate the presumed low coverage precursor.

Although direct access of a one-dimensional potential
energy well quantitatively accounts for the kinetic com-
petition observed between dissociation and desorption,
clear insufficiencies arise when considering dynamical
aspects as well. In particular, the increase in dissociation
probability with increasing translational energy implies the
presence of an activation barrier prior to the molecular
well. Further, if the molecular state serves as a necessary
precursor (within the energy ranges studied) to the atomic
state, it follows that the potential barrier to dissociation
must be greater than that to molecular adsorption. This
positive difference between dissociation and desorption
barrier heights clearly contrasts the negative difference
required to explain desorption enhancement with increas-
ing surface temperature. A similar barrier height paradox
has been delineated by Artsyukhovich et al.36 in consider-
ing high- and low-temperature adsorption and desorption
from Pt(111). A one-dimensional potential energy surface
adsorption depiction appears useful for rationalizing
temperature-dependent trends in experimental data, but
multidimensional models are clearly needed to provide
rigorous treatment.
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While a direct molecular chemisorption precursor
model readily accounts for a surface temperature depen-
dence in the adsorption probability, such behavior has
been accounted for under a purely direct explanation as
well. Guo et al. observe this surface temperature trend
for oxygen adsorption on the reconstructed Pt{100}-hex-
R0O.7° surface.37:38 The authors rule out a precursor-
mediated regime, citing normal energy scaling of initial
adsorption probabilities and no observed dissociation
(only desorption) from a molecularly adsorbed species.
Rather, a previously described surface oscillation model3°
was invoked to explain the temperature dependence.
Under this hard cube calculation, increased surface tem-
perature is expected to enhance low adsorption prob-
abilities (less than ~0.5) and suppress high probabilities
(greater than ~0.5). Initial sticking coefficients on the low
free energy, reconstructed Pt{100}-hex-R0.7° surface are
very small (less than 0.006 for all beam energies and
surface temperatures considered) and are thus in qualita-
tive agreement with the enhancement predicted by the
surface oscillator model. However, much of the observed
experimental adsorption data appears consistent with
precursor-mediated adsorption; such an explanation may
hold for this system if the potential barrier for dissociation
from a molecularly bound state is positive with respect
to the vacuum zero. An informative addendum to this
study could be realized in comparing the form of the
dissociative adsorption profile to that of molecular ad-
sorption (at sufficiently low substrate temperature); result-
ing self-similar curves would, at the very least, suggest that
the initial adsorption stages of each are governed by a
common process of molecular adsorption. Surface oscil-
lations undoubtedly play a role in adsorption trends in
this and other systems, but molecular intermediates may
contribute as well.

Observations of temperature-enhanced adsorption for
a facile adsorption system by Wheeler et al.’® have
prompted assignment of a different plausible mechanism.
Initial chemisorption probabilities of O, on Ru(001) were
found to increase slightly with increasing temperature in
the high-energy, high adsorption probability regime.
Clearly this effect is difficult to reconcile under models
considering only accommodated molecular intermediates
or surface oscillations. Further, normal energy scaling of
initial sticking probabilities supports the notion that
thermal branching from an accommodated molecular
state is not likely the most important dissociation mech-
anism. Hence, a mechanism was proposed which sug-
gests that the dominant dissociation mechanism is dic-
tated by the ease of electron donation from the surface
to the oxygen molecule; at increased substrate tempera-
ture, the increased population of electronic states above
the Fermi level allows more rapid electron transfer and
thus increased adsorption probability. This effect may
contribute to adsorption on the Pt{100} -hex-R0.7° surface
in a similar manner.

An explicit coupling of charge exchange to the nature
of the dissociation barrier in the high incident energy
regime may explain the experimental behavior observed

in the Ru(001) study as well as in the aforementioned
studies on W(110)32 and Cu(110).*> Incident kinetic ener-
gy appears instrumental in the adsorption reaction coor-
dinate, as dissociation probability increases with increas-
ing energy in such systems exhibiting apparent direct
regimes. In fact, high incident kinetic energies may cor-
respond to close physical proximity and thus facile charge
transfer and high reaction probability.

Recently, a thermally-assisted tunneling mechanism
has gained popularity in high incident energy adsorption
regimes on silver surfaces. Raukema et al.l' report a
surface temperature trend in dissociative adsorption
similar to that observed on Ru(001) but reject an electronic
transfer enhancement explanation because they detect no
increase in molecular adsorption with increasing temper-
ature for high translational energy beams. The authors
suggest that increased substrate temperature decreases the
energy difference between the dissociation barrier and the
translational energy of the incident molecule, thus en-
hancing the tunneling probability to the final dissociated
state. Since tunneling rates are very mass sensitive, the
observed isotope effect between 160, and 180, cor-
roborates a tunneling assertion.*%41 Furthermore, calcu-
lations of a nonadiabatic thermal tunneling mechanism
for oxygen on silver surfaces in general have been per-
formed to demonstrate agreement with experimental
kinetic observations and hence the feasibility of such an
event.*2 Unlike systems exhibiting facile adsorption,
dissociative adsorption probabilities on Ag(111) are low
(<1073), and a tunneling mechanism may predominate
as a special case for such a system.

While differing mechanisms have been proposed for
several systems under various conditions, clearly the final
dissociatively chemisorbed state for all oxygen/transition-
metal systems is a product of electron transfer to the
incident oxygen molecule. In fact, electron-induced dis-
sociation of a single oxygen molecule on Pt(111) was
demonstrated recently using tunneling current from an
STM tip.43 A useful explanation of the electronic mech-
anism of adsorption was offered by Haochang et al.*4 in
describing oxygen adsorption on a Ag(111) surface. In
brief, the oxygen molecule undergoes successive electron
harpooning events by the metal surface, and the resulting,
unstable peroxide ion dissociates due to antibonding
orbital occupancy as well as Coulombic repulsion between
the negative charges within the species. Although it refers
to a specific adsorption system, this depiction may prove
useful in understanding various dissociation phenomena.

Conclusion

Despite extensive research, the mechanistic details of
oxygen chemisorption on transition metals remain dif-
ficult to characterize accurately. For adsorption in the low
kinetic energy regime, substantial agreement appears to
exist on a trapping-mediated mechanism involving a
physically and/or chemically adsorbed species acting as
a precursor to dissociative chemisorption. In fact the
concept of electron donation in the formation of chemical
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bonds between an adsorbate and surface supports the
likelihood of molecularly chemisorbed intermediates
whether or not appreciable physisorption effects exist.
Differing adsorption probability trends involving sur-
face temperature have fueled recent debate over dissocia-
tive adsorption at high incident energies. An absolute
distinction between direct and indirect mechanisms,
however, may be somewhat unnecessary, as the underly-
ing basis of molecular intermediate formation seems likely
under all typical dissociation scenarios. Addition of
charge from the transition metal to the incident molecule
implies the formation of negative ion, intermediate spe-
cies; the resulting perturbation in dissociative kinetics is
governed not by the mere presence but by the lifetime
and consequent degree of thermal accommodation of a
potential precursor. Surfaces and conditions exhibiting
facile electron transfer may not be conducive to accom-
modated intermediates and appear purely direct—or solely
dependent on gas-phase conditions—while less reactive
systems may feature kinetically important precursor states.
Certainly molecular intermediate lifetime is not the
only important variable in a kinetic and dynamic treat-
ment of dissociative adsorption. Additional variables such
as surface oscillations and surface electronic state popula-
tions are surely present in all systems, and current models
are somewhat simplistic in that they address only those
which appear to manifest themselves most strongly in
experimental observations. This treatment, while reason-
able as certain effects predominate and others are negli-
gible under particular conditions, arises from a lack of a
comprehensive physical and chemical understanding, and
a more complete knowledge of dissociation systems is
necessary before meaningful construction of a unifying
theory of dissociative adsorption can be realized.
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