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Developing a widely-used reactive force field is meaningful to explore the fundamental reaction mechanism on gas-surface chemical reaction dynamics due to its very high computational
efficiency. We here present a study of hydrogen and its deuterated molecules dissociation
on Pd surfaces based on a full-dimensional potential energy surface (PES) constructed by
using a simple second moment approximation reactive force field (SMA RFF). Although the
descriptions of the adsorbate-substrate interaction contain only the dissociation reaction of
H2 /Pd(111) system, a good transferability of SMA potential energy surface (PES) is shown
to investigate the hydrogen dissociation on Pd(100). Our simulation results show that, the
dissociation probabilities of H2 and its deuterated molecules on Pd(111) and Pd(100) surfaces keep non-monotonous variations with respect to the incident energy Ei , which is in
good agreement with the previous ab initio molecular dynamics. Furthermore, for the oriented molecules, the dissociation probabilities of the oriented H2 (D2 and T2 ) molecule have
the same orientation dependence behavior as those oriented HD (HT and DT) molecules.
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it is an ideal molecule for experiments on rotational
excitation. There have been some diffractive, rotationally elastic and inelastic scattering experiments on HD
molecules interacting with Pt [6], Ni [8], Cu [13], and
Au [7] surfaces as well as Pd [15]. The large difference between various metal surfaces was observed in the
amount of rotational excitation. One significant factor
is attributed to the fact that molecular center of mass
of the HD molecule is displaced from the corresponding molecular center of charge which effectively affects
angular momentum during collision process. Kingma
and coworker [23] first presented a quantum dynamical study of dissociative adsorption of HD and H2
molecules interacting with an activated Pt(111) and reported slightly smaller dissociative adsorption probabilities of HD molecules. Another dynamical study of
the HD and H2 molecules interacting with Cu(110) and
Pd(111) surfaces was done by Ramirez et al. [24] by
classical trajectory method based on a six dimensional
potential energy surface (PES) using the corrugation reducing procedure (CRP) [25, 26]. Very recently, using
stimulated Raman pump and linearly polarized laser,
the well-defined, non-statistical aligned or oriented HD
and H2 molecules can be experimentally prepared in
gas phase [14, 27]. One interesting alignment effect of
H2 interacting with Pd(111) has been experimentally
investigated by Sitz group [14]. However, few theoretical attempts are made by straightforwardly empha-

I. INTRODUCTION

Molecule-surface interactions have long attracted
much attention due to a lot of important surface chemical reactions in heterogeneous catalysis [1–3]. The
dissociative adsorption of hydrogen (H2 ) molecule on
metal and alloy surfaces is one benchmark system [4, 5].
With a large number of supersonic molecular beams and
state-resolved experiments [6–15], much attention to H2
dissociation on bare Pd surfaces has historically been
paid because of this typical non-activated gas-surface
reaction. From the view of dynamics, many important dynamical studies [16–22] using classical molecular dynamics, ab initio molecular dynamics (AIMD)
and quantum dynamics approaches have been devoted
to the fundamental understanding of novel dissociation
mechanisms and characters, e.g., the dissociation probability (S0 ) as a function of the initial incident energy
presents a non-monotonous dependence due to the significant trapping molecular ‘precursor’; H2 initially rotating in cartwheel-like states has the lower S0 than
that in helicopter-like states. Recently, much attention
is paid to the partially deuterated HD molecules since
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sizing on molecular orientation dependence of the partially deuterated HD molecule interacting with a nonactivated metal surface.
In this work, we present the good transferability
of a simple second moment approximation reactive
force field through some simulations on hydrogen and
its deuterated molecules dissociation on Pd(111) and
Pd(100) surfaces.
II. METHOD
A. Second moment approximation reactive force field
(SMA RFF)

The interaction potential between the incident
molecules and the substrate (Pd(111) and Pd(100) surfaces) is described by a full-dimensional potential energy surface (PES) based on SMA RFF. We use exactly the same expressions for the SMA RFF as those
in Ref.[28]. In order to determine the parameters in
the RFF, we use a database containing only results
obtained from DFT calculations with the help of the
Vienna ab initio simulation package. The DFT calculations are performed with the generalized gradient
approximation of Perdew and Wang (PW91). Planewaves are used for expanding the wave functions with a
cutoff energy equal to 200 eV. We use ultra soft pseudo
potentials for valence electrons and a 4×4×1 k-points
grid for the k-space sampling. The super cell approach
is adopted which includes a slab of 5 Pd layers with a
(3×3) Pd(111) surface cell and a vacuum space corresponding to five Pd layers. We take the energy of H2
at a point far from the surface (Z=7.0 Å) as the zero
of the potential energy of the system. DFT calculated
configurations are exactly the same as those in Ref.[28].
We use the widely spread least square scheme to carry
out the fitting by minimizing the chi-square function
defined in Ref.[28]. The fitting is carried out with only
data related to the total energy. All the data in the
database do not have the same importance. Therefore,
there is a weight to each data according to its importance. In Ref.[28], the weight coefficient is determined
by using the following expression for SMA RFF,
DFT
wm = θ(0.1 − Em
)

(1)

In Ref.[29], Shen et al. used the following formula to
determine the weight coefficient instead of Eq.(1):
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The results showed that SMA RFF parameterized
with Eq.(2) gives a much more reliable PES than SMA
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RFF with Eq.(1). According to Ref.[29], the SMA RFF
parameterized with Eq.(2) leading to qualitatively correct results for the dynamics (i.e., nonmonotonous variation of S0 with respect to Ei for H2 /Pd(111)). Moreover, the quantitative difference between various results
(e.g. CRP-MD and AIMD) for S0 being of the order of
30% (the same order as that found for the experimental results obtained by different groups). The results
indicated that the cutoff energy used in the chi-square
function for fitting has an important influence on the
accuracy of the parameterized RFF. The details about
the accuracy and fitting procedure of such SMA(PES)
can refer to our previous work [28–30].
In our present work, the constructed PES using
SMARFF is the same as those performed by Shen
and coworkers in Ref.[29]. Here we simply mention
that this developed SMA(PES) only contains the information about H2 /Pd(111) system [29, 30]. In Fig.1,
the variation of the total energy with the moleculesurface distance, Z, is shown for fcc-fcc pathway on
clean Pd(111) (Fig.1(a)) and hollow-top-hollow pathway on clean Pd(100) (Fig.1(b)) with the bond of H2
being fixed to 0.75 Å. We see that the curve given by
our SMA(PES) is qualitatively similar to that given by
DFT calculation for both surfaces. It is quite remarkable that the SMA RFF constructed with a database
containing only information on H2 /Pd(111) allows for
obtaining accurate results for H2 /Pd(100). The main
reason for the success of transference is due to the similarity of their electronic structures.

B. Dynamics calculations

Our simulations on the dissociative chemisorption of
various H2 and its deuterated molecules (such as D2 ,
T2 , HD, HT, and DT) with different incident energies on Pd(111) and Pd(100) surfaces have been carried out by using classical molecular dynamics method
[31]. Verleta lgorithm is used for integrating the equation of motion with a time step of 0.3 fs, which ensures
a conservation of total energy within 0.5 meV in a micro canonical ensemble NVE during a period of 5.0 ps.
The starting height of incident molecules is 6.0 Å above
the surface and only normal incidence is considered in
the present work. The normal incident energy varies
from 10 meV to 400 meV for each molecule. The initial impact position of incident molecules is chosen randomly. For a random molecule, the initial orientation
is chosen randomly, while for an oriented molecule, it
is prepared with a given orientation angle θ, i.e., the
angle between molecular bond and the surface normal.
The given orientation angle varies from 0◦ to 180◦ with
an interval angle of 30◦ . We performed only classical
trajectory simulations, i.e., without the zero point vibrational energy being included in the initial state of all
the molecules. We consider the molecule as dissociated
once its bond length is larger than 2.25 Å and two H
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FIG. 1 Variation of the potential energy with respect to the distance of H2 to the surface with the bond of H2 being fixed
to 0.75 Å and parallel to the surface along fcc-fcc pathway on clean Pd(111) (a) and hollow-top-hollow pathway on clean
Pd(100). (b) DFT results (solid squares) and SMA RFF results (open circles).

FIG. 2 Dissociation probability S0 of random H2 molecule as a function of incident energy Ei calculated from REBO (solid
squares) [28], SMA RFF (solid circles), AIMD (solid triangles) [32] and from experiment (open squares and circles) [9, 11]
(a) on a non-rigid Pd(111) and (b) on a non-rigid Pd(100).

(D or T) atoms have the opposite velocities along the
bond. A molecule is considered as reflected when it returns to the starting height with a velocity pointing to
the gas phase. The dissociation probability (S0 ) is the
ratio of the number of reactive trajectories (Ndis ) to the
number of total trajectories (Ntot ), i.e., S0 =Ndis /Ntot .
It is calculated with 1000 trajectories and the statistical
errors are less than 0.02. All the dynamics simulations
are carried out on non-rigid surfaces, i.e., simulations
involving the motion of some substrate atoms, three
bottom layers of the slab are fixed while the uppermost
two layers are allowed to move.

III. RESULTS AND DISCUSSION
A. Transfer ability of SMA(PES)

First of all, we demonstrate the S0 of H2 dissociation
on a non-rigid Pd(111) and a non-rigid Pd(100) surface
with the previous theoretical and experimental studies
[9, 11, 28, 32]. In Fig.2, it is clear to note that the S0
obtained from our SMA RFF has the similar tendency
with these theoretical results such as AIMD methods.
Importantly, these results indicate that our SMA RFF
DOI:10.1063/1674-0068/30/cjcp1605096

have a good transferability for investigating hydrogen
dissociation on Pd(100) surface, although the descriptions of the adsorbate-substrate interaction contain only
the dissociation reaction of H2 /Pd(111) system.
B. S0 of random H2 , D2 ,T2 , HD, HT, and DT molecules

In order to understand molecular orientation dependence behavior on the dissociation probability, we carry
out some various classical molecular dynamics simulations on random H2 , D2 , T2 , HD, HT, and DT
molecules dissociation on Pd(111) and Pd(100) surfaces
respectively. For the non-activated hydrogen/Pd gassurface reactions, hydrogen molecule on clean Pd surfaces with low incident energies combines the direct dissociation mechanism with the dynamic trapping dissociation mechanism. Consequently, it yields the minimum
of S0 at low incident energy. Figure 3 presents the final S0 of the random H2 , D2 , T2 , HD, HT, and DT
molecules dissociation on non-rigid Pd(111) and nonrigid Pd(100) surfaces as a function of incident energy
Ei . Clearly, all the sticking curves of these random
molecules have the similar dissociation behavior, i.e.,
the S0 keeps the non-monotonous variations with rec
⃝2017
Chinese Physical Society

74

Chin. J. Chem. Phys., Vol. 30, No. 1

FIG. 3 Dissociation probability S0 for random H2 , D2 , T2 ,
HD, HT, and DT molecule as a function of incident energy
Ei (a) on a non-rigid Pd(111) surface and (b) on a non-rigid
Pd(100) surface.

spect to incident energy Ei . On the non-rigid Pd (111)
substrate, in the region of high incident energy, there
are negligible discrepancies in the S0 between the random H2 , D2 , T2 , HD, HT and DT molecules, while some
apparent differences appear in the region of low incident
energy. The random D2 and HD molecules have lower
minimum S0 , than that random H2 molecule. And the
random T2 , HT, and DT molecules have the lowest S0 .
Such small differences might be attributed to the mass
effect since no zero-point vibrational energy difference
is given between the random H2 , D2 , T2 , HD, HT,
and DT molecules in our present simulations. Moreover, the dissociation probability of the HD molecule
we calculated is given as about 0.7 at incident energy
Ei =74 meV, which is consistent with that experimental
measurement from the clean Pd(111) surface [15]. The
observed S0 differences between the random H2 , D2 ,
and HD molecules on the non-rigid Pd(111) surface are
in good agreement with those obtained by Ramirez et
al. [24]. Similarly, on the non-rigid Pd(100) substrate,
the S0 of these molecules are very close in the whole region of incident energy. In this section, we discussed the
negligible isotope effect on the S0 of the random H2 , D2 ,
T2 , HD, HT, and DT molecules, and next to study the
dissociation probabilities of the initially oriented H2 ,
D2 , T2 , HD, HT, and DT molecules and address the
important molecular orientation dependence behavior.
DOI:10.1063/1674-0068/30/cjcp1605096

Yue-mei Sun et al.

FIG. 4 Dissociation probability S0 for the initially oriented
molecules dissociation on a non-rigid Pd(100) surface with
different given orientation angles θ (30◦ , 60◦ , 90◦ , 120◦ ,
150◦ , and 180◦ ) as a function of incident energy Ei . (a)
H2 , (b) HD, (c) D2 , (d) HT, (e) T2 , (f) DT.

C. S0 of oriented H2 , D2 ,T2 , HD, HT, and DT molecules

As illustrated above, the oriented H2 , D2 , T2 , HD,
HT, and DT molecules are generated with the given
initial orientation angle θ. In our simulations, six given
orientation angles for these oriented molecules are under consideration, which are θ=30◦ , 60◦ , 90◦ , 120◦ , 150◦
and 180◦ . Figures 4 and 5 respectively present the final
S0 of six different initially oriented H2 , D2 , T2 , HD, HT,
and DT molecules dissociation on the non-rigid Pd(100)
and the non-rigid Pd(111) surfaces as a function of incident energy Ei . For all these oriented H2 , D2 ,T2 , HD,
HT and DT molecules, their sticking curves still keep
the non-monotonous behavior with respect to incident
energy Ei . Interestingly, the oriented H2 (D2 and T2 )
molecules with a given θ (shown in Fig.4 on Pd(100)
surface and Fig.5 on Pd(111) surface) have the almost
same S0 as that of the given orientation angle (180◦ −θ).
It is attributed to the homonuclear isotopmer H2 (D2
and T2 ) without distinguishing. Moreover, these nonmonotonous sticking curves of the oriented H2 (D2 and
T2 ) molecules yield different low minimum S0 values
in the region of very low incident energy. The S0 of
the oriented H2 (D2 and T2 ) with the given θ=180◦ is
apparently much lower than that of other given orientation angles θ=30◦ , 60◦ and 90◦ . The oriented H2 (D2
and T2 ) molecules with the orientation angle of 90◦ has
c
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30◦ to 120◦ and then decreases with the given θ from
120◦ to 180◦ . Such interesting variations in the dissociation behavior indicate the fact that the effective favorable molecular orientation for the oriented HD, HT,
and DT molecules dissociation on Pd(100) surface does
not keep the H−D axis parallel to the metal surface.
The highest dissociation probability S0 we obtained is
for those near the given θ=120◦ , instead of the given
θ=90◦ shown for the homonuclear oriented molecules.
This indicates that the effective dissociation orientation
for molecule with asymmetric mass distribution is distinct from that with symmetric mass distribution in the
dynamics simulations.

IV. CONCLUSION

FIG. 5 Dissociation probability S0 for the initially oriented
molecules dissociation on a non-rigid Pd(111) surface with
different given orientation angles θ (30◦ , 60◦ , 90◦ , 120◦ ,
150◦ , and 180◦ ) as a function of incident energy Ei . (a)
H2 , (b) HD, (c) D2 , (d) HT, (e) T2 , (f) DT.

the highest S0 and can be totally dissociated from the
incident energy of 100 meV on Pd(111) and 50 meV
on Pd(100). Such 100% dissociation behavior indicates
that the most favorable molecular orientation for H2
(D2 and T2 ) dissociation is H−H axis parallel to the
metal surface. It is in good agreement with the previous most of dynamics studies [17]. Our dynamical simulation results provide the evidence for understanding
diatomic H2 (D2 and T2 ) molecule dissociation mechanism. Furthermore, the S0 of the oriented H2 (D2 and
T2 ) molecules increases with respect to the orientation
angle θ from 30◦ to 90◦ , and then decreases with respect
to the orientation angle θ from 90◦ to 180◦ .
However, for the initially oriented heteronuclear HD
(HT and DT molecules) shown in Fig.4 (b) (d), (f) on
Pd(100) surface and Fig.5 (b), (d), (f), on Pd(111)
surface, it is obviously distinct from those oriented
homonuclear molecules. It is to note that the dissociation probability of the oriented heteronuclear molecule
with a given orientation angle θ does not have the similar tendency to that of the orientation angle (180◦ −θ),
although the S0 of the oriented molecule varies with
respect to the increase of orientation angle θ and has
the lowest dissociation probability with a given θ=180◦ .
Moreover, for the initially oriented HD, HT, and DT on
Pd(100) surface (see Fig.4 (b), (d), and (f)), the dissociation probability firstly increases with the given θ from
DOI:10.1063/1674-0068/30/cjcp1605096

In summary, we have carried out some various classical molecular dynamics simulations on H2 molecules
dissociation on Pd(111) and Pd(100) surfaces as well as
the D2 , T2 , HD, HT, and DT molecules based on the
SMA(PES) we developed. Our simulation results show
that, the SMA(PES) has a good transferability for investigating hydrogen dissociation on Pd(100) surface,
although the descriptions of the adsorbate-substrate
interaction contain only the dissociation reaction of
H2 /Pd(111) system. The dissociation probabilities S0
of the random and oriented H2 , D2 , T2 , HD, HT and
DT molecules keep the non-monotonous behavior with
respect to the incident energy Ei . It is in good agreement with those previous dynamics studies. The initially oriented homonuclear H2 , D2 , and T2 molecules
with a given θ has the almost same dissociation probability as that the orientation angle of a given (180◦ −θ).
While the initially oriented heteronuclear HD, HT, and
DT molecules with a given θ has different dissociation
probability from that orientation angle given (180◦ −θ).
Furthermore, the effective favorable orientation angle
of the oriented H2 , D2 and T2 on both Pd(100) and
Pd(111) is about 90◦ , i.e., that H−H axis parallel to
the metal surface. It shifts toward the higher orientation angle for the oriented heteronuclear HD, HT and
DT molecules dissociation on Pd(111) and Pd(100) surfaces. With a good transferability of reactive force field
and the important dependence of molecular orientation
observed in the present work, it opens very attractive
perspectives for investigating various aspects of complex polyatomic dissociation on metal surfaces and more
generally provides an accurate and tractable strategy
for studying reaction dynamics of more and more complex surface reactions.
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