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46556, USA 

Received IO November 1994 

Abstract. The detailed mechanisms of many surface reactions ace manifest through dynamical 
studies on well defined systems. In particular. the initial electronic, vibrational, and rotational 
energies. as well as the molecule’s orientation and point of impact at the surface. are important 
in determining whether a molecule will react upon collision with a surface. These effects 
are delineated through state-resolved experiments involving various combinations of molecular 
bwo, ion-beam. electrostatic field, laser excitation, and angle-resolved detection techniques. In 
conjunction with theoretical models, comprehensive surface-scattering experiments reveal the 
atomic motion that reactants undergo as they lransform into scattered or adsorbed products. 

1. Introduction 

The interaction of molecules with surfaces has been a topic of vigorous research for sonie 
time. Originally, the motivation for surface science was born from a desire to understad 
and control heterogeneous catalysts in thermal reactors. The pursuant experimental studies 
were primarily focused on model reactions at metal surfaces under thermal conditions. 
Later the electronics revolution introduced a new applicability for surface science: that 
of semiconductor processing. Here, many commercial prescriptions for manufacturing 
electronic devices utilized reactive precursors (e.g., chemical vapour deposition) or high- 
energy particle collisions (e.g.. ion implantation, ion sputtering, and reactive ion etching) 
to modify single-crystal semiconductor surfaces. More recently, environmental scientists 
have begun to explore the role of heterogeneous reactions in atmospheric processes; space 
scientists were intrigued with the m a y  of hyperthermal energy collisions that low-earth-orbit 
spacecraft encounter in flight; and analytical chemists discovered that energetic ionhrface  
collisions could be exploited in tandem mass spectrometers for the purposes of chemical 
identification. In response to this growth in applications, the surface-science community 
has broadened its scope of topics and chemical environments to include a variety of related 
phenomena. 

Two major goals pursued within surface science are the characterization of surface 
structures and the determination of mechanisms for sulface chemical reactions. This review 
deals with the latter and bomows heavily from the approach of chemical reaction dynamics, 
a field that has evolved rapidly over the last three decades. Chemical reaction dynamics 
examines at a microscopic level the collective motion of atoms as reactants transform into 
products (see the book by Levine and Bernstein (1987)). An important distinction between 
studies in chemical kinetics and reaction dynamics is that the former treats a thermal system 
as progressing along a single ubiquitous. reaction coordinate, whereas in the latter attention 
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Figure 1. A comparison of potential-energy plots for HZlCu. (a) A multidimensional potential- 
energy surface retains the individual coordinates of the system (see the inset). The minimum- 
energy pathway is designated by a dashed curve. The solid c u m  represents a sample trajectory 
in which initial vibrational energy activates discociative chemisorption. (b) The minimum-energy 
path is traced as the potential energy versus the reaction coordin$e. (Adapted from the article 
by Darling and Holloway (1994)). 

is given to motion along the various individual coordinates (bond lengths, angles, etc) 
as the reaction transpires. From a classical mechanical perspective, a surface reaction 
can be viewed as a system evolving on a multidimensional potential-energy hypersurface 
(figure I(a)). A kineticist would simplify the problem by only exploring the minimum- 
energy path that leads from reactants to products on this hypersurface. This path could then 
be stretched out along one dimension, the reaction coordinate, against which the potential 
energy for the system is plotted (figure lfb)). Extrema in this reduced-dimensionality plot 
would be associated with reactants, intermediates, transition states, or products. In contrast, a 
dynamicist attempts to retain the multidimensional character of the problem, so that vectorial 
information is not lost through averaging. For example, figure 2 illustrates a diatomic 
molecule approaching a rigid corrugated surface. In this simple planar representation. there 
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are four coordinates in the problem: z (the height of the molecule’s centre of mass above 
the surface), r (the diatom’s internuclear separation), B (the orientation of the molecule’s 
internuclear axis relative to the surface normal), and x (the point of impact at the surface). 
In a given classical trajectory, the path traversed along these four coordinates determines 
whether the molecule reacts, absorbs, or scatters. In reaction dynamics, experimentalists 
attempt to determine the extent to which different atomic motions influence the reaction 
probability for a given product channel. 

Figure 2. A planar view of a diatomic molecule approaching a cormgated surface. The four 
coordinates, z, r ,  9 and x ,  represent the height of the molecule’s centre of mass above the 
surface, the diatom’s internuclear separation, the orientation of the molecule’s internuclear axis 
relative to the surface normal, and the point of impact at the surface, respectively. Experiments 
determine how the reaction probability depends on motion along these four coordinates by 
controlling the incident translational energy, the initial vibrational quanta, or the distribution of 
molecular orientations or by measuring the product scattering-angldvelocity distributions. 

In many cases, one extracts dynamical information about a reactive process by using 
non-thermal distributions of reagents or by probing non-thermal distributions of products. 
It is convenient to categorize the initial conditions as being either energetic or geometric in 
nature. Translation, electronic, vibrational, and rotational energies each play an important 
role in activating the ensuing reaction. Approach geometry refers to the geometric or 
orientational configuration of the reagent molecule immediately prior to reaction on a 
surface. It includes both the position along the surface at which the molecule collides, 
i.e., surface impact parameter, and the alignmentlorientation of the molecular axis relative 
to the surface plane. By controlling the distribution of energies and/or approach geometries 
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associated with the reagents, one can uniquely map the relationship between various initial 
conditions and their corresponding effects on reactivity. Similarly, by measuring the 
distribution of energies and geometries in the products, one learns the way in which a 
reactive system disposes of its energy and momentum. Together, these studies provide 
detailed information about a reaction mechanism, its transition state, and the specific motion 
along z, x ,  r and 0 that underlies the nebulous reaction, coordinate. 

Two experimental tools have revolutionized the exploration of energy dependences in 
surface reactions: molecular-beam techniques and the use of lasers. Both neutral molecular 
beams and ion beams offer control over translational energy and feature a relatively small 
energy dispersion. Whereas supersonic expansions span an energy range from IO-’ to a few 
electronvolts, ion beams extend the range from a few electronvolts to many kiloelectronvolts. 
Internal energy (i.e., electronic, vibrational, and rotational) is often much lower than 
translational energy for these sources; however, it is usually difficult to vary the amount 
of internal energy over an appreciable range. This limitation can be overcome through the 
use of lasers, which precisely and selectively deposit molecular energy into internal degrees 
of freedom. In  addition, lasers can probe the population of rovibronic sublevels associated 
with molecules leaving a surface. 

Although the notion that reaction probability depends on approach geometry seems 
intuitive, experimental verification of these principles is difficult and rare. Inhomogeneous 
electrostatic fields or laser excitations have been instrumental in characrerizing the effect 
of internuclear-axis orientation on surface reactivity. Collimated beams of reagents in 
conjunction with angle-resolved detection have illuminated the role of surface impact 
parameter in moderating surface reactivity. 

This review will focus primarily on scattering experiments that assess the role of initial 
internal energy andlor approach geomehy on the reactivity of molecules colliding with 
surfaces. The interested reader is referred to DIETpmceedings (Tolk et al 1983, Brenig 
and Menzel 1585, Stulen and Knotek 1988, Betz and Vauga 1990, Burns et al 1993) for an 
overview of surface reactions initiated from photoexcited and electron-stimulated adsorbates. 
Although not covered here, these methods involve a restricted distribution of approach 
geometries over which hyperthermal energy reactions can be explored. Moreover, previous 
reviews on molecule/surface scattering have addressed the effect of incident translational 
energy on surface reactivity (see the article by Ceyer (1988)). Figure 3 lists a series 
of fundamental moleculelsurface processes and shows the approximate collision-energy 
range over which these processes are studied. Although collision energy is usually the 
dominant factor in determining reaction probability upon impact, it is certainly not the 
sole factor. Non-unit reaction probabilities for systems at energies above the activation 
barrier underscore the importance of approach geometry and internal energy in any complete 
dynamical picture. 

2. Internal energy 

An essential issue regarding the investigation of internal-energy dependences for surface 
reactions is whether an initial distribution of excited states completely relaxes before the 
molecule reaches the transition-state region. The concem can be validated or dismissed 
through a simple comparison of the moleculelsulface interaction time with the lifetime of 
an excited molecular state near the surface. A molecular electronic state usually couples 
strongly to near-resonant, evanescent bulk and surface states; consequently, the excited-state 
energy level broadens. Near metallic and semiconducting surfaces, electronically-excited- 
state lifetimes are typically of the order of 10-15-10-’4 s. Vibrationally excited states 
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Figure 3. Fundamental moleculdsurface pmcesses. Each shaded region designates the energy 
m g e  over which the associated process is studied. 

do not couple as strongly. Lifetime measurements reveal that a quantum of vibrational 
excitation within an adsorbate lives for - lo-'' s, lo-' s, or low3 s near metallic, 
semiconducting, or insulating surfaces, respectively (see the article by Cavanagh et al 
(1994)). Rotational energy is damped through mechanical means within the bounds of 
momentum conservation. This can often occur over a few rotational periods (10-12-10-" s). 
As a point of comparison, the interaction time for a direct moleculelsurface collision can 
be estimated from the molecule's incident velocity. For example, a typical small molecule 
(30 amu) travels 1 A in 2 x lo-13 s at room temperature, 1 A in 4 x lo-14 s at 1 eV, and 
1 A in 6 x lO-'5 s at 50 eV. With the exception of electronically excited states, internal 
excitations within incident molecules should not be completely quenched during a single 
surface collision. In the following tbree subsections, experimental efforts that ascertain 
the individual roles of initial electronic, vibrational, and rotational energy, respectively, in 
reactive collisions are reviewed. 

2.1. Electronic energy 

The relatively short lifetime of electronically excited states is problematic when trying to 
experimentally determine the effect of electronic excitation on reactive scattering. Often, 
a laser must be directed at the surface during molecular-beam exposure in order to 
insure sufficient electronic excitation. Unfortunately, this optical configuration allows for 
photoexcitation of not only impinging gas-phase molecules, but also surface adsorbates and 
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the solid substrate. As a result, ambiguities arise as to the nature of an observed photo- 
enhanced reactivity. Nevertheless, lasers have been used to generate radicals through the 
photodissociation of gas-phase, closed-shell molecules (see the article by Chuang (1986)). 
For example, optical excitation of Clz to a dissociative electronic state enables the otherwise 
non-reactive Clz to efficiently etch S at room temperature (Arikado er a1 1984). 

In the ion/surface-scattering community, it was once believed that the initial charge state 
of a scattering particle would have no effect on final product distributions. It was argued that 
efficient charge transfer would lead to an ‘equilibration’ of charge states near the surface, 
thus removing any ‘memow’ of the initial charge state (see Los, and Geerlings (1990)). 
However, van Slooten er al (1992) demonstrated that molecules can exhibit distinctly 
different product branching ratios depending on the charge state of the incident molecule. 
They showed that %+ incident on Ag(ll1) dissociates readily via surface neutralization to 
a repulsive electronic state, whereas neutral Hz dissociates to a lesser degree via rotational 
excitation following impact. Schins et a/ (1993) found that excited Rydberg states, Hz,, 
exhibit dissociation dynamics similar but not identical to those of H: on the Ag(ll1) surface. 
The reason that molecules exhibit memory of the initial chargdelectronic state, even though 
atoms do not, is because motion along vibrational coordinates differs within each electronic 
state; hence, the evolution of intramolecular motion, which leads to reaction, depends on 
the exact sequence of electronic transitions (see the article by Gadzuk (1987)). 

The majority of surface experiments involving electronically excited species have not 
utilized gas-phase excitation prior to a molecule’s impact with the surface. Instead, an 
electronic transition within the molecule or substrate has been initiated by electron or photon 
excitation after the molecule has been adsorbed to the surface. This area of research, termed 
desorption induced by electronic transitions (DIET), has evolved rapidly in the last decade 
and is reviewed elsewhere (see orml‘roceedings Polk er a1 1983, Brenig and Menzel 1985, 
Stulen and Knotek 1988, Betzand Vauga 1990, Burns eta/ 1993). The increased importance 
of plasma processing in the semiconductor industry motivates further investigation into the 
role of electronic excitation in enhancing molecular reactivity at surfaces (Winters and 
Coburn 1992). 

2.2. Vibrational energy 

Researchers have pursued three different strategies for measuring the vibrational efficacy 
of a surface reaction: (ij direct laser excitation of vibrational modes prior to a molecule’s 
impact with a surface: (ii) heated supersonic nozzIes for independent control of translational 
and vibrational energies in the incident molecules; and (iii) detailed balance arguments to 
relate vibrational-dependent sticking probabilities to state-resolved-desorption experiments. 

Direct laser excitation of incident gas-phase molecules has had only moderate success 
within surface-science applications. Yates et al (1979) and Brass eta/ (1970) independently 
attempted to measure the effect of vibrational excitation on the dissociative chemisorption 
of CH4 on Rh. These groups used an HeNe laser to populate the y and 2uh modes of 
gaseous C& above an Rh surface. Unfortunately, poor sensitivity and low excitation yields 
prevented either groups from measuring a positive result. Chuang (1981) used a CO2 laser 
to vibrationally excite SFg prior to its collision with an Si-surface. Adsorption of as many as 
four infrared photons significantly enhanced the rate of etching and SF4 product formation. 
Ulstead et a/ (1980) investigated the reaction of excited NO2 with C& catalysed by 
a Pt surface. Here, laser excitation of the NO1 reactants populates the mixed *AI/2BI 
electronic system with the majority being in the vibrationally excited electronic ground 
state, ’Al. A factor of four enhancement in CO1 production accompanied the introduction 
of laser radiation to the system. Wittig, Reisler and co-workers collided laser-excited NOz 
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with an MgO(100) surface and observed scattered NO fragments (see Ferkel et af (1994)). 
Although the incident molecules were prepared with slightly less internal energy than the 
dissociation threshold, the impulsive surface collision transferred a sufficient amount of 
translational energy into rovibrational energy l o  activate dissociation. This mechanism, 
termed collision-induced dissociation (CID), occurs via direct inelastic scattering rather than 
through trapping/desorption. 

Laser-pumping experiments experience low overall excitation probabilities; thus, they 
are susceptible to high background signals arising from the vast majority of unexcited 
reactants. However, this is not the case for state-selected ion preparation via resonance- 
enhanced multiphoton ionization (EMPI),  because laser-excited ions can be electrostatically 
separated from unexcited neutrals (see the article by Anderson (1992)). Jacobs and co- 
workers were the first to apply this novel technique to the burgeoning field of molecular- 
ionlsurface scattering. In the hyperthermal collision-energy regime, Martin et al (1992, 
1994) found that vibrational energy greatly enhanced the dissociation/two-electron transfer 
of NO+ on GaAs(l10). Here, state-selected NO+(v) ions were prepared in vibrational 
levels ranging from U =~ 0 to 6 and collimated in an ion beam. Figure 4 demonstrates 
that at 45 eV collision energy, vibrational energy is an order of magnitude more effective 
than translational energy in promoting scattered 0- products. Jacobs ~ and co-workers 
argued that neutralization, occurring immediately prior to impact, assisted CID by preparing 
the incident molecules in a coherent vibrational state, i.e., a state having a restricted 
distribution of vibrational phases (see the articles by Martin et af (1994, 1995)). This 
effect allowed the initial vibrational energy to add constructively to the translational-to- 
rovibrational energy transferred upon impact. This study represents the only experimental 
example of a vibrational enhancement in ionkurface reactions and demonstrates the largest 
ratio of vibrational to translational efficacies observed in surface science. 

A common approach to  exploring the effect of vibrational energy on neutral reactive 
collisions utilizes a heated supersonic nozzle. Raising the nozzle temperature increases the 
translational energy as well as the internal energy of molecules in the beam; however, by 
adjusting seeding conditions along with nozzle temperature, one can maintain a constant 
translational energy while independently varying the vibrational temperature. Rettner et 
al (1985) first demonstrated this approach, and many groups subsequently exploited the 
technique. It should be noted that rotational motion cools rather efficiently during supersonic 
expansion and is weakly coupled to the nozzle temperature; therefore, initial rotational 
energy is frequently ignored in heated-nozzle experiments. 

DEvelyn et af (1986) scattered CO2 on Ni(100) and measured both molecular and 
dissociative adsorption. Across the translational-energy range of 0.1-1.0 eV, a pronounced 
vibrational enhancement in the initial sticking probability, So, was observed. The authors 
argue that only the low-lying bending vibrations are excited in the beam. Thus, they suggest 
that the observed vibrational enhancement supports a bent transition state for the molecule 
dissociating to CO(a) + O(a) upon collision. 

Pfnur et al (1986) and Rettner er al (1988) examined the sticking of Nz on W(110) 
using a heated effusive nozzle. A 1020% sticking enhancement accompanying the addition 
of -0.16 eV of vibrational energy was comparable to the enhancement observed by adding 
a similar amount of translational energy. Rettner and Stein (1987) compared dissociative 
sticking measurements at two nozzle temperatures and concluded that vibrational energy 
is only about half as effective as translational energy in promoting the dissociative 
chemisorption of N:! on Fe( 11 1). 

Rettner et a1 (1985, 1986) found that CH4 chemisorption on W(110) is just as enhanced 
by initial vibrational energy as it is by translational energy. Ceyer and co-workers measured 
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Figure 4. The relative yield of scattered O'()P) from collisions of NOi('Zi, U, on 
GaAs(ll0). The open triangles (dashed curve) were recorded for the v = 1 level of incident 
NO+ at various collision energies. The closed circles (solid line) show the effect of initial 
vibrational quanta (U = M) at a fixed 45 eV collision energy. (Adapted from the article by 
Martin er a1 (1994)J 

the dissociation probability of C& on Ni( 11 1) as a function of incident translational and 
vibrational energies (see the article by Lee eral (1987)). They found that a modest increase 
in vibrational energy was at least as, if not more, effective than translational energy in 
promoting dissociative chemisorption in the translational energy range between 0.5 and 
0.7 eV. Moreover, their careful high-resolution electron energy loss spectroscopy (HREELS) 
analysis demonstrated that dissociative chemisorption of C& results in adsorbed methyl 
fragments. The authors speculated that the molecule must deform upon impact, thereby 
moving the H atoms out of  the way of the Ni-C attractive interaction. This deformation 
barrier could be overcome with incident translational energy, initial vibrational energy, or the 
impact of an inert-gas atom colliding with physisorbed C&. Tunnelling of the dissociative 
H atoms was also implicated from the observed isotope effect. Luna and Bethune (1989) 
observed a similar, albeit smaller, vibrational effect in the dissociative chemisorption of C H 4  
on Pt(ll1). In addition, these authors measured an enhanced dissociation with increasing 
surface temperature that was comparable in efficacy to translational and vibrational energies. 
Although surface-temperature activation is usually ascribed to a precursor model, Luntz and 
Harris (1991) argued that, collectively, these three forms of activation are consistent with 
a direct reaction mechanism involving thermally assisted quantum-mechanical tunnelling. 
Ukraintsev and Harrison (1994) have proposed an alternative statistical model, which 
does not include tunnelling but instead recasts the problem into an RRKM formalism. 
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The model postulates that efficient energy exchange during a direct collision uniformly 
samples the region of phase space that includes the activated complexes for desorption and 
dissociation. This treatment provides a remarkable fit to the measured isotope and energetic 
dependences ‘in scattering, thermal, and photochemical experiments for CbPt(l11). An 
essential presupposition within Ukraintsev and Harrison’s model is that all forms of energy 
contribute equivalently toward activation in the reaction; this condition appears to be valid 
for CbiPt (  11 1) but  is^ not completely general. 

Although the dissociative chemisorption of CH4 seems universally enhanced by 
vibrational excitation, McMaster and Madix (1992) found that vibrational energy had 
no discernible effect on the dissociative sticking probability for CzE& on Pt(l11). 
Larger molecules are more problematic for heated-molecular-beam experiments, because 
the reagents often dissociate within the nozzle, and because vibrational excitations are 
distributed over a large number of normal modes. 

A simpler prototypical system for determining the role of vibration in sticking is the 
dissociative chemisorption of HZ on metals. Hayden and Lamont (1989, 1991) measured 
the dissociative adsorption probabilities for H2 and DZ on Cu(ll0) as a function of 
nozzle temperature and seeding conditions. From the seeding data, the authors predicted 
translational-energy onsets to dissociation for H2 (U = 0, 1) and Dz (U = 1,2) as a function 
of the number of initial vibrational quanta. Rendulic and co-workers also observed an 
enhancement with vibrational energy for.H2, D2/Cu(ll l), HZ/Cu(l lo), H2/Cu(lOO), and 
Hz, Dz/Fe(lOO) dissociative chemisorption (see the articles by Anger el a1 (1989), Berger 
era1 1990, Berger and Rendulic 1991, Berger er al 1992). However, the limited range of 
beam energies ( ~ 0 . 3 5  eV) employed in these Hz/Cu studies made it difficult to quantify the 
relative contributions from the lowest vibrational levels (see the article by Michelsen and 
Auerbach (1991)). Rettner et ul (1992) extended the data set to collision energies ,as high 
as 0.83 eV for the DZ/Cu(lll) system. In this way, they were able to extract the adsorption 
probability versus energy for D2 in vibrational states U = 0-3. 

A complementary study of DZ/Cu(lll) exploited REMPI state-resolved detection and the 
principle of detailed balance (see the article by Michelsen er al (1993)). When applied to 
adsorption/desorption processes, detailed balance requires that, for an equilibrated system, 
the rate of adsorption be equal to the rate of desorption for any subset of molecules 
of the equilibrium flux striking the surface (see the articles by Michelsen and Auerbach 
(1991) or Tully (1994)). Michelsen er a1 (1993) measured the velocity-resolved internal 
state (U, J )  distribution for Dz formed in recombinative desorption from Cu(ll1). The 
authors noted that the velocity distribution from a molecule desorbing in the state (U, J )  is 
equivalent to the product of the flux-weighed velocity distribution at the surface temperature 
and the adsorption probability function, &(Ei, e,, U ,  J ) .  The latter quantity defines the 
sticking probability for a molecule approaching the surface with translational energy Ei 
at an angle of incidence Q j  in vibrational level U and rotational state J. Figure 5 shows 
the kinetic-energy dependence of the adsorption probability for the first three vibrational 
levels of D2 incident on Cu(l11). Vibrational energy appears to be 54% as efficacious 
as translational energy in this system. The measured vibrational populations following 
Michelsen’s permeatioddesorption experiment are consistent with those of Kubiak et a1 
(1985), who examined the same system but with lower sensitivity. 

Schroter et al (1987, 1992) performed similar experiments on the recombinative 
desorption of HD and DZ from Pd(100); however, these authors measured mean translational 
energies for the desorbates that were independent of internal-energy state (U, J )  and were 
close to that expected for a thermal distribution at the surface temperature. Although not 
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Figure 5. The kinetic-energy dependence of the !&/Cu(lll) adsorption probability. The 
intsmal-slate-dependent adsorption probability function, &(Et, St, U. J) .  is plotted against 
Enom for three vibrational slates (U r 0, 1 and 2) bearing B common rotational level (3  = 2). 
(From the article by Michelsen er al (1993)). 

analysed within the same framework as that of Michelsen et af (1993). Zacharias' time- 
of-flight distributions appear to have a depleted low-velocity tail, relative to a Maxwell- 
Boltzmann distribution at & This is consistent with a low activation barrier (-0.1 eV) 
to chemisorption. The authors conclude that the coupling between translational and 
rovibrational degrees of freedom is weak in this system. 

A unique approach to assessing the role of vibrational energy in dissociative 
chemisorption was pursued by Hodgson er a1 (1991, 1992) and Rettner er al (1992). 
Here, a translationally and vibrationally hot molecular beam of Dz was scattered on a 
Cu(ll1) surface. The reflectivity of Dz in a single rovibrational state (U = 1. J = 4) 
after the molecule scattered from the Cu surface was monitored by REMPI. This experiment 
is sensitive to competing mechanisms for vibrational excitationldepletion. The relative 
reflectivity of DZ(U = 1, J = 4) takes an abrupt drop at approximately 0.3 eV collision 
energy, which corresponds to the onset for U = 1 dissociative chemisorption. At collision 
energies approaching 0.6 eV, the relative reflectivity of Dz(u = 1, J = 4) rises above 
unity, while the corresponding Dz(u = 0, J = 0, 4) level shows a depletion. This 
latter observation is attributed to molecular vibrational excitation (U = 0 + 1) traverses a 
trajectory in which the bond length is extended near the transition state but scatters non- 
reactively. Rettner and co-workers estimated that the degree of vibrational excitation is 
roughly equal to the degree of dissociation for collision energies close to the barrier height. 
In order to avoid ambiguities in assigning the initial state from which the final reflected 
state originates, Sitz and co-workers have initiated an experimental programme in which 
stimulated Raman pumping prepares incident Hz in U = 1, J = 1. State-selected time-of- 
flight detection of the same level after molecular scattering from Cu has begun to provide a 
detailed measure of the transition-state region. Although this set of experiments probes non- 
reactive collisions, it reveals the stretching motion that Hz undergoes near the dissociation 



Molecu Wsurface reactive scattering 1033 

barrier on Cu (see the article by Darling and Holloway (1992)). 
From this h survey of experiments, one concludes that incident vibrational energy is 

effective in promoting moleculdsurface reactions only when a barrier to reaction exists. 
Analogous to gas-phase dynamics, the reaction probability often demonstrates the greatest 
vibrational enhancement for the case of a late barrier, where stretching or distortion o f ~ a  
particular bond must occur prior to the molecule reaching the transition state. In some cases, 
all forms of initial energy exhibit equivalent efficacies, and a statistical model suffices. It 
has also been observed that electron transfer in conjunction with impulsive energy transfer 
can give rise to pronounced vibrational dynamics. 

2.3. Rotational energy 

The effect of rotational motion on surface reaction probability is more difficult to measure, 
because the density of rotational levels is higher than that of vibrational levels. Supersonic 
molecular beams do not allow for significant variation of the incident molecule’s rotational 
distribution. Although direct laser preparation of a single rotational level is possible 
(Misewich et al 1985, 1986), a systematic study of the reactivity of rotationally state- 
prepared molecules at a surface has not yet been undertaken. However, the principal of 
detailed balance has been successfully exploited to calculate the effect of rotation on sticking. 
Detailed balance requires stateresolved desorption experiments, which are much simpler to 
conduct that state-preparative scattering experiments. 

As described in subsection 2.2, the dynamics of desorption and adsorption are related 
for a system under thermal equilibrium or quasiequilibrium. Rotational distributions of 
molecules undergoing trapping/desorption have been observed for a variety of systems: 
NOIRu(OO1) (Cavanagh and King 1981, King and Cavanagh 1982); NO/Pt(lll) (Frenkel 
et al 1981, Asscher er a1 1982, 1983, Segner et al 1983); NO/graphite (Frenkel er al 
1982, Kuze et al 1988): NO/Ge(l11) (MMl et al 1985); and NOIIr(l11) (Hamers et al 
1985, 1988). Although most of these systems demonstrate both direct inelastic scattering 
and trapping/desorption regimes, these mechanisms can be experimentally distinguished by 
angular or temporal resolution. In the case of trapping/desorption, the rotational distribution 
is often well described by a Maxwell-Boltzmann distribution with a temperature lower than 
the surface temperature. . This ‘rotational-cooling’ effect in ~ desorption has implications 
on the role of rotational motion in trapping. Through detailed-balance arguments, these 
results imply that trapping is more hindered for molecules in rotational states with high 
quantum numbers, J, than it is for those with low J .  This is because upon collision 
with the surface, incident rotational energy generates ,a translational impulse that impedes 
trapping when there is no barrier to molecular adsorption. Many reactive systems that 
undergo dissociative chemisorption show a similar rotational-cooling effect in recombinative 
desorption experiments, e.g. N2Fe (Thorman and Bernasek 1981); D*/Cu(I 11) (Kubiak et 
al 1985); OWPt(l11) (Hsu etal 1987, Hsu andLin 1988); HdPd(100) (Schroter etal 1987, 
1991); and HZ/Si(lOO) (Kolasinski er a1 1991, 1992. Shane et al 1992). 

However, care must be taken in applying the principle of detailed balance to desorption 
experiments that only measure a rotational population distribution. Unless the’rotationally 
resolved velocity distribution is explicitly measured for the desorbing molecule, one must 
assume that final velocity and rotational state are uncorrelated. This approximation is not 
always justified and can lead to errors in estimating the sticking probability as a function 
of rotational level. As mentioned in subsection 2.2, Michelsen et al (1993) performed 
an extraordinary set of correlation experiments on the recombinative desorption of Dz 
from Cu(ll1). From these studies, they successfully extracted the sticking probability, 
So(Ei, Bi, U ,  I ) ,  as a function of collision energy, incident angle, vibrational level, and 
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rotational state. The plot of &(Ei ,  e,, U, J) against Ej typically follows an S-shaped 
curve, characterized in pan by a translational-energy threshold, EO. Figure 6 shows the 
empirical translational-energy thresholds, EO, for a variety of rovibrational levels within 
Dz. These results clearly show that the amount of translational energy needed to surmount 
the adsorption barrier increases with increasing J for J -= 4 and decreases with increasing 
J for J > 4. In the high-J limit, rotational energy is approximately 35% as efficacious 
as translational energy in this system. Making an analogy to gas-phase experiments, the 
authors argue that rotational motion for low-J states may hinder adsorption by restricting 
the amount of time the molecule spends in a favourable orientation relative to the surface. 
At higher values of J ,  this 'stereodynamic effect' gives way to an 'energy effect', in which 
rotational energy couples to motion along the reaction coordinate (see the article by Darling 
and Holloway (1994)). Hence, at high J ,  increasing the initial number of rotational quanta 
lowers the translational-energy threshold for reaction. 

1 

Figure 6. The translational-energy threshold for D2ICu(III) dissociative chemisorption as a 
function of intmal (vibrational + rotational) energy. The three cluters of points represent 
v = 0. 1 and 2. while the series of points within each cluster designate individual rotational 
levels. (From the aticle by Michelsen et nl (1993)). 

In general, initial rotational energy alters a surface reaction probability only when the 
operative potential-energy surface has a significant dependence on molecular orientation, i.e., 
an orientation-dependent well depth, repulsive wall, barrier height, or surface corrugation. 
The next section explores this issue in greater detail. 
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3. Approach geometry 

3.1. Molecular alignment orientation 

Molecular interactions with surfaces are inherently anisotropic, i.e., molecular adsorbates 
bind with preferential orientations on most surfaces. Thus it is natural to expect that reactive 
collisions will demonstrate orientational preferences upon approach. This subsection will 
highlight experiments that probe the effect of an impinging molecule's orientation on 
reactivity at a surface. 

In the absence of external fields, isolated gas-phase molecules have a random 
distribution of their rotational-angular-momentum vectors as well as their molecular figure 
axes. However, experimental perturbations may be exploited to create anisotropic vector 
distributions, quantified in terms of the degree of alignment or orientation associated with the 
system. Figure 7 illustrates how these two terms are applied to distributions of rotational- 
angular-momentum vectors or molecular-symmetry-axis directions. 

Figure 7. An iliustr?tion Io clarify the terminology used to describe anisolropic disuibutions. 
(a) Alignment of the internuclear axis discriminates between 'end-on' and 'side-an' geometries, 
whereas (b) orientation of the molecular-symmetry axis specifies a 'heads' versus 'tails' 
collision. (c) Rotational alignment distinguishes 'cmwheel' from 'helicopter' motion, whereas 
(d) rotational orientation defines helicity, i.e.. clockwise versus anticlockwise rotation. 

To continue from the previous discussion involving rotational cooling, the probability 
that a molecule is trapped at a surface can be inhibited by initial rotational energy. 
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Furthermore, the direction as well as the magnitude of incident rotational angular momentum 
may affect the dynamics. Jacobs and co-workers (Jacobs et ~l 1987, 1989, Jacobs and Zane 
1989) applied detailed-balance arguments to the state-selective, alignment-sensitive detection 
of NO desorbing from Pt( 11 1). These experiments revealed that molecules desorbing in 
rotational levels J 12.5 prefer to rotate in a plane parallel to the surface (helicopter) rather 
than in a plane perpendicular (cartwheel) to the surface (see figure 7). Consequently, detailed 
balance suggests that rotationally excited molecules approaching the surface with a cartwheel 
motion have a lower sticking probability than do molecules approaching with a helicopter 
motion. This is consistent with the arguments presented in subsection 2.3 for rotational 
cooling, i.e. trapping is inhibited for cartwheeling molecules, which more efficiently transfer 
incident rotational energy into a mslational thrust away from the surface. Although this 
study remains the only example of a rotational alignment dependence to trappingfdesorption, 
Hermans (1993) observed similar results for energy relaxation in the scattering of rotationally 
aligned CH3F on LiF(OO1). 

Three decades ago Bernstein pioneered a hexapole-electrostatic-field technique (Gamer 
and Bernstein 1965) for orientating the major symmetry axis of polar molecules. Novakoski 
and McClelland (1987) first introduced this technique to surface science in the scattering 
of CHF3 on Ag(ll1). Here a hexapole focusing field within the detector measured the 
molecule’s departing orientation upon desorption. In this, as in many other hexapole 
experiments, orientation effects were characterized by a measured polarization ratio 

where and 1011~ represent the scattered molecule intensity corresponding to orientation 
diskibutions where the head (-) or tail (+) of the molecule preferentially point toward 
the surface, respectively. It should be noted that the magnitude of an experimentally 
determined polarization ratio scales with the average orientation prepared in the incident 
beam. This latter quantity depends on experimental conditions, e.g., hexapole voltage and 
purity of rotational states in the focused beam, and as such makes it difficult to compare 
the magnitude of R measured for different systems. Novakoski and McClelland measured 
a polarization ratio R = 0.053 1 0.005 at G = 620 K, indicating that CHF3 desorbs with 
the H preferentially pointing toward the Ag( 11 1) surface. If detailed balance is applicable, 
this result would suggest that CHFs exhibits a greater sticking probability when the H end 
of the molecule strikes the surface. The observed steric effect underscores the orientation 
dependence of the moleculelsurface potential. 

Kleyn, Stoke, and co-workers were the first to apply the hexapole electrostatic technique 
for orientating molecules incident on a surface (see the articles by Kuipers etal (1988, 1989) 
and Tenner et al (1988, 1989a, b, 1991)). They measured the orientation dependence for 
inelastic scattering and trapping of NO on Ag(ll1). Trapping exhibits a polarization ratio 
R = 0.035 at T, = 600 K for normal beam energies above 0.02 eV. The preference for 
trapping when the more repulsive 0 end of the molecule points toward the surface may arise 
from the greater amount of translational- to rotational-energy transfer in this configuration. A 
molecule becomes trapped in the -0.2 eV adsorption well only when a sufficient amount of 
initial normal translational energy can be reduced upon collision. In cantrat to NO/Ag(l 1 l), 
the adsorption of NO on Pt( 11 1) demonstrates the opposite orientation effect (see the article 
by Tenner et nl (1991)). Figure 8 demonstrates that N-end collisions trap more efficiently 
and hence show less specular scattering than do 0-end collisions. The measured steric effect 
for trapping, R = -0.025 (10.001) at Ts = 675 K, indicates that molecules colliding with 
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3 

Figure 8. The angular distributions for direct scattering of oriented NO on Pt(lI1).  The 
incident angle is 500. the collislon energy is 0.180 eV, and the surface temperature is 573 K. 
Fewer molecules U e  seen to scatter from the surface when the incident approach is N end first 
rather than 0 end first. (From the aticle by Kuipm et 01 (1989)). 

the N atom pointing toward the surface have a higher probability for trapping, presumably 
because of the stronger chemical bond that Pt makes with N compared to 0. 

Heinzmann and co-workers have studied the orientation dependence of NO trapping in 
Ni(100) and Pt(100). In order that their data can be compared to others in this review, 
(1) will be applied throughout. On Ni(100), sticking exhibits a large polarization ratio, 
R = -0.19 &Oo.02 at T, = 155 K and normal beam energy, E, = 0.125 eV, for all surface 
coverages spanning from 0 to 1 monolayer (ML) (see the article by Fecher eta1 (1990a, b)). 
The coverage-dependent sticking probability implicates an extrinsic precursor to adsorption, 
i.e., incident molecules colliding with an occupied surface site can temporarily trap and 
migrate to an empty site. Nevertheless, the data are successfully modelled assuming that 
the polarization effect arises solely from an orientation preference for those molecules that 
directly chemisorb. Like the Pt( 11 1) system, NO prefers to chemisorb when the N atom 
rather than the 0 atom impacts the Ni(100) surface. 

Muller er a1 (1992) explored the stereodynamics of displacing CO with NO on Ni(100) 
at 160 K. While the adsorption of NO shows a coverage-independent polarization ratio 
R = -0.13 at Ty = 300 K and En = 0.107 eV, the displacement reaction h d ' a  complicated 
polarization ratio. Initially, at high CO coverage the displacement reaction is enhanced 
when NO approaches 0 end first ( R  = +0.16); however, as the CO coverage is reduced to - 

The dynamics of NO sticking on clean Pt(100) are qualitatively similar to those on 
clean Ni(100). Across a wide surface-temperature range, 153 K c T, -= ,373 K; Muller 
et ~ a l  (1994a) found that direct chemisorption shows a strong orientation dcpendence 
(-0.58 < R i -0.18) favouring surface collisions with the N end. Part of the reason 
why NO adsorption on Pt(l1 I )  demonstrates a smaller orientation dependence than it does 
on Ni(100) and Pt(100) is that the former system has a high sticking probability (SO > 0.9); 
as SO nears unity, approach geometry must become inconsequential to sticking. 

At higher surface temperatures (393 K). NO reacts with CO-precovered Pt(100) to yield 
COz(g) (see the article by Muller et a1 (1994b)). Figure 9 shows the polarization ratio 
for COz(g) production as a function of exposure time. The authors offer the following 
explanation for the temporal evolution of the orientational preference. Initially, NO reacts 
with CO through an Eley-Rideal-type or precursor-mediated (Harris and Kasemo 1981) 
mechanism. For the CO-saturated surface (t  = 0 s. R =~-0.6), N-end collisions are 

ML, displacement is enhanced for N-end collisions ( R  = -0.34). 
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Figure 9. The polarizarion ratio for CO2 production on CO-precovered Pt(100) exposed to 
oriented NO molecules. With increasing exposure time, both the CO coverage and the reaction 
mechanism change. (Adapted from the article by Miiller et af (1994bh) 

more reactive than 0-end collisions. As the reaction proceeds, new adsorption sites 
become available. Eventually, all the CO adsorbates within the mo1ecular;beam waist 
are removed by reaction, and diffusion of NO to a CO site along the perimeter recovers the 
Langmuir-Hinshelwood mechanism. Thus in the asymptotic limit, the reaction polarization 
ratio reflects only the orientation preference for NO sticking on an NO-covered surface 
( R  --f -0.2); the reaction between NO and CO along the perimeter occurs with no memory 
of the incident molecule's orientation. In the interim, a positive polarization ratio arises as 
an artifact of how the data is plotted: a faster reaction rate for N-end collisions depletes 
the CO coverage more rapidly; thus at t = 40 s, the N-end experimental run is well into 
the Langmuir-Hinshelwood regime, while the 0-end run is still reacting with remaining 
preadsorbed CO through the Eley-Rideal mechanism. If the orientation preference were to 
be plotted versus CO coverage within the beam waist, the polarization ratio would appear 
negative everywhere. 

Using similar electrostatic orientation techniques, Curtiss and Eernstein (1989) scattered 
CH3F on the (0001) face of graphite at 298 K. The specular peak showed a polarization 
ratio R = 0.027, indicating a reduction in the direct scattering probability when the F end of 
the molecule is oriented towards the surface. Moreover, molecules incident 50" off normal 
and detected at -10" show a polarization ratio R = -0.01; this geometry favours the 
detection of molecules scattered from the trapping/desorption channel. These two results 
are consistent with an interpretation that CH3F may trap more effectively when the F end 
approaches the surface. Bernstein's group proceeded to measure polarization ratios for over 
a dozen molecules scattering on graphite (see the article by MacKay et al (1989)). Most 
notably, Mackay et al (1990) observed a strong polarization ratio, R = 0.50, for specular 
scattering of CHF3/graphite. Similar to CH3F, the polarization ratio flips sign for glancing 
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incident angles with near normal detection. Consistent with the desorption experiments of 
Novakoski and McClelland (1987), Bernstein and co-workers speculate that CHF3 traps 
preferentially when the H end of the molecule approaches the surface. 

Unfortunately, strong electrostatic fields cannot be used to orientate molecular ions; 
hence, novel approaches have been developed for exploring steric effects in hyperthermal 
energy ionkurface reactive scattering. Tappe et al (1991) scattered HI+ on Ni(ll0) under 
glancing-incidence conditions and observed the angular distributions of the resulting atomic 
fragments. They interpreted the asymmetry in these angular distributions to alignment- 
dependent electron transfer/dissociation dynamics along the incident trajectory. 

Snowdon and co-workers carried out an extensive series of glancing-angle scattering 
experiments using a cation or reneutralized molecular beam (3 keV total energy, 0.7- 
4.0 eV normal energy). Using coincidencedetection techniques, Rechtien et a1 (1992, 
1993), Nesbitt eta1 (1994a. b), and Harder et a1 (1994a, b) measured the final internuclear- 
axis alignment and kinetic-energy release in the dissociative scattering of H:, D:. N:, 
and NO+ on Cu(ll1). Measurement of the position and arrival time of both fragments in 
coincidence defines the velocity of the diatom's centre of mass as well as the magnitude and 
direction of the diatom's relative velocity vector. Dramatically different final internuclear- 
axis alignments are observed for NO+ (N:) compared with %+ (D:). For NO+ (Nl), the 
diatom dissociates with the internuclear axis preferentially directed along the surface normal. 
Nesbitt et a1 (1994a) speculate that the exit-channel well depth, i.e. attractive N-Cu and 
O - c u  interactions, minimizes the probability that both fragments will successfully scatter 
from the surface when the diatom is aligned parallel to *e substrate. Conversely, they argue 
that a molecule aligned along the surface normal has a larger chance for both fragments 
to reach the detector. Under identical scattering conditions, neutral NO and Nz exhibit 
similar internuclear-axis anisotropies as their ionic counterparts. The authors suggest that 
the similar behaviour occurs because the ion efficiently neutralize on the inward trajectory 
after which they dissociate by the same mechanism as do the incident neutral molecules. 

For the dissociative scattering of H: (Dl), the final internuclear-axis direction 
preferentially lies parallel to the surface. Unfortunately, &is observed alignment bias appears 
not to be a manifestation of anisotropy within the PES; rather is it a consequence of one 
fragment losing more energy to the surface than the other (see the article by Harder et a1 
(1994b)). 

Schins et a1 (1993) utilized a similar experimental approach to explore the dissociative 
scattering of H: on Ag(ll1). Unlike Snowdon and co-workers, Los and co-workers 
incorporated a detector design that did not restrict the final internuclear-axis direction to 
lying in the scattering plane. In spite'of this experimental improvement, the authors note 
that tangential energy loss for the incident molecule and scattered fragments necessitates a 
deconvolution procedure that compromises the ability to extract detailed information from 
these studies. Nevertheless, the authors implicate direct dissociative neutralization to the 
lowest dissociative state ( b 3 Z 3  of HZ as the operative mechanism for fragmentation. 

Whereas the previous sets of dissociative-scattering experiments were only sensitive to 
the final alignment of the internuclear axis, Jacobs and co-workers explored initial alignment 
effects in ion/surface reactions. Above collision energies of 20 eV, NO+ can undergo 
dissociation and a two-electron transfer on Ag(ll1) to form 0- products. ~ Greeley et a1 
(1994, 1995) utilized 1 + 1' REMPI to prepare an aligned distribution of NO+ ions incident 
on Ag( 11 1) at collision energies ranging from 35 to 80'eV. Through a Q-branch resonance, 
plane-polarized light selectively ionized only those molecules with angular momentum 
vectors, J ,  aligned parallel to the laser polarization direction. Although the newly formed, 
state-selected NO+(X'X, U = 0, J )  ions rotate freely before colliding with the surface, their 
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internuclear axis direction is constrained to lie predominantly normal to the laser polarization 
direction. In this way, the emergence of scattered 0- could be measured for NO+ 
molecules that collided predominantly with 'end-on' or alternatively 'side-on' alignments 
(see figure 7(a)). Figure 10 illustrates that the yield of scattered 0- is enhanced by end-on 
rather thanside-on-type collisions and that this preference diminishes for increasing collision 
energies. It is improbable that this effect arises from a geometry-dependent electron-transfer 
probability, because the formation of scattered NO- appears insensitive to the initial NO+ 
alignment. Instead these results, along with corroborating classical trajectory calculations, 
confirm that CID is the source of the alignment dependence of the reactivity. The impulsive 
transfer of incident translational energy to rovibrational energy is more effective if the 
diatom collides with its internuclear , c i s  lying close to the surface normal. This conclusion 
is consistent with the orientation-dependent rotational rainbows observed for thermal-energy 
scattering of NO/Ag(l11) (see the article by Geuzebroek er al (1991)) 
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Figure 10. The relative readion probability for 0- emergence versus the molecular orientation 
of NO+ colliding with Ag(ll1) (35 ev, normal incidence). Only the quadrupole moment of 
the alignment prefecence could be determined from the experiment. Each of the three cumes is 
consistent with the measured quadrupole moment (,E = 0.3 at 35 eV) and they demonsmle that 
nearend on collisions are at least twice U reactive as side-on collisions. The inset shows the 
dependence of the quadrupole moment on collision energy, whece ,E = 0 represents no alignment 
preference. (Adapted from the article by Greeley et 01 (1994).) 

The experiments reviewed in this section provide wonderful examples of the interesting 
geometric constraints in molecule/surface reactions. Furthermore, they complement the 
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wealth of structural information obtained for molecules adsorbed on a variety of surfaces. It 
is hoped that a relationship between equilibrium bonding geometries and the most favourable 
approach geometry for reactions can be firmly established. 

3.2. The~suiface impact parameter 

Determination of the chemisorption sites for molecular adsorbates is a first step to 
establishing catalytic reaction mechanisms; this is commonly achieved through a battery 
of complementary surface-sensitive spectroscopies, i.e. low-energy electron diffraction 
(LEED), high-resolution electron energy-loss spectroscopy (HREELS), infrared absorption 
spectroscopy (IRAS), x-ray absorption fine structuxe (XAFS), electron-stimulated-desorption 
ion angular distributions (ESDIAD), time-of-flight scattering and recoiling spectroscopy 
( ~ F S A R S ) ,  scanning tunnelling microscopy ‘(sTM), etc. However, a more difficult question to 
address is how the impact site of an impinging gas-phase molecule determines the molecule’s 
subsequent reactivity at a surface. This question may be asked of a viriety of surface 
processes: trapping, chemisorption, electron transfer, dissociative scattering, sputtering, 
etching, addition reactions. etc. 

Analogous to the terminology applied to individual gas-phase reactive trajectories. we 
define the surface impact parameter as the point on the surface at which the incident 
molecule’s centre of mass would collide in the absence of any moleculdsurface interactions. 
The effect that a molecule’s surface impact parameter has on reaction probability can be 
inconsequential for some reaction mechanisms. For example, in a Langmuir-Hinshelwood 
mechanism, reactants first chemisorb or physisorb to the surface; next one or both reagents 
diffuse along the surface; after two energetically and sterically suitable reactants encounter 
one another, they form products; finally, the product molecules desorb from the surface. 
Here, the surface impact parameter may only affect the initial trapping probability and not 
the reaction probability between adsorbates. In contrast, an Eley-Rideal mechanism involves 
a direct reactive collision between an impinging gas-phase molecule and an adsorbate. In 
this case, the surface impact parameter might have a~ pronounced effect on the reaction 
probability. Hence, determining the relationship between reaction probability and surface 
impact parameter provides important mechanistic information. 

Unfortunately, it is impossible to focus with atomic precision a beam of incident 
molecules, so as to directly control their surface impact parameter. Instead, all surface 
impact parameters are sampled statistically within a given experimental measurement. 
Variation of the molecular beam’s incident angle relative to the surface normal can restrict 
the distribution of sampled surface impact parameters; however, this also alters the normal 
incident energy, which in itself can exert a pronounced effect on reactivity. 

Classical trajectory simulations have demonstrated that the surface impact parameter 
plays an important role in energy transfer during surface collisions (see the articles by 
Alexander (1991), Masson eral (1994), and Pouilly et al (1994)). Moreover, trapping can 
be enhanced for surface impact parameters where incident momentum directed along the 
surface normal is converted into tangential momentum (see the articles by Tully (1980) 
and Jacobs and Zare (1989)). Unfortunately, the validity of these principles can only be 
summarised indirectly from experiments. 

A powerful experimental probe of the site dependence of the reactivity is realized by the 
angle- and energy-resolved detection of scattereddesorbed product molecules. Matsushima 
et ul (1993a, b) and Ohno et a1 (1993) exploited this principle in the recombinative 
desorption of CO2 on Ir(llO)(l x 2), Pd(llO), Pt(l10)(1 x 2). and Pt(l12). In each case, 
CO and 0 were coadsorbed at a fraction of a monolayer. As the surface was heated, 
the velocity distribution of CO2 was measured for various polar and azimuthal angles. In 
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summary, the product velocity distribution can be fitted to a temperature five times that 
of the surface. Moreover, the angular distribution is sharply peaked and non-cylindrically 
symmetric ahout the surface normal. Matsushima and co-workers propose that 0 adatoms 
are tightly bound at high-coordination sites. The CO adsorbates diffuse to and react with 
the stationary 0 atoms. The nascent CO2 is only weakly bound; moreover, it is born on 
a repulsive region of the COzlsurface potential due to the initially short Olsurface bond 
length. Analogous to ESDIAD, the authors argue that prompt CO2 desorption from this 
repulsive potential will lead to a product angular distribution with the same symmetry 
as the desorption site. Applying a simple hindered translational-energy model to fit the 
angular-distribution data, the researchers implicate the sites from which the COz products 
are ejected. Although higher coverages increase the product translational energy and sharpen 
the angular distributions, the nature of the reaction site is believed to be invariant with 
coverage. Applying detailed balance to this system, one would predict that dissociative 
chemisorption of COz is translationally activated and proceeds at the same sites (surface 
impact parameters) implicated from the desorption experiments. 

Figure 11. The opacity function for electron attachment to form 0- in the scattering of NO+ 
on GaAs(ll0). The bar plot represents the probability that an electron from the surface will 
attach to the emerging 0 fragment BS a function of the final surface impact parameter. The 
charge densities for the C3 and A5 dangling-bond states arc illustrated above the lattice. (From 
the micle by Morris el al (1995).) 

Morris er al (1995) explored the surface-impact-parameter dependence of dissociative 
scattering of NO+ on GaAs(ll0). The (110) face of GaAs is characterized by rows and 
troughs, where Ga and As atoms are situated opposite one another (see figure 11). As 
a result, the surface lacks a reflection plane parallel to the rows. With state-selected 
NO+(u = 1) incident along the surface normal, the flux of 0- products was recorded 
in a scattering plane perpendicular to the rows and troughs. Here i t  was observed that 
0- products preferentially emerge to one side rather than the other side of the surface 
normal. To address whether this apparent scattering asymmetry arises solely from the 
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surface cormgation, classical trajectory simulations were performed on a 105 atom slab. 
Surprisingly, the classical trajectoly model predicts an asymmetly in the opposite direction. 
Consequently, Jacobs and co-workers introduced a surface opacity function for electron 
attachment, expressing   the probability that an electron from the surface will attach to the 
dissociating diatom, as a function of the 0 atom’s last point of impact at the surface (final 
surface impact parameter). By fitting the model’s predicted angular distribution with that 
measured from experiment, a surface opacity function for electron attachment was extracted. 
This function, shown in figure 11, clearly indicates that 0- emerges only if it last scatters 
from the peaks of the GaAs rows. Of particular importance, the C3 and As surface states 
correspond to dangling bonds on the Ga- and As-row atoms, respectively. These surface 
states, being close to the Fermi level, are near-resonant with the impacted 0 atom’s affinity 
level. Thus, a plausible explanation for the observed scattering asymmetry is that 0- 
products emerge only after the 0 fragment achieves sufficient spatial overlap, with the 
Cs or As surface states, to attach an electron. The notion of a surface-impact-parameter 
dependence for charge transfer is not unprecedented. In atomic-ion scattering, Geerlings et 
al (1987), Kimmel et al (1991), German etal (1993), and Hsu etal (1993) have observed a 
relationship between surface impact parameter and electron-transfer probability. However, 
the NOflGaAs(llO) system remains the only molecular-ion scattering system for which 
a relationship between final surface impact parameter and reaction probability has been 
established. 

4. Conclusions 

This review has demonstrated the merits of investigating ‘molecule/surface reactions with 
attention to energetic and geomehic considerations. Specifically. the reaction probability for 
a molecule incident on a surface depends on both the initial energy (electronic, translational, 
vibrational, and rotational) and the molecule’s approach geometry (spatial orientation and 
surface impact parameter). In most cases, translational energy is found to be equally or 
more efficacious than vibrational or rotational energies in promoting dissociation, with 
NO+/GaAs(llO) being a notable exception. Experiments reveal that molecular orientation 
can have a pronounced effect on surface reactivity, because of strongly directional covalent 
interactions as well as geometric dependences in the energy-transfer dynamics. The incident 
and final surface impact parameters are seen to be important to Eley-Rideal and electron- 
transfer reactions, respectively. Together with model simulations, the reviewed scattering 
experiments provide salient details on the characteristic atomic motions associated with 
prototypical surface reactions. 
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