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Eley-Rideal and Langmuir-Hinshelwood Recombination
Coefficients for Oxygen on Silica Surfaces
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The energetics and dynamics of the Eley-Rideal (E-R) and Langmuir-Hinshelwood (L-H) recom-
bination reaction of oxygen atoms on /} cristobalite have been studied within a semiclassical collisional
model. The calculated recombination coefficient y for the E-R reaction at Ts - 1000 K is in satisfactory
agreement with the experimental value, whereas at Ts = 600 K a satisfactory agreement is found between
the L-H y value and the experimental one. Results on the energy exchanges between the formed O2
molecules and the silica surface are reported. Site-specific effects as well as the influence of the top layer
surface structure are also pointed out and discussed.

Nomenclature
Ekin = kinetic energy
Emi - rotational energy
Etr = translational energy
Evib = vibrational energy
e — charge unit
//eff = effective Hamiltonian of the atom/surface system
h = Planck constant
j = rotational quantum number
K - Boltzmann constant
ra, = mass of particle /
N = total number of surface atoms
PE_R = E-R recombination probability
piy - y component of the momentum of particle i
Pr - recombination probability
Qk = normal coordinate of phonon mode k
Rf = position coordinates of gas particle /
/?S = equilibrium distance between gas-phase atom / and

lattice atom a
RO-O = intramolecular distance of O2
R(f) = classical trajectory of gas particles
rin = distance between gas atom / and lattice atom n
Ts = surface temperature
Taj.k — transformation matrix between coordinates r)ay

and Qk
t - time
Vc = coulomb potential
Veff = effective potential
Vim = gas/surface interaction potential
V™ = first derivative of the interaction potential with

respect to the Ath normal mode coordinate Qk
V0, = interatomic potential of O2

Received June 8, 1998; presented as Paper 98-2843 at the AIAA/
ASME 7th Joint Thermophysics and Heat Transfer Conference, Al-
buquerque, NM, June 15-18, 1998; revision received Oct. 21, 1998;
accepted for publication Oct. 21, 1998. Copyright © 1999 by the
American Institute of Aeronautics and Astronautics, Inc. All rights
reserved.

* Research Director, CNR-Centre di Studio Chimica dei Plasmi,
Dipartimento di Chimica via Orabona N°4. Member AIAA.

tGraduate Student, CNR-Centre di Studio Chimica dei Plasmi,
Dipartimento di Chimica via Orabona N°4.

$Full Professor, Department of Chemistry, H. C. 0rsted Institute.

VQ = interaction potential between the gas-phase particles
and the lattice atoms in the equilibrium position

v = vibrational quantum number
Xay = y component of the Cartesian coordinate of lattice

atom a
Zn = charge of lattice atom n
y = recombination coefficient
A£"exo = reaction exothermicity
AE? = energy loss(+)/gained(—) with the phonons
AEph = energy exchanged with the phonons
8± = quadrupole charge of molecular oxygen
j]k = phonon excitation strength of phonon mode k
i?ay = J component of the mass-weighted coordinates

of atom a
pk = excitation probability of phonon mode k
T = time unit
ct)k = frequency of phonon mode k

Subscripts
ad
eff
eq
exo
exp
gas
int
ph

= adsorbed
= effective
= equilibrium
= exothermic
= experimental
= gaseous
= interaction
= phonon

I. Introduction

R ECENTLY, the oxygen atom recombination on silica-
based surfaces has attracted considerable interest because

of the importance of this reaction in the spacecraft thermal
protection problem for some NASA and future European shut-
tle re-entry missions.1 The recombination reaction is, in fact,
exothermic, so that part of its exothermicity can appear as
excitation of the internal degrees of freedom of the formed O2
molecules, whereas the energy excess can be transferred as
heat to the surface substrate. Despite the great deal of experi-
mental work,1'5 some uncertainty exists on the recombination
coefficient y of oxygen (and nitrogen) atoms on silica, so that
the actual catalytic activity of such surfaces and a precise un-
derstanding of the atom recombination processes seems to not
be completely achieved.

On the theoretical side, very few studies on this subject have
appeared in the literature. The kinetics of the oxygen and ni-
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trogen atom recombination on silica have been investigated by
Jumper and Seward,6 Nasuti et al.,7 and Gordietz et al.,8 by
solving the properly defined parametric steady-state rate equa-
tions.

On the other hand, molecular dynamic studies on this system
are practically absent. Molecular dynamic calculations have
been, in fact, carried out for only a very limited number of
recombination reactions, among which are the CO formation
on Pt surfaces9'11 and hydrogen atom recombination on me-
tallic substrates.12"16 The results obtained in these studies have
been very helpful in getting a better understanding of the dif-
ferent behaviors of the recombination process that cannot be
pointed out within a classical kinetic approach, such as the
total energy partitioning and the energy loss to the surface.
The present study is a first attempt to describe the dynamics
of oxygen recombination on silica.

Atom recombination reactions are usually described accord-
ing to two extreme collisional mechanisms: the Eley-Rideal
(E-R) mechanism,

Oe + silica —> Oad X silica (1)

Ogas + Oad X silica -> O2(v, j) 4- silica + A£exo (2)

and the Langumuir-Hinshelwood (L—H) mechanism,

Oad + Oad + silica -* O2(v,y) + silica + AEexc (3)

The E-R reaction is a two-step process: first an oxygen
atom is chemisorbed, then the reaction occurs between the ad-
atom and the oxygen approaching the surface from the gas-
phase. In the L-H mechanism, the reaction takes place be-
tween two adsorbed atoms that propagate on the surface and
then eventually recombine. In this study, both the E-R and L—
H reactions are investigated.

We describe the dynamics of the oxygen atoms in the gas
phase and the dynamics of the lattice atoms according to the
semiclassical collisional method that has been developed and
successfully applied for the description of several reactive sur-
face processes.9'10'14'16 In the model, the most important fea-
tures of the recombination reaction are described and incor-
porated in the simulation at a reasonable level of accuracy.
The results of the investigation are presented and discussed,
referring to the recombination probabilities, energy deposited
to the surface, and internal energy distributions in the formed
O2 molecules. In addition to this, two important aspects in the
catalytic reactions are also considered and investigated,
namely, the effect of the top layer surface structure and the
effect of the different adsorption sites on the recombination
dynamics.

II. Semiclassical Dynamical Calculations
The assumed collisional model is semiclassical in the sense

that the dynamics of the gas-phase oxygen atoms are described
classically, whereas the lattice phonons are quantized. The dy-
namical coupling between the surface vibrations and the oxy-
gen atoms is described by solving the classical Hamilton's
equations of motion for the translational degree of freedom of
the oxygen atoms in an effective Hamiltonian He{{:

dt

where Hef{ is defined as

dPRi

dt (4)

(5)

V02 and AEph are, respectively, the intramolecular O2 poten-
tial and the energy exchanged with the silica surface. Accord-

ing to the Ehrenfest theorem, we define the effective potential,
V^f, as the expectation value of the interaction potential Vint
over the total phonon wave function: Veff(f, Ts) = {^phl^iml
^ph). The time evolution of ^ph(0) for the phonon states is
obtained by solving the time-dependent Schrodinger equations
for a set of (37V-6) independent harmonic oscillators (N being
the total number of atoms in the lattice) perturbed by the ex-
ternal forces exerted between the atom/molecule in the gas
phase and the solid substrate. We further expand the interaction
potential Vint up to the first term of Qk:

(6)

where V0 is the static potential between the atoms in the gas
phase and the lattice atoms in their equilibrium positions, and
V[n is the first derivative of Vint with respect to Qk, with Qk
being the normal mode coordinate of the &th phonon mode.
These derivatives can be evaluated by using the relation be-
tween the mass-weighted coordinates of the lattice atoms, r/tty
= (Xay - X?y)/V^, and Qk:

Using Eq. (6), an analytical solution of the quantum equa-
tions of motion for the lattice vibrations is possible, and the
following expression for Veff is obtained9'10'17:

etf(t, Ts) = V0 (8)

where rjk(t) are the phonon excitation strengths, given in terms
of the Fourier components of the external forces I^t):

= -
J

X

-i:dfVin[/?(f)]cos(a>*f)

(9)

(10)

where ®k(i) ~ (okt. a)k is the frequency of the kth phonon
mode, whereas A/if = &Ef(a)k, pf; Ts) is the energy loss(+)/
gained(—) of the chemical species as a result of the phonon
excitation (+) and de-excitation (—) processes in the kth vi-
brational normal mode of the silica substrate.9'10'14 The total
energy exchanged between the chemical species and the sub-
strate is then given as a sum of the individual contributions
A/if over the total number of phonon modes.

The complete dynamical simulation is worked out through
three main steps:

1) A three-dimensional crystal is built up and the corre-
sponding phonon frequencies and eigenvectors are computed.

2) A reasonable interaction potential for the O/O2-silica sys-
tem is assumed.

3) The dynamics is carried out solving self-consistently the
Hamilton's equations of motion of the two oxygen atoms [Eq.
(4)] and the dynamics of the phonons, i.e., by computing the
phonon excitation strengths given in Eq. (9) at each time step
of the classical trajectory.

It is worthwhile to notice that according to our collisional
model, the reaction is adiabatic, so that the chemical species
evolve in their ground electronic state while only the rotational
and vibrational internal states can be excited. In model cal-
culations performed by Swaminathan et al.,18 on the inelastic
scattering of O from a silicon-like surface, it has been shown
that the surface could also promote electronic transitions in the
incoming oxygen atom. The opening of the electronic channel
in addition to the molecular nuclear motions would drastically
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increase the complexity of the chemical dynamics, and it has
not yet been explored for surface recombination reactions.

III. Silica Structure and Lattice Dynamics
The j8 cristobalite is the silica phase that can exist at the

temperatures involved in the re-entry conditions, i.e., is the
surface temperature range between 600 and 2000 K.19'20 We
have, therefore, built up a three-dimensional crystal lattice
starting from the known arrangement of the silicon and oxygen
atoms in the lattice bulk,21 such that the stoichiometry and the
net neutrality of the crystal is fulfilled. Contrary to the case of
the bulk structure, the atom arrangement on the top-most layer
is problematic because as a result of the molecular character
of silica, the surface structure cannot be uniquely determined.
Recently, some structural properties of vitreous silica have
been elucidated in molecular dynamic simulations, and the ex-
istence of a complex reconstructed surface layer with structural
defects has been demonstrated.22 To overcome these structural
problems, two different surfaces have been constructed and
considered in the scattering calculations. This allows us to ex-
plore an interesting aspect in heterogeneous catalysis, i.e., the
influence of the surface structure modifications on the catalytic
activity of the substrate.

Surface A consists of 162 atoms disposed on 11 layers with
the silicon atoms in the bulk and on the topmost layer bonded
to four oxygen atoms according to the tetrahedral arrangement.
This model surface would simulate a silica surface covered by
oxygen atoms bonded to the underlining silicon atoms. Surface
B consists of 149 atoms and it has been built up assuming bare
silicon atoms with dangling bonds on the topmost layer. This
second surface corresponds to a silica surface with the silicon
sites unoccupied, and it is similar to the surface model assumed
in the kinetic study by Jumper and Seward6 and Nasuti et al.7
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Fig. 1 a) X- Y projection of the first three layers for silica surface
A. •, first layer O atoms; •, second layer silicon atom; O, third layer
O atom, b) As for Fig. la, but for surface B: •, first layer silicon
atom; and O, second layer O atom. The T and B sites are shown.

Figure 1 shows the geometrical atom arrangement of the first
uppermost layers for both surfaces.

The phonon frequency distribution and eigenvectors for the
two surfaces are calculated by numerical diagonalization of the
force constant dynamical matrix for the two crystals. The in-
teraction potential of the atoms in the crystal matrix, given as
the sum of two-body Si-O and O-O interactions, is given in
Ref. 23, and it is constructed by adding the short-range Born-
Mayer-Huggins forces to the long-range screened coulomb
forces between the nearest and the next-nearest neighbor at-
oms. The potential parameters are given in Ref. 23.

The obtained phonon frequency distributions are shown in
Fig. 2. The full frequency spectra for surfaces A and B are in
good qualitative agreement with the vibrational spectrum re-
ported in Ref. 24. In particular, the two sharp peaks appearing
at about 640 cm"1 and at the highest frequency are well re-
produced, whereas the relative intensity of the first maximum
in the bulk spectrum (—400 cm"1) is not reproduced. However,
because the lattice Hamiltonian as well as the lattice dynamic
model assumed in Ref. 24 and in the present work are differ-
ent, we do not expect the spectra to agree completely. The
frequency distributions for surfaces A and B are very similar
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Fig. 2 a) Phonon frequency distribution of ft cristobalite calcu-
lated from surface A consisting of 162 atoms disposed on 11 layers
in the sequence O/16 - Si/13 - O/16 - Si/8 - O/22 - Si/12 - O/22 - Si/8 -
O/16-Si/13-0/16 (in the insert the high-frequency distribution is
shown), b) Phonon frequency distribution for surface B consisting
of 149 atoms disposed on 10 layers in the sequence Si/13 -O/19-
Si/8 - 0/22 - Si/12 - O/22 - Si/8 - O/16 - Si/13 - O/16.



198 CACCIATORE, RUTIGLIANO, AND BILLING

in the bulk region, although surface A exhibits a higher density
of states in the low-frequency region. Because this frequency
range associated with the surface phonon modes plays a larger
role in the reaction dynamics, the different distributions ob-
served in this region should have some consequences in con-
trolling the catalytic activity of the two surfaces. It should be
noted that, because the force field of the crystal is the same
for both surfaces, the corresponding phonon spectra are ob-
tained within the same accuracy.

IV. O2-Silica Interaction Potential
In the case of molecular dynamic calculations, the search

for an accurate potential energy surface, where the collision
takes place, is always the most critical step. Because of the
complete absence of ab initio calculations, as well as the lack
of experimental information on the spectroscopic properties of
the adsorbed atomic and molecular oxygen, the interaction po-
tential for the O/O2-silica system can only be tentatively con-
structed on a semiempirical ground. Therefore, from the
known O-O interaction in the gas phase§ and Si-O interac-
tions in the lattice,23 we have attempted the following inter-
action potential:

Vim =

(11)A>-o exp(— yr^) + Vc

where the first and the second term are the Si-Ogas and
O—Ogas potential interactions, respectively, and rtj is the dis-
tance between the /th and 7th atom. The last term is the cou-
lomb interaction between the quadrupole charge of the oxygen
molecule and the charge on the silicon and oxygen lattice at-
oms:

8±Zne2

(12)

with 5_ = -0.958 exp(-1.33#0-o) and 8+ = 26_, #0-o is the
intramolecular distance in O2. The potential parameters are
given next: (energies are given in eV and lengths in A), AS;-o
= 1850, p = 0.29, j80-o = 2.55, and y = 4. The potential surface
obtained is obviously very uncertain. Nevertheless, on the ba-
sis of the rather good agreement between the experimental and
calculated recombination coefficient, we claim that the general
features of the recombination process can be reasonably de-
scribed at a qualitative level with the potential assumed.

V. Trajectory Calculations
A. E-R Recombination Reaction

In the scattering calculations, the rate-determining step of
Eq. (2) in the E-R reaction scheme is simulated. The oxygen
atom in the gas phase strikes the surface at a given kinetic
energy, £kin, and initial polar angles (9, s) = (0, 0). For each
impact energy, the initial position coordinates of the gas-phase
atom are randomly selected such that the aiming area covers
uniformly the surface unit cell. Because one of the main ob-
jectives of this work is to investigate the influence played by
the surface adsorption site on the recombination reaction, we
explore the reaction dynamics assuming different sites for the
adsorbed oxygen atom. Therefore, we have carried out three
sets of calculations corresponding to the following different
adsorption conditions:

a) Oad is randomly adsorbed within the surface unit cell.

b) Oad is bonded in the bridge site B (see Fig. 1).
c) Oad is adsorbed on the top of a silicon atom (site T in

Fig. 1).
We assume that the adsorbed oxygen is in thermal equilib-

rium with the solid substrate, so that the normal component of
the initial momentum Pz is set equal to KTS. For each impact
energy of the gas-phase oxygen we have computed a bunch
of more than 1600 trajectories for the case studied a and
around 400 trajectories for cases b and c. For each trajectory
and at each collisional time step we monitored the total energy,
the momenta and atom coordinates, the energy exchanged with
the surface, and the rotational and vibrational energy of the
formed O2 molecule.

1. Case Studied (a)
Figure 3 shows the recombination probability PE-R(Ekin) for

the recombination reaction, O + Oad X silica —» [O2(v, y)]gas
+ silica, as a function of the kinetic energy of the oxygen gas
atom in a wide range of impact energies from 0.001 to 3.8 eV.
Within the limits of the semiempirical potential energy as-
sumed in the calculations, the expected numerical accuracy of
the calculated reaction probabilities is about 20%. As expected,
because of the low catalytic activity of silica, the recombina-
tion probability is small. From Fig. 3, it can be noticed that
the reaction probability has a maximum around Ekin = 0.008
eV, whereas beyond £"kin = 0.003 eV, PE_R rapidly decreases
to zero.

Assuming that a flux of oxygen atoms hits the surface with
a Maxwellian energy distribution, the recombination coeffi-
cient 7(7*5) can be obtained by averaging the calculated recom-
bination probabilities PE-R(£km) over a Maxwell distribution at
a given temperature. Thus, we get y — 0.029 at rgas = Ts =
1000 K. This semiclassical value can be considered in satis-
factory agreement with the experimental yexp = 0.0123 reported
by Greaves and Linnett5 at Ts = 893 K, considering that any
fitting procedure of the potential parameters has been at-
tempted. Nevertheless, it should be noted that the recombina-
tion coefficient given in Ref. 5 has been determined indirectly
in reactor cell, that is, under conditions that are quite different
from those simulated here, where a single particle collides with
a well-defined, single-crystal silica surface. Therefore, the
comparison between the experimental and the theoretical y
value, although of some interest, cannot be considered as per-
suasive as it appears.
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§Van der Avoird, private communication, Inst. of Theoretical
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Fig. 3 E-R recombination probability for the process: O + Oad
X silica —» O2(v) + silica. Oad is adsorbed within the unitary cell
of the silica surface B. Ts = 1000 K.
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Table 1 Probabilities for the E-R reaction channels at different kinetic energies
Ekin of the gas-phase oxygen atom8

Ekin,
eV
0.001
0.003
0.008
0.03
0.07
0.20
0.5
1.0
3.8

Channels

a
0.00

4.81(-2)
5.00(-2)
3.13(-2)
2.56(-2)
2.13(-2)
3.13(-3)
1.25(-3)
1.25(-3)

/3
6.00(-2)b

1.60(-1)
8.10(-3)

0.00
0.00
0.00

1.00(-3)
1.88(-3)
1.50(-2)

8
4.50(-1)
4.87(-l)
7.97(-l)
8.30(-1)
6.90(-1)
4.03(-1)
2.85(-l)
2.8K-1)
6.38(-2)

e

5.14(-1)
2.77(-l)
1.4K-1)
8.3(-3)
2.38(-2)
6.63(-2)
8.50(-2)
9.91(-2)
6.00(-2)

<5

0.00
1.56(-2)

0.00
1.28(-1)
2.59(-l)
4.88(-l)
5.35(-l)
5.00(-1)
4.76(-l)

y
0.00

1.25(-2)
0.00
0.00

1.36(-3)
2.19(-2)
9.20(-2)
1.17(-1)
3.84(-l)

aAd-atom is adsorbed within the silica unit cell of surface B. Ts - 1000 K.
b6.00(-2) = 6.00 X 10"

The interaction of the oxygen atoms with silica can lead to
the activation of several surface processes that have been con-
sidered in the trajectory analysis:

O

02(vJ) (a)

ogasoadoas

ogasogasoadoad

(5)
(e)
(s)
(y)

(13)

The probabilities of the collisional events leading to processes
(a-y) are reported in Table 1.

The results obtained show that in the low-energy regime,
there is a large probability for both the incoming and the ad-
sorbed atom to be reflected from the surface into the gas phase.
The probability for the O2 formation in the gas phase is also
substantial at low-impact energies, whereas the O2 formation
is practically prevented at energies higher than 3.8 eV. The fast
decreasing of the E-R probability is caused by the increasing
importance of the other reaction channels, in particular to the
opening of channel (y), where both the oxygen atoms are ad-
sorbed after surface migration. In the high-energy collisional
regime, there is, in fact, a marked tendency for the oxygen to
be trapped, rather than to react and possibly desorb. This is an
interesting result that could be of some relevance for the sur-
face damage problems in shuttle re-entry conditions. The ad-
sorption of atoms and molecules has two important conse-
quences: firstly, a large amount of energy is released to the
surface as a consequence of the strong coupling with the pho-
nons; and secondly, the surface can be reconstructed because
of the surface heating and the formation of the oxygen ad-
layer. The analysis of the trajectories leading to Oad and [O2]ad
shows that both effects are quite efficient on j8 cristobalite.
Typically, Oad and [O2]ad are formed at collisional times of
~25r (r = 1.0 X 10~14 s). The motion of the adsorbed atom/
molecule takes place at distances from the surface plane no
greater than 2.5 A. Unfortunately, the migration of these spe-
cies on the surface cannot be followed for times longer than
120r because such strongly perturbed motion becomes rapidly
unstable. Therefore, we cannot exclude that on a longer time
scale the adsorbed oxygen atoms recombine as [O2]gas, nor that
the [O2]ad molecules finally desorb in the gas phase.

The energy partitioning among the internal states of the
formed O2 molecules and the vibrational motions of the lattice
atoms is shown in Fig. 4, where the total energy fraction for
vibrational (£Vib), rotational (£"rot), translational (Etr), and the
phonon excitation (AEph) for the recombination channel (a) is
reported as a function of the kinetic energy of the gas-phase
oxygen. The energy distribution is referred to as the final state
of the free molecules, i.e., the motion of the O2 molecule
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Fig. 4 Total energy partitioning in the E-R recombination pro-
cess (a) as a function of the kinetic energy of the gas atom. Case
study a for silica surface B.

formed at the surface and scattered off into the gas phase is
followed far into the asymptotic region of the gas phase (Z >
10 A).

From the obtained results, it is evident that the largest frac-
tion of the reaction exothermicity goes into vibration, with a
considerable rotational excitation apart from the lowest impact
energy explored, where Evib and Eml are equivalent. In fact,
the results show that the vibrational distributions are nonther-
mal with a large excitation probability of the medium-lying
vibrational states. At higher collisional energies, the vibrational
states with v < 35 are energetically accessible to the recom-
bination dynamics. On the contrary, the energy loss to the sur-
face is negligible, less than 10%, except at Ekin = 1 eV and
Ekin = 3.8 eV. At these energies, almost 30% of the reaction
exothermicity is transferred to the surface, whereas the energy
available for vibrational excitation in O2 is drastically reduced.
Reliable considerations on energy partitioning at Ekin =1.0 and
3.8 eV cannot be drawn, however, because of the very small
reaction probability. The energy flow pathways shown in Fig.
4 are a consequence of the recombination mechanism through
which the oxygen atoms recombine. From the trajectory anal-
ysis, it is shown that the reaction mechanism is mainly indirect:
the adsorbed oxygen migrates on the surface before being scat-
tered from the surface into the gas phase and finally reacting
with the incoming gas atom. The O2 molecules are formed
in the gas phase at distances from the surface generally not
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Table 2 Probabilities for the E-R reaction channels at different kinetic energies
of the gas-phase oxygen atom8

Ekin,
eV
0.07
0.1
0.15
0.2
0.3
0.4
0.5
1.0
2.0
3.0
5.0

Channels

a
2.00(-2)
3.00(-2)
7.50(-3)
2.50(-2)
3.00(-2)
3.50(-2)
4.50(-2)
5.53(-2)
4.52(-2)
3.20(-2)
1.00(-2)

/3
0.00
0.00
0.00
0.00

5.00(-3)
2.50(-2)
2.00(-2)
8.00(-2)
1.50(-1)
1.45(-1)
1.50(-1)

8
4.60(-1)
3.50(-1)
3.68(-l)
3.50(-1)
3.00(-1)
3.38(-l)
3.10(-1)
2.00(-1)
7.50(-2)
3.00(-2)
5.00(-3)

e

1.10(-1)
7.50(-2)
8.20(-2)
5.50(-2)
6.00(-2)
1.35(-1)
1.38(-1)
1.75(-1)
2.05(-1)
1.73(-1)
1.60(-1)

<5

4.00(-1)
5.45(-l)
5.32(-l)
5.00(-1)
3.55(-l)
1.40(-1)
1.05(-1)
2.50(-2)
2.00(-2)
1.50(-2)

0.00

y
1.00(-2)

0.00
1.00(-2)

0.00
2.50(-1)
3.35(-l)
3.82(-l)
4.68(-l)
5.05(-1)
6.05(-1)
6.75(-l)

Ad-atom is placed in site B of the silica surface B. Ts = 1000 K.

less than 3 A. Under these conditions the coupling with the
substrate is weak and only a small amount of the exothermicity
is transferred to the surface.

2. Case Studied (b) and (c): Site and Surface Structure Effects
We now focus on the surface site effect on the recombina-

tion reaction. In Table 2, the recombination probabilities to-
gether with the probabilities for the other inelastic channels
are reported at different impact energies of the gas atom while
Oad is adsorbed on surface site B in a bridge-like geometry.

The collision dynamics on this site is rather complex: vir-
tually all of the inelastic channels are now energetically ac-
cessible. The inelastic channel (8) is again very effective, but
high probabilities are now observed for adsorption collisions
with both oxygen atoms trapped at the surface. These colli-
sional events are very frequent at the higher impact energies,
the reason for this being the stronger coupling with the lattice
atoms and the consequently high fraction of translational en-
ergy of the gas-phase oxygen converted into the vibrational
motions of the lattice atoms.

The analysis of the inelastic trajectories shows that in many
cases O2 is formed as a collisional intermediate before disso-
ciating into the final products. As an example, in Fig. 5, we
have reported a typical trajectory for the process: O + Oad X
silica -^ [O2(v*)]ad X silica -» O + Oad X silica, with Ogas
having a kinetic energy of 0.4 eV. Here, the Z distance from
the surface plane of the two oxygen atoms [the top layer is in
the (X-Y) plane], together with the interatomic distance of the
two oxygen atoms as a function of the collisional time, is re-
ported. We notice that O2 is temporarily formed at the surface
with a lifetime of ~40r.

The trajectory analysis shows that at the higher collisional
energies there is a marked tendency for the temporarily formed
O2 molecules to be stabilized in a specific surface site through
the opening of channel (/3). Furthermore, the molecules are
formed in highly vibrational and rotational excited levels, with
a too-small residual translational energy for the molecules to
be able to desorb in the gas phase. The probabilities reported
in Table 2 for the adsorption processes j8 and y should be taken
with some precaution, however, because the final fate of these
collisional events cannot be exactly known.

The energy partitioning for the recombination collisions is
reported in Fig. 6, whereas in Fig. 7, the vibrational distribu-
tion of the nascent O2 molecules detected at £kin = 1 eV is
shown. The influence of the surface structure modifications of
the substrate on the recombination reaction is shown in Fig.
8, where we have reported the recombination probabilities as-
suming Oad adsorbed on the site T of surfaces A and B. From
this figure we notice that the presence of the oxygen ad-layer
on surface A has an effect on the surface reactivity: the recom-
bination probabilities for surface A are significantly higher then
those observed for the clean surface B. The enhanced reactivity
of site T with respect to site B is a result of its high specificity

0 10 20 30 40 50 60 70

Interaction Time (T)
Fig. 5 Trajectories of two oxygen atoms for the process.: O +
Oad x silica -> [O2]ad x silica -» O + Oad x silica, with Oad initially
adsorbed on surface site B. The Z distance from the surface for
Oad and Ogas is reported as a function of the interaction time. The
intramolecular O-O distance (/?0-o) is also reported. The trajec-
tory shows that O2 is temporarily formed at the surface.
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7 0.1 5 7 1 3 5
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Fig. 6 Total energy distribution in the E-R recombination pro-
cess (a): O + Oad x silica -» O2(v9j) + silica. Case study b for
silica surface B.
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toward the interaction dynamics. The trajectory results show
that practically only two channels are open to the site dynam-
ics, i.e., the recombination reaction (a) and channel (5), where
both the oxygens are backscattered into the gas phase.

B. L-H-iype Recombination
According to the L-H recombination process, the reaction

occurs between two adsorbed atoms, and because of that, this
mechanism is expected to be in competition with the E-R
mechanism under conditions of high surface coverage and for
relatively low surface temperatures. At Ts = 1000 K, the L-H
mechanism should be of minor importance with a predominant
role played by the E-R recombination reaction. To assess the
relative importance of the two mechanisms, we have made an
attempt to simulate the L-H reaction. As for the E-R mech-
anism, we have assumed the following facts for the two ad-
sorbed atoms' different site configurations:

a) The two oxygen atoms are adsorbed randomly within the
unitary cell of silica.

b) One oxygen is placed on the top of the silicon atom 1,
while the other is on silicon atom 3 (see Fig. 1).

c) One oxygen is placed on top of silicon atom 1 while the
other oxygen is placed on site B.

d) The two oxygens are placed midway between silicon at-
oms 1 and 6 and silicon atoms 1 and 5, respectively.
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0.00
0 4 8 12 16 20 24 28 32 36 40 44

Vibrational quantum number
Fig. 7 Vibrational energy distribution at Ekin = 1.0 eV for the E-
R recombination process (a): O + Oad x silica —> O2(v,y) + silica.
Oad is placed in the B site.
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Fig. 8 Recombination probabilities for the process: O + Oad x
silica -» O2(v, j) + silica. Oad is adsorbed on the T site of silica
surface A and B.

For cases b-d, the initial position coordinates of both atoms
are assumed randomly distributed within a restricted aiming
area of 1 A2 centered on the two sites and selected such that
the interatomic O-O distance cannot be smaller than the as-
ymptotic distance for free O2, i.e., /?o-o ~ 3.5 A. The two
oxygen atoms are thermally equilibrated with the surface, so
that, as with the E-R simulation, the average Z component of
the initial momenta is set equal to the surface temperature.
Two-thousand trajectories have been run out for case 1, while
400 trajectories have been integrated for cases 2-4.

In Table 3, we reported the L-H recombination probabilities
for the cases considered in the dynamical simulation. The total
energy distribution among the internal states of the formed O2
molecules and the substrate is also reported. As expected, at
Ts = 1000 K the L-H recombination probability for case a is

Table 3 Pr and energy partitioning according to
the L - H-like mechanism for case studied (a - d)a

Case
studied Pr E^b Erol Etl Eph

a
b

c
d

2.30(-3)
3.85(-2)

O.llb

0.0
0.0

59.0
19.2
8.5b

23.1
5.3
4.0b

10.2
45.0
31.9b

7.7
30.5
55.6b

Total energy fraction (%) transferred to the molecular motions
and the surface phonons is reported. Ts = 1000 K.
Values on this line refer to the silica surface A.
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Fig. 9 Vibrational state distribution of the formed O2 molecules
in the L-H recombination reaction for surface A.
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Fig. 10 As for Fig. 9, but for surface B.
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Table 4 Theoretical and experimental
recombination coefficients for oxygen
atom recombination on silica surfaces

Ts, K
600
1000

y(E-R)
0.033a

0.0293

y(L-H)
0.0046a

0.00233

y(exp.)

0.003
0.0123b

Surface B. Ts = 893 K.

smaller than the corresponding E-R probability by a factor
close to 10. The energetics of the recombination reaction
shows that the energy loss to the surface phonons is still a
small fraction for reactive trajectories, whereas the largest frac-
tion of the excess reaction exothermicity goes into the molec-
ular vibrations for both mechanisms. The adsorption sites con-
sidered in the b geometry are very active for promoting the
L-H reaction, whereas the sites considered under cases c and
d are practically inert with zero recombination probability.

To show the influence of the oxygen ad-layer on the surface,
for case b we have run the same trajectories on surface A and
on surface B. The results reported in Table 3 show that the
recombination probability on surface A is higher by a factor
close to 3. The energy flows on surfaces A and B are different,
although in both cases the oxygen molecules are mainly
formed in the ground vibrational level (Figs. 9 and 10).

An interesting behavior that was expected from the L-H
mechanism is the surface temperature effect on the recombi-
nation dynamics. From our results, we get at Ts = 600 K a
recombination probability that is a factor of almost 2 greater
than the probability at Ts = 1000 K. Because the surface cov-
erage in the simulation is the same for both temperatures, the
activation of the L-H reaction at the lower Ts is a result of
the different dynamical coupling between the oxygen atoms
and the surface phonons. No surface temperature effect has
been observed for the E—R reaction mechanism: the same
E-R trajectories calculated at Ts = 1000 and 600 K give ex-
actly the same recombination probability. It is worthwhile to
notice that, at Ts = 600 K, the calculated L-H recombination
probability (y = 0.0046) is in good agreement with the ex-
perimental value (yexp ^ 0.003) interpolated from the data re-
ported in Ref. 5.

For the sake of clarity, in Table 4 we show the theoretical
recombination coefficients for the E-R and L-H recombina-
tion reactions on the silica surface B, together with the cor-
responding experimental values at the two extreme surface
temperatures considered in this work.

A comparison between the calculated and experimental y
values would confirm the switching of the reaction mechanism
from E-R to L-H in the same manner as decreasing the sur-
face temperature. Obviously, the crossover from the E-R to
the L-H mechanism would require more calculations, and a
consequently prohibitive computational time demand, at inter-
mediate temperatures.

VI. Conclusions
Several interesting aspects concerning the recombination dy-

namics of the oxygen atoms on a silica surface have emerged
in this work. We have found that, at Ts = 1000 K, the formation
of O2 molecules catalyzed by /3-cristobalite occurs via an in-
direct E-R-type mechanism, according to which the reaction
takes place through a surface migration of the adsorbed oxygen
followed by recombination in the gas phase at distances from
the surface larger than 3.5 A. The L-H probability at this
temperature is a factor of 10 smaller than the E-R probability.
A direct consequence of the observed E-R mechanism is that
the O2 molecules are formed in highly vibrationally and rota-
tionally excited states, whereas only a negligible fraction of
the reaction exothermicity is transferred as heat to the surface
(contrary to what is generally assumed in kinetic modeling).
In fact, we found that the processes most likely causing surface
damage are the adsorption processes. As the kinetic energy of

the impinging atom increases, the surface exhibits a marked
tendency to trap both oxygens as O2 or as atoms, resulting in
huge energy transferred to the surface vibrations. The E-R y
coefficient at Ts = 1000 K is in satisfactory agreement with
the experimental value reported by Greaves and Linnett.5 Nev-
ertheless, our surface does not support any temperature effect
on the E-R probability. Such an effect is found for the L-H
probability. Our calculations indicate that the L-H probability
increases by a factor 2 as Ts decreases from 1000 to 600 K.
The L-H probability is, at Ts = 600 K, in good agreement
with the experimental findings. The effects of the adsorption
site and atom arrangements on the top surface layer have also
been explored in this work. Both effects have a large impact
on the recombination probability, indicating that surface struc-
ture modification (or surface coverage) would significantly
change the catalytic activity of the silica substrate. The results
obtained in this work are obviously a consequence of the po-
tential energy surface assumed in the calculations. This poten-
tial has been obtained on a semiempirical basis, and it must
be regarded as a crude approximation to the real (unknown)
interaction forces. Therefore, the reported results should be
taken with some precaution, although the satisfactory agree-
ment between the theoretical and the experimental y values
would suggest that the general features of the recombination
dynamics are correctly described within the framework of
these simulations.
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