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Dynamics of H, dissociation on the close-packed (111) surface

of the noblest metal: H, + Au(111)

Mark Wijzenbroek, Darcey Helstone, Jérg Meyer, and Geert-Jan Kroes?
Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, P.O. Box 9502, 2300 RA Leiden,
The Netherlands

(Received 15 July 2016; accepted 23 September 2016; published online 11 October 2016)

We have performed calculations on the dissociative chemisorption of H, on un-reconstructed and
reconstructed Au(111) with density functional theory, and dynamics calculations on this process on
un-reconstructed Au(111). Due to a very late barrier for dissociation, H, + Au(111) is a candidate
H,-metal system for which the dissociative chemisorption could be considerably affected by the
energy transfer to electron-hole pairs. Minimum barrier geometries and potential energy surfaces
were computed for six density functionals. The functionals tested yield minimum barrier heights in
the range of 1.15-1.6 eV, and barriers that are even later than found for the similar H, + Cu(111)
system. The potential energy surfaces have been used in quasi-classical trajectory calculations of
the initial (v,J) state resolved reaction probability for several vibrational states v and rotational
states J of Hy and D,. Our calculations may serve as predictions for state-resolved associative
desorption experiments, from which initial state-resolved dissociative chemisorption probabilities
can be extracted by invoking detailed balance. The vibrational efficacy 7,-0-; reported for D,
dissociating on un-reconstructed Au(l111) (about 0.9) is similar to that found in earlier quantum
dynamics calculations on H, + Ag(111), but larger than found for D, + Cu(111). With the two
functionals tested most extensively, the reactivity of H, and D, exhibits an almost monotonic increase
with increasing rotational quantum number J. Test calculations suggest that, for chemical accuracy
(1 kcal/mol), the herringbone reconstruction of Au(111) should be modeled. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4964486]

. INTRODUCTION

The importance of electronically nonadiabatic effects on
reactive scattering and non-reactive scattering of atoms and
molecules from metal surfaces is a controversial and hot topic
in physical chemistry'~'® with relevance to heterogeneous
catalysis.'""'* In some systems, there is clear evidence
that non-adiabatic effects play a dominant role.'%!10:15-17
However, there is also ample evidence that most aspects
of the reactive and non-reactive scattering of H, from
metal surfaces under thermal or mild conditions (no photo-
excitation of the metal) can be accurately described without
taking non-adiabatic effects into account.'® Specifically, for
H, + Pt(111), it was shown that both reaction and diffraction
probabilities can be accurately described with a single
potential energy surface (PES), which would be unlikely
if electron-hole pair (ehp) excitation should be important.’
Furthermore, the adiabatic theory is capable of providing
a chemically accurate description of energy resolved!® as
well as initial-state-resolved'*?° experiments on reactive and
non-reactive'® scatterings of H, from Cu(111). Likewise,
dynamics calculations modeling effects of ehp excitation
using the friction theory found little if any effect of ehp
excitation processes on the probability of H, dissociation on
metal surfaces.>?'?3 This raises the following question: if
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non-adiabatic effects were to be observed on the reactivity of
an H,-metal system under thermal or mild conditions, what
would be the best system to look at for such effects?

One way to answer the question raised above arises if the
assumption made is that non-adiabatic effects on scattering
may become important if a (partial) charge transfer from the
surface to the molecule occurs during the scattering.’* An
analysis® of computed® potential energy curves of H, and
H,™ in gas phase (see also Ref. 2 for the comparison to the
“non-adiabatic”?* NO-metal case) then suggests that the most
likely candidate H,-metal system for observing non-adiabatic
effects should be a system with a very late reaction barrier.
Specifically, the computed potential energy curves of H, and
H,™ cross at an H-H distance of approximately 1.6 A, and
the crossing point lies about 3 eV above the minimum of
the H, potential.” In a simple model, the probability that an
electron is transferred to the molecule will depend on the sum
(® — EA(r) + Vin, (Z)) becoming small or negative,>* where ®
is the work function of the metal, EA(r) the electron affinity
of the molecule depending on the H-H distance r, and Vi,
(Z) the image-charge interaction between H, and the surface,
which depends on the molecule-surface distance Z. ® does not
vary greatly among the late 3d—5d transition metal elements
belonging to groups 7-11 (from Fe to Au, ® varies between
4.26 eV for Ag and 5.65 eV for Pt, the values being 5.1 eV for
Au and 4.65 eV for Cu?®), and Vj,, (Z) does not depend on the
metal in the simple model described above. EA(r) starts out
at —3 eV for the gas phase H-H distance and rises to 0 eV for

Published by AIP Publishing.
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r=1.6A. Only if the minimum barrier geometry approaches
1.6 A will there be a reasonably high probability that an
electron is transferred to the molecule before the barrier is
crossed, thereby allowing the reaction to be affected by this
transfer.

The requirement on the barrier geometry discussed above
would suggest looking at the interaction of H, with the
“noblest” metals, i.e., Au>’ and Ag. Calculations using density
functional theory (DFT) put the minimum barrier for H,
dissociation on Au(111) well above 1 eV,>”?® and put the
barrier position at an H-H distance of about 1.2 A.2® The
values are significantly larger than the well established values
of the minimum barrier height and position of H, + Cu(111)
(0.63 eV and 1.03 A, respectively!'?). DFT calculations on
the H, + Ag(111) system® suggest barrier characteristics
(1.16 eV, H-H distance of 1.26 A) very similar to those of
H; + Au(111), and H; + Ag(111) might therefore also be a
good model system for observing non-adiabatic effects on
reaction. However, here we focus on H, + Au(111).

Although experiments have addressed the importance of
ehp excitation on reactive scattering of H, from Au surfaces,
so far the outcome is inconclusive. Experiments on reaction
of H with H adsorbed to Au observe ehp excitation, which has
been attributed to the Langmuir-Hinshelwood recombination
reaction.’**! However, by themselves these experiments give
no information on the extent to which ehp excitation affects
the reverse dissociative chemisorption probability, and ehp
excitation is also observed in experiments on reaction of H
with H adsorbed on Cu surfaces®! although the dissociation
of H, on Cu(111) is described quite well with electronically
adiabatic theory.'*?%3? Calculations using ab initio molecular
dynamics with electronic friction (AIMDEF) on H, + Pd(100)
do show that the dissociation of H, on a metal surface can
be accompanied by substantial energy dissipation to ehps, but
this dissipation takes place at the product side of the barrier.??
In contrast to Hy, H-atoms can get close to metal surfaces,
and recent experiments have shown that substantial amounts
of translational energy can be dissipated to ehps in H atoms
scattering from Au(111).'? Therefore, it is likely that the ehp
excitation observed in Refs. 30 and 31 takes place at the onset
of the associative desorption reaction. Finally, experiments
have observed that hot electrons created on Au nanoparticles
can promote H, dissociation,* but these experiments do not
involve thermal or mild conditions, as ehp excitations are
created by coupling light into plasmons localised on the Au
nanoparticles.

The interaction of H, with Au is also of interest
in other contexts. Interest in the role gold nanoparticles
play in the catalysis of hydrogenation reactions*>=® has
prompted theoretical studies®®*! of interactions of H,
with (defected) Au clusters and Au surfaces. Experiments
showing effects of the presence of H, on the conductance
through Au nanowires*> have promoted theoretical studies
of the dissociative chemisorption of H, on Au nanowires.*’
Experiments*** and calculations* have investigated the effect
of alloying Pd into Au surfaces on H, dissociation. Pan
et al. have investigated the recombinative desorption of H,
on Au(l11), finding that H, comes off the surface at a
low temperature (110 K), which is indicative of a weak
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interaction of atomic H with Au(111).46*7 On Au(110)-
(1 x2), Hy has been observed to associatively desorb at
216 K, likewise indicating a weak interaction of atomic
H with this surface; these experiments also suggest a
very high barrier to dissociative chemisorption of H, on
this Au surface.*® Finally, scattering of atomic H from
Au(111) has been studied theoretically with AIMD, 44 with
molecular dynamics (MD)® and with molecular dynamics
with electronic friction (MDEF)'® calculations, and with
experiments. '’

While this study focuses on H, + Au(111), work has also
been done on reactive scattering from surfaces of the other
coinage metals, Cu and Ag. We will restrict our overview to the
(111) surfaces of these metals. The H, + Cu(111) system may
be considered a benchmark system, with many experiments
and calculations available. Dissociative chemisorption has
been studied directly through molecular beam sticking
experiments on H,’!'? and D,,*** and indirectly through
associative desorption experiments on H,’> and D,’* and
the application of detailed balance. There have also been
experiments on rotationally> and vibrationally>®-® inelastic
scatterings of H, from Cu(111). Early high-dimensional
quantum dynamics calculations on the reactive scattering
include five-dimensional calculations of Gross et al>® and
6D calculations by Dai and Light®®®! and Somers et al.5%3
Very detailed dynamical studies have been performed using
specific reaction parameter functionals,!®-20-233264-67 4|50
addressing initial-state selected reaction'®2*%* as measurable
indirectly through associative desorption, as addressed here
for Hy + Au(111).

Much fewer studies have been carried out on H,
+ Ag(111). Experiments on this system have studied
dissociative chemisorption indirectly, by looking at associative
desorption,®®"! while the dissociation has been studied
directly with both molecular beam sticking experiments’>7
and with six-dimensional quantum dynamics calculations.?
The molecular beam experiments were able to measure
sticking probabilities up to about 0.02 for average incidence
energies up to about 0.48 eV. Higher incidence energies (up to
about 0.8 eV) can be achieved by using H, as seeding gas, but
the experimentalists reported that with the detection technique
that needs to be applied in these experiments (the King and
Wells technique’), the reaction could not be detected (this
would have required sticking probabilities >0.05).”> Similar
difficulties should be expected for H,+ Au(111), which
exhibits similarly high reaction barriers as Hy + Ag(111) (see
below). For this reason, in the present paper on H, + Au(111),
we focus on making predictions for associative desorption
experiments, which have the added advantage of producing
rovibrational state-selected results that are better resolved with
respect to translational energy.

The goal of our work is to provide predictions of initial
state-selected reaction probabilities, which can be tested
through experiments that look at dissociative chemisorption
indirectly, by measuring associative desorption of H, (or D)
in a state-selective manner and applying detailed balance.’>?
As detailed below, we perform dynamics calculations using
PESs based on six different functionals, among which
are the well-known PBE”> and RPBE’® functionals, and
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the SRP48* functional that was shown to work well for
H, + Cu(111)'” and might for this reason be expected to also
yield a reasonable description of Hy + Au(111). Subsequent
experimental measurements might show whether any of
the predicted set of reaction probabilities, which are all
obtained here within the Born-Oppenheimer approximation,
do reasonably well at predicting the outcome of experiments
for a wide range of rotational and vibrational states. Large
deviations from the theoretical predictions might serve as an
indication that the ehp excitation could be important for the
H, + Au(111) system.

This paper is organized as follows. Section II A describes
the dynamical model, Section II B the construction of
PESs, Section II C the dynamics methods used to study
H; + Au(111), and Section II D provides computational
details. In Section III A, we briefly discuss the results of
the electronic structure calculations, while Section III B
reports our predictions for the calculated initial-state selected
reaction probabilities. Section III C describes how reaction
probabilities can be fitted to reaction probability curves, to
facilitate their use in the prediction of time-of-flight spectra
for comparison to actual state-resolved associative desorption
experiments. Conclusions are provided in Section IV.

Il. METHOD
A. Dynamical model

The calculations use the Born-Oppenheimer static surface
(BOSS) approximation and most of our calculations model
the Au(111) surface as un-reconstructed. That is, we make the
Born-Oppenheimer approximation and assume the reaction
takes place on the ground state PES and we assume the surface
atoms to be static and to occupy their ideal, relaxed 0 K lattice
configuration positions in the un-reconstructed (111) surface
of the fcc metal gold. Although we realize that Au(111)
reconstructs to a surface with a herringbone pattern,’”’8
like in most computational studies this reconstruction is not
taken into account in most of our calculations. Doing so
would at least require the use of a very large (22 x V3)
surface unit cell, and even then the domain boundaries
between different orientations of the reconstruction, which
are found at finite temperatures, would not be taken into
account.”

As a result of the chosen dynamical model, only the
motion in the six molecular degrees of freedom of Hj is taken
into account. In Figure 1(a) we show the coordinate system
used for our study, and Figure 1(b) shows the surface unit cell
for the un-reconstructed Au(111) surface and its positioning
relative to the coordinates used for H,.

B. Construction of potential energy surfaces

In the first step of computing observables within a
Born-Oppenheimer approach, six functionals were used to
solve the electronic Schrodinger equation with DFT for
several configurations of the system, in order to construct
full six-dimensional (6D) PESs. Three of the functionals
chosen use PBE correlation, i.e., the PBE,” the RPBE,’®
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FIG. 1. (a) The center of mass coordinate system used for the description
of the H, molecule relative to un-reconstructed Au(111). (b) The surface unit
cell and the sites considered for the un-reconstructed Au(111) surface, and the
relationship with the coordinate system chosen for H; relative to Au(111).
The origin (X,Y,Z)=(0,0,0) of the center of mass coordinates is located
in the surface plane at a top site. Polar and azimuthal angles, 6 and ¢, are
chosen such that (6 =90°, ¢ =0°) corresponds to molecules parallel to the
surface along the X (or equivalently U) direction.

and the SRP483? functional, with the SRP48 functional
being a weighted average of the first two functionals
(0.48 * RPBE + 0.52 * PBE). The latter functional allows
molecular beam sticking and associative desorption exper-
iments on D, + Cu(111)3 to be reproduced with chemical
accuracy,zo’32 and was based on an earlier version'® also
correctly describing molecular beam sticking and associative
desorption experiments® and rotationally inelastic scattering
experiments® on H, + Cu(111). The three other functionals
chosen employ the vdW-DF1 (henceforth simply called vdW-
DF) correlation functional developed by the Chalmers-Rutgers
group.?? Three functionals are obtained by combining this
correlation functional with PBE™ (PBE-vdW-DF), RPBE,’®
and optPBE®! exchange. Of these, the last is of special interest
because the optPBE-vdW-DF functional shows chemical
accuracy for the S22 database of van der Waals molecules,?!
and because in a study investigating 4 H,-metal surface
systems it gave a slightly better overall description of
molecular beam sticking experiments on H, + metal systems
than SRP48.%2

To arrive at global expressions for the PES, DFT data were
computed on grids of points and interpolated with the accurate
corrugation reducing procedure (CRP).3*# The procedure
followed is analogous to that used earlier for H, + Ru(0001),%
with the only difference being that the switch to the gas phase
H, potential is now only complete at a molecule-surface
distance of 6.5 A (see Ref. 85 for details). We used the p3ml
plane group symmetry®® associated with the Cu(111) surface.
For details, the reader is referred to Ref. 85.

C. Dynamics method

In the second step of the Born-Oppenheimer approach
selected, dynamical observables are computed with the quasi-
classical trajectory (QCT) method,?’ i.e., with initial energy
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put into vibration taking into account the zero-point energy.
The QCT method has been shown to be remarkably accurate
for dissociative chemisorption of D, and even H, for a
range of systems, including Hj + Cu(111),'%647 Cu(100),%
Ru(0001),% and Pt(111).%

Observables are computed by running trajectories for an
ensemble of initial conditions. The molecules are initially
put 7 A away from the surface, and given a velocity normal
towards the surface that corresponds to the incidence energy
selected. The impact site on the surface is chosen at random.
The orientation of the molecule, 6 and ¢ (Fig. 1(a)), is
randomly chosen based on the selection of the rotational
state: the magnitude of the classical initial angular momentum
L is fixed by L = +/J(J + 1)/k, and its orientation is taken
randomly but with the constraint that cos ¥ = my/+/J(J + 1),
where J is the rotational quantum number, m; is the magnetic
rotational quantum number (the surface normal being the
projection axis), and ¢, the angle between the angular
momentum vector and the surface normal. To take into account
the initial vibrational energy of the molecule, the vibrational
states of H, are computed using the Fourier grid Hamiltonian
method.”’ The molecule is given the amount of energy
corresponding to a specific vibrational level by randomly
sampling positions and momenta from a one-dimensional
quasi-classical dynamics calculation of vibrating H, for the
corresponding energy.

In the trajectories, the method of Stoer and Burlisch®! is
used to propagate the equations of motion. In the calculation of
reaction probabilities, in a trajectory a molecule is considered
dissociated if its H, distance becomes greater than 2.5 A. The
reaction probability is computed from P, = N, /Ny, Where
N, is the number of reactive trajectories and N, is the total
number of trajectories run for a specific incidence condition
(typically taken equal to 10%). For a given initial vibrational
state v and rotational state J, the degeneracy averaged reaction
probability P, (v, J) is calculated as

J
P, )= ) (2= 0m,0P 0, ;m)/(20 +1), (1)

m y=0

where P,.(v,J,my) is a fully initial state resolved reaction
probability.

Other quantities of interest are the vibrational efficacies
Ny=0-1 and 17,=1-7, and the rotational efficacy 7,,. The former
describe how efficient putting energy into vibration prior
to the collision is at promoting reaction relative to putting
energy in translation, while the latter describes how efficiently
rotational pre-excitation promotes the reaction. These are
typically computed for a particular value of the reaction
probability R as

Ei[Pr(Ua, Jc) = R] - Ei[Pr(Uha Jc) = R]
E(U =up,J = Jc)_E(v =vg,J = JC) ’

In Eq. (2), E;[P,(v,J) = R] is the incidence energy at which
the initial state-resolved reaction probability first becomes
equal to R, for H, initially in its (v,J) state. Furthermore,
E(v =v;,J = J.) is the internal energy of H; in its initial
(v;, J.) rovibrational state. In this work, we choose J. = 3 for
H; (odd J-states being more abundant for H,) and J. = 2 for

nv:va—wb(R) = (2)
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D; (even J-states being more abundant for D,). The rotational
efficacy is evaluated as

E;[P,(0,J =8)=R] - E][P,(0,J =10) = R]
Ew=0,/J=10)-E(v =0,J =38)

The rovibrational energies were computed using the Fourier
grid Hamiltonian method” on the basis of our DFT
calculations. In this work, we usually choose R = 0.25,
which is equal to approximately half the maximum reaction
probability (or saturation value of the reaction probability) that
could be fitted earlier to associative desorption and molecular
beam experiments on D, + Cu(111).2°

Mo R) =

3)

D. Computational details

The electronic structure calculations on H; interacting
with un-reconstructed Au(111) were done with version 5.2.12
of the VASP software package.>** The calculations employ-
ing the PBE correlation functional used the standard®* VASP
ultrasoft pseudopotentials,’ while the calculations employing
the vdW-DF correlation functional used the standard”® VASP
projector augmented wave (PAW)’ potentials. VASP allows
the efficient evaluation of the nonlocal vdW-DF correlation
functional with a scheme due to Romén-Pérez and Soler.”’

For each functional, the bulk fcc lattice constant was
computed using a 20 x 20 x 20 grid of k-points and a plane-
wave cutoff energy of 500 eV. Lattice constants computed
were 4.1967 A for the optPBE-vdW-DF and 4.2022 A for
SRP48 functional, respectively. Compared to the experimental
value (4.08 A%), these functionals overestimate the lattice
constant by about 3%. Lattice constants computed for the other
functionals may be found in Table S1 of the supplementary
material.

Slabs were generated by carrying out a relaxation of the
interlayer distances of a four-layer slab using a 20 x 20 x 1
grid of k-points and again a plane-wave cutoff energy of
500 eV. The calculations of the PESs for H, + Au(111) used
static four-layer slabs with the interlayer distances fixed to
the values found through these relaxation calculations. The
calculations employed a 2 X 2 surface unit cell, a plane wave
energy cutoff of 400 eV, and 11 x 11 X 1 k-points. There is
a 13 A vacuum between the periodic images of the slabs,
and Fermi-smearing with a width of 0.1 eV was used. With
the parameters used, and within the limits of the frozen-core
potentials, the estimated convergence of the DFT calculations
was 30 meV. As an example of a convergence test, in Table I
we present results on the convergence of the molecule-surface
interaction energy with respect to the number of layers np,
in the slab. For n; > 5 the interaction energies show small
odd-even oscillations, which we have also observed for other
systems. The results show very good convergence if averages
are taken over the results for n;, and ny + 1 with ny, > 5 and
equal to an odd number, and the results for n; =4 (as used
in our PES calculations for computational efficiency) are in
good agreement with these averages.

We have also carried out a few calculations using PBE-
vdW-DF for H, adsorption on herringbone-reconstructed
Au(111), to examine how the reconstruction might affect the
dissociation barrier. Here we employ the relaxed geometry


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-003639
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TABLE I. Convergence tests on the dependence of the interaction energy
of Hp with Au(111) on the number of layers ny, in the Au slab, for two
fixed geometries of the molecule with respect to the surface, corresponding
to the top-to-bridge (ttb, inset Fig. 2(a)) and bridge-to-hollow (bth, Fig. 2(b),
inset, but with Hj rotated by 90° in ¢ so that dissociation occurs to one fcc
hollow and one hcp hollow site) geometries. The calculations used the PBE
functional, a plane-wave cutoff of 400 eV, and 9 X9 x 1 k-points.

nr Etrp (€V) Eprn (€V)
3 1.252 1.181
4 1.229 1.247
5 1.224 1.228
6 1.252 1.291
7 1.204 1.226
8 1.261 1.304
(5+6)/2 1.238 1.260
(7+8)/2 1.233 1.265

for the (22 x V3) surface unit cell based on PBE-vdW-
DF as published by Hanke and Bjork (HB) as part of the
supplementary material of Ref. 79. The slab consists of six
layers in order to accurately capture the delicate rumpling of
the top four surface layers, while in the bottom two layers
the atoms have been kept frozen at their ideal bulk positions.
Following HB, we have used a 1 x 8 x 1 Monkhorst-Pack grid
for the Brillouin zone integration.”” Remaining settings have
been chosen consistently with the computational setup for
PBE-vdW-DF calculations of the un-reconstructed Au(111)
surface as detailed above. Within our computational setup,
we could then reproduce the adsorption energies for H-atoms
published by HB (Figure 4, top panel of Ref. 79) to within
10 meV.
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lll. RESULTS AND DISCUSSION

A. Electronic structure calculations and potential
energy surfaces

Figure 2 shows elbow plots of the PES computed with
the SRP48 functional for four configurations in which H,
is parallel to the model Au(111) surface, for impact on the
high symmetry top, bridge, hcp hollow, and for one additional
configuration in which H, impacts on a site (t2h) midway
between a top and hcp site, respectively (see also Figure 1(b)).
Table II lists the geometries and heights of the barrier to
dissociation found for the corresponding and two additional
geometries, also providing data for the optPBE-vdW-DF
functional. The analogous results for the other functionals
are in Tables S2 and S3 of the supplementary material.

Our calculations with the SRP48 density functional put
the H-H distance at the barrier (r;) at values in the range
1.35-1.52 A for the configurations considered in Figure 2
and Table II (not counting the most repulsive t2h, ¢ = 30°
configuration, and the bridge-to-hollow configuration here and
in the subsequent analysis, the bridge-to-hollow configuration
is the configuration with the center-of-mass of H, located
as in the inset to Fig. 2(b), but with the molecule rotated
by ¢ = 90° so that the atoms dissociate to the fcc and hcp
hollow sites). The optPBE-vdW-DF functional yields a range
of somewhat smaller values (1.31-1.47 A). Nevertheless, for
both functionals, these values come close to the value (1.6 A)
at which the H, and H,™ curves cross in vacuum,” suggesting
that H, + Au(111) might be a candidate for a system affected
by ehp excitation, as discussed in the Introduction. The r
values obtained with the PBE and RPBE functionals (Table
S2 of the supplementary material) do not differ much from the
values calculated with SRP48 (Table II), and the PBE-vdW-DF

1.8
1.6
1.4
FIG. 2. Elbow plots (ie., V(Z,r))
110 resulting from the Hp+Au(111) PES
computed with the SRP48 functional
— and interpolated with the CRP method
410 @ for four high symmetry configurations
= with the molecular axis parallel to the
;E surface (6 =90°) as depicted by the in-
Ho08 2 sets, for (a) the top site and ¢ = 0°, (b)
;-g the bridge site and ¢ = 0° (the bridge-to-
top global minimum barrier geometry),
0.6 (c) the hep site and ¢ =0°, and (d) the

t2h site and ¢ = 120°. Barrier geome-
tries are indicated with white crosses,

0.4 and the corresponding barrier heights
are given in Table II.

0.2

0.0
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TABLE II. The H-H distance r; and the Hj-surface distance Z; at the
minimum barrier geometry, and the minimum barrier height E, are provided
for configurations in which Hj is parallel to the Au(111) surface (6 =90°).
Results are provided for the SRP48 and for the optPBE-vdW-DF functional.

J. Chem. Phys. 145, 144701 (2016)

TABLE IV. The H-H distance r; and the minimum barrier height E, at the
bridge-to-hollow barrier geometry obtained with the PBE functional (for Ag
and Au) and the PW91 functional (for Cu) are provided for Hy+Cu(111),
Ag(111), and Au(111). In all cases, Hy is parallel to the surface (8 =90°).

SRP 48 optPBE-vdW-DF System b (A) Ep (eV) Reference

o Zp Ey, b Zy Ep Hy+Cu(111) 1.01 0.49 19

Configuration A) A) eV) A) A) (eV) Hy+Ag(111) 1.26 1.16 29
0 Hy+Au(111) 1.19 1.25 This work

Top, =0 1493 1470 1382 1473 1483 1379 Hy+ Au(111) 12 135 58

Bridge, $ =0° 1.521  1.484 1.315 1.420 1.486 1.288
Bridge, ¢ =90° 1.180  1.089 1.407 1.200  1.098 1.508

hep, ¢=0° 1.362  1.241 1.370 1.307  1.262 1.407
t2h, ¢ =120° 1.358  1.301 1.407 1.360 1.312 1.445
t2h, ¢ =30° 1.689  1.552 1.783 1.652  1.565 1.761

and RPBE-vdW-DF values (Table S3 of the supplementary
material) do not differ much from the optPBE-vdW-DF values
(Table II).

To test whether the H, molecule can pick up charge from
the surface at the transition state geometry for Hy + Au(111),
we performed a Bader charge analysis®'%® of the optPBE-
vdW-DF electron densities. The results for the bridge-to-
top barrier geometry (Table III) indicate a negligible charge
transfer from the surface to the molecule (the result in
Table III might be taken to indicate charge transfer from
the molecule to the surface, but within the accuracy of
the analysis method the result is consistent with no charge
transfer). This result is at odds with the results obtained with
the SRP48 functional®?> for the bridge-to-hollow geometry
for Hy + Cu(111), which indicates a charge transfer from
the surface to the molecule of 0.23. This partial charge
transfer did not preclude a chemically accurate description of
H, + Cu(111),'32 although a more massive charge transfer
has been suggested to lead to a breakdown of DFT within
the generalized gradient approximation (GGA) in the work on
O, + AI(111).'% The observation of no charge transfer from
the surface to the molecule in the H, + Au(111) transition state
could be taken to suggest that there should be no problem
with a description of the system at the DFT/GGA level of
theory, and that electron transfer from the surface to the
molecule and back should not be able to drive electron-hole
pair excitation as it does for the highly vibrationally excited
NO scattering from metal surfaces.'”>* We have also tested
whether the difference in charge transfer at the minimum
barrier geometry between H; + Au(111) and H; + Cu(111)
could be due to the differences between the geometries

(bridge-to-top for Au and bridge-to-hollow for Cu), but
additional calculations for the bridge-to-hollow minimum
barrier geometry of Hy + Au(111) suggest that this is not the
case (see Table III).

We may also compare the r, and E, values calculated
here with PBE for H, + Au(111) to those of Hy + Cu(111) and
Ag(111). For the global minimum barrier geometry obtained
for Hy on Cu(111) (the bridge-to-hollow configuration), the
corresponding values are given in Table IV for all three
surfaces. The comparison shows that the barrier for H,
dissociation on Au(111) is of similar height as that for H,
dissociation on Ag(111), but much higher than on Cu(111). For
this geometry, we also predict the barrier for H, on Au(111) to
be later (occurring at a larger value of rp, i.e., 1.2 10\) than on
Cu(111) (1.0 A). We note that the orientation of the molecule
differs from that in the actual minimum barrier geometry on
the bridge site of Au(111), where the minimum barrier is
found for bridge-to-top dissociation (see also Table II). For
this geometry, we predict the barrier for H, on Au(111) to be
even later (at r, ~ 1.5 A, see Table S2 of the supplementary
material). Application of Polanyi’s rules,'” and the late
minimum barriers found for all impact sites, then suggests
that it should be much easier to promote dissociation of H, on
Au(111) by pre-exciting the H; vibration than on Cu(111), on
which pre-exciting the vibration is about a factor 0.5-0.6 as
effective as promoting the reaction by enhancing the incident
translational energy.>

The r, value calculated here for bridge-to-hollow
dissociation with PBE for H, + Au(111) (1.19 A, see Table IV)
compares well with the PBE value of Libisch ez al.?® (1.2 A, see
also Table IV), but there is a fairly sizeable difference between
the barrier heights (we compute a PBE value of 1.25 eV,
Libisch et al. obtain 1.35 eV,?® see Table TV). The difference
in barrier height could be due to several differences between
the DFT methodologies used in the two sets of calculations.

TABLE III. Excess charge in units of e~ transferred from the metal surface to the dissociating molecules for the
transition states of Hp+ Au(111) and Hp+Cu(111), and for the bridge-to-hollow minimum barrier geometry of
H,+Au(111). The values are calculated as the difference between the charge of the molecule in the gas phase
and the charge of the molecule at the transition state (or other minimum barrier geometry), using a Bader charge

analysis.

System Configuration rp (A) Zp (A) Excess charge (e7) Functional
Hy+Au(111) Bridge-to-top 1.42 1.49 -0.02 optPBE-vdW-DF
Hy+Au(111) Bridge-to-hollow 1.20 1.10 -0.02 optPBE-vdW-DF
Hy+Cu(111) Bridge-to-hollow 1.03 1.16 0.23 SRP48
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The calculations of Libisch et al. used better pseudo-potentials
(PAW) than we used with PBE (ultrasoft pseudo-potentials),
a larger supercell (3 x 3 instead of 2x2), and a thicker
slab (7 layers instead of four), and they minimized artificial
electrostatic interactions by adsorbing H, on both sides of
the slab. At the same time, they used a smaller plane-wave
cutoff energy (250 eV) than we did (400 eV), and reported
convergence problems with their spin-polarized calculations
that we did not observe with our spin-unpolarized setup. We
do not know the reason for the 0.1 eV difference between
our results and those of Libisch ef al.; the discrepancy cannot
be explained from the difference in the number of layers
used in the calculations (see Table I and its discussion in
Section II D).

Features that are important determinants of the appear-
ance of the reaction probability curve are the minimum barrier
height and the energetic corrugation,®>'% which are shown
for the six functionals used in Figure 3. Here, the energetic
corrugation Z is defined as the difference between the barrier
height for the most repulsive high symmetry configuration
(found to be t2h, ¢ = 30°) and the configuration with the
lowest barrier height (bridge-to-top). As Figure 3 shows, the
six functionals used differ little in the value of = obtained
with them (in the range 0.46-0.51 eV), but they differ greatly
in the minimum barrier height (in the range 1.17 eV for PBE
to 1.57 eV for RPBE-vdW-DF). As the value of = mostly
determines the slope of the reaction probability curve (which
is inversely related to E) and the = values are all rather similar,
one would expect the reaction probability curves computed
with different functionals to be rather similar in shape, but
displaced from one another along the energy axis with offsets
determined by the differences in the computed minimum
barrier heights.

Finally, we have also examined the effect the herringbone
reconstruction of Au(111) might have on the minimum barrier
height, which has been consistently obtained at a bridge-to-
top like configuration (with angles 6 = 90°, ¢ = 0°, see Fig. 1
and inset to Fig. 2(b)) by all functionals employed in this

052 T T T T T T
PBE correlation + RPBE-vdW-DF
0.51 || vdW-DF correlation @ e |
> 057 PBE-vdW-DF i
~ )
ur 049 |
5
up 048 RPBE 1
optPBE-vdW-DF +
)
047 - + B
PBE SRP48
046 + Il Il Il Il Il

1 1 1
1.3 135 14 145 15 155 16
Epit (€V)

115 1.2 1.25

FIG. 3. The energetic corrugation (see text for definition) versus the min-
imum barrier height for H, interacting with un-reconstructed Au(111) is
shown for the six density functionals used. Results obtained with functionals
employing PBE correlation are marked with red symbols, and results obtained
with vdW-DF correlation with purple symbols.
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TABLE V. Barrier heights E;, based on PBE-vdW-DF obtained in different
regions of the herringbone reconstruction of Au(111) as described by a
(22xV3) surface unit cell obtained by Hanke and Bjork.”® In all cases Hj is
placed at the global minimum barrier geometry obtained at the bridge-to-top
configuration (6 = 90°, ¢ =0°). The difference in energy to this configuration
on the un-reconstructed Au(111) surface is given by 4E},.

PBE-vdW-DF Ep, (eV) AE;, (meV)
Un-reconstructed Au(111), bridge-to-top 1.292

(0=90°¢ =0°)

(22x V3) reconstructed Au(111), hep region 1.362 70

(22 % V3) reconstructed Au(111), ridge region 1.382 90

(22 xV/3) reconstructed Au(111), fec region 1.318 26

study. We have considered the three different regions of the
reconstruction, which have been labeled “hcp-,” “ridge-,” and
“fcc-” region in Ref. 79. Our focus is on the regions around
the (threefold) sites that correspond to the extrema of the H-
atom adsorption energies (at x = [25.4,38.3,58.4] A) for the
“hcp-,” “ridge-,” and “fcc-" region in the top panel of Figure 4
of Ref. 79, respectively. We transfer the minimum barrier
geometry from the PBE-vdW-DF bridge-to-top configuration
(rp = 1.419 A, Z, = 1.479 A, see Table S3 of the supple-
mentary material) to equivalent bridge-site configurations
closest to these aforementioned three hollow sites by using
the corresponding locally distorted surface lattice vectors. The
results are given in Table V. With the reconstruction-induced
distortion of the surface being the most (least) pronounced in
the ridge (fcc) region (see bottom panel of Fig. 2 in Ref. 79), it
is not surprising that we find the largest (smallest) differences
AE} to the barrier height (90 and 20 meV, respectively) on
the un-reconstructed surface in these areas, with the barriers
being higher on the reconstructed surface.

We note that these differences are of the same magnitude
as those given by different density functionals on the un-
reconstructed Au(111) surface for this configuration and might
deserve further attention in future work, when mapping of
entire potential energy surfaces for dynamics calculations
is computationally possible for the reconstructed surface.
By neglecting the effect of the reconstruction, we might
underestimate the dynamical barrier heights (see below) for
dissociation of H, on Au(l111) by approximately 50 meV,
i.e., by about 1 kcal/mol (=43 meV) or more.

B. Dynamics results

Reaction probabilities are presented as a function of
incidence energy E; in Figure 4(a) for all functionals
used in this study and for H, in its (v =0,J = 0) state,
and for the (v =0,J=3), v =1,J=3), and (v =2,J =3)
states for the SRP48 and optPBE-vdW-DF functionals in
Figures 4(b) and 4(c), respectively. The reaction probability
curves computed with the PBE-vdW-DF, optPBE-vdW-DF,
and SRP48 functionals for (v = 0,J = 0) are rather similar,
and are straddled by the reaction probability curves computed
with the PBE and RPBE functionals. Similar findings apply to
other rovibrational states. The reaction probabilities computed
with the RPBE-vdW-DF functional are even smaller than the
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FIG. 4. Reaction probabilities as a function of incidence energy E; for all
functionals used in this study and for H in its (v = 0, j = 0) state (a), and
for the (v=0,J=3), (v=1, J=3), and (v =2,J =3) states for the SRP48
(b) and optPBE-vdW-DF (c) functionals, respectively. Horizontal arrows and
the numbers above these indicate the energy spacings between the reaction
probability curves for the (v, J = 3) states, for a reaction probability equal to
0.25.

RPBE reaction probabilities, reflecting the very high barriers
obtained with RPBE-vdW-DF. Note: It might seem odd that
the RPBE-vdW-DF functional yields higher barriers than
the RPBE functional, and likewise that the PBE-vdW-DF
functional yields higher barriers than the PBE functional.
However, one should note that the Rutgers-Chalmers vdW-
DF functional® is not just a functional that adds the attractive
London dispersion van der Waals interaction to the potential.
Rather, this functional is a general purpose correlation
functional based on second order perturbation theory,'”” which
replaces the PBE correlation functional and leads to overall
different results for the correlation energy. As a result, its
use can lead to higher barriers, and this then simply reflects
overall differences between the correlation energy obtained
with vdW-DF and with PBE correlation. Here, one should
keep in mind that at the short molecule-surface distance
where the minimum barrier is located (about 1.2 A for
the example of H,+ Cu(111)"), the computed correlation
energy corresponds to strongly overlapping charge clouds,
whereas the van der Waals well minimum occurs at much
larger distances (about 3.5 A for the H, + Cu(111) example

J. Chem. Phys. 145, 144701 (2016)
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FIG. 5. Reaction probabilities as a function of incidence energy E; and
for Hy in its (v =0, J) state with J even and 0 <J < 10. Horizontal arrows
and the numbers above it indicate energy spacings between the reaction
probability curves for the (v, J =8, 10) states, for a reaction probability equal
to 0.25. Results obtained with the optPBE-vdW-DF (SRP48) functional are
shown in panel a (b).

Ref. 108). For the latter case, where the charge clouds do
not, or hardly, overlap, the interaction energy indeed shows
the expected behavior, with functionals containing vdW-DF
correlation showing a much more attractive interaction with
the surface than functionals containing PBE correlation for
the example given (see Figure 1 of Ref. 108).

Reaction probabilities computed with the SRP48
functional for the (v = 0,J) states with J even and in the
range 0-10 are shown in Fig. 5(b). The calculations with
this functional predict that the reaction probability increases
monotonically with J. This is at odds with experimental
results for Hy + Cu(111)°? and D, + Cu(111),% which show
that, going from J = 0 to higher J, the reactivity first decreases
with J up J =4 or 5 and then increases with J. However,
calculations on H, + Cu(111)" and D, + Cu(111)'%% show
the same monotonic trend as here found for Au(111). For
H; on Cu(111), the experimental trend in J is thought to
reflect the late barrier for reaction. At low J, increasing
J hinders the reaction because while traversing the narrow
bottleneck to reaction, the molecule might rotate out of its
most favorable orientation to react when rotating faster.’”
At high J, increasing J promotes the reaction because the
rotational energy can be released to motion along the reaction
coordinate, while the bond stretches towards the transition
state for constant J.%> A similar behavior might be expected
for Hy + Au(111), which also exhibits a late barrier. It is not
yet clear why the delicate balance observed in experiments
is not reproduced in calculations for H, + Cu(111), but it is
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perhaps not surprising that the calculations for the late barrier
reaction H, + Au(111) show the same trend as calculations
for the late barrier Hy + Cu(111) reaction. The dependence
of the reactivity on J is not quite as monotonic for the
optPBE-vdW-DF functional, for which J/ =2 and J =0 H;
exhibit more or less the same reactivity (Fig. 5(a)), albeit
the difference observed with the behavior of the J =2 and
J =0 curves obtained with the SRP48 functional is rather
small. Note, however, that calculations on H, + Cu(111) also
found a less monotonic dependence of the reaction probability
on J at low J with optPBE-vdW-DF than with SRP48 (see
Figure 6 of Ref. 82).

Reaction probabilities for D, in its (v = 0,J = 0) state
and for D; in its (v, J = 2) states with v = 0-2 are presented in
Figure 6. For one and the same functional, for (v = 0,J = 0)
D,, the reaction threshold energy is at a somewhat higher
incidence energy than for (v =0,J =0) H,, which is a
zero-point effect:'~""! H, has more energy in zero-point
vibrational motion, so more of this energy can be converted to
motion along the reaction coordinate, helping to traverse the
barrier. This effect can only be recovered with quasi-classical
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FIG. 6. Reaction probabilities as a function of incidence energy E; for all
functionals used in this study and for D, in its (v =0,J =0) state (a), and
for the (v=0,J=2), (v=1,J =2), and (v=2,J =2) states for the SRP48
(b) and optPBE-vdW-DF (c) functionals, respectively. Horizontal arrows and
the numbers above these indicate the energy spacings between the reaction
probability curves for the (v, J =2) states, for a reaction probability equal to
0.25.
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FIG. 7. Reaction probabilities as a function of incidence energy E; and for
D;inits (v =0, J) state with J even and 0 < J < 10. Horizontal arrows and the
numbers above it indicate energy spacings between the reaction probability
curves for the (v,J =8,10) states, for a reaction probability equal to 0.25.
Results obtained with the optPBE-vdW-DF (SRP48) functional are shown in
panel a (b).

dynamics: with the static surface approximation, results for H,
and D, should be identical with a purely classical approach for
the same incident energy and (v = 0,j = 0), as discussed by
Gross and Scheffler.''? Regarding the order of the reactivity,
the trends obtained with the different functionals are the same
as discussed earlier for H, (Fig. 4). Reaction probabilities
computed with the SRP48 functional for the (v = 0,J) states
with J even and in the range 0-10 are shown for D, in Fig. 7(b).
The same monotonic dependence of the reaction probability
on J is found as for H; (Figure 5(b)). As for Hy, for D, the
dependence of the reactivity on J is not as monotonic for the
optPBE-vdW-DF functional, for which J/ =2 and J =0 H,
exhibit more or less the same reactivity (Fig. 7(a)).
Vibrational and rotational efficacies are collected in
Table VI for both H, and D,. The optPBE-vdW-DF values
for the vibrational efficacies come out somewhat larger than
the SRP48 values, in agreement with earlier findings for
D, + Cu(111).8? The vibrational efficacy 7,-9_; computed for
D; + Au(111) (0.83 and 0.90 with SRP48 and optPBE-vdW-
DF, respectively) is similar to that computed for D, + Ag(111)
with the PBE functional (0.90).>° The values computed for
Ny=0—1 for Dy + Au(111) are, however, much larger than
those computed for D, + Cu(111) (0.65 for SRP48 and 0.71
for optPBE-vdW-DF, respectively).®? These trends reflect the
difference in the lateness of the barrier between H, + Cu(111)
and H; + Au(111) (barriers much later on Au), and the
similarity in the lateness of the barrier for Hy + Ag(111)
and Au(111), as discussed in Section III A. The decreased
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TABLE VI. Vibrational and rotational efficacies computed for Hp and D,
+Au(111) on the basis of the SRP48 PES and the optPBE-vdW-DF PES,
where the latter are given in brackets.

Efficacy Ho+Au(111) Dy +Au(111)
. 0.81 (0.86) 0.83 (0.90)
Moelon 0.65 (0.68) 0.67 (0.74)
Mror 0.58 (0.64) 0.50 (0.56)

efficacy of vibration to promote reaction with increasing v is
a common observation in studies of activated dissociation of
D,?° and CH,'"® alike. The rotational efficacies are mainly
presented as predictions for experiment.

We have also analysed the dynamics to see whether
the reaction occurs in a direct or an indirect fashion, and
whether the reaction occurs predominantly at specific surface
sites. For this, the trajectories calculated for (v =0,J = 0)
H, were considered, as computed with the optPBE-vdW-DF
functional. We first looked at the probability for scattering
back to the gas phase. The total value changes from 1
at the lowest incidence energy (0.05 eV) to 0.18 at the
highest incidence energy studied (2.1 eV). Over this entire
energy range, the probability for indirect scattering (scattering
trajectory exhibiting more than one turning point in Z) did
not exceed 0.04. This already strongly suggests that also
reactive scattering is primarily direct, i.e., occurs without the
molecule performing bounces on the surface prior to reaction.
This is corroborated by evaluating the probability that the
molecule reacts while exhibiting one or more bounces (two
or more inner turning points in Z) before the trajectory is
ended because the H-H distance reaches the critical value at
which the trajectory is counted as reaction. Over the entire
energy range considered, this probability did not exceed 0.06,
while the reaction probability rises to about 0.82. The reaction
therefore occurs on a fast time scale, and non-adiabatic effects
have to act efficiently on this short time scale in order to
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strongly affect the probability of the molecule to react. Similar
results were obtained with the SRP48 functional.

To analyse whether the reaction is site-specific, the area
of the surface unit cell was assigned to top, bridge, and
hollow sites (fcc and hcp, see Fig. 1) in a reasonable way
(as done in Figure 2 in recent work on H; + CO precovered
Ru(0001), not making any distinction between sites closest
and farthest away from pre-adsorbed CO in that work). Only
at the very lowest energy was a clear preference for reaction
site found. For instance, at 1.1 eV the probability of reaction
at the bridge site was more than 4 (6) times larger than at the
hollow sites (top site). Already at 1.15 eV the hollow sites
were slightly more reactive than the bridge site (by only a
small margin, and the bridge site remains the most reactive
one if its greater associated surface area is taken into account)
and the top site (by a factor 1.5). This difference in reactivity
between the sites holds up to about 1.5 eV, and at higher
incidence energies this difference almost disappears, the sites
becoming almost equally reactive. It follows that, if one is
interested in non-adiabatic effects, one should in principle
consider non-adiabatic couplings at all sites, because all sites
are, to within a good approximation, equally reactive in the
adiabatic dynamics. Similar results were obtained with the
SRP48 functional.

C. Fits to and features of reaction probability curves

For ease of use in applications where time-of-flight
spectra for associative desorption are computed from disso-
ciation probability curves by invoking detailed balance,” we
have attempted to fit the H, + Au(111) reaction probabilities
computed with the SRP48 and optPBE-vdW-DF functionals
to a suitable form. The four-parameter generalized logistics
functional used successfully in applications on D, + Cu(111)%°
proved less useful for the present Hy + Au(111) results. For the
latter system, better results were obtained by fitting the reac-
tion probability curves to the five-parameter curve (FPC),"
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FIG. 8. Reaction probabilities computed with the SRP48 functional, and the fits of the reaction probability curves through these data on the basis of the FPC
expression, (Eq. (4)), are shown as a function of E; for the three H, and the three D, rovibrational states indicated.
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function of J, for Hy+ Au(111), for v =0 and 1.

E - EJ
W/I

As shown in Fig. 8, this expression allows excellent fits of
the reaction probabilities computed with the QCT method
for (v,J) Hy + Au(111) for (v = 0-1,J = 3) and for (v = 0,J
= 11) using a SRP48 PES, and similar results were obtained
for other rovibrational states and for the optPBE-vdW-DF
functional. Similar results were also obtained for (v = 0-2,J
=2) D, + Au(111) (see also Fig. 8). The parameters obtained
for the (v,J) H, and D, states, studied on the basis of
the SRP48, optPBE-vdW-DF, and PBE functionals, are
tabulated in Tables S4-S9 of the supplementary material.
There, we also provide the reaction probabilities computed
for D, + Au(111) with the SRP48 and optPBE-vdW-DF
functionals. In comparisons of our calculated reaction
probabilities with experiments performed for associative
desorption from a hot Au(111) surface, one should keep
in mind that the static surface approximation used here will
most likely underestimate the widths of the computed reaction
probability curves for a hot surface (i.e., Ty > 900 K).3>!14
The energy constants in the FPC curve do not provide
much physical insight. A more useful measure of the reactivity
is the value of the incidence energy for which the reaction
probability first attains a specific value, chosen to be 0.25
in this work. Such a value of the incidence energy can be

E-Eon 4
PO+ exp-= L (4)

’

Pr(E;) = Aexp[—exp(-
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FIG. 10. The dynamical barrier height E( computed with the optPBE-vdW-
DF (blue circles) and SRP48 (green squares) functionals is shown as a
function of J, for Do+ Au(111), for v =0, 1, and 2.

denoted as Ey, and called the dynamical barrier height. It is
plotted as a function of J for v = 0 and 1 H; in Figure 9, and
for v =0, 1, and 2 D, in Figure 10. As a function of J, the
computed Ej values display the trend of a monotonic decrease
with J as usually found in dynamics calculations based on
DFT PESs,'??%% although in some cases observed here E,
first goes up with J going from J = 0 to 1, after which it then
decreases with increasing J. In contrast, experiments on H,
and D, + Cu(111) have usually shown Ej to increase with J
for J up to 4 or 5, and then to decrease with increasing J.
The experimental dependence of Ey on J for Hy + Au(111)
remains to be established.

IV. CONCLUSIONS

We have performed calculations on the dissociative
chemisorption of H, on un-reconstructed Au(111). Together
with the Hp + Ag(111) system, due to its late barrier for
dissociation, H; + Au(111) is among the best examples
of H, + metal surface systems for which the dissociative
chemisorption could be considerably affected by dissipation
of energy to the metal electrons while H, travels to the late
reaction barrier.

Minimum barrier geometries and potential energy
surfaces (PESs) were computed for six density functionals,
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i.e., three GGA functionals using PBE correlation, and
three functionals exhibiting GGA exchange and non-local
correlation as used in the vdW-DF1 functional of Dion et al.®
Two of the functionals tested (SRP48 and optPBE-vdW-DF)
have previously shown excellent performance on Hj-metal
surface systems. The six functionals tested yield minimum
barrier heights in the range 1.15-1.6 eV, and very late barriers
in the sense that the H-H distances at the barrier geometries
are not only larger than the equilibrium gas phase H, bond
distance but also larger than found for the barriers in the late
barrier Hy + Cu(111) system.

The PESs have been used in quasi-classical trajectory
(QCT) calculations of the initial (v,J) state-resolved reaction
probability for several rovibrational states of H, and D,.
Our calculations may serve as predictions for state-resolved
associative desorption experiments, from which initial state-
resolved dissociative chemisorption probabilities can be
extracted by invoking detailed balance. For this purpose,
the reaction probabilities computed for several H, and
D, rovibrational states with v = 0-2 have been fitted to
an analytical form for the SRP48, optPBE-vdW-DF, and
PBE functionals, and the fits have been reported. The
vibrational efficacy 1,-0-,=1 reported for D, dissociating on
un-reconstructed Au(111) (about 0.9) is similar to that found
in earlier quantum dynamics calculations on H, + Ag(111),%
but larger than found computationally and experimentally for
D, + Cu(111). With both functionals tested, the reactivity of
H; and D, exhibits an almost monotonic dependence on the
rotational quantum number J. This is at odds with experiments
on H; and D, + Cu(111), which predict that the reactivity
should first decrease with increasing J up to J =4 or 5, and
then decrease with increasing J.

A limited set of test calculations employing the PBE-
vdW-DF functional have been performed on the dissociation
barrier of H, on herringbone-reconstructed Au(111). These
tests predict that the dissociation barrier on the reconstructed
surface is higher by values in the range 20-90 meV when
compared to the un-reconstructed surface. These results
suggest that, for chemical accuracy (i.e., reaction probability
curves accurate to within energy shifts of 1 kcal/mol), the
herringbone reconstruction of Au(111) should be modeled
when performing calculations with the aim of reproducing
experiments.

SUPPLEMENTARY MATERIAL

See the supplementary material for Tables S1-S9, tabu-
lated computed reaction probabilities for Hy, Dy + Au(111)
based on the SRP48 and optPBE-vdW-DF functionals, and
the potential data needed to construct the six potential energy
surfaces used in this work.
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