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Quantum and Thermal Effects in H, Dissociative Adsorption: Evaluation of Free
Energy Barriers in Multidimensional Quantum Systems
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We have evaluated the sticking probability and activation energy for dissociation of Hz molecules on a
Cu(110) surface by a reversible work formulation of quantum transition state theory. Feynman path in-
tegrals are used to describe the two hydrogen atoms and a few of the surface atoms, thereby including
quantum effects such as tunneling and zero point energy, as well as thermal averaging. At a tempera-
ture below 600 K an onset of a quantum regime is observed as the activation energy drops by 30%.

PACS numbers: 82.65.Pa, 05.30.—d, 68.35.Md, 82.65.My

The dissociative adsorption of molecules on surfaces of
solids is of central importance in surface catalysis and has
been extensively studied both experimentally and theoret-
ically. Hydrogen adsorption on copper surfaces has be-
come “the classic example of activated dissociative ad-
sorption of a molecule at a surface” [1]. Many experi-
ments have made use of molecular beams with molecules
in a selected initial state impinging on the surface. The
theoretical studies have focused on classical trajectory
simulations and quantum wave-packet propagation to ex-
plore the dissociative sticking dynamics given a well
defined initial state of the molecule [1]. A great deal of
qualitative insight has been gained, but many questions
remain open. On the theoretical side, the problem is that
full quantum mechanical treatment of all six hydrogen
degrees of freedom is impractical with present computers
and currently available techniques for quantum wave-
packet propagation. The theoretical work has therefore
largely been confined to lower-dimensional model systems
[1,2]1. Not only is a six-dimensional wave-packet propa-
gation a big order, but such a calculation would need to
be repeated multiple times to average over the surface vi-
brational degrees of freedom to get a single value of the
sticking probability. Low dimensional simulations have
demonstrated clear quantum effects [1,2] and calcula-
tions in higher (up to four) dimensions, have indicated
that dimensional effects might be equally important [3,4].
It has been hypothesized that if quantum calculations
could be extended to include many more degrees of free-
dom, then results from classical and quantum calcula-
tions would be similar, due to the increased degree of
averaging in higher dimensions [5].

We report here on a fully quantum and thermally aver-
aged simulation of the dissociative sticking of H; on
Cu(110). The large number of degrees of freedom can be
included at the expense of the amount of detail obtained
about the dynamics. We use the statistical Feynman
path integral (FPI) technique which implicitly performs
the thermal averaging over quantum states. The simula-
tion mimics a thermodynamic experiment, where the
impinging molecules have a thermal energy distribution
at the temperature of the substrate. This experiment has
been carried out in the laboratory of Campbell and co-

workers [6,7] who obtained the thermodynamic activation
barrier for dissociative adsorption from the temperature
dependence of the sticking probability. Our simulations
show a clear onset of a quantum mechanical regime as
the activation energy drops by 30% at a temperature
below 600 K. The experimental measurements fall in the
vicinity of this transition temperature, but are taken over
too narrow a temperature range to show the transition.

The FPI formalism has been used to study equilibrium
quantum statistical properties of various systems [8-12].
An isomorphism is exploited between the quantum statis-
tics of the system and the purely classical statistics of cy-
clic chains of images of the quantum particles coupled by
harmonic springs [13]. The spring constant of the chains
is mP/h2B? where m is the particle mass and B=1/kpT.
Gillan used this to study the diffusion of a hydrogen atom
in a metal [14,15]). He evaluated the activation free ener-
gy barrier by calculating the mean force f on the FPI
chain while holding its centroid fixed at various points
along a path leading up to the saddle point of the poten-
tial energy surface. The free energy difference was ob-
tained from the reversible work, AF=— [ds-f. This
method can be thought of as a quantum mechanical tran-
sition state theory (TST) [14,15]. The basic idea of
treating the coordinates of the centroid of the FPI as clas-
sical variables has subsequently been used to generalize
formulations of classical TST to quantum systems [14,
16]. There the transition rate is obtained by evaluating
the density of the centroid at a dividing surface by Monte
Carlo sampling. These methods have been applied to
several problems involving transitions in one-, two-, and
three-dimensional quantum systems, such as collinear
H+ H; reaction [14] and hydrogen diffusion on a surface
[17]. The results were shown to be in good agreement
with more accurate dynamics calculations.

It is important to keep in mind the least restrictive as-
sumptions made in classical TST [18,19]. First, the tran-
sition rate is assumed to be low enough that a Boltzmann
distribution of energy is maintained in the various degrees
of freedom of the reactants. Second, a bottleneck is as-
sumed to exist in phase space which allows the definition
of a dividing surface clearly separating reactants from
products. The central approximation is the assumption
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that if a trajectory crosses this dividing surface in the
direction from reactant to product, it will end up on the
product side for a long time. Since recrossings are
neglected, the classical TST estimate is always an upper
bound to the exact classical rate, a principle exploited in
variational TST to find the optimal dividing surface.
While TST is usually applied to problems involving sub-
stantial energy barriers, these are not required. For ex-
ample, the theory correctly predicts the rate of effusion of
ideal gas through a small hole of a container, a problem
involving only an entropic barrier.

We have extended Gillan’s reversible work quantum
TST method to better account for transitions involving
two or more quantum particles and transitions involving
curved reaction paths. In the course of the reversible
work evaluation an optimal dividing surface is determined
and the method reduces to a variational TST in the clas-
sical limit [15]. Here we apply the method to study the
dissociative adsorption of H, molecules on a Cu(110) sur-
face, a two quantum particle transition.

The potential surface for the H;-Cu system was
modeled in a simple way, using an embedded atom
method (EAM) type form [20] V(R)=2,%;¢(r;)
+3XE(p;) with p;=Xpi'(r;;). Here ¢ is a pairwise
interaction, and p“ is an atomic electron density, both
modeled by double exponentials. The embedding func-
tion E(p) is a polynomial. This form was chosen because
it allows fast computations, only roughly a factor of 2
slower than simple pairwise potentials. The qualitative
shape of the potential was tailored after the LEPS type
potential of Lee and DePristo [21]. It has a late saddle
point for adsorption, which is consistent with the experi-
mentally measured enhancement of the sticking coef-
ficient by vibrational excitation [22,23]. The potential
barrier, however, was scaled up to 0.73 eV to match the
estimate of Hand and Harris based on ab initio calcula-
tions [24]. The binding energy of the H atoms on the
surface was adjusted to be 0.23 eV, deduced from the
difference in activation energies of adsorption and desorp-
tion [25], making the adsorption process endothermic by
0.2 eV. The H; dimer potential matches the binding en-
ergy, distance, and vibrational frequency of the exact ab
initio potential to within 1%. A contour plot of the
potential for adsorption at the long bridge is shown in
Fig . 1.

In order to carry out the evaluation of the free energy
barrier, the following is needed: (1) A smooth and con-
tinuous transition of the system from the reactant to the
product state. (2) A five-dimensional transition state di-
viding surface. (3) An evaluation and integration of the
mean force on the system to get the reversible work in-
volved in driving the system from the reactant state to the
transition state. For the first item, we have used the
minimum energy path, determined by applying a tech-
nique we refer to as “nudged elastic band” method [26].
We then define a sequence of perpendicular, five-
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FIG. 1. Potential energy contours for the dissociation of H;
on Cu(110). In this two-dimensional cut through the six-
dimensional potential surface the molecule is coming down
parallel to the surface, symmetrically arranged over a long
bridge site. The saddle point energy is 0.729 eV.

dimensional hyperplanes bringing the hydrogen atoms
gradually from the initial molecular state to the atomic
chemisorbed state. The average force acting on the hy-
drogen atoms in each of the hyperplanes was obtained by
carrying out a molecular dynamics simulation with the
centroids of the hydrogen atom FPIs constrained to
remain in the hyperplane. More specifically, a six-
dimensional unit vector Ty in the direction of the path is
used to constrain the dynamics. At each time step the
component of the net force on the FPI images normal to
the hyperplane, f- Iy, is collected for the evaluation of the
thermal average (fy). This component is then projected
out of the force on the images to give a new, revised force
such that f"°w~f“u=0. The centroids of the FPI chains
then remain in the hyperplane. We have used the veloci-
ty Verlet algorithm to carry out the molecular dynamics
[27]. The constrained dynamics conserve energy as long
as the constraint vector is constant. We define the transi-
tion state to be the hyperplane where (f;) =0. In general,
the orientation of the hyperplanes at and near the transi-
tion state might need to be adjusted. We found this to be
a very minor effect in the present case. The classical lim-
it is easily obtained in this formalism, as each chain grad-
ually shrinks into a single atom.

Figure 2 shows the change in the potential energy
along the reaction path and the classical and quantum
mechanical free energy obtained at 7=100 K. In addi-
tion to the hydrogen atoms, the eight nearest Cu atoms
are also included as FPI chains, each with fifty images.
As the molecule approaches the surface, the classical free
energy initially rises above the potential energy due to a
drop in the entropy as the molecular orientation becomes
confined. Eventually, in the transition state hyperplane,
the spread in the polar angle and in the azimuthal angle
is down to ca. £ 10°. Closer to the surface the H, vibra-
tion softens leading to increased vibrational entropy. At
the transition state the two effects have largely canceled
in the classical simulation. The quantum simulation
shows that delocalization (tunneling and zero point ener-
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FIG. 2. The changes in the potential energy (solid line) and
the classical (squares) and quantum (diamonds) free energy
along the reaction path at T=100 K. The zero for each of the
three curves is arbitrarily chosen to be when the molecule is far
from the surface.

Energy difference (eV)

gy effects) results in 0.2 eV lowering of the free energy
barrier at this temperature (see Fig. 2).

Figure 3 shows the temperature dependence of the cal-
culated free energy barrier for dissociative sticking. The
slope gives the effective activation energy E, =9d(BAF)/
8. At T=600 K the classical and quantum free energy
curves coincide along the entire reaction path; the string
of beads in the quantum description has largely collapsed
into a point which then behaves as a classical atom.
Below 600 there is a clear onset of quantum behavior as
the activation energy drops from 0.70 to 0.45 eV. This is
due to the delocalization of the H atoms, which is evident
from spreading of the FPI chains. The temperature at
which the springs are loose enough to allow the chains to
spread is directly related to the curvature x of the po-
tential barrier along the reaction path [13] T.=(h/
2n)vx/m. From the curvature of our model potential
this estimate gives T, =S5 X 102K, very close to the transi-
tion temperature observed in the simulations.

Also shown in Fig. 3 are the experimental data taken
by Campbell and co-workers [7]. Those fall in the vicini-
ty of the transition region. The inset shows on an ex-
panded scale the experimental data points and the lines
fitted to the simulated results. To facilitate the compar-
ison of the slopes the experimental data has been shifted
down. The slope and therefore the activation energy and
even the change in slope of the simulated data at the on-
set of the quantum regime are consistent with the experi-
mental measurements. For D; Campbell and co-workers
found slightly higher activation energy, by 0.06 eV. Our
simulations give a value higher by 0.08 eV in the quan-
tum region (see Fig. 3).

We have also evaluated the free energy barrier for
desorption as a function of temperature. This was mea-
sured by Anger, Winkler, and Rendulic [25] at around
300 K to be 0.43 eV in the limit of zero coverage. Our
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FIG. 3. The calculated free energy barrier for dissociative
sticking using quantum representation of H, (open squares),
quantum representation of D, (open circles), and classical rep-
resentation of H, (open diamonds), as a function of inverse
temperature. The slope of the curves gives the effective activa-
tion energy. At T =600 K the classical and quantum simula-
tions of H; are nearly identical. Below 600 K there is a clear
onset of quantum behavior with 30% lower activation energy
due to tunneling and zero point motion effects. The experimen-
tal measurements (solid circles) land close to the transition
temperature. The inset shows the best fit lines through the cal-
culations and the experimental data on an expanded scale. To
facilitate the comparison of the slopes, the experimental data
have been shifted down by 0.49.

simulations give 0.38 eV in a comparable temperature
range, indicating the chemisorption bond is slightly too
weak in our model potential surface.

While the calculated and measured activation energy is
in good agreement, the measured sticking coefficient [7]
at 600 K is 4x10 75, larger than our calculated value,
exp(—BAF) =1x10"7. This suggests the entropic bar-
rier in our simulations is too high, i.e., the transition state
region of the model potential surface, which was modeled
after the LEPS form, is too confined.

In order to estimate the effect of vibration and rotation,
we repeated the simulations without vibrational and rota-
tional degrees of freedom of the hydrogen molecule. In
the classical simulation each one of the H atoms is held
fixed during the calculation of the mean force. In the
quantum simulation each of the two hydrogen atom cen-
troids is held fixed (see Fig. 4), i.e., six constraints are ap-
plied to the system rather than one as in the hyperplane
dynamics. The quantum simulation still includes effects
due to delocalization because the images have substantial
freedom to wander away from the centroid. The activa-
tion energy changed only slightly: 0.03 eV higher for
both the quantum and classical case. This is consistent
with the conclusion of Campbell and co-workers [7] and
others [28] that even though vibrationally excited mole-
cules have substantially higher sticking probability, the
population of the excited levels in a Boltzmann distribu-
tion at these temperatures is so low that the net enhance-
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FIG. 4. Snapshot from the quantum mechanical free energy
calculation at T=300 K with fixed centroids (six constraints)
at five points along the minimum energy path. The mean force
on the images is evaluated in the simulation. The distribution
of the H atom images indicates the extent of quantum delocali-
zation.

ment is negligible. This also shows the net effect of vibra-
tional and rotational zero point motion is small, a con-
clusion also reached by Miiller [29]. The 30% lowering
of the activation energy in the quantum regime is pri-
marily due to H atom tunneling.
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FIG. 4. Snapshot from the quantum mechanical free energy
calculation at T=300 K with fixed centroids (six constraints)
at five points along the minimum energy path. The mean force
on the images is evaluated in the simulation. The distribution
of the H atom images indicates the extent of quantum delocali-
zation.



