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We present classical trajectory calculations of the rotational vibrational scattering of a nonrigid
methane molecule from a Ni~111! surface. Energy dissipation and scattering angles have been
studied as a function of the translational kinetic energy, the incidence angle, the~rotational! nozzle
temperature, and the surface temperature. Scattering angles are somewhat toward the surface for the
incidence angles of 30°, 45°, and 60° at a translational energy of 96 kJ/mol. Energy loss is primarily
from the normal component of the translational energy. It is transferred for somewhat more than half
to the surface and the rest is transferred mostly to rotational motion. The spread in the change of
translational energy has a basis in the spread of the transfer to rotational energy, and can be
enhanced by raising of the surface temperature through the transfer process to the surface motion.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1388224#
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I. INTRODUCTION

The dissociative adsorption of methane on transit
metals is an important reaction in catalysis; it is the r
limiting step in steam reforming to produce syngas, and i
prototypical for catalytic C–H activation. Therefore the d
sociation is of high interest for many surface scientists.~See,
for a recent review, Ref. 1.! Molecular beam experiments i
which the dissociation probability was measured as a fu
tion of translational energy have observed that the disso
tion probability is enhanced by the normal incidence com
nent of the incidence translational energy.2–12 This suggests
that the reaction occurs primarily through a direct dissoc
tion mechanism at least for high translational kinetic en
gies. Some experiments have also observed that vibration
hot CH4 dissociates more readily than cold CH4, with the
energy in the internal vibrations being about as effective
the translational energy in inducing dissociation.2–4,7–10,13A
molecular beam experiment with laser excitation of then3

mode did succeed in measuring a strong enhancement o
dissociation on a Ni~100! surface. However, this enhanc
ment was still much too low to account for the vibration
activation observed in previous studies and indicated
other vibrationally excited modes contribute significantly
the reactivity of thermal samples.14

It is very interesting to simulate the dynamics of t
dissociation, because of the direct dissociation mechan
and the role of the internal vibrations. Wave packet simu
tions of the methane dissociation reaction on transition m
als have treated the methane molecule always as a diat
up to now.15–20 Apart from one C–H bond~a pseudon3
3880021-9606/2001/115(8)/3888/7/$18.00
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stretch mode! and the molecule surface distance, either~mul-
tiple! rotations or some lattice motion were included. No
of these studies have looked at the role of the other inte
vibrations, so there is no model that describes which vib
tionally excited mode might be responsible for the expe
mental observed vibrational activation.

In previous papers we reported on wave packet simu
tions to determine which and to what extent internal vib
tions are important for the dissociation in the vibration
ground state of CH4,21 and CD4.22 We were not able yet to
simulate the dissociation including all internal vibrations. I
stead we simulated the scattering of methane in fixed or
tations, for which all internal vibrations can be included, a
used the results to deduce consequences for the dissocia
These simulations indicate that to dissociate methane the
teraction of the molecule with the surface should lead to
elongated equilibrium C–H bond length close to the surfa
and that the scattering was almost elastic. Later on we
ported on wave packet simulations of the role of vibration
excitations for the scattering of CH4 and CD4.23 We pre-
dicted that initial vibrational excitations of the asymmetric
stretch (n3) but especially the symmetrical stretch (n1)
modes will give the highest enhancement of the dissocia
probability of methane. Although we have performed the
wave packet simulations in ten dimensions, we still had
neglect two translational and three rotational coordinates
the methane molecule and did not account for surface mo
and corrugation. It is nowadays still hard to include all the
features into a wave packet simulation, therefore we deci
to study these with classical trajectory simulations.
8 © 2001 American Institute of Physics
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3889J. Chem. Phys., Vol. 115, No. 8, 22 August 2001 Classical simulations of methane scattering from Ni(111)
In this article we will present full classical trajector
simulations of methane from a Ni~111! surface. We are espe
cially interested in the effect of the molecular rotations a
surface motion, which we study as a function of the noz
and surface temperature. The methane molecule is flex
and able to vibrate. We do not include vibrational kine
energy at the beginning of the simulation, because a stud
vibrational excitation due to the nozzle temperature need
special semi-classical treatment. Besides its relevance fo
dissociation reaction of methane on transition metals,
scattering simulation can also be of interest as a refere
model for the interpretation of methane scattering its
which has been studied with molecular beams
Ag~111!,24,25Pt~111!,26–29and Cu~111! surfaces.30 It was ob-
served that the scattering angles are in some cases in
agreement with the outcome of the classical Hard C
Model ~HCM! described in Ref. 31.26,27We will show in this
article that the assumptions of this HCM model are too cru
for describing the processes obtained from our simulat
The time-of-flight experiments show that there is almost
vibrational excitation during the scattering,28,29 which is in
agreement with our current classical simulations and our
vious wave packet simulations.21,22

The rest of this article is organized as follows. We st
with a description of our model potential, and an explanat
of the simulation conditions. The results and discussion
presented next. We start with the scattering angles, and r
them to the energy dissipation processes. Next we will co
pare our simulation with other experiments and theoret
models. We end with a summary and some general con
sions.

II. COMPUTATIONAL DETAILS

We have used classical molecular dynamics for simu
ing the scattering of methane from a Ni~111! surface. The
methane molecule was modeled as a flexible molecule.
forces on the carbon, hydrogen, and Ni atoms are given
the gradient of the model potential energy surface descr
below. The first-order ordinary differential equations for t
Newtonian equations of motion of the Cartesian coordina
were solved with use of a variable-order, variable-step A
ams method.32 We have simulated at translational energies
24, 48, 72, and 96 kJ/mol at normal incidence, and at
kJ/mol for incidence angles of 30°, 45°, and 60° with t
surface normal. The surface temperature and~rotational!
nozzle temperature for a certain simulation were taken in
pendently between 200 and 800 K.

A. Potential energy surface

The model potential energy surface used for the class
dynamics is derived from one of our model potentials w
elongated C–H bond lengths toward the surface, previou
used for wave packet simulation of the vibrational scatter
of fixed oriented methane on a flat surface.21,22 In this origi-
nal potential there is one part responsible for the repuls
interaction between the surface and the hydrogens, and
other part for the intramolecular interaction between carb
and hydrogens.
Downloaded 23 Apr 2007 to 131.155.151.20. Redistribution subject to AI
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We have rewritten the repulsive part in pair potent
terms between top layer surface Ni atoms and hydrogen
such a way that the surface integral over all these Ni ato
give the same overall exponential fall-off as the original
pulsive PES term for a methane molecule far away from
surface in an orientation with three bonds pointing towa
the surface. The repulsive pair interaction termVrep between
hydrogeni and Ni atomj at the surface is then given by

Vrep5
Ae2aZi j

Zi j

, ~1!

whereZi j is the distance between hydrogen atomi and Ni
atom j.

The intramolecular potential part is split up in bon
bond angle, and cross potential energy terms. The sin
C–H bond energy is given by a Morse function with bo
lengthening toward the surface,

Vbond5De@12e2g~Ri2Req!#2, ~2!

whereDe is the dissociation energy of methane in the g
phase, andRi is the length of the C–H bondi. Dissociation is
not possible at the surface with this potential term, but
entrance channel for dissociation is mimicked by an elon
tion of the equilibrium bond lengthReq when the distance
between the hydrogen atom and the Ni atoms in the top la
of the surface become shorter. This is achieved by

Req5R01S(
j

e2aZi j

Zi j

, ~3!

where R0 is the equilibrium C–H bond length in the ga
phase. The bond elongation factorS was chosen in such a
way that the elongation is 0.054 nm at the classical turn
point of 93.2 kJ/mol incidence translational energy for a rig
methane molecule, when the molecule approaches a su
Ni atom atop with one bond pointing toward the surface. T
single angle energy is given by the harmonic expression

Vangle5ku~u i j 2u0!2, ~4!

whereu i j is the angle between C–H bondi andj, andu0 the
equilibrium bond angle. Furthermore, there are some cro
term potentials between bonds and angles. The interac
between two bonds are given by

Vbb5kRR~Ri2R0!~Rj2R0!. ~5!

The interaction between a bond angle and the bond angl
the other side is given by

Vaa5kuu~u i j 2u0!~ukl2u0!. ~6!

The interaction between a bond angle and one of its bond
given by

Vab5kuR~u i j 2u0!~Ri2R0!. ~7!

The parameters of the intramolecular potential energy te
were calculated by fitting the second derivatives of the
terms on the experimental vibrational frequencies of C4

and CD4 in the gas phase.33,34

The Ni–Ni interaction between nearest-neighbors
given by the harmonic form,
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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VNi–Ni5
1
2 l i j @~ui2uj !• r̂ ij #

1 1
2 m i j $~ui2uj !

22@~ui2uj !• r̂ ij #
2%. ~8!

Theu’s are the displacements from the equilibrium positio
and r̂ is a unit vector connecting the equilibrium position
The Ni atoms were placed at bulk positions with a neare
neighbor distance of 0.2489 nm. The parametersl i j andm i j

were fitted on the elastic constants35 and cell parameters36 of
the bulk. The values of all parameters are given in Table

B. Simulation model

The surface is modeled by a slab consisting of four l
ers of eight times eight Ni atoms. Periodic boundary con
tions have been used in the lateral direction for the Ni–
interactions. The methane molecule has interactions with
64 Ni atoms in the top layer of the slab. The surface te
perature is set according to the following procedure. The
atoms are placed in equilibrium positions and are given r
dom velocities out of a Maxwell–Boltzmann distributio
with twice the surface temperature. The velocities are c
rected such that the total momentum of all surface atom
zero in all directions, which fixes the surface in space. N
the surface is allowed to relax for 350 fs. We do the follo
ing ten times iteratively. If at the end of previous relaxati
the total kinetic energy is above or below the given surfa
temperature, then all velocities are scaled down or up wi
factor of A1.1, respectively. Afterward a new relaxatio
simulation is performed. The end of each relaxation run
used as the beginning condition of the surface for the ac
scattering simulation.

The initial perpendicular carbon position was chos
180 nm above the equilibriumz-position of the top layer
atoms and was given randomly parallel (x, y) positions
within the central surface unit cell of the simulation slab f
the normal incidence simulations. The methane was pla
in a random orientation with the bonds and angles of
methane in the minimum of the gas phase potential. T
initial rotational angular momentum was generated rando
from a Maxwell–Boltzmann distribution for the given nozz
temperature for all three rotation axis separately. No vib
tional kinetic energy was given initially. Initial translationa
velocity was given to all methane atoms according to
translational energy. The simulations under an angle w

TABLE I. Parameters of the potential energy surface.

Ni–H A 971.3 kJ nm mol21

a 20.27 nm21

S 0.563 nm2

CH4 g 17.41 nm21

De 480.0 kJ mol21

R0 0.115 nm
ku 178.6 kJ mol21 rad22

u0 1.911 rad
kRR 4380 kJ mol21 nm22

kuu 11.45 kJ mol21 rad22

kuR 2472.7 kJ mol21 rad21 nm21

Ni–Ni lnn 28 328 kJ mol21 nm22

mnn 2820 kJ mol21 nm22
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given parallel momentum in the@110# direction. The parallel
positions have been translated according to the parallel
locities in such a way that the first collision occurs one u
cell before the central unit cell of the simulation box. W
tested other directions, but did not see any differences for
scattering.

Each scattering simulation consisted of 2500 trajecto
with a simulation time of 1500 fs each. We calculated t
~change of! translational, total kinetic, rotational and vibra
tional kinetic, intramolecular potential, and total energy
the methane molecule, and the scattering angles at the en
each trajectory. We calculated for them the averages
standard deviations, which gives the spread for the se
trajectories, and correlations coefficients from which we c
abstract information about the energy transfer processes

III. RESULTS AND DISCUSSION

We will now present and discuss the results of our sim
lations. We begin with the scattering angle distribution. Ne
we will explain this in terms of the energy dissipation pr
cesses. Finally we will compare our simulation with previo
theoretical and experimental scattering studies, and dis
the possible effects on the dissociation of methane on tra
tion metal surfaces.

A. Scattering angles

Figure 1 shows the scattering angle distribution for d
ferent incidence angles with an initial total translational e
ergy of 96 kJ/mol at nozzle and surface temperatures of b

FIG. 1. The distribution of the scattering angle for a total initial translatio
energy of 96 kJ/mol with incidence angles of 0°, 30°, 45°, and 60° with
surface normal. Both the nozzle and surface temperature are~a! 200 K and
~b! 800 K.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3891J. Chem. Phys., Vol. 115, No. 8, 22 August 2001 Classical simulations of methane scattering from Ni(111)
200 and 800 K. The scatter angle is calculated from the r
between the normal and the total parallel momentum of
whole methane molecule. We observe that most of the
jectories scatter some degrees toward the surface from
specular. This means that there is relatively more para
momentum than normal momentum at the end of the sim
lation compared with the initial ratio. This ratio change
the non-normal incidence scattering angles is almost c
pletely caused by a decrease of normal momentum.

The higher nozzle and surface temperatures have alm
no influence on the peak position of the distribution, but g
a broader distribution. The standard deviation in the sca
ing angle distribution goes up from 2.7°, 2.4°, and 2.2°
200 K to 4.4°, 3.8°, and 3.4° at 800 K for incidence angles
30°, 45°, and 60°, respectively. This means that the ang
width is very narrow, because the full width at half max
mum ~FWHM! are usually larger than 20°.37 ~The FWHM is
approximately somewhat more than twice the standard
viation.! The broadening is caused almost completely
raising the surface temperature, and has again primarily
effect on the spread of the normal momentum of the m
ecule. This indicates that the scattering of methane fr
Ni~111! is dominated by a thermal roughening process.

We do not observe an average out-of-plane diffract
for the non-normal incidence simulations, but we do s
some small out-of-plane broadening. The standard deviat
in the out-of-plane angle were 0.9°, 1.8°, 3.4° at a surf
temperature of 200 K, and 1.7°, 3.3°, and 6.0° at 800 K
incidence angles of 30°, 45°, and 60° with the surface n
mal. Raising the~rotational! nozzle temperature has hard
any effect on the out-of-plane broadening.

B. Energy dissipation processes

1. Translational energy

Figure 2 shows the average energy change of some
ergy components of the methane molecule between the
and the beginning of the trajectories as a function of
initial total translational energy. The incoming angle for all
0° ~normal incidence!, and both the nozzle and surface a
initially 400 K. If we plot the normal incidence translation
energy component of the simulation at 96 kJ/mol for t
different incidence angles, then we see a similar relat
This means that there is normal translational energy sca
for the scattering process in general, except for some s
differences discussed later on.

Most of the initial energy of methane is available
translational energy, so it cannot be surprising that we
here the highest energy loss. The translational energy
takes a higher percentage of the initial translational energ
higher initial translational energies. Since almost all of t
momentum loss is in the normal direction, we also see
the loss of translational energy can be found back in
normal component of the translational energy for the n
normal incidence simulations.

The average change of the total energy of the meth
molecule is less negative than the average change in tra
tional energy, which means that rotational and vibratio
Downloaded 23 Apr 2007 to 131.155.151.20. Redistribution subject to AI
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excitation do not account for all the translational energy lo
So there has to be a net transfer of the initial methane en
toward the surface during the scattering, which is somew
more than half of the loss of translational energy. The p
centage of transferred energy to the surface related to
normal incidence translational energy is also enhanced
higher incidence energies. There is somewhat more tran
tional energy loss, and energy transfer toward the surface
the larger scattering angles, than occurs at the compar
normal translational energy at normal incidence. This
caused probably by interactions with more surface ato
when the molecule scatters under a larger angle with
surface normal.

In Fig. 2 we also plotted the average change of meth
potential energy and the change of rotational and vibratio
kinetic energy of methane. We observe that there is
tremely little energy transfer toward the potential energy, a
a lot of energy transfer toward rotational and vibrational
netic energy. Vibrational motion gives an increase of bo
potential and kinetic energy. Rotational motion gives only
increase in kinetic energy. So this means that there is alm
no vibrational inelastic scattering, and very much rotatio
inelastic scattering.

Figure 3 shows the standard deviations in the ene
change of some energy components of methane versus
initial translational energy at normal incidence for a noz
and surface temperature of 200 K.~The temperature effect
will be discussed below.! The standard deviations in the en
ergy changes are quite large compared to the average va
The standard deviations in the change of the methane tr

FIG. 2. The average energy change~kJ/mol! of the methane translationa
energy, the methane total energy, the methane potential energy, an
methane rotational and vibrational kinetic energy as a function translati
kinetic energy~kJ/mol! at normal incidence. The nozzle and surface te
perature were 400 K.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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lational energy and in the change of methane rotational
vibrational kinetic energy increase more than the stand
deviation in the change of methane total energy, when
initial translational energy is increased. We also observe
the internal energy gain and translational energy loss
stronger correlated at higher normal translational energ
because the correlation coefficients are 0.72, 0.76, 0.83,
0.87 at initial normal translational energies of 24, 48, 72, a
96 kJ/mol, respectively, at a nozzle and surface tempera
of 200 K.

We find again an identical relation if we plot the sta
dard deviations versus the initial normal energy compon
of the scattering at different incidence angles. The stand
deviations are much smaller in the parallel than in the nor
component of the translational energy, so again only the
mal component of the translational energy is important.
though the standard deviations in the translational energ
smaller at larger incidence angles than at smaller incide
angles, we see in Fig. 1 that the spread in the angle distr
tion is almost the same. This is caused by the fact tha
large angles deviations in the normal direction has more
fect on the deviation in the angle than at smaller angles w
the normal.

2. Surface temperature

An increase of surface temperature gives a small red
tion of average translational energy loss~around 5% from
200 K to 800 K at 96 kJ/mol normal incidence!. This is the
reason why we do not observe a large shift of the peak
sition of the scattering angle distribution. However, an
crease of surface temperature does have a larger effect o
average energy transfer to the surface, but this is in
compensated through a decrease of energy transfer to
tional energy.

Figure 4 shows the standard deviations in the ene
change of the translational energy, the methane total ene
and the methane rotational and vibrational kinetic energy
a function of the surface temperature. We observe that
standard deviation in the change of rotational and vibratio
kinetic energy hardly changes at increasing surface temp
ture. At a low surface temperature it is much higher than

FIG. 3. The standard deviation in the energy change~kJ/mol! of the meth-
ane translational energy, the methane total energy, and the methane
tional and vibrational kinetic energy as a function of the initial translatio
energy~kJ/mol! at normal incidence. The surface and nozzle temperature
both 200 K.
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standard deviation in the change of the methane total ene
So the standard deviation in the change of translational
ergy is mainly caused by the transfer of translational to
tational energy. The standard deviation in the change of
methane total energy increases much at higher surface
perature. This results also in an increase of the standard
viation in the change of translational energy, which mea
that the surface temperature influences the energy tran
process between translational and surface motion. The sp
in the change of translational energy is related to the spr
in the scattering angle distributions. It is now clear that t
observed broadening of the scattering angle distribution w
increasing surface temperature is really caused by a the
roughening process.

3. Nozzle temperature

Figure 5 shows the dependency of the standard de
tions for the different energy changes on the nozzle temp
ture. From this figure it is clear that the nozzle temperat
has relative little influence on the standard deviations in
different energy changes. Therefore we observe almos
peak broadening in the scattering angle distribution due

ta-
l
re

FIG. 4. The standard deviation in the energy change~kJ/mol! of the meth-
ane translational energy, the methane total energy, and the methane
tional and vibrational kinetic energy as a function of the surface tempera
~K!. The nozzle temperature is 400 K, and the translational energy is
kJ/mol at normal incidence.

FIG. 5. The standard deviation in the energy change~kJ/mol! of the meth-
ane translational energy, the methane total energy, and the methane
tional and vibrational kinetic energy as a function of the nozzle tempera
~K!. The surface temperature is 400 K, and the translational energy i
kJ/mol at normal incidence.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the nozzle temperature. The nozzle temperature has als
influence on the average change of rotational and vibratio
kinetic energy, which means that this part of the ene
transfer process is driven primarily by normal inciden
translational energy.

We have to keep in mind that we only studied the ro
tional heating by the nozzle temperature, and that we did
take vibrational excitation by nozzle heating into accou
From our wave packet simulations we know that vibratio
excitations can contribute to a strong enhancement of vi
tional inelastic scattering.23 So the actual effect of raising th
nozzle temperature can be different than sketched here.

C. Comparison with other studies

1. Scattering angles and the Hard Cube Model

The angular dependence of scattered intensity for a fi
total scattering angle has only been measured at Pt~111!.26,27

The measurement has been compared with the prediction
the Hard Cube Model~HCM! as described in Ref. 31. Ther
seems to be more or less agreement for low translatio
energies under an angle around 45° with the surface, b
anomalous at a translational energy of 55 kJ/mol. T
anomalous behavior has been explained by altering the
elastic collision dynamics through intermediate methyl fra
ments.

Although our simulations are for Ni~111! instead of
Pt~111! and we calculate real angular distributions, we w
show now that the HCM is insufficient for describing th
processes involved with the scattering of methane in
simulation. The HCM neglects the energy transfer to ro
tional excitations, and overestimates the energy transfe
the surface. This is not surprising, because the HCM is c
structed as a simple classical model for the scattering of
atoms from a solid surface. The basic assumptions are
~1! the interaction of the gas atom with a surface atom
represented by an impulsive force of repulsion,~2! the gas-
surface intermolecular potential is uniform in the plane of
surface,~3! the surface is represented by a set of independ
particles confined by square well potentials,~4! the surface
particles have a Maxwellian velocity distribution.31 Assump-
tion ~1! excludes inelastic rotational scattering, because
gas particle is an atom without moment of inertia. So
HCM misses a large part of inelastic scattering. Howeve
still predicts scattering angles much more below the in
dence angles than we found from our simulation. For
ample, the HCM predicts an average scattering angle w
the surface normal of 64° from Ni~111!, at an incidence
angle of 45° at a surface temperature four times lower t
the gas temperature. This is much more than for Pt~111!,
because the mass ratio between the gas particle and the
face atom is higher for Ni~111!. There are several explana
tions for this error. First, assumption~3! is unreasonable fo
atomic surfaces with low atom weight, because the surf
atoms are strongly bound to each other. This means tha
fectively the surface has a higher mass than assumed.38 Sec-
ond, there is no one-on-one interaction between surface a
and methane molecule, but multiple hydrogen atoms in
acting with different Ni atoms. Third, the methane molecu
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is not rigid in contrast to assumption~1!. We have followed
the energy distribution during the simulation for some traje
tories and find that the methane molecule adsorbs initial
tational and translational energy as vibrational energy in
bonds and bond angles when close to the surface, whic
returned after the methane moves away from it.

It would be nice to test our model with molecular bea
experiment of the scattering angles on surfaces with r
tively low atom weight, which also try to look at rotationa
inelastic scattering.

2. Wave packet simulations

Let us now compare the full classical dynamics with o
fixed oriented wave packet simulations,21–23 because this
was initially the reason to perform the classical dynam
simulations. Again we observe very little vibrational inelas
scattering. This is in agreement with the observations in
time-of-flight experiments on Pt~111!.28,29

Since we used our wave packet simulations to ded
consequences for the dissociation of methane, we hav
wonder whether the observed inelastic scattering in our c
sical simulations changes the picture of the dissociation
our previous publications. Therefore we have to look at w
happens at the surface. We did so by following some tra
tories in time.

We find approximately the same energy rearrangeme
for the classical simulations as discussed for the wave pa
simulations for the vibrational groundstate in Refs. 22 a
23. Again most of the normal translational energy is tra
ferred to the potential energy terms of the surface repuls
@see Eq.~1!#. This repulsive potential energy was only give
back to translational energy in the wave packet simulatio
because the orientations and surface were fixed. For the
sical trajectory simulations presented in this article, the
pulsive potential energy is transferred to translational, ro
tional, and surface energy through the inherent force of
repulsive energy terms. We observe almost no energy tr
fers to translational energy parallel to the surface, so ex
sion of these translational coordinates in the wave pac
simulations do not effect our deduction on the dissociati
The energy transfers to the rotational and surface energy
ing the collision make it harder for the molecule to approa
the surface. This will have a quantitative effect on the effe
tive bond lengthening near the surface, but not a qualitat

The remaining problem deals with the effect of rot
tional motion on the dissociation probability and steerin
Our first intention was to look for the favorable orientation
the surface, but from following some trajectories it is cle
that steering does not seem to occur. There is always s
rotational motion, and the molecule leaves the surface o
with another hydrogen pointing toward the surface th
when it approaches the surface. This indicates that mult
bonds have a chance to dissociate during one collision. H
ever, it will be very speculative to draw more conclusions
the dissociation of methane based on the scattering in th
classical trajectory simulations. Classical trajectory simu
tion with an extension of our potentials with an exit chann
for dissociation can possibly teach us more.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



o
m

er
s

on
°
a
s
n
e
th
ra

i
on
r

em
m

e

o

th
iza
-
fo

. B.

L.

ys.

to,

. J.

S.

3894 J. Chem. Phys., Vol. 115, No. 8, 22 August 2001 Milot, Kleyn, and Jansen
IV. CONCLUSIONS

We have performed classical dynamics simulations
the rotational vibrational scattering of nonrigid methane fro
a corrugated Ni~111! surface. Energy dissipation and scatt
ing angles have been studied as a function of the tran
tional kinetic energy, the incidence angle, the~rotational!
nozzle temperature, and the surface temperature.

We find the peak of the scattering angle distributi
somewhat below the incidence angle of 30°, 45°, and 60
a translational energy of 96 kJ/mol. This is caused by
average energy loss in the normal component of the tran
tional energy. An increase of initial normal translational e
ergy gives an enhancement of inelastic scattering. The
ergy loss is transferred for somewhat more than half to
surface and the rest mostly to rotational motion. The vib
tional scattering is almost completely elastic.

The broadening of the scattering angle distribution
mainly caused by the energy transfer process of translati
energy to rotational energy. Heating of the nozzle tempe
ture gives no peak broadening. Heating of the surface t
perature gives an extra peak broadening through ther
roughening of the surface.

The Hard Cube Model seems to be insufficient for d
scribing the scattering angles of methane from Ni~111!, if we
compare its assumptions with the processes found in
simulations.

ACKNOWLEDGMENTS

This research has been financially supported by
Council for Chemical Sciences of the Netherlands Organ
tion for Scientific Research~CW-NWO!, and has been per
formed under the auspices of the Netherlands Institute
Catalysis Research~NIOK!.

1J. H. Larsen and I. Chorkendorff, Surf. Sci. Rep.35, 163 ~2000!.
2C. T. Rettner, H. E. Pfnu¨r, and D. J. Auerbach, Phys. Rev. Lett.54, 2716
~1985!.

3C. T. Rettner, H. E. Pfnu¨r, and D. J. Auerbach, J. Chem. Phys.84, 4163
~1986!.

4M. B. Lee, Q. Y. Yang, and S. T. Ceyer, J. Chem. Phys.87, 2724~1987!.
5P. M. Holmbad, J. H. Larsen, and I. Chorkendorff, J. Chem. Phys.104,
7289 ~1996!.
Downloaded 23 Apr 2007 to 131.155.151.20. Redistribution subject to AI
f

-
la-

at
n
la-
-
n-
e
-

s
al

a-
-

al

-

ur

e
-

r

6A. V. Hamza and R. J. Madix, Surf. Sci.179, 25 ~1987!.
7P. M. Holmbad, J. Wambach, and I. Chorkendorff, J. Chem. Phys.102,
8255 ~1995!.

8A. C. Luntz and D. S. Bethune, J. Chem. Phys.90, 1274~1989!.
9A. V. Walker and D. A. King, Phys. Rev. Lett.82, 5156~1999!.

10A. V. Walker and D. A. King, J. Chem. Phys.112, 4739~2000!.
11D. C. Seets, M. C. Wheeler, and C. B. Mullins, J. Chem. Phys.107, 3986

~1997!.
12D. C. Seets, C. T. Reeves, B. A. Ferguson, M. C. Wheeler, and C

Mullins, J. Chem. Phys.107, 10229~1997!.
13J. H. Larsen, P. M. Holmblad, and I. Chorkendorff, J. Chem. Phys.110,

2637 ~1999!.
14L. B. F. Juurlink, P. R. McCabe, R. R. Smith, C. L. DiCologero, and A.

Utz, Phys. Rev. Lett.83, 868 ~1999!.
15J. Harris, J. Simon, A. C. Luntz, C. B. Mullins, and C. T. Rettner, Ph

Rev. Lett.67, 652 ~1991!.
16A. C. Luntz and J. Harris, Surf. Sci.258, 397 ~1991!.
17A. C. Luntz and J. Harris, J. Vac. Sci. Technol. A10, 2292~1992!.
18A. C. Luntz, J. Chem. Phys.102, 8264~1995!.
19A. P. J. Jansen and H. Burghgraef, Surf. Sci.344, 149 ~1995!.
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