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The adsorption dynamics of atomic oxygen on a model �-cristobalite silica surface has been studied by
combining ab initio electronic structure calculations with a molecular dynamics semiclassical approach. We
have evaluated the interaction potential of atomic and molecular oxygen interacting with an active Si site of
a model �-cristobalite surface by performing DFT electronic structure calculations. As expected, O is strongly
chemisorbed, Eb ) 5.57 eV, whereas molecular oxygen can be weakly adsorbed with a high-energy barrier
to the adsorption state of ∼2 eV. The binding energies calculated for silica clusters of different sizes have
revealed the local nature of the O,O2-silica interaction. Semiclassical collision dynamic calculations show
that O is mainly adsorbed in single-bounce collisions, with a smaller probability for adsorption via a
multicollision mechanism. The probability for adsorption/desorption (reflected) collisions at the three impact
energies is small but not negligible at the higher energy considered in the trajectory calculations, about Pr )
0.2 at Ekin ) 0.8 eV. The calculations give evidence of a complex multiphonon excitation-deexcitation
mechanism underlying the dynamics of stable adsorption and inelastic reflection collisions.

1. Introduction

The interaction of atomic and molecular oxygen with silica
and silica-based materials under high temperature conditions
can lead to various chemico-physical processes of great
importance in many research areas of fundamental and tech-
nological interest. In particular, O2 formation and desorption
after oxygen atom recombination at silica surfaces is considered
to be the main factor responsible for the thermal and structural
damage to the thermal protection system (TPS) tiles on the space
shuttles under re-entry conditions into the earth’s atmosphere.1

A large fraction of the exothermic energy delivered in the
reaction can be transferred as heat flux to the surface, whereas
the remaining energy is shared among the translational and the
internal motions of the formed molecules. This energy sharing
process is quite complex and not easy to quantify. Despite the
intense research activity that has been developed to study the
catalytic activity of various silica surfaces in dissociated oxygen
gases,2-4 the heat flux to the surface is still not accurately
predictable.

O2 formation has been investigated in several studies using
various sources of atomic oxygen fluxes and various spectro-
scopic diagnostic tools to monitor oxygen atom density at the
gas-surface boundary layer.1 The main outcome of such
investigations is the global recombination coefficient γ measured
at different surface temperatures. In high-temperature regimes,
close to the melting point of the silica samples used in the
experiments, the reported data appear quite scattered because

of the large uncertainty undergone in the experimental
determinations.

However, it is worth noting that the atom recombination is
not the only surface process responsible for the thermal heating
of the solid substrate because many competing surface processes
other than recombination can contribute to the global heat
balance at the boundary layer. Atomic adsorption and adsorption/
desorption processes can also be strongly exothermic because
of the large chemisorption energy delivered in the interaction
process. These processes are, quite generally, not included in
kinetic modeling of dissociated air at the gas-surface boundary
layer. Adsorption and adsorption/desorption processes have been
much less investigated because of the obvious difficulties
inherent in following these surface processes using in situ
ultrafast spectroscopic techniques.

Apart from the TPS problem in aerospace, inelastic scattering
of atomic O and N is a key step in many chemico-physical
processes of great interest in several other research areas of basic
and technological importance, from classical heterogeneous
catalysis to thin film growth. Therefore, for example, atomic
nitrogen incorporation into ultrathin SiO2 films in plasma-
assisted processes is of great importance in the microsemicon-
ductor industry.5,6 Nevertheless, there are no detailed collisional
data on O and N adsorption on silica and oxide surfaces, whereas
considerable experimental and theoretical activity has been
devoted to inelastic scattering of atoms (mainly noble gases)
from metallic surfaces.7,8

On the theoretical side, different kinetics schemes9-11 have
been applied to describe the kinetics of the chemistry at the
gas-silica interface and then to simulate and predict the thermal
response of silica or other TPS materials. In these studies, the
various heterogeneous processes are described in terms of rate
constants or cross sections so that some basic physical quantities,
for example, the adsorption energies of the atomic and molecular
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oxygen, activation energy barriers, and others, are treated as
unknown parameters varied to fit the experimental data. As a
consequence, the predictive power of such studies suffers from
serious limitations. Moreover, despite the great deal of experi-
mental and theoretical work, uncertainties still exist on colli-
sional data relevant to the catalytic behavior of silica. More
specifically, data relevant to the energy accommodation coef-
ficient are largely incomplete, if not absent. These data can be
difficult to obtain via experimental observations. On the contrary,
molecular dynamics approaches in which all of the basic
atomistic and electronic features of the interacting system are
taken into account in a suitable manner when deriving the model,
should be very helpful for understanding the catalytic mecha-
nisms occurring at the interface in a well-defined way.

It is therefore the main aim of this work to describe at a very
fundamental level the various collisional pathways underlying
the dynamics of the O,O2 interaction with silica. To this end,
we have applied the semiclassical time-dependent molecular
dynamics approach, which has been successfully applied in
describing the catalytic routes of several elementary molecule-
surface catalytic systems. This approach consists of two funda-
mental steps: (i) determination of a realistic interaction potential
between the gas-phase atomic and molecular oxygen and the silica
lattice atoms and (ii) use of a collisional model able to describe
the dynamics of the gas-phase particles over the analytic PES
derived from ab initio potential energy scans (PESs).

The first aspect is generally treated either by using simplified
semiempirical models or by performing large-scale ab initio
calculations using standard electronic structure methods devel-
oped in quantum chemistry. In a previous study,12 a semiem-
pirical potential for the O,O2-silica interaction was derived on
the grounds of physically motivated assumptions. Although
rather crude, the calculated potential when inserted in the
collisional semiclassical code was able, quite surprisingly, to
account for the experimental global recombination coefficient
γ determined in cell experiments.

In the present work, we follow the ab initio approach in the
framework of the DFT-GGA (density functional theory-genera-
lized gradient approximation) theory that we used when studying
the N-silica interaction system.13 According to the DFT ap-
proximation, the electron-electron interaction is treated in the
mean-field way, whereas different approximations can be used to
treat the electron exchange and correlation effects.

Because the evaluation of the full interaction potential for
heterogeneous molecular systems is quite complex because of
the large number of electrons and the multidimensional character
of the potential energy surface, in this first contribution, we
construct an ab initio DFT PES of reduced dimensionality by
considering two parameters, that is, the normal distance of O,O2

from the silica surface and the polar angle of approach. This
potential contains the main features of the oxygen-silica
interaction by including perpendicular Ogas-O-Si and angle-
oriented Ogas-O interaction terms.

As far as the second aspect is concerned, the collisional
method assumed in the dynamical simulation should be able to
describe, as much as possible, the most fundamental behaviors
of the reactive (atom recombination) and inelastic interactions
of the oxygen-silica system. In particular, the energy shearing
mechanism between the surface phonons and the gas-phase
atoms should be included in the dynamics. Although it is of
central importance in chemisorption, this latter aspect of the
atom-surface reactivity is still a challenging issue. It is a matter
of fact that in most calculations the interaction dynamics is
performed on rigid surfaces, thus discarding the inelastic effects

due to phonons and electron-holes excitations. The semiclas-
sical method developed by us is able to handle, within a realistic
approximation scheme, the most relevant features of the
molecule-surface interaction, including the inelastic molecule-
surface energy exchange processes.14,15

Furthermore, the characterization of the interaction potential
of O2 with �-cristobalite surface is also reported at quantum
mechanics level showing a rather complex but at the same time
very intriguing theoretical picture that clearly suggests, at least
at the level of theory applied, the potential involvement of
several electronic eigenstates along the sticking interacting
trajectory.

In this first work, we focus on the adsorption, adsorption/
desorption dynamics, and energetics of atomic oxygen interact-
ing with a �-cristobalite surface, whereas a complete semiclas-
sical study on the O2 formation is in progress and will be
presented in a future work.

2. Computational Setup

2.1. Density Functional Theory Calculations within Gra-
dient-Corrected Approximation. Understanding chemical
processes occurring at the interface represents a very intriguing
and, at the same time, complicated task. To this end, theoretical
and computational investigations of the sticking of atoms or
molecules over a metallic (or crystal) surface is one of the most
commonly accepted approach to examining local interactions
and their relevance at the interface. Currently applied method-
ologies are often based on correlated electronic structure
calculations employing either conventional wave-function-based
approaches16 or DFT methods.17,18 In this respect, more ap-
proximate semiempirical techniques, for example, AM119 and
PM3,20 can model large systems (hundreds of atoms), but they
are often inaccurate for a realistic description of chemical events
in the presence of complex environment. DFT approaches in
conjunction with GGA functionals provide a suitable and
computationally appealing tool for obtaining accurate geo-
metrical, thermodynamic, and kinetic parameters for a huge
number of chemical processes under different conditions.21 So
having this in mind, we have recently and successfully applied
DFT-based calculations for studying the N and N2 interaction
over �-cristobalite along ground-state potential energy profiles.13

The basic picture emerged from our theoretical and computa-
tional investigation indicates that the local interaction is strongly
affected and somewhat complicated, by the presence of different
electronic spin eigenstates involved during the chemical attach-
ment (to the surface) of the adsorbant.

Therefore, inspired by the above results, herein we have
studied, using both DFT and Gaussian-type orbitals (GTOs),
the O and O2 interaction with a Si atom localized over
�-cristobalite. To this end, we used the hybrid PBE0(GGA)
functional22 which is based on Perdew-Burke-Erzenrhof
exchange-correlation functionals23 in which a portion of
Hartree-Fock exchange is added self-consistently to the DFT
(PBE) contribution. Furthermore, it is worth noting that the
selected functional does not contain any parameter fitted to
reproduce atomic experimental data and, for this reason, is
considered in literature as purely ab initio.

As already reported in our previous work,13 several model
systems of the silica surfaces have been properly taken into
account keeping fixed the geometry of the silica surface at the
experimental values and extending the (O/O2)-SixOyHz models
up to x ) 17, y ) 34, and z ) 18 (�-cristobalite, Figures 1 and
2). To study the O and O2 interaction with a Si atom over the
�-cristobalite, a potential energy surface scan has been made
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for each model depicted in Figure 2 (along the C2V molecular
symmetry axis) in the range RO,Si 1.00-4.00 Å; the O-O
distance used in all O2-surface PES calculations was kept fixed
to 1.20 Å, close to the experimental value reported in literature,24

along a perpendicular to the surface (sticking) direction of
impact. Our theoretical modeling has been further extended to
characterize oxygen(gas-phase)-oxygen(�-cristobalite) potential
energy interaction at the interface. (See the molecular structures
depicted in Figure 3.) PES calculations have been carried out

using a triple split valence Pople-style atomic basis set with
additional diffuse sp functions and polarization d functions on
heavy atoms, for example, 6-311+G*.25 Furthermore, it is worth
noting that for high-precision PESs, extremely tight convergence
criteria were used, and an ultrafine grid has been chosen for
DFT numerical integrations. PBE0/6-311+G* PES calculations
are run on computational facilities at CASPUR (Rome) using
the local installation of the Gaussian03 package.26

2.2. Semiclassical Time-Dependent Collision Dynamics.
The method assumed to describe the interaction dynamics of
atomic oxygen colliding with a silica surface is the semiclassical
method. The method, described in detail in a number of
publications and in the Billing’s book,15 has been applied to
the study of several heterogeneous systems, including the H2

dissociative chemisorption and H2 formation after atom recom-
bination on graphite (0001) and Cu(001) surfaces,27,14 C
oxidation catalyzed by Pt(111).28 In ref 29, the distributions in
angle and energy of Xe scattered inelastically from GaSe(001)29

measured in molecular beam experiments were successfully
interpreted within the semiclassical MD method. We like to
remark here that the method provides a detailed knowledge of
the multiphonon (and, eventually, of the electron-holes)
inelastic processes that assist the dynamics of the chemical and
physical phenomena due to the chemi- and physisorption of
atoms and molecules on different substrates. This is, indeed,
the most important behavior of the semiclassical approach.

According to this method, the dynamics of the gas-phase
oxygen atom impinging the silica surface is described classically,
whereas the lattice phonons are quantized. The dynamical
coupling between the surface atom vibrations and the transla-
tional motion of the O atom is obtained by solving the classical
Hamilton’s equations of motion of the translational motion of
the gas-phase oxygen in an effective Hamiltonian Heff defined
as

where the first term is the kinetic energy of the atom with mass
m, PX is the X component of momentum, V0 is the static

Figure 1. Skeleton of the Si7O14 cluster reported in Figure 2,
emphasized by colors, cleaved from the unit cell of �-cristobalite; silicon
atoms are in yellow, oxygen atoms are in red.

Figure 2. Cluster models of the O and O2 (not shown) sticking
interaction over the �-cristobalite polymorphs surface: upper panel,
O · · ·Si3O4H6; middle panel, O · · ·Si7O14H14; bottom panel,
O · · ·Si17O34H18. Silicon atoms are in yellow, oxygen atoms are in red,
and hydrogen atoms are in white.

Figure 3. Starting geometries chosen to model two O(gas-
phase) · · ·O-Si3O4H6 interacting systems over �-cristobalite; upper
panel: conf1, lower panel: conf2. The arrow indicates the corresponding
reaction coordinate (i.e., sticking) along the RO-O interatomic distance.
Colors as reported in Figure 1.

Heff )
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2) + V0 + Vadd + ∆Eph
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interaction potential between the gas-phase O and the silica
atoms in their equilibrium positions, ∆Eph is the energy
exchanged between the interacting O and the substrate, and Vadd

is the dynamical contribution to the Hamiltonian because of
the excitation/de-excitation processes of the perturbed phonon
states. Vadd is defined as the expectation value of the interaction
potential Vint of the O-silica system over the total wave function
of the phonon state: Vadd(t,TS) ) 〈Ψph(t,TS)|Vint|Ψph(t,TS)〉, where
t is the collisional time and TS is the surface temperature. The
time evolution of |Ψph(t,TS)〉 is obtained by solving the time-
dependent Schrödinger equations of motion for a set of (3N-6)
independent harmonic oscillators, N being the total number of
atoms in the lattice, perturbed by the external forces exerted
between the gas-phase atom and the silica surface. By further
expanding the interaction potential, Vint, up to the first term of
the phonon normal mode coordinates, the linearly forced
harmonic oscillator (LFHO) analytical solution of the quantum
equations of motion for the lattice phonons can be assumed,
and the following expression for Vadd is obtained

where Rj is the distance vector of the gas-phase atom from the
surface, and Vk

(1) is the first derivative of Vint with respect to the
kth normal mode coordinate evaluated at the equilibrium
position.15,28 The time-dependent ηk(t) coefficients are the
phonon excitation strengths given in terms of the Fourier
components of the external forces

where Θk(t) ≈ ωkt. Fk )(Ic,k
2 + Is,k

2 )/2pωk, where ωk is the
frequency of the kth phonon mode. ∆Ek

( ) ∆Ek
((ωk,Ts) is the

energy loss (∆Ek
+ > 0)/gained (∆Ek

- < 0) by the oxygen atom
due to the phonon excitation (+)/de-excitation(-) processes in
the kth vibrational normal mode of the silica surface. The total
energy exchanged between the translational motion of the
oxygen atom and the phonons can be readily calculated as the
sum of the individual contributions ∆Ek

( over the total number
of phonon modes.

(Enk
- Enk

0) is the energy exchanged in the transition nk r nk
0

between the quantum states nk
0 and nk of the kth phonon mode.

Pnk
0 is the Boltzmann distribution of the phonon energies. Pnk

0fnk

is the transition probability. (See refs 15 and 28 for details.)
∆Eph > 0 indicates a net energy transferred to the silica surface.

The method, although quite involved from a formal point of
view, is computationally feasible and provides a very realistic
description of the molecule-surface interaction dynamics. The
accuracy of the method mostly depends on the accuracy with
which the interaction potential assumed in the scattering

equations is known and the collisional energy regime explored
in the dynamics.

3. Results and Discussion

3.1. Interaction Potentials of O and O2 over �-Cristobalite
Surface. We first considered the interaction between an oxygen
atom in gas phase and the Si atom of the Si3O4H6 cluster model
of the �-cristobalite surface. (See the upper panel reported in
Figure 2.) It is quite evident that the direct pathway for the
chemisorption of O over Si atom involves either singlet and
triplet spin multiplicity as well as a smooth crossing around
R(O-Si) ) 2.3 Å between them. (See Figure 4.) The triplet
PES is, however, more weakly bound than the singlet one; such
a trend is most likely due to the formation of a strong polarized
σ bond along the RO-Si reaction coordinate and to the presence
of a π SiO double bond on the singlet state.31b Indeed, our results
clearly show that the spin singlet PES arises from the merging
of two triplet moieties as follows: 3P over O gas atom +
3[Si3O4H6] localized on the surface model. (See, for example,
the highest occupied molecular orbital, HOMO and HOMO-1
in Figure 5.) The present PBE0/6-311+G* PES calculations
predict a binding energy of -5.47|-5.60|-5.57 eV (as a
function of the cluster size) with a minimum lying at RO-Si )
1.52 Å. Moreover, the asymptotic energy difference between
the two potential energy curves (in Figure 4) has been found to
be equal to 2.67 eV, which is exactly the potential energy
difference between 3[Si3O4H6] and 1[Si3O4H6] free clusters
(where in both profiles, the O appears in its own 3P ground
state). It is also important to note that our results are in
agreement with previous findings using the Perdew-Wang 91
(PW91) functional30 with plane waves and periodic boundary

Vadd(Rj ,t,TS) ) ∑
k

Vk
(1)ηk(t) (2)

ηk(t) ) -∫ dt′(pωk)
-1 d

dFk
(∆Ek

+ + ∆Ek
-) ×

[Ic,k(t′) cos(Θk(t′)) + Is,k(t′) sin(Θk(t′))]
(3)

Ic,k ) ∫-∞

+∞
dt Vk

(1)(R(t)) cos(ωkt) (4)

∆Eph ) ∑
k

∑
nk

∑
nk

0

pnk
0(Enk

- Enk
0)Pnk

0fnk
) ∑

k

(∆Ek
+ + ∆Ek

-)

(5)

Figure 4. Oxygen atom interaction potential energy scan (PES) over
the Si3O4H6 cluster model of �-cristobalite surface; triplet (dotted line)
and singlet (solid line) eigenstates of total electronic spin curves at
PBE0/6-311+G* level of computation.

Figure 5. Highest occupied molecular orbital (HOMO) and HOMO-1
orbital (right panel) as obtained by PBE0/6-311+G* electronic wave
function of the 3[Si3O4H6] cluster model. Isodensity surface equal to
0.05 electrons/bohr3.
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conditions while keeping frozen the �-cristobalite polymorph.
In fact, in ref 31, the binding energy computed considering the
atomic oxygen sticking on top of Si (Figure 2) was found to be
-5.6 eV at RO-Si ) 1.56 Å. (See the curve termed as T1 in
Figure 2a of Arasa et al. in ref 31a.) As a final step, we also
checked that the counterpoise corrections for basis set super-
position error (BSSE) remain confined within the chemical
accuracy (i.e., <1 kcal/mol in the whole range of the calculated
PES).

To perform a quantitative examination of our quantum
mechanical results, we report in Table 1 the most relevant
energetic and structural parameters increasing the size of the
O-SixOyHz interacting model surface. (See the molecular
clusters depicted in Figure 2.) As already observed in the
presence of a N atom over the same SixOyHz models,13 at
increasing dimension of the model cluster, the Rmin(O-Si)
distance remains almost constant, whereas the binding energy
increases up to -5.57 eV (O-Si17O34H18). In light of this
finding, it is, however, possible to consider the Si7O14H14 cluster
model having a binding energy of -5.60 eV (Table 1) as rather
accurate in the description of the interaction potential between
the oxygen atom and the silicon atom at the gas/surface interface.
(See Table 1.) Although the smallest cluster (i.e., Si3O4H6)
correctly describes all induced electronic rearrangements in-
volved in the collisional event, it tends to underestimate the
binding energy moderately by 0.13 eV (-5.47 eV). On the basis
of such a result, population analysis confirms that in the current
case the chemical interaction on the surface is mainly confined
over the on-top Si and the nearest oxygen atoms.

As far as the O2-SixOyHz surface model is concerned, we
adopted the same size-scalable approach as that reported in detail
for the oxygen case. In Figure 6, we report the O2-Si3O4H6

PES scans obtained at the PBE0/6-311+G* level of computa-
tion. At first, our calculated PES scans show a rather complicated
interaction route between the incoming O2 molecule and the
model surface involving (as already observed in the previous
cases) both singlet and triplet magnetic spin eigenstates. The
oxygen molecule, initially in its own electronic ground state
(X3Σg

-) at large distance from the surface, provides a strong
repulsive potential energy profile while approaching the
1[Si3O4H6] cluster model. (See curve A in Figure 6). Afterward,
a deeper inspection of our data indicates, as already observed
for (3N2/1N2) and �-cristobalite,13 that under our simulation
conditions the interaction is strongly “spin-state-selected”,
showing a remarkable discrimination in the electronic config-
uration of the whole investigated system. The analysis of the
electronic spin population carried out on the converged elec-
tronic wave functions along the computed PES scans evidence:
(i) A first crossing point located at almost RO-O-Si ) 2.1 Å
(Figure 6), where the O2 undergoes an electronic change from
X3Σg

- to the first singlet electronic excited state with unpaired
valence electrons, 1Σg

+, accompanied by a local magnetic change
also occurring onto the surface model (e.g., (1[SixOyHz]/

3[SixOyHz]). The resulting triplet PES (curve C), composed of
the O2(1Σg

+) and 3[SixOyHz] moieties, is binding toward O2

absorption because the two unpaired electrons of Si atom at
the surface can be involved in donor bonding with the incoming
gas molecule. (ii) At shorter (O-O)-Si interatomic distances,
the lowest potential energy profile has a singlet spin multiplicity,
which combines O2(3Σu

+) and 3[SixOyHz] fragments (curve D).
With respect to the previous triplet PES, at the crossing point,

whereas the �-cristobalite model retains its electronic config-
uration 3[SixOyHz], the change in spin state (triplet/singlet) is
due to a local electronic rearrangement within the O2 molecule.
In this respect, it is interesting to note that the O2 (3Σu

+) species
is the most strongly bound in terms of potential energy and
also shows the shortest (O-O)-Si interatomic distance. (See
Figure 6.) At last, we also report the potential energy curve
regarding the oxygen molecule in the 1∆g state (curve B in
Figure 6). As can be clearly seen, closed shell electronic
moieties, that is, O2(1∆g) and 1[SixOyHz], show a purely repulsive
behavior basically arising from electron-electron Coulomb
repulsive interaction. The final assembly of the resulting PESs
regarding the O/O2-Si3O4H6 (�-cristobalite) systems, calculated
at the PBE0/6-311+G* level of computation, are reported in
Figure 7, where a comparison with the larger cluster Si7O14H14

clearly shows the numerical accuracy of the computed PESs.
Note that the same intriguing physical picture has been observed
when PES scans are calculated using the B3LYP functional and
6-311+G* basis set.

However, it is important to note that although our results
provide a first-principles-based interaction pattern for O2

molecule over such a polymorph, to give an exhaustive response
to this interesting issue, more comprehensive calculations are
necessary to sample all of the possible interacting trajectories
basically differing for the mutual orientation of the O2 molecule.
In this context, the flexibility of the O-O distance is also
expected to play a key role in modulating the potential energy
surfaces in the interaction regime.

Using the present potential to simulate the O2 formation would
be very reductive and not fully appropriate. Therefore, the O
+ O reaction dynamics on silica will be the object of a
subsequent publication. Rather, in this work, we focus on the
atomic oxygen adsorption dynamics, which is by no means
affected by the O2-silica reactive branch of the complete PES.

TABLE 1: R(O-Si) Minimum Distances and Interaction
Energies (Termed as Be and Reported in electronvolts) for
the O-SixOyHz Model Systems of the Oxygen Sticking over
�-Cristobalite (See Figures 1 and 2) Computed with the
PBE0/DFT Functional and 6-311+G* Atomic Basis Set

system
�-cristobalite Be/eV Rmin (O-Si)/Å

O-Si3O4H6 -5.47 1.52
O-Si7O14H14 -5.60 1.51
O-Si17O34H18 -5.57 1.52

Figure 6. O2 potential energy scan (PES) over the Si3O4H6 cluster
model of �-cristobalite surface; Rz parameter indicates the distance
between the nearest to the surface oxygen atom of the O2 and the closest
interacting Si. Triplet (blue lines) and singlet (black lines) eigenstates
of total electronic spin curves at PBE0/6-311+G* level of computation.
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However, it must be also remarked that the theoretical
modeling along the RO-O collisional coordinate (see the initial
conformation, as reported in Figure 3) provides potential
interaction energy curves that clearly indicate that along the
sticking direction of impact a chemisorption process can occur
without any potential energy barrier (Figure 8), but the resulting
bond is weak if compared with a prevalent O-Si (on top over
the surface) interaction. In this respect, the O(gas-phase)-O(�-
cristobalite) electronic repulsion forces are balanced by Si-O
local interaction at RO-O intermediate distances. As already
emerged (see, for example, the curves depicted in Figure 4) at
long distances the O-(O-�-cristobalite) system is composed
of O as 3P and 1[SixOyHz], whereas at RO-O distance <2.7 Å
(RO-Si ) 2.2 Å), the surface model system changes its electron
spin magnetic state from closed-shell singlet to open-shell triplet.
(See Figure 8.) Therefore, a binding energy of -2.13 eV at
RO-O ) 2.17 Å and RO-Si ) 1.75 Å is found considering the
Si3O4H6 cluster, and a binding energy of -2.08 eV at RO-O )
2.18 Å and RO-Si ) 1.74 Å is found for the Si7O14H14 cluster.
At last, it should be noted that when the incoming atom interacts
with the �-cristobalite surface along a trajectory having an angle
of 90.0° between the O and the on-top Si atoms of the

polymorph substrate (termed as conf2, see lower panel in Figure
3), a repulsive behavior composed of singlet (at shorter
distances) and triplet eigenstates is observed in our DFT-based
calculations for the presence of a large excess of electronic
density along such an impact direction. (See Figure 9.)

In summary, for the chemisorption of oxygen atom over
�-cristobalite surface along the sticking direction, we have found
that a change in the spin-state (i.e., triplet-singlet) should occur,
according to previous published data.31 We also find, for the
first time, that the impact of an oxygen molecule over the silicon
atom at the interface most likely involves three different
electronic eigenstates as well as potential surfaces crossing
between them. This means that looking at present results and
by analogy to the interaction patterns found for N and N2 over
the same substrate,13 the catalytic activity over the �-cristobalite
surface is strongly modulated by the flexibility of the electronic
degrees of freedom during the mutual interaction with incoming
“objects”. However, it can be noted that for a theoretical
modeling going beyond our current representation, relativistic
effects (i.e., spin orbit coupling) should be included, in particular,
within curve crossing regions sampled by our DFT-based
calculations.

Attempting to get some basic insight into the dynamics of
O2 formation on a silica surface, in ref 12b, the interaction
potential for O2-�-cristobalite system was derived semiem-
pirically. The same procedure was followed for O2-�-quartz.12a

Quite surprisingly, the calculated semiclassical recombination
coefficients were in good agreement with the experimental
values. However, as stressed in ref 12a,b, this agreement must
be taken with precaution because collisional data calculated in
MD simulations cannot be, in principle, directly compared with
results determined in cell experiments.

It must be also remarked that the semempirical potential was
determined to simulate the O2 formation over a silica surface,
and it cannot be considered appropriate to describe the adsorp-
tion dynamics of O on a clean silica surface. The semiempirical
potential cannot account for the complex electron spin depen-
dence found in the DFT calculations. Rather, it fits quite well
the DFT potential branch of the triplet fundamental state of O2.
The O atoms recombination dynamics over the DFT PES is
expected to be quite different.

In the next section, we extend our study by introducing the
minimum energy interaction patterns found for the oxygen atom

Figure 7. Calculated, at the PBE0/6-311+G* level of computation,
O/O2 potential energy scan (PES) over the Si3O4H6 cluster model of
the �-cristobalite surface (dotted lines); note that the comparison with
the Si7O14H14 cluster is also reported (solid lines).

Figure 8. PBE0/6-311+G* calculated O(gas-phase, conf1)-O(�-
cristobalite) potential energy scan (PES) over the Si3O4H6 cluster model
of �-cristobalite polymorph surface (dashed line, see the molecular
structure depicted in Figure 3, upper panel); note that a comparison
with Si7O14H14 cluster is also shown (solid line).

Figure 9. PBE0/6-311+G* calculated O(gas-phase, conf2)-O(�-
cristobalite) potential energy scan (PES) over the Si3O4H6 cluster model
of �-cristobalite polymorph surface (see the molecular structure depicted
in Figure 3, lower panel).
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along the sticking impact coordinate (Figures 7 and 8) over
�-cristobalite surface in the atomistic force field needed for
semiclassical molecular dynamics simulations.

3.2. Oxygen Atom Adsorption Dynamics over �-Cristo-
balite Surface. In addition to the PES calculation discussed in
the previous section, the complete dynamic simulation of
molecular surface processes, described within the semiclassical
method briefly outlined above, requires the solution of two main
steps: (i) First, the phonon dynamics of the silica surface is
studied, and the corresponding phonon eigenvectors and eigen-
values are calculated. (ii) Second, the full dynamics of the
O-silica interaction is carried out by self-consistently solving
the Hamilton’s equations of the O atom and the dynamics of
the phonons (that is, by computing the phonon excitation
strengths of eqs 3 and 4 at each time step of the semiclassical
trajectory).

The �-cristobalite surface model assumed in the scattering
calculations was built up starting from the known arrangement
of the silicon and oxygen atoms in the lattice bulk of the unit
cell32 such that the stoichiometry and neutrality of the crystal
are fulfilled. Therefore, structural defects due to surface
reconstruction were not considered. The existence of a complex
reconstructed surface layer has been demonstrated in molecular
dynamics studies of vitreous silica.33 The 3D surface slab
consists of 149 atoms in 10 layers that correspond to a 2 × 2
unit cell (cell parameter a ) 7.1161 Å taken from Wyckoff32).
The area of the uppermost layer is 202.55 Å2.

The interaction potential between the Si and O atoms in the
crystal lattice was given as the sum of two components: the
purely repulsive short-range Born-Mayer-Huggins potential
and the long-range screened Coulomb component exerted
between the nearest and next-nearest neighbor lattice atoms.
Using the potential parameters given in ref 33, the phonon
frequencies and phonon eigenvectors in the scattering equations
were calculated by numerically diagonalizing the 3D force
constant dynamical matrix written for the �-cristobalite cluster
geometry. The obtained phonon frequency distribution compares
well with the typical band structure of the phonon density of
states obtained for silica from molecular dynamics calculations.34

The interaction potential assumed in the semiclassical scat-
tering equations is expressed as the sum of pairwise atom-atom
interactions between the gas-phase oxygen atom and the Si and
O of the silica surface

where ft is a switching function and (X0,Y0) are the coordinates
of the gas-phase atom in the (X-Y) plane of the assumed frame
of reference. The DFT VO-Si and VO-O interactions presented
in the previous section were fitted by Morse potentials

where RO-O is the distance between the impinging O atom and
the O lattice atoms. The Morse parameters, DO-Si, pO-Si, DO-O,
pO-O, r1, and r2, are reported in Table 2.

In Figure 10, the analytical interaction potential for oxygen
interacting with a Si lattice atom in the perpendicular geometry
is reported as a function of the O-Si distance. The reference
ab initio potential is also shown.

Simulation of the O-silica interaction system is quite simple.
Propagation of the collisional trajectories requires the definition
of the initial position coordinates and momenta of the O atom
approaching the silica surface from the gas phase. We define
the initial conditions with respect to a Cartesian frame of
reference centered on a Si surface atom and having the Z axis
normal to the silica surface pointing out toward the vacuum.
The (X-Y) plane lies on the surface top layer. In the simulation,
the O atom is initially placed at a distance Z ) 8 Å into the
asymptotic free region. In this preliminary study, we focus on
the dynamics of the O atom approaching the surface with a
specific initial geometry on the topmost Si site of �-cristobalite.
Because of the reduced dimensionality of the calculated
O-silica interaction potential, we cannot extend the adsorption
dynamics on the lattice sites of the unit cell other than the on-
top Si site. Therefore, we assume that the gas-phase O
approaches the silica surface perpendicularly to the surface plane
(polar angles (ϑ,�) ) (0,0)) with a given kinetic energy, Ekin.
The initial position coordinates (X,Y) are chosen randomly within
an aiming area of 2.0 Å2 centered on the active silicon site.

The dynamics was carried out at three impact energies, Ekin)
0.2, 0.5, and 0.8 eV, and the temperature of the silica surface
was kept constant at TS ) 1000 K. For each impact energy, a
batch of 500 trajectories was performed, which ensures a
numerical convergence of the calculated adsorption probabilities
of ∼5%. An integration time step of 5 × 10-16 s was used in
the trajectory propagation. The trajectories are assumed to be
stable if the total energy is conserved within 1%.

The interaction of O with silica being relatively simple can
lead to three basic surface processes: (i) Direct desorption and
indirect adsorption/desorption. We assume that O desorbs when
it is scattered from the silica surface far into the free space,
with the Z coordinate >8.0 Å in the final condition of the
trajectory. (ii) Adsorption process, which can be of two types:

VO-SiO2
) [ ∑

i)1

NSi

VO-Si] ft + [ ∑
i)1

NO

VO-O](1 - ft) (6)

ft ) 1 - 1.17 tanh √(X0
2 + Y0

2) (7)

VO-Si ) DO-Sie
-pO-Si(RO-Si-r1)(e-pO-Si(RO-Si-r1) - 2) (8)

VO-O ) DO-Oe-pO-O(RO-O-r2)(e-pO-O(RO-O-r2) - 2) (9)

Figure 10. O-Si interaction potential as a function of the O-Si
distance. The gas-phase O atom approaches the silica surface perpen-
dicularly on top of the Si lattice atom. Full line: DFT calculations;
dashed line: analytical fit; dotted line: results obtained in ref 31.

TABLE 2: Best-Fit Potential Parameters of Equations 8
and 9

DO-Si (eV) pO-Si (Å-1) r1 (Å) DO-O (eV) pO-O (Å-1) r2 (Å)

5.34 2.1 1.53 0.9 1.64 3.24
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direct adsorption, in which the oxygen atom is trapped at the
surface after a single collision, and indirect adsorption due to
multiple collisions with the silica substrate. In both cases, we
assume that O is adsorbed when the energy available to the O
atoms to escape from the chemisorption potential well, ∆Eesc,
is less than the effective potential, Vadd, experienced by the
oxygen at a specific interaction time. ∆Eesc is defined as: Etot -
∆Eph - E0, where E0 is the zero-point energy of the chemisorbed
atom. Etot ) Ekin + Vadd + ∆Eph + Vint is the total energy, and
Ekin is the kinetic energy of the gas-phase O atom. Furthermore,
a second criterion can be followed by which O is adsorbed
whenever the Z component of the atom reaches the chemisorp-
tion distance, Zad ) 1.54 Å, and the component of the
momentum along the Z direction is negative for a sufficiently
long time, that is, just a few picoseconds. (iii) Absorption, when
the oxygen colliding with the silica is finally trapped into a
subsurface site.

Adsorption as well as absorption collisions are dominated
by a strong coupling of the translational motion of the impinging
O atom with the silica phonons. Because of this strong coupling,
these collisions can be numerically unstable so that they cannot
be followed for much time. (The criterion of total energy
conservation is no longer fulfilled when O sits at the surface
for any longer than several picoseconds.) This aspect is well-
known and introduces some limitations to the feasibility of
molecular dynamics approaches to surface processes occurring
on a time scale longer than 10-12 sec, whereas Monte Carlo
kinetics approaches or mixed MD and stochastic methods based
on the generalized Langevin approach are more suitable for
surface processes with long residence times. Molecular dynamics
methods are well suited to studying surface desorption and
surface reactions.

In Table 3, the probabilities for inelastic reflection and
adsorption are reported at the three collisional energies explored
in this study. The reported values are averaged over a batch of
collisional trajectories.

We note that the desorption channel is scarcely effective, the
great majority of the collisional events ending with O adsorbed.
Our results agree well, also at a quantitative level, with the
results recently reported by Sayòs et al.31 on the same system
but using a different collisional approach. That work also
showed that the effects of both the incident angle and the surface
temperature on the adsorption process are very weak.

According to our analysis, the O-silica interaction is
dominated by direct adsorption where the oxygen atom under-
goes a single collision before being adsorbed. However, a small
but significant fraction of atoms rebounds several times on the
silica surface before a stable adsorption. In Table 4, the average
probabilities for single and multistep adsorption are reported at
the three impact energies Ekin.

It is worth noting that the probability for multibounce
adsorption increases significantly at the lowest impact energy.
This is a consequence of the longer residence time spent on the
surface in low-energy collisions.

Although the kinetics of these processes is relatively simple,
the dynamics can be quite complex depending, in particular,
on the relaxation time typical of a specific process.

Figures 11a and 12a show a typical trajectory of an indirect
adsorption and of a reflection process, respectively. Here the Z
component of the gas-phase O-position vector is plotted as a
function of the collisional time in units of τ, 1τ ) 10-14 s. In
these Figures, the energy transferred to the phonons, ∆Eph, is
also reported at each trajectory time.

Adsorption and adsorption-desorption processes at the silica
surface are assisted by the multiphonon excitation-deexcitation
processes. In fact, analysis of the collisional trajectories shows
that the energy exchange between the gas-phase oxygen and
silica plays a key role in the dynamics of the interaction. This
is shown in Figures 11b and 12b, where the energy exchanged
with the phonons and the translational energy of the oxygen
atom is reported as a function of the collisional time for the
adsorption and reflection trajectories plotted in Figures 11a and
12a, respectively. In Figures 11b and 12b, the time evolution
of ∆Eph and Ekin is reported for a narrow time interval around
the collisional turning points of the trajectories. At the collisional
turning point, the oxygen atom reaches the closest distance from

TABLE 3: Average Semiclassical Probabilities for Inelastic
Adsorption and Reflection Processes Due to O-Silica
Interaction at Three Impact Energies (TS ) 1000 K)

Ekin (eV) adsorption reflection

0.2 0.941 0.058
0.5 0.822 0.178
0.8 0.787 0.212

TABLE 4: Probabilities for Single- and Multistep
Adsorption in O-Silica Interaction (the Gas-Phase O-Atom
Perpendicularly Impacts the Silica Surface) (TS ) 1000 K)

Ekin (eV) adsorption (single step) adsorption (multi step)

0.2 0.725 0.216
0.5 0.687 0.135
0.8 0.721 0.066

Figure 11. (a) Time evolution of a typical trajectory for a multistep
adsorption process. The Z normal coordinate as a function of time for
O atom impinging on the surface is reported as a function of the
collision time (left-hand scale). The energy exchanged with the surface
(dotted line) is also reported on the right-hand scale. Ekin ) 0.8 eV
and TS ) 1000 K. (b) The kinetic energy Ekin of the interacting O atom
and the energy exchanged with the silica surface ∆Eph (right-hand scale)
are reported as a function of time for the narrow time-interval around
the two collisional turning points of the two-step adsorption trajectory
shown in Figure 11a. The effective potential Vadd is also shown.
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the silica surface, and this corresponds to the maximum
interaction condition and, as a consequence, to the maximum
energy exchange.

We note that the oxygen atom is first accelerated into the
chemisorption potential well (Vadd < 0) gaining kinetic energy.
However, as the atom comes closer to the surface, coupling to
the phonons becomes more effective so that there is a net energy
transfer from the O to the phonons. As the dynamics goes on
and the oxygen comes to closer to surface, the oxygen is
scattered out from the potential well (Vadd > 0). The kinetic
energy gained by the oxygen when scattered from the surface
is, immediately afterward, transferred to the phonon, and the
particle again loses kinetic energy. If the energy loss is large,
then the oxygen atom can be trapped once again by the surface
before being stable adsorbed (as in the two-step adsorption
trajectory in Figure 11a), or it can definitely emerge into the
gas phase. (See Figure 12a.) We note that when O is inelastically
scattered in the gas phase, almost all of its initial kinetic energy
is delivered to the surface.

Table 5 reports the average energy transferred to the silica
surface for direct and reflection collisions at the three impact
energies considered in the dynamic simulation.

As can be noted, the energy transferred to the silica surface
is large. As a consequence a lattice atom rearrangement and
geometry changing of the silica slab along the collisional
trajectories is quite probable. Furthermore, an important result
pointed out in the previously reported DFT electronic structure
calculations is the localized character of the O-silica interaction
potential, so that a similar behavior should be expected for the
adsorption dynamics. Local effects in the adsorption dynamics
can be pointed out within the semiclassical method. In fact, the
expectation values of the lattice atom displacements induced
by the O-silica interaction can be calculated at the end of each
collisional event. This enables us to identify the silica atoms
most involved in the dynamics (and the impact the surface
reorganization could have on the energy-exchange mechanism
that assists the interaction dynamics). This interesting aspect
of oxygen-silica interaction dynamics will be explored in the
course of our ongoing study on O2 formation on silica.

4. Concluding Remarks

DFT electronic structure calculations performed in this work
within the size-scalable cluster approach have highlighted the
localized nature of the O,O2-silica interaction, a behavior also
confirmed by the very good agreement found between the
present cluster and periodic slab calculations appearing in
the literature. This effect is somehow expected because of the
tetrahedral structure of the silica network and the strongly
covalent, although partially ionic, character of the Si-O bonds.
Calculations show that O is chemisorbed on a Si active site
and that the binding energy of the gas-phase atomic oxygen
interacting with the lattice O atoms depends sensitively on the
interaction geometry.

The localized character of the interaction, along with the
angular dependence of the O-O interaction, point toward a
multidimensional character of the complete PES and, as a
consequence, toward the necessity for further calculations
involving a higher number of potential coordinates (specifically,
the planar X,Y coordinates defining different sites of adsorption).
Calculations of this nature are underway and will be presented
in a future work.

A further aspect that needs to be discussed concerns the long-
range interactions due to the charged silica atoms and quadrupole
charge separation in O2. Notably, these interactions are not
described within the DFT approximation but could play a role
in the adsorption processes.

Coupling the fundamental information obtained in the quan-
tum chemistry calculations to the semiclassical collisional model
provides information on some aspects of the O-silica interac-
tions of fundamental and applicative relevance. This was
achieved in the second part of this work, where the dynamics
of atomic oxygen scattered inelastically from a silica surface
was studied for a specific initial geometry of the gas-phase O
atom. The results show that the dynamics is dominated by the
inelastic adsorption processes, a result that is in line with the
strong chemisorption potential well found for the O interaction
geometry considered in the calculations. Therefore, a flux of
atomic oxygen directed normally toward a silica surface will
be almost completely adsorbed at the surface, whereas a small
fraction would be reflected back into the gas-phase. Trajectory
analysis reveals that adsorption proceeds mainly via a direct
single-bounce mechanism, with ∼12% of the adsorption process
occurring after several surface bounces. These sticking adsorp-
tion collisions take place over a longer time scale (several
picoseconds).

A further remarkable result concerns coupling to phonons; it
turns out that the inelastic phonon process is important,

Figure 12. (a) Same as Figure 11a but for a reflection process. Ekin )
0.5 eV and TS ) 1000 K. (b) Ekin and ∆Eph as a function of time for
the narrow time interval around the collisional turning point of the
reflection trajectory in Figure 12a.

TABLE 5: Average Energy Transferred to the Silica
Phonons, ∆Eph/eV, in Single-Step Adsorption and Reflection
of Atomic Oxygen Interacting on Top of a Si Lattice Site (TS

) 1000 K)

Ekin (eV) single step adsorption reflection

0.2 0.237 0.373
0.5 0.375 0.358
0.8 0.548 0.478
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particularly at the lower impact energy and cannot be discarded
in the dynamics. For all collisional events examined, we observe
a net energy transfer from the gas-phase O atom to the silica
surface.
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602, 975. (b) Arasa, C.; Gamallo, P.; Sayòs, R. J. Phys. Chem. B 2005,
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