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Energy distribution analysis of the wavepacket
simulations of CH4 and CD4 scattering
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Abstract

The isotope effect in the scattering of methane is studied by wavepacket simulations of oriented CH4 and CD4
molecules from a flat surface including all nine internal vibrations. At a translational energy of up to 96 kJ mol−1 we
find that the scattering is still predominantly elastic, but less so for CD4. Energy distribution analysis of the kinetic
energy per mode and the potential-energy surface terms, when the molecule hits the surface, are used in combination
with vibrational excitations and the corresponding deformation. They indicate that the orientation with three bonds
pointing towards the surface is mostly responsible for the isotope effect in methane dissociation. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction assessment of the importance of the internal
vibrations could not be made, because of the large

The dissociation of methane on transition number of internal vibrations. A recent molecular-
metals is an important reaction in catalysis. It is beam experiment with laser excitation of the n3the rate-limiting step in steam reforming to pro- mode succeeded in measuring a dramatic enhance-
duce syngas [1]. It is also prototypical for CMH ment of the dissociation on an Ni(100) surface;
activation in other processes. A large number of however, it is still much too low to account for
molecular-beam experiments in which the dissoci- the vibrational activation observed in previous
ation energy was measured as a function of transla- studies and indicates that other vibrationally
tional energy have been done on this system [2– excited modes contribute significantly to the reac-
22]. These experiments have contributed much to tivity of thermal samples [22].
our understanding of the mechanism of dissoci- Wavepacket simulations are being used more
ation. Some of them observed that vibrationally and more to study the dynamics of this kind of
hot CH4 dissociates more readily than cold CH4, molecule–surface reaction. To date, published
with the energy in the internal vibrations being wavepacket simulations on the methane dissoci-
about as effective as the translational energy in ation reaction on transition metals always treated
inducing dissociation [2–8]. A more detailed the methane molecule as a diatomic [23–27].

Besides the CMH bond and molecule–surface dis-
tance, a combination of other coordinates were* Corresponding author. Fax: +31-40-2455054.
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lattice motion. None of them has looked at the applied successfully to gas-phase reactions and
reactions at surfaces [41–60].role of the internal vibrations. Various theoretical

In this paper we report wavepacket simulationsstudies have obtained reaction pathways and barri-
of CD4 scattering including all internal vibrationsers for dissociation by density-functional theory
for fixed orientations, performed on the same(DFT) calculations [28–37,64], but they cannot
model PESs as in our previous paper [38].explain the role of the vibrational modes in the
Translational motion parallel to the surface andreaction dynamics either.
all rotational motion were neglected. No degreesA nice way to study reaction dynamics is via
of freedom of the surface were included.the use of isotopes. The most recent wavepacket
Experiments show that coupling with these degreessimulation on the dissociation probability of CH4 of freedom is dependent on the metal surface. Forand CD4 showed semiquantitative agreement with
example, the surface temperature effects observedthe molecular-beam experiments of Ref. [5], except
are small on nickel [5], but quite large on platinumfor the isotope effect and the extracted vibrational
[7]. As we are only interested in the role of internalefficacy [27]. The molecular-beam study with laser
vibrations, we have not included degrees of free-excitation of the n3 asymmetric stretch mode
dom of the surface to keep the simulations asshowed that the incorrect vibrational efficacy is
simple as possible. We discuss the vibrationalcaused by the assumption in the fit procedure that
excitation and deformation of the CD4 moleculeboth stretch modes behave identically [22]. One
when it hits the surface and compare it with theof the possible explanations for the incorrect iso-
case for CH4. Later we look at the energy distribu-tope effect could be the role played by intramolecu-
tion of the kinetic energy per mode and the poten-lar vibrations, which are not included.
tial energy in some terms of the PES with theIn a previous paper we reported on wavepacket
elongated equilibrium bond length close to thesimulations carried out to determine which and to
surface for both isotopes. The transfer of transla-what extent internal vibrations are important for
tional kinetic energy towards vibrational kinetic

the dissociation of CH4 [38]. We were not yet able
energy gives an indication about the dissociation

to simulate the dissociation including all internal probability, since vibrational kinetic energy helps
vibrations. Instead we simulated the scattering of in overcoming the dissociation barrier. It gives a
methane, for which all internal vibrations can be better idea about which modes are essential to
included, and used the results to deduce conse- include in a more accurate wavepacket simulation
quences for the dissociation. We used model poten- of methane dissociation, as well. After that we
tial-energy surfaces (PESs) that were developed discuss the implications of this for dissociation
with Ni(111) in mind, but our results should hold and give a summary with some general
for other surfaces as well. At a translational energy conclusions.
of up to 96 kJ mol−1 we found that the scattering
is almost completely elastic. Vibrational excitations
when the molecule hits the surface and the corre- 2. Computational details
sponding deformation depend on generic features
of the potential-energy surface. In particular, our 2.1. The potential-energy surfaces
simulations indicate that for methane to dissociate
the interaction of the molecule with the surface For the scattering of CD4 we used the same
should lead to an elongated equilibrium CMH model PESs as we did for CH4. Since we expressed
bond length close to the surface. the PES in mass-weighted coordinates, the parame-

We have been using the multiconfigurational ters in the PESs for CD4 differ from those for
time-dependent Hartree (MCTDH) method for CH4. We now give an overview of our model PESs
our wavepacket simulation, because it can deal and the corresponding parameters for CD4. The
with a large number of degrees of freedom and parameters of CH4 for these PESs were given

previously in Ref. [38], where also more detailedwith large grids [39,40]. This method has been
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information about our assumptions and contour atoms that point towards the surface. We take the
z-axis as the surface normal. In this case theplots of some cross-sections of the model PESs

can be found. surface PES is given by
The PESs we used can all be written as

Vsurf=
A

ND
∑
i=1
N
D e−az

i
, (3)Vtotal=Vintra+Vsurf , (1)

where Vintra is the intramolecular PES and Vsurf is where ND is the number of deuteriums that point
the repulsive interaction with the surface. For towards the surface, a=1.0726 a.u. (atomic units)
Vintra we looked at four different types of PES. and A=6.4127 Hartree. These parameters are
Two of the four different PESs include changes in chosen to give the same repulsion as the PES that
the intra-molecular potential due to interactions was used in an MCTDH wavepacket simulation
with surface in Vintra. of CH4 dissociation [26 ].

If we write Vsurf in terms of normal-mode
2.1.1. A harmonic potential coordinates, then we obtain for one deuterium

The first one is completely harmonic. We have pointing towards the surface
used normal-mode coordinates for the internal

Vsurf=A e−a
1
X
1

e−a
2
X
2

e−a
3
X
3

e−a
4
X
4
, (4)vibrations, because these are coupled only very

weakly. In the harmonic approximation even this where A is as above and a values are as given in
coupling is absent so that we can write Vintra as Table 2. X2, X3 and X4 all correspond to a1 modes

of the C3v symmetry (see Fig. 1). There is no
Vintra=Vharm=1

2
∑
i=2
10

k
i
X2
i
, (2) coupling between the modes X5 to X10 in the

Vsurf part of the PES, which are all e modes of
the summation is over the internal vibrations, X

i the C3v symmetry.
are mass-weighted displacement coordinates and For two deuteriums we obtain
k
i

are mass-weighted force constants (see Table 1
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overall translation along the surface normal [61]. ×1
2

[eb
3
X
7

e−b
3
X
8

eb
5
X
9

e−b
5
X
10The force constants have been obtained by fitting

+e−b
3
X
7

eb
3
X
8

e−b
5
X
9

eb
5
X
10

], (5)them to the experimental vibrational frequencies
of CH4 and CD4 [62,63]. with A again as above, a and b as given in Table 2.

We have assumed that the repulsive interaction X2, X3, X4 and X5 all correspond to a1 modes of
with the surface is only through the deuterium

Table 2
a and b values (in a.u.) of Vsurf for CD4 with one, two or threeTable 1

Overview of the relationships between the mass-weighted coor- deuteriums pointing towards the surface [see Eqs. (4), (5)
and (6)]dinates X

i
, the force constants k

i
(in atomic units) for CD4, the

designation and the symmetry in Td, C3v and C2v One deuterium Two deuteriums Three deuteriums
i k

i
Designation Td C3v C2v

a1 5.617×10−3 5.617×10−3 5.617×10−3
a2 8.882×10−3 5.128×10−3 2.960×10−31 translation t2 a1 a1

2 8.897×10−5 n1; symmetric stretch a1 a1 a1 a3 4.703×10−3 −4.614×10−3 −7.720×10−3
a4 −1.353×10−2 −5.103×10−3 −2.295×10−33 2.008×10−5 n4; umbrella t2 a1 a1

4 1.060×10−4 n3; asymmetric stretch t2 a1 a1 a5 −7.252×10−3
b1 4.187×10−35 2.447×10−5 n2; bending e e a1

6 2.447×10−5 n2; bending e e a2 b2 7.252×10−3
b3 4.659×10−3 2.196×10−37 2.008×10−5 n4; umbrella t2 e b1

8 2.008×10−5 n4; umbrella t2 e b2 b4 3.804×10−3
b5 4.212×10−3 2.295×10−39 1.060×10−4 n3; asymmetric stretch t2 e b1

10 1.060×10−4 n3; asymmetric stretch t2 e b2 b6 3.439×10−3
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in bond length from the equilibrium distance. c
was calculated by equating the second derivatives
along one bond of the harmonic and the Morse
PESs. If we transform Eq. (7) back into normal-
mode coordinates, we obtain

VMorse=De ∑
i=1
4

[1−ec
i2
X
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X
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ec
i4
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4

ec
i7
X
7

× ec
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8
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9

ec
i,10

X
10

]2 , (8)

with De as above. Values of c are given in TablesFig. 1. The a1 vibrational normal modes in the C3v symmetry:
3 and 4. Note that, although we have only changedn1, symmetric stretch (X2); n3, asymmetric stretch (X4); and n4,

umbrella (X3). the PES of the bond lengths, the n4 umbrella
modes are also affected. This is because these
modes are not only bending, but also contain some
changes of bond length.

C2v. X7, X8, X9 and X10 correspond to b1 and b2 The new intramolecular PES now becomes
modes of C2v. X6 corresponds to the a2 mode of
C2v and has no coupling with the other modes in Vintra=Vharm+VMorse−Vcorr , (9)
Vsurf. where Vharm is as given in Eq. (2) and Vcorr is theFor three deuteriums we obtain

quadratic part of VMorse, which is already in
Vsurf=A e−a
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When the methane molecule approaches the+e−2b
1
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], (6)

surface, the overlap of substrate orbitals and anti-
with A again as above, a and b as given in Table 2. bonding orbitals of the molecule weakens the CMD
X2, X3 and X4 correspond to a1 modes in the C3v bonds. We want to include this effect for the CMD
symmetry (see Fig. 1). Because these last six coor- bonds of the deuteriums pointing towards the sur-
dinates correspond to degenerate e modes of the face. We have redefined the VMorse given in Eq. (8)
C3v symmetry, the b parameters are not unique. and also replace it in Eq. (9). A sigmoidal function

is used to switch from the gas-phase CMD bond
2.1.2. An anharmonic intramolecular potential to a bond close to the surface. We have used the

Even though we do not try to describe the following, somewhat arbitrary, approximations. (1)
dissociation of methane in this and our previous The point of inflection should be at a reasonable
paper, we do want to determine which internal distance from the surface. It is set to the turn-
vibration might be important for this dissociation. around point for a rigid methane molecule with
The PES should at least allow the molecule to translational energy of 93.2 kJ mol−1 plus twice the
distort partially as when dissociating. The har- fall-off distance of the interaction with the surface.
monic PES does not do this. Therefore a number (2) The depth of the PES of the CMD bond is
of changes have been made. The first is that we 480 kJ mol−1 in the gas phase, but only 93.2 kJ
describe the CMD bond by a Morse PES, mol−1 near the surface. The value 93.2 kJ mol−1

corresponds to the height of the activation barrier
VMorse=De ∑

i=1
4

[1−e−cDr
i
]2, (7) used in our dissociation [26]. (3) The exponential

factor is the same as for the interaction with the
surface.where De=0.1828 Hartree (the dissociation energy

of methane in the gas phase) and Dr
i

is the change If we transform to normal-mode coordinates
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Table 3
c values (in a.u.) of VMorse for CD4 with one and three deuteriums pointing towards the surface [see Eq. (8)]

One deuterium Three deuteriums Value (a.u.)

c12, c22, c32, c42 c12, c22, c32, c42 7.629×10−3
c13, −3c23, −3c33, −3c43 −c13, 3c23, 3c33, 3c43 1.397×10−3
c14, −3c24, −3c34, −3c44 −c14, 3c24, 3c34, 3c44 −1.454×10−2
c17, c18, c19, c1,10, c28, c2,10 c17, c18, c19, c1,10, c28, c2,10 0.0
c27, −2c37, −2c47 −c27, 2c37, 2c47 1.318×10−3
c38, −c48 c38, −c48 −1.114×10−3
c29, −2c39, −2c49 −c29, 2c39, 2c49 −1.371×10−2
c3,10, −c4,10 −c3,10, c4,10 1.187×10−2

Table 4
c values (in a.u.) of VMorse for CD4 with two deuteriums pointing towards the surface [see Eq. (8)]

Two deuteriums Value (a.u.)

c12, c22, c32, c42 7.629× 10−3
c13, c23, −c33, −c43, c17, −c27, c37, −c47, c18, −c28, −c38, c48 −8.070×10−4
c14, c24, −c34, −c44, c19, −c29, c39, −c49, c1,10, −c2,10, −c3,10, c4,10 8.396×10−3

for the particular orientations, we then obtain than normal. This elongation should occur at the
turn-around point for a rigid methane molecule

Vweak=De ∑
i=1
4

W
i
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7 with a translational energy of 93.2 kJ mol−1. (2)

The exponential factor is again the same as for
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]2, (10) the interaction with the surface.
If we transform to normal-mode coordinateswhere W

i
=1 for non-interacting bonds and

for the particular orientations, then we obtain
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exp(S
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)]2 , (12)surface. a1 is as given in Table 2, cs are given in

Tables 3 and 4, V=1.942×10−1 and v=7.197.
where a1 is as given in Table 2, cs are given in
Tables 3 and 4. For the orientation with one2.1.4. Intramolecular potential with elongation of
deuterium towards the surface we obtain:the CMD bonds
S1=2.942×102 and S2=S3=S4=0; with twoA weakened bond generally not only has a
deuteriums: S1=S2=0 and S3=S4=1.698×102;reduced bond strength, but also an increased bond
and with three deuteriums: S1=0 andlength. We include the effect of the elongation of
S2=S3=S4=2.942×102.the CMD bond length of the deuteriums that point

towards the surface due to interactions with the
surface. We have redefined the VMorse given in Eq.

2.2. Initial states(8) and also replace it in Eq. (9) for this type of
PES. We have used the following approximations.

The exact wavefunction of a D-dimensional(1) The transition state, as determined by Refs.
[30,64], has a CMH bond that is 0.54 Å longer system is expressed in the MCTDH approximation
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by the form configurations was 71×43×14=448. The simula-
tion with two bonds pointing towards the surface

YMCTDH(q
1
, …, qD; t) was performed in nine dimensions. One of the n2

bending modes (X6) does not couple with the other= ∑
n
1
…n
D

c
n
1
…n
D

(t)y(1)
n
1

(q
1
; t)…y(D)

n
D

(qD ; t). (13)
modes, but for the other mode (X5) we needed
four natural single-particle states. The number ofAll initial states in the simulations start with the
configurations was 71×44×14=1792, because wevibrational ground state. The initial translational
needed the same number of natural single-particlepart y(tr) is represented by a Gaussian wavepacket,
states as mentioned above for the other modes.
We needed 10 dimensions to perform the simula-y(tr)(X

1
)=(2ps2)−1/4 expC− (X

1
−X

0
)2

2s2
+iP

1
X
1D,

tion with three bonds pointing towards the surface.
We used here one natural single-particle state for(14)
the modes X5 to X10 and four natural single-
particle states for X2 to X4, which gave uswhere s is the width of the wavepacket (we used

s=320.248 a.u.), X0 is the initial position (we used 71×43×16=448 configurations.
X0=11s, which is far enough from the surface to
observe no repulsion) and P1 is the initial momen-
tum. Since we used mass-weighted coordinates the 3. Results and discussion
Gaussian wavepackets are identical for CD4 and
CH4. We performed simulations in the energy 3.1. Excitation probabilities and structure

deformation of CD
4

range of 32 to 96 kJ mol−1. We present here only
the results of 96 kJ mol−1 (equivalent to
P1=−0.2704 a.u.), because they showed the most The scattering probabilities for CD4 are pre-

dominantly elastic, as we also found in our previ-obvious excitation probabilities for VMorse. We used
seven natural single-particle states, 512 grid points ous simulations of CH4 scattering [38]. The elastic

scattering probability is larger than 0.99 for alland a grid length of 15s for the translational
coordinate. With this grid width we can perform orientation of the PESs with VMorse and Vweak at a

translational energy of 96 kJ mol−1. For the PESsimulations with a translational energy up to
144 kJ mol−1. with Vshift we observe an elastic scattering prob-

ability of 0.981 for the orientation with one, 0.955Gauss–Hermite discrete-variable representa-
tions (DVR) [65] were used to represent the wave- with two and 0.892 with three deuteriums pointing

towards the surface. This is lower than we havepackets of the vibrational modes. For all
simulations of CD4 we used the same number of found for CH4, which is 0.956 for the orientation

with three hydrogens pointing towards the surfaceDVR points as for CH4, which was five DVR
points for the n2 bending modes and eight DVR and larger than 0.99 for the others. The higher

inelastic scattering probabilities of CD4 waspoints for the n4 umbrella, n3 asymmetric stretch
and n1 symmetric stretch mode for an numerical expected, because the force constants k

i
of CD4

are decreased by up to 50% with respect to thoseexact integration, except for the simulations with
Vshift, where we used 16 DVR points for the n1 of CH4 and the translational surface repulsion fall-

off differs only little.symmetric stretch mode because of the change in
the equilibrium position. When we look at the excitation probabilities at

the surface for the PES with VMorse and Vweak, thenAlso, the same configurational basis was used
for both isotopes. We did the simulation with one we observe generally an increase for CD4 com-

pared with CH4, except for the n4 umbrella modebond pointing towards the surface in eight dimen-
sions, because the n2 bending modes X5 and X6 do in the orientation with two bonds pointing towards

the surface. Relevant differences in the structurenot couple with the other modes. We needed four
natural single-particle states for modes X2, X3 and deformations are observed only in the bond angles,

which are increased for CD4 in the orientationsX4, and just one for the others. So the number of
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with one and three bonds pointing towards the this problem, what they really represent. Is the
excitation caused by a different equilibrium posi-surface. The deformation of the angle between the

bonds pointing towards the surface in the orienta- tion of the PES at the surface in a mode or is it
caused by extra energy in this mode? To answertion with two bonds pointing towards the surface

is decreased for CD4. We observe again that the these questions we decided to do an energy distri-
bution analysis during the scattering for bothPES with Vweak gives larger structure deformations

than the PES with VMorse, but the differences are isotopes.
smaller for CD4 than for CH4.

For the PES with Vshift we do not observe this 3.2. Energy distribution in CH
4

and CD
4

effect on the bond-angle deformation. The bond-
angle deformation for the orientation with two The energy distribution analysis was performed

by calculating the expectation values of the impor-and three deuteriums pointing towards the surface
is the same as for CH4, and it is just 0.1° less for tant term of the Hamiltonian H for the wavefunc-

tion Y(t) at a certain time t during the scatteringthe bond angle at the surface side in the orientation
with one deuterium pointing towards the surface. of CD4 and CH4 for all orientations presented in

this and our previous paper [38]. We present hereThe excitation probabilities (see Table 5) for the
n2 bending and n4 umbrella modes become higher only the results of the PES with Vshift, because it

is the only model PES for which the energy distri-for all orientations for CD4, which is necessary for
getting the same bond-angle deformations as for bution analysis is relevant for discussion of the

dissociation hypotheses later on.CH4.
The changes in the bond distance for the orien- We can obtain good information about the

energy distribution per mode by looking at thetations with one and two bonds pointing towards
the surface are almost the same for CD4 as for kinetic energy expectation values 
Y(t)|T

j
|Y(t)�

per mode j (see Table 6), because the kinetic energyCH4. For the orientation with three bonds pointing
towards the surface, we found that the maximum operators T

j
have no cross terms like the PESs do.

When we discuss the kinetic energy of a mode welengthening of the bonds on the surface side was
0.032 Å less for CD4 than for CH4. We also found normally refer to the a1 mode of the C3v or C2v

symmetry, because in these modes we havethat the shortening of the bond pointing away
from the surface is 0.010 Å more for CD4. These observed the highest excitation probabilities and

the change in kinetic energy in the other modes isare only minimal differences, which also suggest
that the bond deformation for CD4 has been generally small.

By looking at the expectation values of someinfluenced slightly more by the n3 asymmetric
stretch mode than by the n1 symmetric stretch terms of the PES 
Y(t)|Vterm|Y(t)� (see Table 7),

we obtain information about how the kinetics ofmode. The observed excitation probabilities for
these modes do not contradict this, but are not the scattering is driven by the PES. The Vsurf PES

[see Eqs. (4), (5) and (6)] is the surfacereliable enough for hard conclusions because of
their high magnitude. It is also not clear, besides hydrogen/deuterium repulsion for a given orienta-

Table 5
Excitation probabilities at the surface, at an initial translational energy of 96 kJ mol−1 and all initial vibrational states in the ground
state, for the intramolecular PES with elongation of the CMD bonds [see Eq. (12)] in the a1 modes of the C3v and C2v symmetry,
with one, two or three deuteriums pointing towards the surface. These modes are a n1(a1) symmetrical stretch, a n2(e) bending, a
n3(t2) asymmetrical stretch, and a n4(t2) umbrella. The irreducible representation in Td symmetry is given in parentheses

Orientation n1(a1) stretch n2(e) bending n3(t2) stretch n4(t2) umbrella

One deuterium 0.460 0.910 0.174
Two deuteriums 0.792 0.092 0.830 0.495
Three deuteriums 0.868 0.756 0.387
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Table 6
Expectation values of the kinetic energy per mode in mHartree for CH4 and CD4, at an initial translational energy of 96 kJ mol−1
and all initial vibrational states in the ground state, for the intramolecular PES with elongation of the CMH/D bonds [see Eq. (12)]
in the a1 modes of the C3v and C2v symmetry, with one, two or three deuteriums/hydrogens pointing towards the surface. These
modes are a n1(a1) symmetrical stretch, a n2(e) bending, a n3(t2) asymmetrical stretch, and a n4(t2) umbrella. The irreducible representa-
tion in Td symmetry is given in parentheses

Isotope Orientation Translation n1(a1) stretch n2(e) bending n3(t2) stretch n4(t2) umbrella

CH4 Initial 36.57 3.30 1.75 3.39 1.50
One hydrogen 16.76 3.56 4.53 1.51
Two hydrogens 14.59 3.50 1.79 4.67 1.57
Three hydrogens 20.53 5.32 4.39 1.58

CD4 Initial 36.57 2.33 1.24 2.52 1.12
One deuterium 16.17 2.61 4.09 1.18
Two deuteriums 14.00 2.78 1.27 4.05 1.27
Three deuteriums 20.06 4.37 3.80 1.28

Table 7
Expectation values of the potential energy terms in mHartree for CH4 and CD4, at an initial translational energy of 96 kJ mol−1 and
all initial vibrational states in the ground state, for the intramolecular PES with elongation of the CMH/D bonds [see Eq. (12)].
Vsurf is the total surface–hydrogen/deuterium repulsion; Vharm(n2) and Vharm(n4) are the harmonic terms of the intramolecular PES of
the a1 modes in the C3v and C2v symmetry corresponding to a n2(e) bending and n4(t2) umbrella modes respectively in the Td symmetry.
Vbond(Rup) and Vbond(Rdown) are the potential energy in a single CMH/D bond pointing respectively towards and away from the surface

Isotope Orientation Vsurf Vharm(n2) Vharm(n4) Vbond(Rup) Vbond(Rdown)

CH4 Initial 0.00 1.75 1.50 3.39 3.39
One hydrogen 18.20 1.87 3.25 3.85
Two hydrogens 18.55 2.18 4.01 2.75 3.45
Three hydrogens 9.22 2.94 3.00 3.74

CD4 Initial 0.00 1.24 1.12 2.48 2.48
One deuterium 17.94 1.89 2.43 3.44
Two deuteriums 18.45 1.68 4.52 2.29 2.74
Three deuteriums 8.71 3.49 2.28 3.21

tion. Vharm(n2) and Vharm(n4) [see Eq. (2)] are the mode. The translational kinetic energy does not
become zero as we should expect in classicalpure harmonic terms of the intramolecular PES of

the a1 modes in the C3v and C2v symmetry corre- dynamics. The loss of translational kinetic energy
is primary absorbed by the Vsurf terms of the PESs.sponding to n2 bending and n4 umbrella modes,

respectively. The pure harmonic correction terms The expectation values of the Vsurf terms show the
ability of the hydrogens or deuteriums to comeof Vcorr [see Eq. (9)] are included in them.

Vbond(Rup) and Vbond(Rdown) are the potential close to the metal surface, since in real space their
exponential fall-offs are the same for both isotopes.energy in a single CMH or CMD bond pointing

respectively towards and away from the surface, For a rigid molecule the sum of the translational
kinetic energy and Vsurf should be constant, so alland they give the expectation value of one bond

term of Vshift [see Eq. (12)]. All given expectation deviations of this sum have to be found back in
the intramolecular kinetic energy and other PESvalues are the maximum deviation of the initial

values, which effectively means the values at the terms.
We observe that both the minimum in themoment the molecule hits the surface.

The largest changes in expectation values are, translational kinetic energy and the maximum in
the Vsurf terms are higher for CH4 than CD4, soof course, in the kinetic energy of the translational
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we have to find a greater increase in energy in the lems in following the minimum-energy path of the
PES with Vshift during the scattering dynamics.intramolecular modes and PES terms for CD4 than

for CH4. We indeed do so and that can be one of This leads to higher kinetic energy in the vibra-
tional modes, which results in more inelasticthe reasons why we found higher inelastic scatter

probabilities for CD4 for the PES with Vshift. scattering.
The Vharm(n2) term increases with respect to theFor the orientations with one and two bonds

pointing towards the surface we observe a large initial value, but not as much as the increase of
Vharm(n4) for the orientation with two bonds point-increase of the kinetic energy in the n3 asymmetric

stretch mode. If we compare this with the excita- ing towards the surface. The values of Vharm(n4)
for CD4 are even higher than for CH4. We observetion probabilities, we find that the kinetic energy

analysis gives indeed a different view on the also a larger increase of the kinetic energy in the
n4 umbrella mode for CD4 than for CH4. Sodynamics. For the orientation with two bonds

pointing towards the surface we have found for although there is somewhat more energy transfer-
red to the vibrational modes for CD4 than CH4,both isotopes very high excitation probabilities in

the n1 and n3 stretch modes. We know now from this extra vibrational energy is absorbed especially
in the n4 umbrella mode of CD4.the kinetic-energy distribution that, for the n1

symmetric stretch mode, the high excitation prob-
ability is caused by the change of the equilibrium 3.3. Dissociation hypotheses
position of the n1 mode in the PES and that, for
the n3 stretch mode, probably the PES also has We wish now to discuss some possible implica-

tions of the scattering simulation for the isotopebecome narrower.
For the orientation with three bonds pointing effect on the dissociation of methane. In our

previous paper we have already drawn some con-towards the surface we also obtain a large increase
of the kinetic energy of the n3 asymmetrical stretch clusions about the possible reaction mechanism

and which potential type would be necessary formode, but we also find an even larger increase in
the kinetic energy of the n1 symmetrical stretch dissociation [38]. We found the direct breaking of

a single CMH bond in the initial collision moremode. The total kinetic energy was extremely large,
because the kinetic energy of the translational reasonable than the splats model with a single

bond breaking after intermediary NiMC bondmode also becomes much larger than for the other
orientations. Because of this the Vsurf terms had formation as suggested by Ref. [4], because the

bond-angle deformation seems too small to allowto be around twice as low as for the other
orientations. an NiMC bond to form. From the simulations

with CD4 we can draw the same conclusions. TheAll Vbond(Rup) terms become lower compared
with the initial value, especially in the orientation PES with Vshift gives the same bond-angle deform-

ations for both isotopes, which is not sufficient forwith two bonds pointing towards the surface. In
the orientation with one bond pointing towards the splats model. The other potentials give higher

bond-angle deformations for the orientation withthe surface, the Vbond(Rdown) term became higher.
This is caused by the repulsion of Vsurf in the three deuteriums pointing towards the surface. If

the NiMC bond formation were to go along thisdirection of the bond. The increase of this PES
term value is higher for CD4 than for CH4. reaction path, then the dissociation of CD4 should

be even more preferable than CH4, which is notIn the orientation with three bonds pointing
towards the surface we also observe a higher the case. So we only have to discuss the implication

of the scattering simulation for the dissociationVbond(Rdown) value, with also the highest increase
for CD4. In relation with the somewhat shorter probabilities of CH4 and CD4 for a reaction mech-

anism involving direct breaking of a single bond.bond distance for Rdown of CD4 compared with
CH4, which was also a bit lower compared with This reaction mechanism can be influenced by

what we call a direct or an indirect effect.the other orientations, we know now that the
hydrogens and especially the deuterium have prob- A direct effect is the expected change in the
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dissociation probability between CH4 and CD4 for PES with Vshift. We cannot draw an immediate
conclusion about the indirect effect from our simu-a given orientation. Since we expect that we need

for dissociation a PES with an elongation of the lations, since we did not include rotational motion,
but our simulations show that an indirect isotopebonds pointing towards the surface, we only have

to look at the isotope effect in the simulation for effect can exist. For the PES with VMorse in the
orientation with three bonds pointing towards thethe PES with Vshift for different orientations to

discuss some direct effect. It is clear from our surface, we observe that CD4 is able to come closer
to the surface than CH4. So this rotational orienta-simulations that the bond lengthening of CD4 is

smaller than that of CH4 for the orientation with tion should be more preferable for CD4 than for
CH4. On the other hand, if the PES in thisthree bonds pointing towards the surface. If this

orientation has a high contribution to the dissoci- orientation is more like Vshift, the dissociation
probability in other orientations can be decreasedation of methane, then this can be the reason for

the higher dissociation probability of CH4. In this for CD4 through a higher probability in inelastic
scattering channels.case our simulations also explain why Ref.[27] did

not observe a high enough isotope effect in the So, for both effects, the behaviour of the orien-
tation with three bonds pointing towards the sur-dissociation probability of their simulation with

CH4 and CD4 modelled by a diatomic, because we face seems to be essential for a reasonable
description of the dissociation mechanism of meth-do not observe a change in bond lengthening

between the isotopes for the orientation with one ane. A wavepacket simulation of methane scatter-
ing including one or more rotational degrees ofbond pointing towards the surface.

The orientation with three bonds pointing freedom and the vibrational stretch modes will be
a good starting model to study the direct andtowards the surface is also the orientation with the

highest increase of the total vibrational kinetic indirect effects, since most of the kinetic energy
changes are observed in the stretch modes and soenergy for the PES with Vshift, because the energy

distribution analysis shows — besides a high the bending and umbrella modes are only relevant
with accurate PESs. Eventually dissociation pathsincrease of the kinetic energy in the n3 asymmetric

stretch mode — also an high increase in the n1 can be introduced in the PES along one or more
bonds.symmetric stretch mode. Since vibrational kinetic

energy can be used effectively to overcome the Besides our descriptions of the possible isotope
effect for the dissociation extracted from the scatterdissociation barrier, the orientation with three

bonds is indicated to be a more preferable orienta- simulations, we have to keep in mind also that a
tunneling mechanism can be responsible for thetion for dissociation. Moreover, the relative differ-

ence in kinetic energy between both isotopes is higher isotope effect observed in the experiment
and that a different dissociation barrier in thelarger for the n1 stretch mode than for the n3

stretch mode. If the kinetic energy in the n1 stretch simulations can enhance this effect of tunneling.
mode contributes significantly to overcoming the
dissociation barrier, then it is another explanation
for the low isotope effect in Ref. [27]. 4. Conclusions

An indirect effect is the expected change in the
dissociation probability between CH4 and CD4 The scattering is in all cases predominantly

elastic. However, the observed inelastic scatteringthrough changes in the orientation distribution
caused by the isotope effect in the vibrational is higher for CD4 compared with a previous simu-

lation on CH4 for the PES with an elongatedmodes. This can be the case if the favourable
orientation for dissociation is not near the orienta- equilibrium bond length close to the surface. When

the molecule hits the surface, we observe in generaltion with three bonds pointing towards the surface,
but more in a region where one or two bonds a higher vibrational excitation for CD4 than for

CH4. The PES with an elongated equilibrium bondpoint towards the surface. These orientations do
not show a large difference in deformation for the length close to the surface gives for both isotopes
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