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Model of an H2-Precursor State on Metal Surfaces
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Dynamical eA'ects of a surface-induced softening of the H —H bond during Hz-surface collisions have

been studied by numerical wave-packet simulations. The calculation shows that the zero-point vibration-
al energy released by the bond softening is fully transferred to the translational motion of the molecule
(except for incident energies )0.2 eV, where vibrational excitation also takes place), and that inelastic
processes can trap the molecule in a mobile and long-lived state confined near the surface.

PACS numbers: 34.50.Lf, 82.20.Rp

Precursor states are weakly bound molecular states
which are believed to play an essential role as intermedi-
aries in many chemisorption processes. ' For the H2 mol-
ecule, however, although such states have been demon-
strated on Cu surfaces, their role in dissociative chem-
isorption remains controversial. Rendulic, Winkler, and
Karner claimed that two reaction channels, adsorption
through a precursor and activated adsorption, coexist on
various Ni surfaces, while Robota et al. saw no evidence
of intermediate trapping of H2 in a molecular precursor
state on Ni(111).

Recent experiments of Comsa and Poelsema seem to
demonstrate that on Pt(111), H2 dissociates only at steps
and other surface defects, and led these authors to con-
clude that a highly mobile molecular bound state carries
the molecule from the adsorption place to the dissocia-
tion site. According to their model, the precursor state
would have the properties of being bound to the surface
and at the same time, mobile. Recently, Jackson and
Metiu showed that activation barriers to adsorption in

the entrance channel can trap H2 near the surface, but
only temporarily. This Letter proposes a possible mech-
anism for a long lived prec-ursor state, that originates in

the quantum-mechanical character of the H-H vibration.
Ab initio total-energy calculations for H2 on a Pt cluster
show that the interaction with the surface induces a
softening of the H —H bond. This softening means a
reduction of the zero-point vibrational energy of the mol-
ecule, which is transformed into kinetic energy. The
dynamical behavior near the surface was studied by ex-
plicit solution of the Schrodinger equation for the time
evolution of a wave packet in an appropriate model sur-
face potential. The calculation shows that for low in-
cident kinetic energies, E;„,& 200 meV, the vibrational
motion adjusts adiabatically to the softening of the H-
H bond. Therefore, provided the surface does not disso-
ciate the molecule, the energy released from the vibra-
tional degrees of freedom is transferred to the transla-
tional motion of the molecule. Moreover, if by an inelas-
tic process the total energy of the molecule becomes
smaller than the zero-point energy of the free molecule,

it will not be able to escape and will remain confined to a
region near the surface, where its zero-point energy is re-
duced. It may, however, retain a substantial kinetic-
energy excess in that state.

The zero-point vibrational energy is related to the
strength of the H —H bond by E„.b = —,

' (E/p)'t, where
K is the H —H force constant and p =

2 mH the corre-
sponding reduced mass. The interaction of the H2 mol-
ecule with the surface produces necessarily a weakening
of the H —H bond. Electron charge accumulates be-
tween the protons and the surface in order to minimize
the repulsion between them, at the expense of the inter-
nal bonding of the molecule. When the molecule dissoci-
ates, one has, of course, E,;b 0. However, even in the
absence of dissociation, the weakening of the H —H bond
can be quite appreciable when the molecule gets close to
the surface. This is illustrated in Fig. 1, which shows the
potential energy of an H2 molecule as a function of the
H —H bond length, p, for various values of the distance,
g above the bridge site of a Pt(111) surface, measured
from the plane containing the nuclei of the first metal
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FIG. 1. Potential energy of an H2 molecule as a function of
the H —H bond length, p, for three values of the height g above
a bridge site of Pt(111). The surface was modeled by a Pt&s

cluster, which is shown schematically. The energies of the vi-
brational ground states, referred to the minimum values of the
potential, V(po, g), are indicated by the horizontal lines and
also given in parentheses.
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layer. The molecular axis was kept parallel to the sur-
face, which has been modeled by a Pt~5 cluster, also
shown schematically in Fig. 1. For the total-energy cal-
culation the Kohn-Sham scheme was used, with the
local-density approximation for exchange and correla-
tion, and a localized muon-tin orbital basis ' including
s, p, and d functions in all metal sites. Spin effects were
neglected and the core electrons kept frozen, but all
valence d electrons were incorporated in the calculation.

The main features of the potential-energy surface,
V(p, g), can be summarized as follows: (i) the H-H in-
teraction softens as the molecule approaches the surface,
such that over a distance of 2-3 bohr, E,;b drops to
=50% of its value in the free molecule, E„;b(~)=270
meV. (The energy position of the vibrational ground
state is also given in Fig. 1, for each g value). (ii) Over
the same distance there is an outward shift of =0.4 bohr
in the equilibrium H —H bond length po, with decreasing
values of j. (iii) The minimum values of the potential,
V(po, g), show a shallow attractive well as a function of
g, with a minimum of —110 meV at (=3.5 bohr, fol-
lowed by a rather soft repulsive interaction. For other
adsorption sites, the adsorption well is weaker or nonex-
istent, but features (i) and (ii) remain quite similar. "'
In order to study how these features influence the
dynamical behavior of H2, the surface potential was
simplified to the form

V(p, j) = —,
' E(g) [p —po(g) ] + V„„(g),

where IC(g) =p [2E,;b (g)], and all j dependences in

V(p, g) were linearized, to facilitate the interpretation of
the numerical results presented below. In the interacting
region, g( go=5 bohr, E„;b(g) was chosen proportional
to g, with E,;b(go) =Ebb( ), and the shift po(j),
representing the change in the equilibrium H —H bond
length, was assumed to vary at a rate dpp/dg=0. 2. The
term V„z simulates the repulsive eA'ect of the surface
and was also taken to be linear in g, with a slope —

1

eV/bohr for (( 2 bohr. These values were deduced from
the total-energy calculation, " and should provide a real-
istic parametrization of the interaction of H2 with weak-
ly reactive surfaces. This model potential, however, ex-
plicitly excludes the weakly attractive well, as well as the
anharmonicity of the potential as a function of p, and I
shall comment on these points below.

The motion of the molecule as a function of p and g
was studied by numerical integration of the time-de-
pendent Schrodinger equation

Y Y. rl 1 8 1

, +V(p. C)~.Bt 2p Qp2 2M Q(2

with use of the alternating-direction implicit method of
Douglas and Rachford on a real-space mesh. ' Here M
=2mH is the total molecular mass. The Hq molecule
was prepared in an initial state given by

y(p, g, t =0) = (2a/trig) 't'exp[ipg [(g —
g)
—)/ag] ' —(ap) '},

with a =(4 pIC) 't, the incident moment of the molecule p = —(2ME;„,)'t, pointing towards the surface, and its
center of mass, g& ( & go+hg), chosen such that the initial wave packet was entirely outside of the region of interaction.
This wave packet represents an H2 molecule with the vibrational degree of freedom in its ground state and a Gaussian
spatial distribution normal to the surface, with a total width hg. In the present calculation a small hg (=3 bohr) has
been chosen, for it permits a better visualization of the time evolution of the wave packet.

In order to characterize the dynamical behavior of the H2 molecule as a function of g, the probability density
P(g, t ) =f dp ~ y(p, (, t ) ~, the vibrational-energy distribution

~„b(g,t) =P '(g, t) „dpi'*(p, &, t)[(—I/2p)(8'/Bp')+V(p, g)]y(p, g, t),

and the translational-energy distribution

have been calculated, whereby the distribution of the to-
tal energy is given by e((, t) =e„;b(g,t)+e„((,t). These
p-averaged quantities are shown in Fig. 2 for various
cases discussed below. The nonprimed quantities refer to
the initial state and the primed ones to the final wave
packet, after it has interacted with the surface. The
repulsive potential V„~ is also shown in the figure.

Figure 2(a) shows the motion of an H2 molecule with
E;„,=50 meV. Initially, while the wave packet is in the
region g& go, there is no coupling between the variables
g and p, so that e«=E;„, and e„;b=E„;b(~) are sepa-

rately conserved. In the interacting region, |.„;b decreases
but the motion is fully adiabatic: The vibrational wave
function broadens, remaining at all times identical to the
local ground-state wave function, and the excess energy
is transferred to the translational motion. Observe that
the translational energy increases from the initial 50
meV to a maximum of =200 meV at /=2 bohr. As a
molecule comes out of the interacting region, it slows
down again and appears essentially unaff'ected, display-
ing only a slightly nonuniform et, (g) because of the nat-
ural broadening of the wave packet P'. The adiabatic
character of the motion is demonstrated by the fact that
the vibrational-energy distribution is independent of time
and, within the accuracy (=2 meV) of the calculation,

2944



VOLUME 59, NUMBER 26 PHYSICAL REVIEW LETTF.RS 28 DECEMBER 1987

0.6-

0.4-
P

I

O. N

o

0.4

~ 0.2-&

(b)

0.6 . (c)

0.4-

5 10 l5

Hg-surface distance (, (bohrl

FIG. 2. p-averaged probability density P (g) and vibra-
tional- and total-energy distributions e„;b(g) and e(() for the
model potential V(p, j), showing (a) adiabatic behavior for
E;„=50meV, (b) nonadiabatic behavior for E;,=480 meV,
and (c) a wave packet with E;„,=10 meV, that gets trapped
after losing 7 meV in the collision with the surface.
Nonprimed values refer to the initial state and the primed ones
to the final state. The translational-energy distribution is given
by et, =e —t.»b.

given by E„;b(g) =Ev|b(g). '

Figure 2(b) shows the motion of an Hq molecule with

E;„,=480 meV and illustrates a case of nonadiabatic be-
havior. In addition to the continuous vibrational- to
translational-energy transfer in the interacting region, as
displayed in Fig. 2(a), there is here some excitation of
the first vibrational excited state, of energy E,';b(g). In
the present example, E;„, is not large enough to excite
the vibrational motion of the free H2 molecule [E„';b(~)
—E„;b(~)=540 meV in our model], so that the excited
fraction of the wave packet cannot escape from the sur-
face. This fraction (=3%) can be clearly seen in the
part of the final state P' confined in the interacting re-
gion and characterized by a vibrational energy c„';b(g)
=E„';b(g), which is 3 times as large as for the ground
state. The trapped excited state, however, is short lived

and eventually returns to the ground state and escapes
too. Energy conservation requires that for the range of

values where vibrational excitation takes place, e
&E„';b(g), which implies that E;„,~ 54 meV. Never-

theless, the nonadiabatic character of the motion, as re-
vealed by the fact that e„;b(()~E„;b(g),begins to be ap-
preciable only for E;„,)200 meV. For smaller energies
the rate of excitation of vibrational modes, which is pro-
portional to et„ is too small to be observable. '

Figure 2(c) illustrates the trapping of an H2 molecule
with E;„,= 10 meV. An inelastic process has been
modeled by displacing the repulsive wall backwards with
constant velocity, v„~, while the wave packet interacted
with it. To simulate a collision with a Pt atom, a value
of v„~ equal to 0.02 of the maximum velocity of the
wave packet and a total displacement of 0.2 bohr was
chosen, which yielded a molecule energy loss of ~F. =7
meV, in agreement with the classical value 4(M/mp&)E't,
evaluated at the surface. In this case, the final-state
wave packet P' splits into two parts. The part which was
not acted upon by the time-dependent forces escapes
with almost no loss in velocity, while the part that was in
contact with V«~ when the displacement occurred has its
total energy reduced below the zero-point energy of the
free molecule and becomes trapped in the interacting re-
gion. (The oscillations in P' result from the boundary
condition that imposes a node in the wave function at the
surface. ) The actual weights of the two parts of the
wave packet, which give the probabilities of escape
(=25%) and trapping (=75%), are specific of the rath-
er simple way the inelastic process has been modeled and
should not be overemphasized. For a quantitative esti-
mate of these probabilities a realistic treatment of the
interaction of H2 with surface phonons is necessary. '

However, the present calculation shows that trapping in
a long-lived state is possible, and that the translational
energy of the trapped molecule is quite large (=160
meV).

The main result of the calculation is that for H2 mole-
cules with thermal energies, the translational kinetic en-

ergy at the surface is strongly enhanced, that is, t.t,
»E;„,. This fact has two important consequences: (i)
The energy ~F. lost in the collision with the surface is
also enhanced, such that it becomes sufficiently large to
trap the molecule. (ii) The trapped molecule has a ki-
netic energy which is large compared with typical activa-
tion energies for motion along the surface and it should
be very mobile. It should also be long lived on the sur-
face, provided it does not receive energy from surface
phonons.

Finally I discuss two aspects of the potential-energy
surface, which have been left out in the dynamical simu-
lation. The weakly attractive well as a function of g was
neglected, in order to be able to extract dynamical infor-
mation by simple inspection of the calculated energy dis-
tributions and to demonstrate that the above results are
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not a feature of a specific potential. Use of a more real-
istic potential as a function of g may add some structure
in the dynamical behavior of Hz, but would not alter any
of the arguments presented above. Less trivial was the
neglect of the anharmonicity of the potential as a func-
tion of p, since this is a feature that may lead to dissocia-
tion of the molecule. Notice in Fig. 1 that the initial en-

ergy of the molecule (including zero-point energy) is

larger than the activation energy for dissociation at /=3
bohr. Nevertheless, in the adiabatic regime the molecule
cannot dissociate as long as the H-H interaction has a
bound state: The excess energy is taken out of the vibra-
tional degree of freedom, which remains always in the
ground state, while the time evolution of the center of
mass of Hz is determined by the eAective potential
V(po, g) +E„;q,(j). The latter is, therefore, the appropri-
ate potential to be used in classical simulations.

In summary, it has been shown that the zero-point en-

ergy released by the softening of the intramolecular H-
H bond acts as a virtual attractive potential well, which
in the presence of inelastic processes can trap the Hq
molecule in a long-lived precursor state. In the trapped
state, the molecule is not locally bound to the surface in

the chemical sense, but dynamically confined to the re-
gion where the softening takes place and free to move
along the surface.
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