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New approaches to surface reactions are reviewed in comparison with reaction dynamics in the gas
phase. These are commonly based on product analysis before energy dissipation, in contrast to the chem-
ical kinetics of surface reactions. Information of energy partitioning during reaction events is requisite
to approach to reaction sites. In reactant adsorption, electronic excitations are exemplified to take place,
showing non-adiabatic processes. On the other hand, in product desorption, spatial and energy distribu-
tions of desorbing products with hyperthermal energy can deliver the most direct structural information
of the transition state including active intermediates and product formation sites. Typical analyses are
shown in both N, O decomposition and CO oxidation on noble metals.
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1. Chemical kinetics and reaction dynamics

The mechanisms of chemical reactions on solid surfaces have
been mostly examined from the viewpoint of chemical kinetics.
The resultant mechanism is frequently short-lived because surface
chemical kinetics describes the reaction rate in a phenomenological
way as a function of the reactant coverage and surface temper-
ature, proposing a consistent reaction mechanism. Most of the
mechanisms deduced on ill-defined surfaces along these lines were
discarded in the 1960s after re-examination by surface science tech-
niques including vibration and photoelectron spectroscopies on
well-defined surfaces [1,2]. This passive status of surface chemi-
cal kinetics has not changed even after the examination of many
simulations for the description of the inhomogeneous reactivity
of surface species from a mean-field approximation [3] or Monte
Carlo simulations on lattice gas models [4]. Fortunately, surface sci-
ence has explained the mechanism of the remarkable sensitivity of
chemical reactions toward surface structures, for example, in the
synthesis of ammonia (N, +3H, — 2NH3) on iron surfaces [5] and
CO oxidation (CO+ 0, — CO,) on platinum metals [6]. Our under-
standing is, however, still far from that of gas-phase reactions. We
still do not have a suitable method for directly obtaining structural
information about the reaction site or active intermediates through
the reaction itself. In gas-phase reactions, methods for approaching
the potential energy surface (PES) have been established using both

* Corresponding author. Tel.: +81 29 874 1508; fax: +81 29 874 1508.
E-mail address: tatmatsu@mbr.nifty.com (T. Matsushima).

1381-1169/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2009.06.012

chemical kinetics and reaction dynamics [7]. This paper reviews
energy partitioning requisite for surface reaction dynamics in both
reactant adsorption and product desorption. In the former, elec-
tronic excitations take place, showing non-adiabatic processes. In
the latter, knowledge of this partitioning opens reaction dynamics
focusing on spatial and energy distributions of desorbing products,
which can deliver structural information of active intermediates
and product formation sites.

In general, a chemical reaction must be characterized with
respect to not only chemical kinetics but also reaction dynam-
ics because it is always accompanied with energy partitioning. No
structural information is provided by chemical kinetics, since the
determined reaction rate constants carry only scalar rate param-
eters, such as the activation energy and a pre-exponential factor.
The structural information on surface-reaction sites and the con-
figuration of the transition state will be found in reaction dynamics
dealing with energy partitioning as well as the product velocity dis-
tribution in terms of the PES, as is usually the case in gas-phase
reactions. Information on the transition state (TS) conformation
in gas-phase reactions is deduced from the spatial and energy
distributions of emitted products before energy dissipation for var-
ious collision energies [7] or by femto-second spectroscopy during
molecular transformation [8]. In the case of surface reactions, such
information, if obtained, will be able to provide the structure of
active sites or intermediates which have been surveyed for nearly
a century. The active center theory was proposed by Taylor in 1925
[9].

An approach to TS in surface reactions has been partly successful
in limited cases and has been useful in the identification of active
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Fig. 1. Variations of potential energy of the H, + F reaction system along the reaction
coordinate for a linear H-H-F form. The reaction path coordinate on the abscissa is
defined as the difference of the sum of H-F and H-H bond distances from their
smallest value. One Bohr is 0.53 A. The zero point energy of the reaction system, as
well as the vibrational energy levels (¥ = 0 — 3) of product HF, is shown in kcal/mol
units [18].

intermediates and reaction sites [10]. In general, the TS in a surface
reaction is still difficult to examine experimentally, even by means
of fast surface spectroscopy, because nascent product molecules are
quickly thermalized to the surface temperature before detection
[11]. Thus, the density functional theory (DFT) with a general-
ized gradient approximation (GGA) has yielded many proposals
for TS configurations without experimental verification [12,13]. At
present, there is no method for determining the energy distribu-
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tions of nascent products on metal surfaces. Thus, only limited
surface reactions, which emit product molecules with hyperther-
mal energy, have been examined for the configuration analysis of
TS.

2. Potential energy surface and energy partitioning

Here, reaction dynamics in the gas phase is briefly exempli-
fied for comparison with that in surface reactions. This comparison
clarifies what is lacking in surface reaction dynamics. The merit
of studying gas-phase bimolecular reactions is that (i) the initial
conditions of the reactants can be specified, (ii) there are physi-
cal quantities, such as the total momentum, energy, and angular
momentum conserved before and after the collision event, (iii)
by measuring the velocity distribution of products in each vibra-
tional and rotational state, detailed dynamical information can be
deduced, such as differential cross-section (DCS) and flux intensi-
ties for each internal state of the product molecules as a function
of the relative velocity vector of a product in the so-called center-
of-mass (c.m.) system of coordinates, in which the total linear
momentum for a pair of products is zero, and (iv) the potential
energy surface of a given reaction can be constructed. To con-
struct the PES from the experiment, the DCS or flux intensities
must be measured at several collision energies. Of course, this
kind of analysis has been performed for several gas-phase reac-
tions.

Here, the analysis of the reaction F+H, — HF + H is briefly sum-
marized as one of the most thoroughly studied systems. This
reaction is exothermic by 32.08 kcal/mol. This energy along with the
relative translational and internal energy of the reactants is parti-
tioned into the quantum states as well as the relative translational
energy of products. The potential energy diagram of the reaction
is shown in Fig. 1 for reactant H, in the rotationally and vibra-
tionally ground state. The energy level for each vibrational state of
product HF is also drawn. From the analysis of the infrared chemi-
luminescence spectrum of nascent product HF [14], the fractional
formation ratio for each vibrational level was calculated at 0.31(v' =
1):1.00(v' = 2):0.47(v' = 3); i.e., most of the HF products are vibra-

(b)

F+p-H, >HF+H; 1.84 kcal/mole

Fig. 2. (a) HF product angular distribution for the F+p-H, reaction at a collision energy of 1.84 kcal/mol as a function of the laboratory scattering angle ®, and Newton
diagram. Both the data and calculated best-fit laboratory distributions for each vibrational state and the total sum of all contributions are shown. (b) Center-of-mass velocity
flux contour map with a three-dimensional perspective. The angle indicated as 0° refers to the direction of the incident F atom c.m. velocity. Lines are spaced linearly along

the three-dimensional contour according to the scattering intensity [16].
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Fig. 3. (a) Potential energy surface for the collinear F+H, — FH + H reaction. (b) Potential energy as a function of the H,—H,-F bond angle at the saddle point, where H, and
Hp, stand for the terminal and central hydrogen atom. The energy levels shown are the vibrational quantum states numerically calculated [18,20].

tionally excited to the second (v = 2) and third (v’ = 3) vibrational
levels. The mean fraction of the total energy available in products
entering vibration is 66% and the remaining energy is converted
into the rotational (8%) and translational (26%) modes. On the
other hand, using a crossed-molecular beam technique a velocity-
selected fluorine atom beam is crossed with a velocity-selected
supersonic H, beam and the product HF molecules emitted from
the crossing zone are detected using a rotatable mass spectrome-
ter. The velocity distribution is measured at each scattering angle
using a time-of-flight technique. The differential cross-sections are
deduced from these data [15-17].

The intensity of HF formed from the reaction F+para-
H, — HF +H at a relative collision energy of 1.84 kcal/mol is plotted
in Fig. 2a as a function of the laboratory scattering angle (®) along
with a Newton diagram for this system (lower panel), where &
is referred from the F atom beam direction. The HF intensity pro-
file exhibits three peaks. The contributions of vibrationally and
rotationally excited HF molecules were assigned by analyzing the
velocity distributions. From the conservation of the linear momen-
tum for the whole FHH system, the velocity vector of the c.m.
of FHH is directed toward point G from the origin of the New-
ton diagram at ®=18.2° (Fig. 2a). Since the forces acting among
the atoms involved depend only upon their relative positions,
one needs to obtain the dynamical information in the c.m. sys-
tem.

The circles marked with v =1, v/ = 2, and v' = 3 are the end-
points of the relative velocity vectors calculated from the relative
translational energy available for the rotationally ground HF prod-
ucts at the vV = 1 — 3 states, respectively. A contribution from the
v = 3 state of the HF product is remarkable in a region of small
scattering angles. At each laboratory angle ®, two velocity compo-
nents are seen; i.e., one corresponding to HF (' = 3), which leaves
with the vector sum of the relative HF velocity in the c.m. system
and the velocity of the center-of-mass of F— H — H 0G, achieving
a larger speed than OG, and the other, which moves more slowly
than OG.

Fig. 2b is the so-called c.m. flux-velocity contour map extracted
from the velocity distributions observed at all laboratory scatter-

ing angles. This distribution is also called differential cross-section
(DCS). Actually, the rotational modes are also excited, showing sig-
nificant intensities between circles of ¥ = 2 and 3 (Fig. 2b) as well
as inside the circle of v = 3. The product is emitted in a three-
dimensional space and the flux distribution is symmetric around
the initial collision velocity vector. The energy content and its flux
intensity involved in the product are sensitive to the scattering
angle. The following characters can be derived from the figure.
The PES constructed in theoretical treatments must involve these
characters.

(1) All HF molecules are vibrationally excited. Their population is
sensitive to the angle.

(2) Except for v =3 products, HF is emitted into the backward
direction.

(3) HF with v’ = 3 is preferentially scattered into the forward direc-
tion.

Comparison of experimental results with the theoretical DCS’s
and total reaction cross-sections calculated on various trial PES’s
for various initial conditions are expected to yield a suitable PES.
Fig. 3a shows a PES for a collinear F-H-H configuration and the
dashed line represents the minimum energy path (reaction coor-
dinate) for F+H(0,0) reaction [18]. H,(0,0) stands for H, in the
rotationally and vibrationally ground state. The highest potential
energy state (saddle point) appears at an F-H separation of 170%
of that of the H-F bond distance, consistent with formation of a
highly vibrationally excited HF [19]. On the other hand, at the tran-
sition state the H-H separation is close to that in the ground state.
This yields comparatively high recoil energy for H+HF pair due
to a repulsive force exerted between them. Takayanagi and Sato
[20] have attained a PES with a bent transition state configuration
(shown in Fig. 3b) which affords the best-fit theoretical DCS’s to all
of the DCS data [16,17]. Introduction of this bent conformation is
required to reproduce the dominant forward scatterings for v = 3
state HF [15,20], in which F-H-H intermediate should turn around
by almost 180°.
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Table 1

Relaxation time (7) of vibrationally excited CO on various surfaces.

Surface Pt(111) Cu(111) Rh;(C0)4/Si0; Si(100) NacCl Gaseous
Temp. (K) 150 93 Room temperature ~100 22 286

7 (ns) 0.0022 0.002 0.125 2.3 4300 33,000
Refs. [22] [23] [26] [27] [28] [29]

3. Energy transfer on metal surfaces

The reaction dynamics in the gas phase can clearly describe the
energy partitioning into each available mode of products because
the energy conservation rule holds for each reaction system. On the
other hand, the energy flow in a chemical reaction on metal surfaces
has several channels with different time constants. Sometimes, the
energy flow starts at the point where gaseous reactants are far from
collision points because the electronic excitations occur easily on
metal surfaces. Furthermore, the initial energy states of adsorbed
reactants cannot be selected toward its reaction. Except for the Eley-
Rideal (ER) type reactions in which the initial state for one of the
reactants can be selected using an atom beam [21], reactants on the
surface are always thermalized to the surface temperature. Nascent
products on the surface are also quickly thermalized before detec-
tion. The relaxation time of vibrationally excited molecules is in
the order of picoseconds on metals (see Table 1) [22,23]. Eventu-
ally, even fast surface spectroscopy yields only chemical kinetics
because the observed product species is already thermalized to the
surface temperature.

In fact, this fast energy transfer takes place through electronic
excitations [24]. Its effect had been ignored in the well-accepted
adiabatic assumptions (the Born-Oppenheimer approximation, in
which the nuclei appear static toward the electrons, and the elec-
trons then generate a potential that governs the nuclear motion
[25]) on metal surfaces. In other words, the electronic state has been
assumed to be in the ground state throughout chemical reactions.
However, recent experiments clearly show the inadequacy of this
assumption. The contribution from the electronic excitation is clear
in the energy transfer from the vibrationally excited molecules to
the metal surface.

The relaxation time (7) of vibrationally excited CO is about 2 ps
on a metal surface (Table 1); i.e., 63% of the excited CO loses energy
within this time interval [22,23]. The C-O vibration is repeated
about 100 times during this period. The relaxation takes about
three orders longer on a semiconductor [26,27]. It is extended three
orders further on insulator NaCl, close to that in the gas phase
[28,29]. Such large differences in the relaxation time are due to
different mechanisms of the energy flow. On metal surfaces, the
electronic excitation (excited electron-hole pair formation) takes
place to absorb the released energy once and transfer it to the lat-
tice phonon modes. The CO vibration energy (about 250 mV) must
be transferred in one event because of the non-divided quantum.
This amount must be fully transferred to receivers. The metal lat-
tice phonon (about 10 mV in energy) is too small [30]. This transfer
pathway is not fast, since about 25 phonons must be simultane-
ously excited. On the other hand, the excitation of electronic states
is much easier in a metal crystal, since the energy state is continuous
in the conduction band. On the other hand, on a semiconductor sur-
face, the electronic excitation is much slower, since the conduction
band is mostly occupied. The excitation into the upper conduction
band must occur.

4. Energy flow in adsorption
The above electronic excitation in metals can be directly

observed in chemical adsorption processes using a Schottky barrier
device [31]. The bond formation in chemical adsorption releases

energy of a few eV, exciting the electronic states. The lifetime of
excited electrons with one eV above the Fermi level is short, around
30fs, and shows a mean free path of about 30 nm [32]. Nienhaus
constructed a device to detect such electrons excited in chemisorp-
tions; i.e., a thin metal layer is deposited on a Si surface. A potential
energy barrier is formed in the interface between the metal and
the silicon. Ideally, its height can reach the difference in the work
function between the metal and Si. This Schottky barrier is nega-
tive, 0.7 eV high, when a silver layer is deposited on an n-Si(111)
(Fig. 4). The electron that passes this barrier from the metal side
cannot return, yielding a negative current between the metal layer
and Si. During chemical adsorption of hydrogen atoms, a significant
current (chemicurrent) was simply measured on this device. Fig. 4
shows the variation of this chemicurrent during H atom adsorption
on Ag films on n-Si(111) [31]. The chemicurrent decays exponen-
tially as expected for atom adsorption. The initial chemicurrent
yield was estimated to be 4.5 x 10~3 electrons per adsorption event.
This does not mean a rare event of electronic excitations because
of the detection of only parts of excited electrons over the poten-
tial barrier. Such a chemicurrent is observed on the adsorption of
hydrogen or oxygen atoms on Mg, Ag, and Au films on Si [33]. The
energy released in the chemical bond formation is first transferred
into the electronic excitation before it is transferred into phonon
modes. Similar electronic excitations may occur during desorption,
but such excitations have not been successfully observed because
of the disturbance by heating procedures.

These excited electrons are not emitted out of transition
metal surfaces because of the high work function value, 4-5.5eV
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Fig.4. Chemicurrent response recorded from a Ag/n-Si(11 1) diode with a 75 A thick
Ag film when the Ag surface is exposed to a hydrogen atom beam. The inset shows
the principle of detection of hot electrons with a thin-semiconductor (Schottky)
diode, where the Fermi level, Eg, the conduction band minimum (CBM) and the
valence band maximum (VBM) are shown. The barrier height (@) reaches the work
function difference between Ag and Si, showing bent conduction and valence bands.
The chemical adsorption creates an excited electron-hole pair. The hot electron may
travel in a ballistic way through the thin film, traverse the Schottoky barrier, and be
detected as a current [31].
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[34]. Electrons (called exo-electrons) can be emitted when
chemisorption with strong bonding takes place on metal sur-
faces with low work functions, 1-2eV [35]. This exo-electron
emission phenomenon was already noticed in 1905 [36]. The
phenomenon was reproduced in the 1970s in the Ertl’s group
using surface science techniques [37]; ie., a few monolay-
ers of Cs are deposited on Ru(0001) and exposed to O,
at 220K (Fig. 5). The exo-electron appears at around 1L (1
Langmuir=1x 10-8 Torrs=1.33 x 10~4Pas) of 0, exposure and
disappears above 2 L after a steep maximum. Work functions deter-
mined by photoelectron spectroscopy are also shown. The value
decreases once and increases slowly to the value on CsO, layers.
The exo-electron is observed when the work function decreases to
1.3 eV. The oxidation state of Cs was studied by X-ray photoelec-
tron spectroscopy [38]. The formation of Cs;0, is completed at the
work function minimum. After this level, the formation of CsO,,
(Cs,05 — Cs0,), begins, and exo-electrons are emitted. However, its
emission is suppressed since the resultant oxide has a work func-
tion above 2 eV. Similar exo-electron emission is observed in the
adsorption of halogens on alkaline metal surfaces [39].

In the course of this oxygen (or halogen) exposure, negative
oxygen (or halogen) ions are also emitted. It was proposed that
a metal electron transfers into O, (or Br, for example) near the
surface before adsorption and the resultant ion O,~ (or Bry™) is
accelerated on the surface, yielding the emission of O~ (or Br—) and
electrons. According to energy analysis, the electron was proposed
to be emitted through an Auger process of a positive hole created by
the impact of negative O, [40]. A similar mechanism with inter-
mediate negative-ion formation resulting from electron transfer
from metal was also proposed in O, dissociation on Al(111) [41]
and scattering of vibrationally excited NO on Cs-covered Au(111)
[42,43].

5. Structure-informative desorption

From some thermally activated surface reactions, product
molecules with hyperthermal energy are emitted into a three-
dimensional space, showing the energy content dependent on the
desorption angle [44]. Their flux and energy distributions must
involve the structure information of reaction sites in a way similar
to those in gas-phase reactions. The distributions, however, must
be referred to as both the surface crystal azimuth and desorption
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Fig. 5. Variations of the current due to exo-electrons and the work function (¥)
curve upon stepwise exposure of a Cs film with about 3 ML thickness at 220K to an
0, pressure of 4 x 10~7 Pa. The oxide states were examined by XPS [37].

(polar) angles, instead of the relative collision velocity vector of one
reactant in the gas-phase reaction; i.e., surface-structural informa-
tion is provided from the crystal azimuth dependence of the flux
and energy [45]. No surface-structural information can be obtained
when the flux distribution is symmetric about the surface-normal
axis or no azimuth dependence is found in the energy in either
internal or translational modes. For example, structural informa-
tion of reaction sites is missing in the energetics of H, desorption
in thermally activated 2H(a) — H»(g) on metal surfaces [46]. No
azimuth-angle dependence has been found in the flux of desorbing
hydrogen molecules [47,48].

At present, only four thermally activated reactive desorp-
tion processes, CO(a)+0(a) — CO,(g) [49], C(a)+0(a) — CO(g) [50],
N,0(a) - Ny(g)+0(a) [51], and 2N(a) — Ny(g) [52], have exhibited
remarkable desorption- and azimuth-angle dependences of the flux
intensity and/or the energy of products. Such information can pro-
vide the potential for structural information of the reaction sites
as well as active surface species at the transition state. It should
be noted that the resultant structural information depends on the
desorption mechanism, dissociative or associative [10]. Desorbing
products with hyperthermal energy have experienced repulsive
interactions from counter parts. In dissociative desorption, the
direction of this repulsive force is apparent along the ruptured
bond axis. On the other hand, in associative desorption, the repul-
sive forces exerted from reaction sites are significant, since several
bonds are involved. Fortunately, this concern provides a method for
site assignment.

The above classification is reminiscent of two popular mecha-
nisms in electron-stimulated desorption ion angular distribution
(ESDIAD). In this method, emitted ions or neutral fragments are
analyzed in an angle-resolved way when their emission is initiated
by the injection of electrons, photons or ions [53-55]. For the exci-
tation leading to dissociations, the Menzel-Gomer-Redhead (MGR)
model has frequently been used [56-58]; i.e., the adsorbed system
in a ground-state configuration is converted to some excited states
(antibonding, metastable or ionic in nature). These excited states
normally involve valence-level excitations and emit fragments with
high kinetic energy during their subsequent dissociation because
the electronic excitation occurs so swiftly that nuclear motion is
negligible and then the fragment receives high repulsive forces from
the counterpart. The fragment is considered to be emitted mostly
along the ruptured bond axis, and their spatial distributions then
yield the orientation of parent molecules. Indeed, this approach
to the orientation of adsorbed molecules is available only for lim-
ited emission far from the surface-parallel direction (for example,
less than about 50° to the surface normal [54]) because of the dis-
turbance toward the fragment trajectory from the surface itself
through image charge interactions, neutralization or scattering.

In the thermal dissociation of adsorbed molecules, however,
the above direct fragment emission along the ruptured bond axis
has never been confirmed. In thermal decomposition, the released
fragment is quickly thermalized to the surface temperature, and
the eventual desorption is mostly in an associative manner. Thus,
the recently reported inclined N, emission is exceptional, show-
ing similarity to MGR-type emission. It is initiated by N, emission
from the thermal N,O decomposition. The inclined N, emission
is found on Pd(110), Rh(110), Ir(110), and Rh(100) [10]. In this
thermal dissociation, both the terminal oxygen and nitrogen atoms
in adsorbed N-N-O interact with surface atoms, and the resultant
fragment N is first emitted in a ballistic way along the surface
plane as observed in the thermal O, dissociationon Pt(111)[59,60],
according to molecular dynamic simulations based on the potential
energy surface derived from DFT-GGR work [61]. This surface-
parallel emission is, in fact, difficult to observe directly because
of scattering by either surface atoms or co-adsorbed species. The
fragment N, is eventually emitted into an inclined way in the plane
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along the N, 0 bond axis. Thus, the orientation of parent molecules
is preserved in the resultant fragment distribution only in a two-
dimensional way.

On the other hand, the emission in electron-simulated desorp-
tion is mostly collimated along the surface normal on flat surfaces
when it is induced from species without chemical bonding to sur-
faces such as physical adsorption states [62]. In such an extreme
case, the species positively ionized by the electron injection is first
accelerated toward the surface by image forces and then repul-
sively desorbed after neutralization (the Antoniewicz mechanism
[63]). The repulsive force is highly exerted from the adsorption site
because of the absence of directed ruptured bonds. A mechanism
close to the latter is operative for the associative desorption such as
CO(a)+0(a) — CO,(g)and is useful for assigning the product forma-
tion place as summarized in Sections 9 and 10. Another mechanism
close to the former (the MGR model) works for the dissociative des-
orption of N;O(a) — Ny(g)+0(a) and is powerful enough to assign
active intermediate-emitting products, as described in detail in Sec-
tions 7 and 8.

Introducing reactants onto surfaces using a molecular beam
has advantages only in the measurement of the surface residence
time of incident reactants or when the product molecules have
some memory of the momentum of incident species. The latter
case is found in the reactions with the Eley-Rideal mechanism
observed in the interactions of atom beams with surface species
[64]. Except for these ER reactions, the incoming reactants are
quickly thermalized on the surface before reaction. They will par-
ticipate in a Langmuir-Hinshelwood type reaction. Memory of the
incident momentum of reactants is completely lost in desorbing
product molecules. This condition simplifies the design criteria of
an apparatus for angle-resolved (AR) analysis of desorbing reac-
tion products, which takes care of only desorption events and
reaction conditions. The latter can be definitely controlled in vari-
ous transient experiments, for example, temperature-programmed
desorption (TPD) and pressure jump/drop response as well as under
steady-state reaction conditions.

6. Angle-resolved desorption measurements

In ESDIAD, angle-resolved (AR) desorption measurements can
be performed in a single ultrahigh vacuum chamber. With the use
of short laser pulses, electron beams or ion beams, the signal due
to product species directly moving from the surface to the detector
can be distinguished in time-resolved measurements because of
the delayed arrival of species scattered by the chamber wall. This
can be extended to AR internal energy measurements by using a
two-dimensional microchannel plate (MCP) detector [65].

On the other hand, in thermal reactions, at least three chambers
must be combined because at least two slits should be operative
between the sample surface and the detector in an analyzer. The
principle behind the apparatus is drawn in Fig. 6. The apparatus
is an ultrahigh vacuum system composed of a reaction chamber, a
chopper housing, and the analyzer, which are separately pumped.
High-speed pumping is requisite in either the reaction chamber or
the chopper house, as numerically analyzed by Kobayashi and Tuzi
[66]. In this figure, a very large pumping rate can be established by
a copper plate cooled to around 25 K or a Ti getter. The flux and both
the translational and internal energies of desorbing products must
be analyzed after these AR procedures. Otherwise, the molecules
scattered in the reaction chamber or chopper house penetrate the
analyzer and contribute to the AR signal, since only about 0.01% of
the emitted molecules can directly enter the ionization region of
the analyzer mass spectrometer at an angle-resolution of 1°. The
reaction chamber has standard facilities for surface analysis, such
as low-energy electron diffraction (LEED) and X-ray photoelectron
spectroscopy optics, an ion gun and a quadruple mass spectrome-
ter (QMS). The chopper house has a narrow slit facing the reaction
chamber and contains a cross-correlation chopper blade for time-
of-flight (TOF) measurements (see the inset in Fig. 6) [67]. A sample
crystal is rotated on the mass spectrometer ionizer axis to adjust
the desorption angle (6; polar angle) and the crystal azimuth (¢).
In Fig. 7a, both angles are defined on Pd(1 10), where the azimuth
is measured from the [00 1] direction.
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Fig.7. (a)Crystal azimuth ¢ and desorption angle 6 used in experiments on Pd(110).
The signal intensity presentation is also drawn. (b) New angle system used to present
the three-dimensional distribution of desorbing N, in the form of a power series of
two polar angles («, 8) defined in orthogonal planes. The plane at a fixed « value is
shown as crosshatched.

For internal energy measurements after AR procedures, the
optics for infrared (IR) chemiluminescence collection or the laser
light for resonance-enhanced multiphoton ionization (REMPI)
should be focused on the product flow after the second slit. The
product density there is reduced to about 0.1% of that at several mm
from the surface in the non-AR way [68,69]. Recently, Yamanaka
constructed an apparatus for the IR emission detection of desorbing
product CO, using AR procedures. A meaningful signal was detected
after the background emission was reduced to 0.05% of that without
cooled shielding around the optics [70].
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For many years, IR chemiluminescence and REMPI have been
applied to the molecules just in front of the surface, several mm
away from the surface (see the non-AR in Fig. 6). The former was
used for product CO in carbon oxidation or CO, in CO oxidation. The
latter was for NO, Hy and N, in their thermal desorption [68]. All
these measurements are in the non-AR way.

7. Structure-information in dissociative desorption

In thermal dissociative (repulsive) desorption, the orientation of
parent molecules is preserved in the spatial distribution of desorb-
ing fragments in a manner different from that in ESDIAD. Adsorbed
N, O dissociates even below 100K on open surfaces, such as the
(110) plane of Ni, Pd, Rh and Ir, Rh(100) and Ni(100) [10,71].
Inclined N, emission is observed in the heating of N,O-covered
surfaces or in the exposure of N, O to a clean surface at a fixed tem-
perature as well as in its steady-state reduction in the presence
of reducing reagent. The typical AR-TPD spectra of desorbing N,
during heating of N,O-covered Pd(110) are reproduced at small
N,O coverage in Fig. 8 [72]. Here, a clean palladium surface was
exposed to N,O at around 95K, and, in the subsequent heating, N,
desorption was monitored in an AR way. The spectrum shape is sen-
sitive to the desorption angle (Fig. 8a and b). It shows four peaks,
B] —N2(150 K), Bz—N2(134 K), B3—N2(123 K) and B4—N2(110 K) The
first peak is found at high N, O exposures, and the last, at low expo-
sures. 3N, yields a cosine distribution, indicating the desorption
of adsorbed N,. In fact, N, desorption peaks at 134K when N,-
covered Pd(110) is heated. On the other hand, 31-N2, B3-N; and
B4-N; commonly reveal inclined emission at 43°-50° off the sur-
face normal toward either the [001] or [00 1] direction (Fig. 8c-e).
Such emission is due to the decomposition of N,O oriented in the
[00 1] direction. The formation of each peak is due to the enhanced
activation energy of N, O dissociation modified by deposited oxygen
[72,73]; i.e., the adsorption heat of N,O is largely increased in the
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Fig. 8. (a and b) AR-TPD spectra of >N, from Pd(110) exposed to '>N,0 at 90K. The desorption angle is in the plane along the [00 1] direction. (a) 0.03 ML '>N,0 and (b)
0.08 ML. The heating rate was 0.6 K/s. The signal was corrected by subtraction of the >N, 0 fragmentation. The curves were deconvoluted into four Gaussian peaks. Angular
distributions of desorbing >N, in the plane along the [00 1] direction, (c) B4-Ng, (d) B3-N> and (e) B3 and B1-N,. The fitting curves are drawn by the inserted equations. The
solid line indicates the sum of all the components. The intensity presentation on polar coordinates is drawn on the upper panel [72].
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presence of adsorbed oxygen in a small amount [74]. Surface oxy-
gen deposited before or during the subsequent heating can yield
sites with different activation energies depending on the extent of
oxygen coordination [75,76].

The fragment N, emission is highly concentrated in the plane
along the [001] direction [52]. A three-dimensional distribution
of desorbing N, was constructed in the steady-state N,O+CO on
Pd(110) from its angular distributions in the plane along different
crystal azimuths (Fig. 9). This reaction is stable on Pd(1 1 0) ina wide
temperature range to 800K [77]. The azimuth angle (¢) is defined
as a deviation from the [00 1] direction. Here, a new angle system
is necessary for presenting the distribution in three-dimensional
ways using the power functions of the cosine of the desorption
angles (o, B) in different planes (Fig. 7b). According to the rotation
defining Eulerian angles, the relation between angles («, 8) and (6,
¢) is given by cos6=cosa cos 8 and tan ¢ =—tan f/sin« [78]. The
experimental AR signals at definite (6, ¢) values were converted
into the signal intensity at new coordinates («, 8). The resultant spa-
tial distribution is well described as cos?8(a + 45)cos!’(8) at 520 K.
This distribution is very sharp against the crystal azimuth (Fig. 9b).
It supports the idea that N, O decomposes after being oriented along
the [00 1] direction in the wide temperature range of 100-800K.

Adsorbed N,O was observed to be oriented along the [001]
direction on Pd(1 1 0) by scanning-tunneling microscopy (STM) at
14K [79] and by near-edge X-ray-absorption fine structure (NEX-
AFS) at 60K [80]. The co-existing N,O in an upright form bonding
through the terminal nitrogen [81] is not reactive. According to
DFT-GGA calculations carried out by Kokaji, the nascent N5, imme-
diately after dissociation of the N-O bond, is attractive toward the
nearest metal atom on Pd(110) and Rh(1 10) and repulsive toward
the counter product oxygen; i.e., the bond of the terminal nitro-
gen to the metal atom is not broken at the dissociation moment
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of the N-O bond [61,82,83]. Thus, the product N, has been pro-
posed to be first emitted parallel to the surface plane and then
scattered with deposited oxygen. On the other hand, the colli-
mation angle around 45° on Pd(110) is not shifted either under
AR-TPD conditions with deposited oxygen and remaining N,O or
in the steady-state N, O + CO reaction under both Py,0c > Pco and
Pn,0.c < Pco conditions, where Py,o.c is the kinetic critical pres-
sure of N;O [77]. In the former of Py,0c > Pco, the surface is partly
covered by oxygen, and, in the latter, the surface is covered by CO.
The surface is essentially clean at temperatures higher than 600 K
whenPy,oc < Pco.The collimationangle onPd(110)isinsensitive
to co-adsorbed species, different from that on Rh(110).

Nearly surface-parallel N, emission can be observed on Rh(110)
at around 300K when deposited oxygen is removed by hydro-
gen [84]. The N, emission is collimated at around 80° off normal.
This parallel emission is not largely disturbed by adsorbed species
because of either the absence of hydrogen atoms at high temper-
atures [85,86] or their small scattering cross-section [10]. In the
steady-state N,O+CO reaction, the collimation angle shifts from
65° off normal toward 45° with decreasing surface temperature
in the range of 530-450K [87]. This shift is due to increasing
amounts of adsorbed CO. CO(a) retards the N,O adsorption and
also shifts the collimation angle of N, emission. The latter effect
is due to the scattering of nascent N, moving parallel to the surface
plane because of the large scattering cross-section of standing CO.
Adsorbed CO suppresses the component that is closely surface par-
allel. The remaining component is collimated at around 45°. Thus,
there must be another mechanism to yield the collimation angle
around 45° regardless of the co-adsorbed species.

The N, desorption is highly concentrated in the plane along
the ruptured bond axis. On Pd(110), the N, emission is sharply
distributed in a narrow range of the azimuth angle (Fig. 9b). In

Wi

(b) cosB(at45)cos’f
S ———

N,0+CO
/Pd(110)
520 K

[110]
= [001] '

Fig. 9. Spatial distribution of desorbing product Ny: (a) angular distributions of desorbing >N, at different crystal azimuths (¢=0°, 18° and 40°) in the steady-state >N,O
reduction on Pd(110) at Py,0 = 4.4 x 107* s, Pcop =0.7 x 10~4 Pa, and Ts = 520 K. The signal was plotted in a common scale. The crystal azimuth ¢ is defined in the inset. The
solid curves are simulated by the inserted equations. (b) The resultant >N, distribution on Pd(1 1 0) is shown on 3D coordinates as well as the best-fitted equation. This figure
was drawn with consideration to the symmetric distribution around the collimation axis [52].
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order to leave the surface with a collimation angle of around 45°,
the nascent N, must receive repulsive forces from metal atoms
as well as the repulsive force exerted from the counter product
oxygen. In the former repulsion, the force must be induced from
either the translational or the rotational mode. According to Kokaji's
molecular dynamics (MD) simulations [61], the rotational motion
in the nascent N, is highly excited in a cartwheel form because
the adsorbed N,O is bent and the nascent fragment will receive
strong torque. In the subsequent energy partitioning, the rotational
energy might be used to enhance the momentum along the surface
normal. The AR internal and translational energy distributions of
N, products, if obtained using state specific detection techniques,
would facilitate the understanding of the above energy partitioning
in terms of the PES and the topology of the reaction site.

8. N, emission in NO reduction

Nitrous oxide was frequently proposed to be an intermediate
in NO reduction on metal catalysts. In fact, N, O is, to some extent,
always found in NO reduction over metal catalysts [88]. It is gen-
erally accepted that, at high temperatures, the surface-nitrogen
removal proceeds as follows: 2N(a) — N3 (g) (B-N, formation). On
the other hand, at temperatures below 500-700K, the 8-N, for-
mation via N(a)+NO(a) — N,0(a) — Ny(g)+0(a) was suggested to
contribute to the N, emission [89]. It has been difficult to find direct
evidence of the participation of this species toward N, formation
because of the absence of spectroscopic evidence of adsorbed N,O
in the course of catalyzed NO reduction [90,91].

AR product desorption measurements in the steady-state reac-
tion of NO reduction, however, show the inclined N, desorption
characterizing the N,O decomposition under limited conditions.
This is not unreasonable because adsorbed N,O can be oriented
in a suitable way before dissociation even at 800 K. A surface res-
idence time of approximately nanosecond order is long enough
to be oriented along the [00 1] direction. Structure-sensitive des-
orption dynamics provides the most direct method for identifying
short-lived intermediates. On the other hand, such short surface

residence is not long enough to allow detection of the species by
means of surface vibration and photoelectron spectroscopies. With
surface spectroscopy, it is difficult to detect species below 0.01% of
a monolayer under steady-state conditions.

The inclined N, emission was first found in AR-TPD work of NO-
covered Pd(110) by Ikai and Tanaka [92,93]. They also confirmed
that, by means of an isotope tracer, this inclined N, comes from the
reaction of adsorbed NO with an adsorbed nitrogen atom; i.e., °N
atoms are first deposited and further exposed to ¥NO, and, in the
subsequent heating, N'>N is desorbed into an inclined way, and
15N, is emitted along the surface normal.

In the NO reduction on Pd(110), Rh(110), and Rh(100)
surfaces, at least three surface-nitrogen removal pathways are
operative. The 3-N, formation involving NO(a) — N(a)+0O(a) and
2N(a)— Ny(g) is operative at temperatures above 750K on
Rh(100),as shown in Fig. 10. The kinetic analysis of this process has
shown high activation energy [94,95]. The reaction rate increases
steeply at around 800K and emits N, along the surface normal.
These findings agree well with the kinetics of 3—N, formation. On
the other hand, the reaction shows small activation energy in the
range of 500-800 K. The N, formation from NO(a)+ N(a) has been
kinetically assumed below about 750K. In fact, the product N is
mostly emitted into the inclined way in the plane along either
the [001] or [010] direction. The collimation angle is close to
70°, showing N0 decomposition. This collimation of desorbing
N, is also observed in AR-TPD of N,O-covered Rh(100) surfaces
[96]. The spatial distribution work clearly shows that the reaction
passes through the intermediate N,O(a). A similar pathway shift
with increasing surface temperature was derived on Rh(110) and
Pd(110), where the 8-N, formation pathway highly contributes
below 500K [77,97].

9. Structures in associative desorption

In the above dissociative desorption, the momentum initially
given on the fragment is eventually preserved in a two-dimensional
way in the spatial distribution of desorbing products. The orien-
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A typical deconvolution is shown by broken curves [84].
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tation of parent molecules is derived, yielding information that
is useful for identifying short-lived intermediates. On the other
hand, in a thermally activated associative desorption, such as
2N(a) - Ny(g), C(a)+0(a)— CO(g) and CO(a)+0(a)— CO,(g), the
product emission is, to some extent, sharply collimated along the
normal direction on flat surfaces [44,98]. On stepped surfaces with
inclined terraces, the CO and CO, desorption is collimated off nor-
mal into inclined ways, showing that the collimation angle is largely
controlled by the local shape of the reaction site [45]. From only the
spatial and velocity distributions, it is difficult to assign uniquely the
ruptured bond controlling the direction of repulsive forces opera-
tive toward leaving products. Without internal energy analysis as
a function of the desorption angle, the operation of these repul-
sive forces toward the leaving molecule was treated in a flat barrier
model or a way similar to that in the Antoniewicz model in ESDIAD
[63].

Here, it is interesting to examine the extent to which the repul-
sive force exerted from the surface site is converted into the
translational mode. The well-known Willigen’s model assumes the
full conversion of the repulsive force into the translational mode
[99]. Assuming a flat activation energy barrier for adsorption and
the detailed balance principle (or microscopic reversibility), Willi-
gen derived the relation for the angular distribution of desorbing
hydrogen molecules from adsorption dynamics; i.e., in dissociative
adsorption, incident molecules with energy surmounting a thresh-
old energy barrier can adsorb, and in the reverse process, desorbing
molecules hold kinetic energy corresponding to the value above
the adsorption barrier height. The resultant angular distribution
is described by only the ratio of the activation barrier height for
adsorption to the thermal energy, and the total kinetic energy of
desorbing molecules increases steeply with increasing desorption
angle [10].

Indeed, the translational energy of desorbing molecules in col-
limated associative emission is usually maximized at the surface
normal on a flat surface or remains constant with increasing shift
from the surface normal [44]. This discrepancy has been at long
last solved by measuring the rotational energy as a function of
the desorption angle. Both the rotational and vibrational modes
are, to some extent, excited in desorbing products Hy, N, CO and
CO, in their associative desorption, but their angle dependence
has been scarcely reported [68]. Recently, Yamanaka succeeded in
observing infrared chemiluminescence from AR product CO, in CO
oxidation on Pd(1 1 1) (Fig. 11) [70,100]. With increasing desorption
angle, the obtained rotational temperature increases steeply; i.e., it
is about half of the surface temperature in the normal direction
and increases to about twice the surface temperature even at 30°.
The vibrational temperature of bending and symmetric stretching
modes decreases slowly and the other (anti-symmetric) vibration
energy remains fairly constant [101]. On this surface, the transla-
tional temperature of CO, desorbing along the surface normal is
high, about 2300K at Ts =700K, and decreases close to the surface
value at large desorption angles [102]. These observations indicate
the occurrence of energy partitioning into either the translation,
rotation, or vibration modes in the repulsive desorption event.

The repulsive force is due to Pauli repulsion, since no chemi-
cal bond is formed from leaving CO, to surface metal atoms; i.e.,
the nascent product is more closely formed to the surface than the
equilibrium position of its physical adsorption of bulky CO, because
the reactant oxygen adatom and CO are in chemical adsorption
states before the reaction. Strong repulsive forces are induced at
the moment of formation between the nascent CO, and its reaction
site. This repulsion decreases steeply with increasing distance from
the surface, as expected from the repulsive part in the Morse poten-
tial describing a physical adsorption system [103]. In such a steeply
decreasing force field, the leaving molecule receives torque in a des-
orption event when it is inclined against the surface plane (Channel

I/rotational excitation); for example, the final bond breaking in
the inclined TS toward O-C-0 takes place between the reacting
adsorbed oxygen and the surface [100]. The resultant desorbing CO,
molecule has a small translational energy, yielding a broad angular
distribution, and the rotational modes are excited. The excitation
of the vibrational modes depends primarily on the TS configu-
ration and is not necessarily induced in the repulsive desorption
event itself. On the other hand, the repulsive force is efficiently
converted into the translational mode when the TS is upright or
parallel to the surface plane (Channel II/translational excitation).
For example, the final bond breaking takes place between the react-
ing oxygen atom in the upright TS and the surface or between the
center carbon atom in the parallel TS and the surface. The transla-
tional mode is excited, yielding a sharp angular distribution, and the
rotational modes are not excited. Thus, the product CO, from both
channels predicts the observed angle dependences of translational
and internal energies; i.e., the transition state of CO, on Pd(111)
may partly involve inclined components that are induced by either
restricted translations or bending motions. A large contribution of
the latter (Channel II) explains the sharp CO, distribution along the
site normal as well as the angle dependences of both internal and
translational energies. The contribution from the former (Channel
[) becomes predominant at large desorption angles and yields small
translational and high rotational temperatures.

The inclination of the transition state may depend on the crystal
azimuth over an anisotropic surface. Thus, this azimuth depen-
dence will appear in both the rotational and translational energies.
In fact, Yamanaka succeeded in observing such anisotropy in the
internal modes of desorbing CO, in the CO oxidation on Pd(110)
[100,104,105]. On Pd(1 1 0)(1 x 1), the rotational temperature in the
normal direction, which reaches around 950K at the surface tem-
perature of 700K, decreases quickly with increasing shift from the
surface normal in the plane along the [00 1] direction, whereas it
is fairly constant in the plane perpendicular to it; i.e., the rotational
mode is excited in CO, molecules desorbing into the plane along the
[110] direction. A remarkable anisotropy was already observed in
the translational modes of desorbing CO; on this surface under TPD
conditions [45]; i.e., the conversion into the translational motion
is more efficient in the plane along the [110] direction than in
that perpendicular to it (along the [00 1] direction). The motion
of the transition state CO, along the [001] direction was pro-
posed to be more hindered by large corrugations or easier along
the [11 0] direction because of the smooth close-packed arrange-
ments. The above remarkable anisotropy of rotational energy shows
now a significant contribution of the energy-partitioning effect. The
CO, molecule in the transition state is suggested to be inclined in
the plane along the [110] direction. The anisotropy in both the
rotational and vibrational energies is different when the surface is
reconstructed [104,105]. Under the steady-state CO oxidation, the
surface structure of Pd(110) depends on the reaction conditions.
It is in a non-reconstructed (1 x 1) form at a high surface tempera-
ture of 700 K when the CO pressure is higher than that of O,, since
the reconstructed (1 x 2) form stabilized by oxygen is converted
into the (1 x 1) form above 355 K by the oxygen removal [106,107].
On the other hand, it is reconstructed under oxidative conditions.
The angular distribution of desorbing CO, in the steady-state CO
oxidation on Pd(110) shows complex behavior [108,109]. Below
about 1 x 103 Pa of the O, pressure, it shows a sharp change at the
kinetic critical CO/O, pressure ratio where the rate-limiting step
switches from CO adsorption to oxygen dissociation. With increas-
ing CO pressure, the angular distribution in the plane along the
[001] direction changes from the normally directed form into a
broad (cosine) one, and the translational temperature also drops to
the surface value [108]. On the other hand, above about 1 x 103 Pa
of the O, pressure, the translational temperature does not drop to
the surface value even above the critical CO pressure [109]. At high
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Fig. 11. Infrared emission spectra from the product CO, in CO oxidation on Pd(11 1) observed at the surface normal (a) and 30° off normal (b) directions. The total pressure
in front of the surface is 0.49 Pa. The CO/O, flux ratio is 2:1, and the surface temperature is 700 K. Fine lines show the observed spectra with a wave number resolution of
4cm~1. Under this resolution, the observed emission band becomes broader at higher rotational temperatures. Thick solid lines show the optimum simulated results. The
vibrational (Ty;,) and rotational (T;o) temperatures used for simulations are listed where T, is the average value over all the vibration modes. For comparison, the best-fits
at 0° are drawn by the broken lines in the spectrum at 30°. (c) Angle dependence of the rotational and vibrational temperatures. The anti-symmetric vibration temperature
(T,) was separately estimated from the emission intensity analysis. The other vibration temperatures (symmetric stretching and bending modes) are shown by the average

value (Tg,) because of the absence of separated determinations [101].

CO pressures and surface temperatures, the surface oxygen seems
to be quickly removed to recover the (1 x 1) form.

The above energy partitioning in the repulsive desorption event
is quite similar to that in gas-phase reactions if the inclined form
is replaced with the bent one; i.e., the repulsive force is effectively
converted into the rotation mode of the fragment when it is oper-
ative outward from the gravity center [19]. On the other hand, the
force is highly converted into the translational mode when the force
is operative toward the gravity center; i.e., in the linear TS in the
gas phase and in upright or surface-parallel forms on surfaces. The
energy partitioning in a repulsive desorption event was once exam-
ined in ESDIAD on both experimental and theoretical sides after
REMPI was combined with desorption induced by electronic tran-
sitions (DIET) [65,110,111]. Simple classical trajectory calculations
were examined by considering strong repulsive forces converted
into the translation, vibration, and rotation modes of desorbing
molecules [112]. The results predicted an efficient energy flow
into both the translation and vibration modes and a non-efficient
one into the rotational modes, consistent with experimental work
[111,113,114]. In fact, no observable variations are in the angular
distribution or azimuth dependence with rotational or vibrational
energy of desorbing CO or NO in DIET on Pt(111).

10. Normally directed desorption and site switching

The above energy partitioning in associative (repulsive) des-
orption gives a base to approach the shape of the reaction site
preserved in sharply collimated product emission; i.e., the slope
of CO, formation sites must be memorized in the collimation
angle. On flat surfaces, such as Pd(111), Pt(111), Rh(111), and
Pd(100), the product CO, desorption is sharply collimated along
the surface normal, yielding a symmetric distribution about the
surface-normal axis [45,98]. It indicates a major contribution
from Channel II for energy partition in reactive CO, desorp-
tion; i.e., the collimated desorption along the site normal. The
CO, formation takes place on the oxygen adsorption site or
nearby even if its activation of the oxygen-metal bond shifts
the adsorption position to some extent [115], since the strong
oxygen-metal bond must be excited to be broken and the two-
, three- or fourfold hollow site suitable for oxygen adsorption on
these surfaces is parallel to the bulk surface plane. On the other

hand, CO, desorption is collimated closely along the local nor-
mal of the (111) facets on Pt(113)(1x2)=[(s)3(111)x3(001)],
Pt(112)=[(s)3(111)x(001)], and Pt(335)=[(s)4(111)x(001)]
as well as the reconstructed (110)(1 x 2) of Pt, Rh and Ir show-
ing [(s)3(111) x 3(111)]. More exactly, the collimation angles of
desorbing CO, on stepped surfaces somewhat deviate toward the
surface normal from the local normal of inclined terraces [98].
This deviation completely disappears for the CO, product with
high translational energy, which is induced on CO- and O,-covered
stepped surfaces by ultra-violet light [116,117]. The corrugation of
the repulsive potential toward the thermal reaction product CO,
is less than that of their geometrical shape because of the smaller
translational energy. The product CO; in a 193 nm photon-induced
reaction has high translational energy, about twice that in the ther-
mal reaction, and receives repulsion, showing its potential close to
the atomic arrangement. The above stepped surfaces commonly
provide inclined facets with a (111) structure wider than two-
atom spacing. These (1 1 1) facets have adsorption sites available for
oxygen with a relatively small binding energy because of the close-
packed arrangements. Their reactivity is higher than that on opened
(100) planes or step sites. Mobile CO ad-molecules can visit oxygen
adatoms in a wide area and react with more active oxygen. Thus,
CO, is formed on either the oxygen adsorption site on (11 1) planes
or nearby. Facets with two-atom spacing are not wide enough to
emit the product CO, in an inclined way. On non-reconstructed
(110)(1 x 1) of Pd, Rh, Pt, and Ir, CO, desorption is collimated along
the surface normal, and its distribution is sharp in the plane along
the [00 1] direction and broad in the plane perpendicular to it.

The above site-normal directed CO, desorption can be applied to
identify CO, formation sites in the course of the catalyzed reaction.
In the steady-state CO oxidation on Pt(113)(1 x 2), CO, desorption
mostly collimates along the local normal of (111) facets at low
CO pressures (Pco << Po,), where O(a) >> CO(a)[118]. On the
other hand, its desorption shifts primarily along the (001) facet
normal when the CO pressure is close to the kinetic transition point
or above it, where CO(a)»O(a). This is reasonable because of the
higher reactivity of oxygen on (11 1) terraces toward adsorbed CO.
The oxygen on (001) facets can react with CO after most of the
oxygen is consumed on (11 1) parts.

The distribution of desorbing CO, varies when the surface struc-
ture changes [119]. For example, reconstructed Pt(110)(1 x 2) hav-
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(ii) mixed region
2N

Pt(110) (ixt)

&
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Fig.12. Surface-phase diagram deduced from the angular distributions of desorbing
CO,; logarithms of CO pressure (Pco) at the kinetic transition (open triangles) and
site switching (closed triangles) at a fixed oxygen pressure of 1.3 x 10~2 Pa are plot-
ted against the reciprocal of the surface temperature (Ts). Closed circles represent
the site switching (distribution changing) observed at Po, = 1.3 x 10~° Pa. The CO
adsorption isotherm at a 0.5 monolayer was determined without oxygen. The three-
dimensional graphs show the spatial distribution in each region. Split desorption
takes place on oxygen-covered (1 x 2) active areas, whereas the normally directed
desorption is on CO-covered (1 x 1) inhibited areas. The mixed region stands for the
presence of the remaining (1 x 2) areas even above the kinetic transition [119].

ing three-atom wide terraces is converted into non-reconstructed
(1x 1) when the CO pressure exceeds a critical kinetic value at
which the rate-determining step is switched from CO adsorption
to oxygen dissociation. Above the critical pressure, the amount
of adsorbed CO reaches the level equilibrium to the CO partial
pressure. Concomitantly, the CO, desorption shifts from the two-
directional distribution into the normally directed one whenever
the CO coverage reaches half a monolayer or above (Fig. 12). The
completed conversion into (1 x 1) requires adsorbed CO in the
amount of half a monolayer. In the former, the CO, desorption is
collimated at about +£26° off normal, closely along the local nor-
mal of the (11 1) facet. It is interesting to see the two-directional
desorption even above the critical point when the CO coverage is
below half a monolayer; i.e., the surface is partly covered by (1 x 1)
and (1 x 2) forms as designated by a “mixed region” in Fig. 12. The
remaining (1 x 2) reconstructed part still plays the main role in pro-
ducing CO,, suggesting a high potential of reaction sites on inclined
(111) facets. The CO, formation process itself is very fast and not
rate-determining even on reduced active (1 x 2) areas. The total CO,
formation rate is controlled by the supply of oxygen atoms to the
reaction place.

11. Summary and future work

In studies of the above-described associative CO, or dissociative
N, desorption, the distributions of the flux and both translational
and internal energies of desorbing products with hyperthermal
energy have provided structural information about its reaction site;
i.e., the site shape for associative desorption, as well as the orien-
tation of parent molecules for dissociative reactions. The resultant
desorption dynamics provides the most direct site-identification
method applicable in the course of catalyzed reactions. Little is
known about the energy transfer between surfaces and desorb-
ing molecules. Electronic excitations take place in adsorption-bond
formation of chemical species with metal surfaces. The adsorp-
tion energy is not directly transferred into phonon modes. Similar
situations may be expected regarding the breakage of chemical
adsorption bonds.

For surface chemical reactions, the state-resolved analysis is lim-
ited to a few desorption processes. We still do not have a method for

analyzing nascent products on surfaces in a state-selective way. In
the future, the energy distributions of nascent products will be ana-
lyzed before desorption. This development is not impossible, since
the vibration frequency is much shorter than the energy relaxation
time. The application of AR product desorption to surface-structural
information is still restricted to a limited extent. Such an analysis
will deliver more information when it can be performed at a state-
selective level. The present situation of surface reaction dynamics
is largely due to the absence of internal energies of desorbing
products as a function of the desorption angle. The state-selective
analysis of desorbing products should be combined with the angle-
resolved performance; for example, REMPI techniques should be
applied to products after AR procedures. This next-generation anal-
ysis becomes important in improving the AR-desorption method
because each energy state of desorbing products will show different
structural informations depending on their energy partitioning.

The relationship of desorption dynamics to site structures will
be more elaboratively evaluated by adding the desorption-angle
dependence of the internal energies. This dependence will show
the mechanism of energy partitioning into the rotational, vibra-
tional, and translational modes in a repulsive desorption event.
Furthermore, it will deliver the configuration of transition states
immediately before desorption. This correlation has been charac-
terized neither experimentally nor theoretically.
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