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ABSTRACT: In this work, we revisit the dissociative sticking of methane on Pt(110)-(2×1)
using quasi-classical trajectory (QCT) calculations and supersonic molecular beam (SMB)
experiments. Experimentally, we apply the King and Wells method and the reflection
absorption infrared spectroscopy (RAIRS) technique to measure the initial dissociative
sticking probability, S0. Our QCT calculations make use of a reactive force field (RFF) based
on density functional theory (DFT) total energy results. We compare our QCT results for S0
with experiments and with density functional molecular dynamics (DFMD) data available for
CHD3(v = 0). The fact that our QCT RFF-based approach is computationally much cheaper
than DFMD allows us to integrate a much larger number of trajectories for longer interaction
times. Thus, we can significantly extend the previously reported comparison of QCT-DFMD
and experimental results, for CHD3(v = 0), CH4(v = 0), and CH4(ν3 = 1) to lower incident
energies, Ei (≥ 0.2 eV), and surface temperatures, Ts (down to 120 K). Our QCT results and
the SMB experimental data agree qualitatively with theory, underestimating the experimental
results by a factor of ∼2−3. Our calculations shed light on the fate of the surprisingly large fraction of methane molecules, which
remain trapped on the surface for much more than 1 ps (and therefore can hardly be studied using DFMD) for Ei values as large as
∼1 eV. We show that the contribution of trapped molecules to S0 is negligible over a wide range of initial conditions, due to two
reasons: (i) the barrier for dissociation is larger than that for desorption on all surface sites and (ii) trapped molecules spend most of
the time on top of the valley Pt atoms, where the physisorption well is the deepest but the energy barrier for dissociation is the
highest.

1. INTRODUCTION

Dissociative chemisorption of methane is known to be the rate-
limiting step of the heterogeneous catalytic steam reforming
process used in industry to produce molecular hydrogen.1 Due
to its importance, the study of this reaction has attracted a
great deal of attention from both the experimental and the
theoretical sides.2−7 Whereas initially most studies were
focused on flat low-Miller-index surfaces, more recent work
also investigated surfaces that include low-coordinated metal
atoms, which resemble the most active sites of real catalysts
used in industry.8−16 One example is Pt(110)-(2×1) which,
with its missing-row reconstruction, exposes three kinds of
surface atoms with coordination numbers 7, 9, and 11,
hereafter referred to as the ridge, facet and valley, respectively
(see Figure 1a).
Supersonic molecular beam (SMB) experiments have shown

that for impact energies, Ei ≳ 0.1 eV, the initial reactive
sticking probability, S0, of methane on Pt(110)-(2×1) sharply
increases with increasing Ei.

9 Such strong activation by initial
translational energy is evidence for a direct reaction
mechanism characterized by the bond breaking occurring
promptly near the impact site. In addition, state-resolved SMB
experiments9 showed that methane dissociation on Pt(110)-
(2×1) is also activated by vibrational excitation of the incident
molecule as well as by surface temperature, Ts,

8 similar to what
has been found on other metal surfaces for which it is well

established that the first C−H bond cleavage process proceeds
through a fast direct mechanism: e.g., Ni(111)17−20 and
Pt(111).21,22

From the theoretical side, the first calculations of S0 for
CH4/Pt(110)-(2×1) were made by Jackson and co-workers
using their reaction path Hamiltonian (RPH) method in
combination with quantum dynamics (wavepacket) simula-
tions.23 The RPH method describes the approach of a
molecule on a fixed surface site (well justified for a direct
lateral-steering-free mechanism) and for a fixed lattice
distortion. For comparison with experiments, the S0 values
obtained for different surface sites and lattice distortions are
averaged according to the surface geometry and surface
temperature.23 Using the RPH approach for Ei > 0.1 eV,
Jackson and co-workers obtained results in qualitative
agreement with experiments8 for translational and vibrational
activation as well as for changes in Ts from 400 to 600 K.
More recently, the groups of Beck and Kroes revisited the

methane/Pt(110)-(2×1) system24 and compared the new
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results of S0 obtained through SMB experiments and quasi-
classical (QC) density functional molecular dynamics
(DFMD) calculations. The comparison (for Ts = 650 K) was
restricted to high impact energies (Ei ≳ 1 eV where S0 ≳ 0.05)
to achieve a statistically significant number of reactive DFMD
trajectories and still be computationally affordable.24 The main
aspects of the experimental results were also qualitatively
reproduced by the QC DFMD calculations. However, the
simulations showed that even for Ei as high as 1 eV: (i) a
significant fraction of the incident molecules remain trapped
near the surface during at least 1 ps (i.e., much more than the
∼0.2 ps that takes direct dissociation for such relatively fast
molecules) and (ii) during that period those molecules can
travel up to 25 Å parallel to the surface.24 While the DFMD
simulations unambiguously showed that for methane/Pt(110)-
(2×1) temporary trapping may occur even for Ei ∼ 1 eV due to
the high corrugation of the surface, they could not determine
the fate of trapped molecules for trapping times exceeding 1 ps
due to prohibitive computational costs. To some extent, this
lack of information limited the comparison with experiments

and this becomes even more restrictive for lower Ei and/or Ts
values. In addition, in view of the observed large lateral
displacements of the trapped molecules, the fixed-site
approximation involved in the RPH method used in ref 23
cannot be easily justified a priori.
The results described above give rise to the following

questions that motivate the present study. What happens to
molecules that remain trapped for more than 1 ps? Will they
eventually dissociate and contribute to S0 or desorb intact back
into the gas phase? Does the fate of such long-interaction-time
molecules change significantly when the impact energy and
surface temperature decrease? Why is it that the RPH method,
which assumes dissociation exclusively on the initial impact,
can still provide a qualitatively good description of the
measured sticking probabilities even under conditions for
which molecular trapping plays a significant role?
To find answers to these questions and to overcome the

limitations of DFMD derived from its high computational cost,
we use a reactive force field (RFF) specifically developed for
this system from DFT results. Since force evaluations are 104−

Figure 1. (a) Structure of the Pt(110)-(2×1) surface and notation used for different types of exposed Pt atoms: ridge, facet, and valley. (b)
Coordinates used to define the geometry of TS for methane dissociation on top of a ridge Pt atom. (c) Side views parallel and perpendicular to the
row of ridge Pt atoms and top view of the structure of four TS for methane dissociation on top of the ridge Pt atoms: par-e, par-a, per-e, and per-a
(see the text).
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105 times faster than in DFMD calculations, this approach
allows us to integrate many more trajectories per incidence
conditions and for much larger total integration times. Thus, in
this work we report a comparison of SMB experiments and
QCT results over a wide range of initial conditions: for 0.2 eV
≤ Ei ≤ 1.3 eV and Ts = 650 and 120 K. The present study of
methane/Pt(110)-(2×1) sheds light on the fate of the large
fraction of long-interaction-time molecules at high impact
energies recently reported, and on all of the related questions
mentioned above.

2. METHODOLOGY
2.1. Theory. 2.1.1. DFT Calculations. DFT calculations

have been performed using a plane-wave basis set and the
projected augmented-wave method,25 as implemented in the
Vienna ab initio simulation package (VASP).26−30 We have
performed spin-restricted calculations using an energy cutoff,
Ecutoff = 450 eV, and the Perdew−Burke−Ernzerhof (PBE)
generalized gradient approximation to describe electronic
exchange and correlation.31 With these settings, 19 × 19 ×
19 k-points, and a smearing of 0.1 eV, we obtained a lattice
constant of bulk Pt equal to 3.97 Å, i.e., only 1.3% bigger than
the experimental value of 3.92 Å.32 The Pt(110)-(2×1) surface
has been modeled within the slab-supercell approach by seven
Pt layers and using a 1 × 3 supercell using the theoretical
lattice constant of bulk Pt mentioned above. The surface
calculations were performed using a 7 × 7 × 1 k-point mesh.
We have first optimized the geometry of the clean slab by
allowing the relaxation of Pt atoms in all layers. The obtained
lowest-energy clean-surface structure was first kept fixed (rigid
surface) for the search of four transition states, TS, reported by
Jackson and co-workers (all with the C atom located on top of
a ridge Pt atom),33 using the quasi-Newton algorithm
implemented in VASP. To designate these four TS structures,
we use xxx-y (with xxx = par, per and y = a, e) to denote a
configuration with the breaking C−H bond parallel (par) or
perpendicular (per) to the ridge, and eclipsed (e) or alternated
(a) with respect to the other three C−H bonds. The
configurations par-e, par-a, per-e, and per-a (respectively,
called K1, K2, L1, and L2 in ref 33) are shown in Figure 1c.
After having obtained these four TS structures within the rigid
surface approximation, we have used them as the starting point
of full-geometry optimization allowing the motion of the atoms
of both the molecule and the three outermost Pt layers
(nonrigid surface).
2.1.2. RFF Parametrization. The DFT-PBE total energies

for methane/Pt(110)-(2×1) were fitted using an analytical
potential V({r}) consisting of a sum of two-body repulsive and
attractive potentials (Vαβ

R (rij) and Vαβ
A (rij), respectively), with

the latter being modulated by a symmetrized bond-order
parameter, b̅ij

αβ that incorporates three-body interactions
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In eq 1, {r} represents the set of position vectors of all of the
atoms within the simulation supercell, n is the number of
atomic species in the system (3: Pt, H, C), Nα (Nβ) is the
number of atoms of species α (β), and rij

αβ is the distance
between the ith atom of species α and the jth atom of species β.

The expressions of Vαβ
R (rij

αβ), Vαβ
A (rij

αβ), and b̅ij
αβ are given in eqs

2−5 of the Supporting Information, SI. They involve fitting
parameters

, , , , , , , ,αβ αβ αβ αβ αβ αβγ αβγ αβγ αβγ

whose values have been optimized to minimize the object
function

w V V( , , ..., ) ( )
j

N

j j j
2

1

DFT 2
conf

∑χ = −αβ αβ αβγ
= (2)

using the Levenberg−Marquardt nonlinear weighted least-
squares method.34 In eq 2, Nconf is the number of
configurations included in the database for fitting (Nconf ∼
10 000) and Vj

DFT and Vj are the total energies of the jth

configuration obtained in DFT calculations and predicted by
the interaction potential V({r}) (eq 1), respectively. wj is a
coefficient associated with the jth configuration introduced to
give weight to low-energy configurations higher than for high-
energy ones (wj = 1 if Vj

DFT ≤ 1.8 eV and decreases for
increasing Vj

DFT values, where VDFT = 0 corresponds to our
reference configuration with the molecule and the surface in
the lowest-energy geometry and far from each other).
The initial database for fitting used in this work includes

configurations for: (i) the distorted molecule far from the
undistorted surface, (ii) the undistorted molecule far from the
distorted surface, (iii) the undistorted molecule approaching
the surface on different high-symmetry sites and with different
orientations (with one, two, and three H atoms pointing to the
surface), and (iv) all of the configurations explored by the
geometry-optimization algorithm we have used to search the
DFT TS, within both the rigid and nonrigid surface models.
Here, the undistorted surface (molecule) refers to the lowest-
energy configuration of the surface (molecule) for a large
molecule−surface distance. On the other hand, the distorted
surface (molecule) refers to the surface (molecule) out of its
undistorted configuration. The distorted configurations for
both the molecule and the surface were generated by running
DFMD calculations starting from initial distorted config-
urations obtained by displacing some atoms out of the
undistorted configuration. More precisely, for the molecule
we have performed ∼200-step DFMD calculations for: (i) CH4
initially with α × ZPE (α = 1, 3/2, 5/2) in each vibrational
normal mode and zero energy in all of the others (i.e., 12
DFMD calculations), (ii) CH4(v = 0) (i.e., in its ground
vibrational state), and (iii) the first and second singly excited
states of all of the vibrational normal modes. For the surface,
distorted configurations are those visited during: (i) geometry
optimization starting from the ideal bulk truncated structure of
the (2×1) missing-row reconstructed (110) face of Pt, and
from structures of Pt(110)-(2×1) with various Pt atoms
randomly displaced from their equilibrium positions, and (ii)
DFMD calculations for Ts = 300, 500, and 1000 K.
The initial database described above has been used to obtain

the first version of our RFF, which in turn was used in QCT
calculations for various values of Ei up to 1.3 eV, and Ts up to
650 K. They were performed to select new configurations,
which were then added to the database for refitting. This
procedure was repeated many times until convergence of the
sticking probabilities was obtained without any doubtful
configuration being detected during MD simulations. Addi-
tional information on the RFF parametrization method
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employed can be found elsewhere.35 The obtained optimum
values of the fitting parameters are reported in the SI.
The quality of the fitting of the DFT-PBE total energies and

the accuracy of the RFF forces are illustrated in Figure 2a,b,

respectively. It is observed that for DFT energies below ∼2 eV,
the fitting errors of the total energy for the great majority of
the configurations are smaller than 0.1 eV. For configurations
with higher DFT energies, the fitting errors increase because of
the reduction of the corresponding weighting factors wj in eq 2.
For instance, for all of the configurations in the database with
VDFT ≤ 1.5 eV, the computed root-mean-square error (RMSE)
is smaller than 0.03 eV, and reaches 0.1 eV if all of the
configurations with VDFT ≤ 8 eV are considered. Concerning
the forces acting on all of the atoms of the system, for
configurations with VDFT ≤ 3 eV the error of the majority of
the forces is smaller than 0.2 eV/Å and rarely exceeds 0.4 eV/Å
(Figure 2b).
Since the Vαβ

R (rij
αβ) and Vαβ

A (rij
αβ) potentials (eq 1) are short-

ranged (they are switched off to zero for rij
αβ ≥ 3.5 Å), V({r})

cannot properly describe long-distance van der Waals
interactions. In fact, this is consistent with the fact that the
PBE-DFT calculations used to build the fitting database do not
account for the long-distance molecule−surface attraction due
to dispersion forces. Using the specific reaction parameter
(SRP32-vdW) method that incorporates van der Waals
interactions, Chadwick et al. have studied this long-distance
behavior of the molecule−surface interaction potential and
have shown that: (i) the physisoprtion well for methane/
Pt(110)-(2×1) is ∼0.28 eV in depth, and (ii) for 1.5 Å ≤ Zcm
≤ 3.5 Å (with Zcm = 0 corresponding to the height of ridge Pt
atoms), this long-distance molecule−surface attractive inter-
action is rather corrugated along the coordinate, Xcm, parallel
to the surface in the direction perpendicular to the missing Pt

rows.24 For Zcm ≥ 3.5 Å, the molecule−surface interaction is
attractive but weakly dependent on the surface site and
becomes negligible for Zcm ≳ 7 Å. To reproduce these features
at long molecule−surface distances, we have added to V({r})
(eq 1), an empirical correction

V V V Z Xr r( ) ( ) ( , )RFF
vdW cm cm{ } = { } + (3)

The expression used for VvdW(Zcm, Xcm) can be found in the SI
(eqs 6−9). The resulting Zcm-dependence of the vdW-
corrected reactive force field, VRFF({r}), on top of the ridge,
facet, and valley Pt atoms are shown in Figure 3 together with

the SRP32-vdW results extracted from ref 24. It is important to
mention that on ridge Pt atoms, VvdW(Zcm, Xcm) switches off to
zero for Zcm ≤ 2.7 Å (measured with respect to the position of
ridge Pt atoms) and so, VvdW does not affect either the
geometry or the energy of the TS for dissociation obtained
with the non-vdW-corrected interaction potential V({r}).

2.1.3. QCT Calculations. To investigate the dynamics of
methane dissociative adsorption on Pt(110)-(2×1) and to
compute the corresponding initial reactive sticking probability,
S0, we have performed QCT calculations. The equations of
motion of atomic coordinates and momenta were integrated
using the Verlet algorithm.36,37 The initial state of the molecule
for particular initial vibrational states was selected using a
standard procedure following ref 38. We have considered
normal incidence and initial translational energies, Ei, between
0.2 and 1.3 eV. This choice, certainly motivated by the energy
range covered by the new unpublished experimental data
reported here, leaves out the low-energy regime where the
reactive sticking probability is deactivated by impact energy
(i.e., Ei ≲ 0.1 eV)8,39 and becomes much more sensitive to the
potential energy surface used in the dynamical calculations,16

and to the presence of surface defects such as steps and
kinks.16,40 We have only considered initially nonrotating
methane molecules whose orientation was selected using the
standard sampling of Euler angles (see, e.g., ref 41), and the
initial impact point was randomly chosen throughout a 1 × 3
unit cell (with respect to the reconstructed surface). For the
QCT calculations we have kept fixed the positions of the Pt
atoms in the four inner layers of Pt(110)-(2×1). The initial

Figure 2. Comparison of results obtained in DFT-PBE calculations
and with the interaction potential V({r}) (eq 1) for configurations of
methane/Pt(110)-(2×1) included in the fitting database (see the
text). (a) V vs VDFT: configurations lying between the two red straight
lines have fitting errors smaller than 0.1 eV. (b) Distribution of fitting
errors affecting the forces acting on the atoms, measured by the
modulus of the difference between the RFF and DFT-PBE force, |F −
FDFT|, for configurations with VDFT ≤ 3 eV.

Figure 3. Full lines: Zcm-dependence of VRFF (eq 3) on the ridge
(red), facet (blue), and valley (green) Pt atoms of Pt(110)-(2×1)
(Zcm is measured with respect to the position of the ridge Pt atoms).
Full circles: SRP32-vdW data extracted from Figure S2 of ref 24.
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coordinates and momenta of the Pt atoms in the three
outermost layers were selected from a large set of lattice
configurations produced previously in a NVT-MD simulation
of the clean surface. The Pt atoms in the third layer have been
put in contact with a Berendsen thermostat. Trajectories
started with the molecular center of mass Zcm = 8 Å above the
height of the ridge Pt atoms. Whenever a molecule comes back
to Zcm = 8 Å from the surface (one of the molecular bonds
reaches the 1.875 Å with the projection of the velocities of
both active atoms along their internuclear axis tending to
separate them from each other), the molecule is considered
reflected (dissociated). At that moment the integration of the
corresponding trajectory is stopped. If none of these events
takes place, at a maximum integration time, tmax, we stop the
trajectory and considered that the molecule is trapped intact
near the surface. To investigate the fate of molecules after a
long trapping time and to minimize the number of trajectories
that have neither led to desorption nor to dissociation, we have
increased the integration time to tmax = 1000 ps (see Section
3.4). The total number of trajectories integrated for each initial
condition was chosen to be between 2 × 104 and 4 × 105

depending on the value of S0, to obtain results as well
statistically converged as possible.
2.2. Experiments. The molecular beam-surface science

apparatus used in this study has been described in detail
previously.42 Briefly, the apparatus consists of a 3-fold
differentially pumped molecular beam source coupled to an
ultrahigh vacuum (UHV) surface science chamber with a base
pressure of 5 × 10−11 mbar. In the source chamber, a
continuous molecular beam was formed by skimming a jet
expansion produced by expanding a gas mixture of 1−3 bar
stagnation pressure through a stainless steel nozzle. Three
different gas mixtures were used: 3% CH4 in He, 1% CH4 in
H2, and 1.7% CHD3 in H2. The translational energy of the
molecular beam was controlled by changing the nozzle
temperature in the range of 300−800 K. The speed
distribution of the molecular beam was measured by a time-
of-flight method using a chopper wheel in combination with an
on-axis quadrupole mass spectrometer.43 The molecular beam
collided in the UHV chamber with a circular 10 mm diameter
Pt(110)-(2×1) surface at normal incidence. The single-crystal
sample was obtained from Surface Preparation Labs
(Zaandam, the Netherlands) and was cut within 0.1° of the
(110) plane. The crystal disk was mounted on a liquid nitrogen
cryostat using tungsten wires, which could be heated resistively
to control the surface temperature in the range of 90−1200 K.
Surface cleaning before each reactivity measurement was
performed by Ar+ sputtering and/or by exposing the surface to
5 × 10−8 mbar of O2 at a surface temperature of 700 K for 5
min followed by annealing at Ts = 1100 K for 2 min. The

surface cleanliness was verified using Auger electron spectros-
copy (AES), confirming that no detectable trace of carbon
(<1% ML) was on the surface. Two different techniques were
used to measure the initial sticking coefficients (S0) of methane
on Pt(110)-(2×1). At low surface temperature, Ts = 120 K, we
used reflection absorption infrared spectroscopy (RAIRS) to
detect and quantify the coverage of the nascent methyl
products formed by methane dissociation. We previously
reported44,45 the surface site selective RAIRS detection of
methane dissociation on the steps and terrace sites of a
Pt(211) surface. On Pt(110)-(2×1), we detect methane
dissociation only on the ridge sites in agreement with early
studies from our laboratory.46 Initial sticking coefficients of
methane are obtained from the initial slope of the uptake curve
obtained from the RAIRS signal calibrated in terms of surface
coverage. A more detailed description of this procedure can be
found elsewhere.44,45 At surface temperatures above 180 K, the
nascent methyl product species are unstable and quickly
dehydrogenate leading to C(ads) and hydrogen desorption.
Therefore, we used the molecular beam reflectivity method
developed by King and Wells24,47 to measure the initial
sticking coefficients at Ts = 650 K.

3. RESULTS AND DISCUSSIONS
3.1. DFT Results. The geometry and energy of the four

transition states (TS) obtained by DFT calculations within the
rigid and the nonrigid surface approximation are summarized
in Table 1. All four TS have very similar energies: 0.72 ± 0.02
and 0.62 ± 0.02 eV for the rigid- and nonrigid-surface models,
respectively. The smallest C−Pt distance, dC−Pt, the C−H
distance for the breaking bond, dC−H, and the polar angle
between the C−H breaking bond and the surface normal, θ
(see Figure 1b) are similar for the four TS, though per
configurations are characterized by values of dC−H ∼ 0.05 Å
larger (θ ∼ 12° smaller) than the par ones. All of the geometric
and energetic properties of the TS we have obtained within the
rigid-surface model agree very well with those reported
previously by Jackson and co-workers23,33 who used DFT
settings very similar to the ones used here. The energies we
have obtained for the K1 (L2) TS is 0.01 eV smaller (0.07 eV
larger) than the one reported by Chadwick et al. who used the
specific reaction parameter (SRP32-vdW) approach to model
the methane/Pt(110)-(2×1) system.24 Within the nonrigid
surface approximation, the energy barriers we have obtained
for par and per configurations are, respectively, 0.09 and 0.12
eV smaller than for the rigid surface. As pointed out in ref 23,
this energy decrease is due to the shift up of the closest Pt
atom by 0.12 and 0.14 Å, respectively (see Table 1). This
energy-barrier decrease (0.09−0.12 eV), when surface
relaxation is allowed, is consistent with the ∼0.07 eV decrease

Table 1. DFT Geometry and Energy of Four TS for CH4/Pt(110)-(2×1) for the Rigid Surface and Nonrigid Surface Models
(See the Text)a

rigid surface nonrigid surface

TS dC−Pt (Å) dC−H (Å) θ (°) Eb (eV) dC−Pt (Å) dC−H (Å) θ (°) Eb (eV) ΔPt (Å)

par-e (K1) 2.22 1.54 131 0.71 (0.70; 0.72) 2.21 1.52 131 0.62 0.12
par-a (K2) 2.24 1.52 133 0.74 (0.72; −) 2.23 1.50 133 0.64 0.12
per-e (L1) 2.20 1.62 120 0.74 (0.72; −) 2.19 1.59 118 0.62 0.14
per-a (L2) 2.21 1.58 120 0.73 (0.71; 0.66) 2.20 1.55 119 0.61 0.14

adC−Pt, dC−H, and θ are defined in Figure 1b, and ΔPt is the outward vertical displacement of the closest Pt atom with respect to its equilibrium
position for the clean surface. The Eb values in brackets are those obtained using the PBE functional by Jackson and co-workers23 (left) and the
SRP32-vdW method by Kroes and co-workers24 (right).
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reported in ref 33 (for the K1 and L1 TS) only for the ridge Pt
atom closest to the molecule shifted up by 0.1 Å.
3.2. RFF Accuracy. In Table 2, we compare the interlayer

distance between the three outermost layers (the ones allowed

to relax) obtained in the geometry optimization of the clean
surface geometry through DFT and RFF-based calculations
(see Figure 4). It is observed that the DFT values are well
reproduced by our RFF, discrepancies being not larger than
0.02 Å.

In Table 3, we compare the frequencies of the vibrational
modes of CH4 and CHD3 in a vacuum obtained through DFT
and RFF-based calculations (within the harmonic approx-
imation) with experimental data extracted from ref 52. For all
of the normal modes, the discrepancies between both
theoretical results and between them and experiments are
smaller than 100 cm−1. The experimental ordering of the

frequency values is also well reproduced. These results support
the use of the RFF developed here to describe the dynamics of
CH4 and CHD3 initially in the ground vibrational state and in
vibrationally excited states.
The TS obtained using the resulting RFF within the rigid

and nonrigid surface approximations are shown in Table 4.
Within the rigid surface approximation, the obtained activation
energies and geometries of the four considered TS are similar
to the DFT ones. For instance, the discrepancies between DFT
and RFF energies, C−Pt distances, C−H distances, and θ
angles are never larger than 0.04 eV, 0.06 Å, 0.12 Å, and 6°
respectively. Though, some of these discrepancies are in
principle not negligible (e.g., the 0.12 Å difference in dC−H for
the par-a configuration), in general the agreement is good and
in particular, the RFF reproduces the θ values for per
configurations ∼10° smaller than for par ones found in DFT
calculations. For the nonrigid surface approximation, the
agreement between the RFF and DFT results deteriorates, with
discrepancies for energy barriers varying between 0.07 and 0.18
eV. The RFF energy barriers are all lower than the DFT ones.
This seems to be connected with too large upshifts of the ridge
Pt atom closest to the molecule in the TS configuration. The
attempts we have made to further improve the description of
these energy barriers by increasing the weight of configurations
near the DFT TS for the nonrigid surface were unsuccessful: in
doing that, the quality of the fitting for many other
configurations in the database deteriorates significantly. Still,
due the predicted weak dynamic coupling between molecular
and lattice degrees of freedom because of the mass mismatch,
it is expected that the effect of these errors will not be dramatic
at least for low temperatures for which thermally activated
lattice distortions are small.

3.3. Comparison of QC RFF and DFMD Results. In
contrast with DFMD calculations that employ forces computed
directly using DFT, the results of any dynamical method using
a PES built by interpolation or fitting of DFT data can be
affected by the (unavoidable) errors of any PES-parametriza-
tion method. Therefore, comparing PES-based-dynamics and
DFMD results (obviously based on similar DFT calculations)
is important to check the reliability of the PES.53 For this
reason, here we compare the results obtained with the PBE
functional used in this study and the DFMD ones reported by
Chadwick et al. using the reaction parameter (SRP32-vdW)
approach for the CHD3/Pt(110)-(2×1) system.24 Despite the
different functionals, both studies predict similar geometries
and energies (differing by only 50−70 meV) for the four
transition states for methane dissociation on the ridge Pt
atoms. In addition, our RFF has been designed to properly
account for the long-distance behavior of the molecule−surface
interaction obtained within the SRP approach, as was
explained above.
In Figure 5, we compare S0 (panel a) and the fraction of

dissociation events taking place on ridge Pt atoms (panel b),
obtained by our RFF-based QCT calculations and by DFMD.
Here, we consider a dissociation event to take place on a ridge
Pt atom when it is closest to the methane C atom at the time
of dissociation where we stop the integration of the
corresponding trajectory. For a direct comparison, all of the
results presented in Figure 5 have been obtained with the same
total integration time, tmax = 1 ps, as used in the DFMD
calculations.24 In general, our RFF-based S0 values are in good
qualitative agreement with the DFMD ones. Our S0 values are
25−45 % lower than the DFMD ones of ref 24 which is not

Table 2. Difference between the Bulk and the Relaxed
Geometry of Pt(110)-(2×1)a

method Δd12 (%) Δd23 (%) Δd34 (%) b3 (Å)

DFT (present work) −19.5 −0.3 +1.9 0.35
DFT (ref 24) −18.5 −0.2 +1.1 0.35
RFF −18.1 −2.4 +1.1 0.37
exp. LEED48 −17.4 +1.1 +0.4 0.17
exp. LEED49 −18.4 −12.6 −8.7 0.32
exp. MEIS50 −16 +4 0.10
exp. X-ray diffraction51 −19.5 −7.9

adij represents the distance between the layers i and j, with i = 1
corresponding to the outermost surface layer, and b3 represents the
buckling in the third layer (see Figure 4).

Figure 4. Side view of Pt(110)-(2×1) with the definition of the
structural parameters dij, i = 1, 2, 3; j = i + 1, and b3 reported in Table
2.

Table 3. Normal-Mode Frequencies, ν, and Degenerancies,
λ, of CH4 and CHD3 Obtained through DFT and RFF-
Based Calculations within the Harmonic Approximation
and Experimental Data Extracted from Ref 52

λ νRFF (cm−1) νDFT (cm−1) νexp (cm−1)

CH4 3 3109 3092 3019.49
1 2966 2975 2916.49
2 1516 1514 1533.34
3 1328 1288 1310.76

CHD3 1 3078 3065 2992.75
2 2302 2286 2250.83
1 2143 2145 2142.58
2 1285 1271 1292.50
2 1033 1012 1035.52
1 1011 980 1004.55
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unexpected since in our rigid surface some energy barriers are
higher than the ones obtained in the latter work by ∼0.07 eV
(e.g., 0.73 vs 0.66 eV for the L2 TS, as shown in Table 1).
However, these discrepancies might also be due to the fact that
in contrast with ref 24, we have not considered the velocity-
and vibrational-state-distribution of the molecules in SMB
experiments. Both RFF-based dynamics and DFMD calcu-
lations predict a high fraction of dissociation events taking
place on ridge Pt atoms for 1.0 eV ≲ Ei ≲ 1.3 eV: i.e., higher
than 90 % and slightly decreasing for increasing Ei. Also in
agreement with ref 24, we have obtained that in this energy
range, ∼1−5% of the impinging CHD3(v = 0) molecules
remain trapped near the surface after 1 ps. This fraction of
trapped molecules, Ftrapp

1 ps , increases for decreasing energies, as
shown in Figure 6 (red line). Although Ftrapp

1 ps is relatively small,
it is not negligible compared with the reactive sticking

probability. Thus, our results show that tmax = 1 ps is not
long enough to compute dissociative sticking probabilities of
CHD3(v = 0) on Pt(110)-(2×1) for energies Ei ≤ 1 eV, in
agreement with DFMD calculations.24

Due to the much lower computational cost of our RFF-
based approach, we can use tmax values much larger than 1 ps.
Then, we have evaluated the fraction of trapped molecules at 5
ps, Ftrapp

5 ps and at 66 ps, Ftrapp
66 ps, which are also shown in Figure 6.

The value of tmax = 66 ps was chosen because it is the estimated
trapping time of physisorbed CHD3 on Pt(110)-(2×1) at Ts =
650 K.24

Figure 6 shows that in general, Ftrapp increases when Ei
decreases. For example, Ftrapp

1 ps × 100 % exceeds 50% for Ei < 0.4
eV. As expected, Ftrapp decreases strongly when the total
integration time tmax is increased. However, at low Ei values,
Ftrapp is not negligible even for total interaction times as long as
66 ps. For instance, for Ei = 0.2 eV, Ts = 650 K, and Ftrapp

66 ps =
0.05: i.e., a value much higher than the reactive sticking
probability.8 This highlights the importance of long integration
times for the methane/Pt(110)-(2×1) system. To investigate
the fate of the long-time trapped molecules, in our calculations
we have used tmax = 1000 ps. In the next section, we make use
of such long-term simulations and also of the possibility to
integrate up to ∼105 trajectories per initial condition, to
perform an extended comparison of QCT results with available
and unpublished SMB experimental data, for both CHD3 and
CH4, in a wide range of impact energies (0.2 eV ≤ Ei ≤ 1.3 eV)
and surface temperatures (Ts = 650 and 120 K), not accessible
for DFMD due to its higher computational cost.

3.4. Comparison of RFF-Based QCT Results with
Experiments. 3.4.1. CHD3. In Figure 7a, we compare RFF-
based QCT results of S0(Ei) for CHD3(v = 0)/Pt(110)-(2×1)
with experimental data for Ts = 650 K extracted from ref 24. In
this case, we have found that tmax = 1000 ps is large enough to
determine the fate of all molecules even for the smallest Ei
values under consideration. The Ei-dependence of the SMB
experimental data is qualitatively reproduced by theory but the
simulation results underestimate the measured data. It must be
noted that the experimental data are for molecules with a
thermal vibrational distribution corresponding to the nozzle
temperature, whereas the calculations are for CHD3(v = 0).
This may explain at least in part why theory underestimates the
experimental results in particular for the highest energies
considered for which the nozzle temperature and the fraction
of vibrationally excited molecules in the beam are the highest.
However, the size of the underestimation observed in Figure
7a does not decrease when Ei decreases, which suggests the
existence of other possible source of errors. A 0.3 eV shift to
lower Ei of the theoretical curve (the thick line in Figure 7a) is
needed to overlap the calculated results with the experimental
values, which suggests that the average energy barrier for
dissociation predicted by our RFF might be too high by 0.3 eV.
Such an error might be attributed to a too high activation
energy obtained with our modeling of the methane/Pt(110)-

Table 4. Same as Table 1 but Results Obtained with the RFF

rigid surface nonrigid surface

TS dC−Pt (Å) dC−H (Å) θ (°) Eb (eV) dC−Pt (Å) dC−H (Å) θ (°) Eb (eV) ΔPt (Å)

par-e (K1) 2.19 1.55 132 0.72 2.21 1.44 141 0.53 0.19
par-a (K2) 2.19 1.55 130 0.77 2.19 1.51 134 0.59 0.19
per-e (L1) 2.18 1.76 124 0.77 2.15 1.69 124 0.57 0.24
per-a (L2) 2.18 1.80 122 0.75 2.16 1.68 123 0.56 0.22

Figure 5. Dynamics results for CHD3(v = 0)/Pt(110)-(2×1) at Ts =
650 K, obtained using the RFF developed in this work, and through
DFMD calculations (results taken from ref 24), in both cases with a
total integration time of, tmax = 1 ps. (a) Initial reactive sticking
probability, S0 and (b) fraction of dissociation events taking place on
ridge Pt atoms.

Figure 6. Percentage of molecules that remain trapped (intact) near
the surface after 1 ps (red), 5 ps (black), and 66 ps (blue). Lines:
RFF-based QCT results and full circles: DFMD results extracted from
ref 24.
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(2×1) system, in particular the choice of a slab of seven Pt
layers to represent the surface, and the use of the PBE XC
functional. Still, in the light of the analysis performed in ref 24,
these errors should be not much larger than 0.15 eV. Though,
the test calculations performed to gauge the quality of our RFF
do not point to the fitting procedure as an extra cause of
significant errors, this possibility cannot be completely ruled
out.
As mentioned above, the QCT-DFMD sticking probabilities

presented in ref 24 also underestimate the experiments by a
factor of ∼2, and it was argued that dissociation events after
interaction times larger than 1 ps might be the reason for such
disagreement. In fact, the authors showed that if most of the
molecules that remain trapped near the surface at t = 1 ps
eventually dissociate, their DFMD results would be much
closer to experiments. However, Figure 7b shows that the
fraction of CHD3 trapped near the surface at t = 1 ps, that
eventually dissociate, Ndiss(t > 1 ps)/Ntrapp(t = 1 ps), is smaller
than 2 × 10−3. If as expected, a similar result would be
obtained in DFMD calculations, dissociation events at
interaction times larger than 1 ps cannot explain the
discrepancy with experiments found in ref 24. In fact, our
findings are encouraging for the use of DFMD for methane/
Pt(110)-(2×1) because they suggest that it is not necessary to
run long DFMD trajectories to evaluate the dissociative
adsorption probability simply because for Ei > 0.3 eV, CHD3(v
= 0) molecules trapped more than 1 ps do not contribute
significantly to S0, at least for Ts = 650 K. While the large
methane dissociation barrier calculated to be ∼0.6−0.7 eV for
a static surface with all Pt atoms fixed at their equilibrium
positions (rigid surface approximation)24 may seem to exclude
the dissociation of trapped molecules, it also neglects any effect
due to thermally induced corrugation. One could imagine that
the trapped molecules on a hot metal surface at Ts ∼ 650 K
have a finite probability of finding a metal atom which is
thermally displaced out of the surface plane and which presents
a significantly lower dissociation barrier.54−56 However, our
present QCT calculations show that the probability of such

events is negligible for CHD3/Pt(110)-(2×1) at the surface
temperatures considered in experiments.24,57

3.4.2. CH4. In Figure 8, we compare RFF-based QCT results
of S0 with new molecular beam experimental data for CH4/

Pt(110)-(2×1) at Ts = 650 K (panel a) and Ts = 120 K (panel
b). All of the reported QCT results have been obtained using
tmax = 1000 ps. As in the case of CHD3, the theoretical results
show an Ei-dependence of S0 similar to the experimental one
but underestimate the measured values except for v = 0, Ts =
120 K, and Ei ≲ 0.4 eV (see below). As expected, the S0 values
for CH4(ν3 = 1) are higher than those for CH4(v = 0) but both
sticking curves present similar Ei-dependencies. For compar-
ison, in Figure 8a we have also included RPH results for v = 0
and Ts = 600 K extracted from ref 23, which present a stronger
Ei-dependence (in spite of using the same PBE exchange−
correlation functional as used here to describe the molecule−
surface PES), and they reproduce well the experimental data
for Ei = 0.55 eV but tend to overestimate the measurements for
higher impact energies.
It is important to mention that whereas for the Ts = 650 K

setting, tmax = 1000 ps is sufficient for all of the molecules to
either dissociate or reflect to vacuum (for both v = 0 and ν3 = 1
initial states and all impact energies), this is not true for Ts =
120 K at low impact energies: Ei < 0.6 eV (0.5 eV) for CH4(v =
0) (CH4(ν3 = 1)). The fact that even after tmax = 1000 ps, at Ts
= 120 K a significant fraction of low-energy molecules remain
trapped near the surface (dashed lines in Figure 8b) is not
totally surprising because in general, the trapping probability
and the lifetime of trapped molecules increase when both Ei
and Ts decrease. For instance, for methane/Pt(110)-(2×1) if
molecules thermalize in the ∼0.28 eV deep physisorption well
(see Figure 3), the estimated lifetime of the physisorbed state
τ(Ts) = 10−13s × exp(0.27 eV/KBTs) is ∼15 ps for Ts = 650 K
but ∼0.06 s for Ts = 120 K. Unfortunately, a realistic
theoretical description of the time evolution of molecules for

Figure 7. (a) Dissociative sticking probability, S0, for CHD3/Pt(110)-
(2×1) at Ts = 650 K as a function of the incident translational energy
Ei. Squares: experimental data taken from ref 24; full thick line: QCT
results for CHD3(v = 0); and full thin line: QCT results for CHD3(v
= 0) shifted to lower Ei by 0.3 eV (see the text). (b) Fraction of
molecules that finally dissociate, after interacting more than 1 ps with
the surface.

Figure 8. Dissociative sticking probability, S0, of CH4 on Pt(110)-
(2×1) at (a) Ts = 650 K and (b) Ts = 120 K. Full thick lines:
theoretical results (present work) for CH4(v = 0) (black) and CH4(ν3
= 1) (red). Full squares: SMB experiments (present work) for a beam
of CH4 molecules with a thermal distribution of initial vibrational
states (black) and in the ν3 = 1 initial state (red). In (a) the full thin
black line represents RPH results for CH4(v = 0) and Ts = 600 K
extracted from ref 23 In (b) the black (red) dashed lines represent the
fraction of CH4 molecules in the v = 0 (ν3 = 1) initial state that
remain trapped intact near the surface at tmax = 1000 ps (see the text).
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very long-interaction times is not trivial due not only to a
prohibitive computational cost but also to other more
fundamental reasons. For very long-interaction times and
very small sticking probabilities, classical artifacts like ZPE
violation might provoke non-negligible errors.58 In addition,
the expected large lateral displacements of molecules during
their long trapping times increase the role played by surface
defects that cannot be avoided in the experiments but are not
accounted for in our model.16,40 Finally, the description of
energy dissipation to the surface through electron−hole pair
excitations59 might also be necessary for a better description of
such long-interaction times. Still, it is interesting to explore if
our MD simulations can provide some clue on the most
probable fate of the trajectories characterized by interaction
times >1000 ps, at least for the ideal case of a perfect (defect-
free) surface. With this aim, for Ts = 120 K we have analyzed
the distribution of dissociation and reflection/desorption times
of CH4(v = 0) with Ei = 0.4 eV and CH4(ν3 = 1) with Ei = 0.2
eV. The results are shown in Figure 9a,b, respectively, where

we have restricted the x-axis to 100 ps, simply to help the
visualization and comparison of the two time distributions.
Whereas many molecules follow a slow and continuous
trapping-desorption mechanism characterized by long inter-
action times, dissociation events take place only within the first
∼2 ps. These results show that for long-time trapped
molecules, the rate coefficient of desorption is much larger
than that of dissociative chemisorption.
Interestingly, the absence of any dissociation event after 2 ps

shows that over the full energy range considered in this work,
long interaction times do not entail artificial reactive events
due to leakage from vibrational motion to the reaction
coordinate. This might be because molecules trapped for long
times remain relatively far from the surface in the region of the
physisorption well (see below) where coupling of vibrational
modes with the reaction coordinate is weak. Inclusion of
energy transfer to the surface due to electron−hole pair
excitations in the theoretical model20,59 is not likely to entail

reactive events detrimental to desorption. Finally, the
monotonously (and sharply) increasing Ei-dependence of the
experimental S0 data for CH4(v = 0) at Ts = 120 K does not
suggest a prominent role of surface defects in the energy range
considered in this work. Thus, our analysis indicates that the
comparison of experiments with the computed sticking
probabilities for Ts = 120 K could be well justified not only
for Ei ≳ 0.5 eV but in the full energy range considered in
Figure 9b. Unfortunately, elucidating why the computed S0
values for CH4(v = 0) agree quantitatively with experiments
only for Ei ≤ 0.4 eV and Ts = 120 K is at present not clear and
demands further investigation.
To understand why methane molecules trapped for long

times on a defect-free Pt(110)-(2×1) surface do not dissociate,
it is interesting to characterize the state of such molecules.
Figure 10 shows that after 100 ps the trapped molecules are
almost all located over the valley sites where the physisorption
well is the deepest (∼0.1 eV deeper than on the ridge, as
shown in Figure 3). Methane dissociation on Pt(110)-(2×1) is
an activated process characterized by a TS whose energy is
∼0.6 eV (with respect to the reference configuration of the
molecule far from the surface). Therefore, (similar to many
other highly activated systems) for physisorbed molecules, the
lowest dissociation barrier is significantly larger than the barrier
for desorption and then, the latter channel tends to prevail.
However, in this case there is another, perhaps unusual
geometric factor that also favors desorption over dissociation:
physisorbed molecules remain most of the time over valley
sites where not only the physisorption well is the deepest but
also the energy barrier for dissociation is the highest (likely to
be more than 1 eV higher than on ridge Pt atoms23,24).
Finally, it is interesting to point out that the nonreactive

character of trapped methane molecules on Pt(110)-(2×1) in
the energy range considered here (i.e., Ei ≳ 0.2 eV) provides an
explanation of why S0 can be computed using the RPH method
of ref 23 despite assuming that molecules do not move laterally
during the collision with the surface. Though many molecules
are trapped and extensively explore the surface, they eventually
desorb and do not contribute to S0. All of the molecules that
dissociate do it near the impact site through a rather direct
mechanism.

4. CONCLUSIONS
We report initial dissociative sticking probabilities for CH4 and
CHD3 on Pt(110)-(2×1) obtained by QCT calculations and
measured in supersonic molecular beam (SMB) experiments.
QCT calculations make use of a reaction specific reactive force
field (RFF) obtained by fitting of density functional theory
(DFT) total energies, plus an empirical long-distance
correction to account for van der Waals interactions. QCT
and SMB data agree qualitatively over a wide range of
translational energies, 0.2 eV ≤ Ei ≤ 1.3 eV, and surface
temperatures: Ts = 650 and 120 K, for CH4 and CHD3,
respectively, in the ground vibrational state v = 0, and for CH4
with one quantum of antisymmetric C−H stretch excitation
(ν3 = 1). However, the calculated sticking probabilities are
mostly lower than the experimental results by a factor of ∼2−
3. This underestimation is similar to the one obtained by
Chadwick et al. in density functional molecular dynamics
(DFMD) calculations for CHD3 for Ei ∼ 1 eV and Ts = 650 K
using the SRP approach.24 The fact that in the latter work the
trajectories had been integrated only during 1 ps, and that after
1 ps a non-negligible fraction of molecules remain trapped near

Figure 9. (a) Distributions of reflection (red) and dissociative sticking
(blue) times for CH4(v = 0)/Pt(110)-(2×1) at Ts = 120 K and Ei =
0.2 eV obtained in QCT calculations. (b) Same as (a) but for CH4(ν3
= 1).
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the surface, opened the question if the discrepancy with
experiments might be due to molecules dissociating after more
than 1 ps interaction times. In good agreement with the latter
work, our QCT calculations predict significant trapping of
methane on Pt(110)-(2×1), with interaction times larger than
1 ps even for initial impact energies, Ei, approaching 1 eV.
Thanks to the possibility of following the time evolution of
trapped molecules for much longer interaction times, we have
shown that the fraction of trapped molecules and their typical
interaction times increase dramatically when Ei and Ts

decrease. However, in the whole range of impact energies
considered for Ts = 650 K, and for Ei ≳ 0.5 eV at Ts = 120 K,
the contribution to the reactive sticking channel coming from
long-interaction-time molecules is negligible. Such molecules
eventually desorb intact due to an energy barrier to desorption
much lower than to dissociation, and also because they tend to
spend more time on top of the valley Pt atoms (where the
physisorption well is the deepest), which offer the highest
energy barrier toward dissociation. For Ts = 120 K, our analysis
of the dynamics restricted to interaction times ≤1000 ps
suggests that the conclusions reached for Ei ≳ 0.5 eV might
also be valid for lower impact energies. However, this must be
considered with caution because for 0.2 eV ≤ Ei ≲ 0.5 eV, the
fraction of trapped molecules increases significantly and their
lifetime reaches values beyond the scope of our standard
molecular dynamics simulations. Unfortunately, the origin of
the present underestimation of experiments (similar to the one
obtained by Chadwick et al. in DFMD calculations for CHD3

and Ts = 650 K using the SRP approach24), is still unclear and
requires further investigation.
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Figure 10. Position of the center-of-mass of trapped CH4(ν3 = 1) molecules on Pt(110)-(2×1) (Ei = 0.2 eV, Ts = 120 K) at t = 100 ps. (a) Black
dots indicate the Xcm and Ycm coordinates (parallel to the surface) within the 1 × 3 supercell. Yellow, blue, and gray circles represent the ridge, facet,
and valley Pt atoms, respectively. (b) Distribution of the Z coordinate of the molecular center-of-mass, Zcm, which reaches its maximum for Zcm ∼
2.7 Å where the physisorption well is the deepest (see Figure 3).
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