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Abstract: We have performed calculations on (Ii d ociehive chemisorption of H, on

A
(111). Due to a very late barrier for

calculations on this process on unreconst&ﬁ?

dissociation, H, + Au(111) is a ca idate\z- tal system for which the dissociative
chemisorption could be consider l;%&id by energy transfer to electron-hole pairs.
Minimum barrier geometries a‘i%:t\iai\energy surfaces were computed for six density

functionals. The functiona%l d minimum barrier heights in the range 1.15-1.6
eV, and barriers that are even latéx than found for the similar H, + Cu(111) system. The

V
PESs have been e@i-classical trajectory calculations of the initial (v,J/) state

resolved reacti oéabgity for several vibrational states v and rotational states J of H,

unreconstructed and reconstructed Au(111) \Kyns@ functional theory, and dynamics

and D,. Our caleulations may serve as predictions for state-resolved associative

desorption }eriments, from which initial state-resolved dissociative chemisorption

iljtiés c?n be extracted by invoking detailed balance. The vibrational efficacy

7R relso d for D, dissociating on unreconstructed Au(111) (about 0.9) is similar to

Qiita? in earlier quantum dynamics calculations on H, + Ag(111), but larger than

for D, + Cu(111). With the two functionals tested most extensively, the reactivity
of\HZ 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.
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1. Introduction.

The importance of electronically nonadiabatic effects on reactive and non-reactive

scattering of atoms and molecules from metal surfaces is a contro r51a1 and hot topic in

-1
i \some systems

1, 6, 10, 1517

1-10

physical chemistry with relevance to heterogeneous catal

there is clear evidence that non-adiabatic effects play addo ' ant role

However, there is also ample evidence that most aspect ome reagtive and non-reactive
scattering of H, from metal surfaces under thermal“or E:conditions (no photo-
excitation of the metal) can be accurately described wi hou) taking non-adiabatic effects
into account '®. Specifically, for H, + Pt(d] L v@ shown that both reaction and
diffraction probabilities can be accurately describ w1th a single potential energy surface

(PES), which would be unlikely if el tro}nqle pair (ehp) excitation should be important
h{

2. Furthermore, adiabatic theory is
of energy resolved '* as well %X‘u]state -resolved ' ?° experiments on reactive and
non-reactive '° scattering O&% (111). Likewise, dynamics calculations modeling

effects of ehp excitation using frietion theory found little if any effect of ehp excitation

providing a chemically accurate description

5, 21-23

processes on the probability of H, dissociation on metal surfaces . This raises the

following questions if nopradiabatic effects were to be observed on the reactivity of an

H,-metal systerrw thermal or mild conditions, what would be the best system to look

at for such Q:ts?

y.
- 4

One way 450 nswer the question raised above arises if the assumption is made that non-
adiabatic effects on scattering may become important if a (partial) charge transfer from

rface to the molecule occurs during the scattering **. An analysis® of computed *°
p?)?ential energy curves of H, and H,™ in gas phase (see also Ref.” for the comparison to

n 24

the "non-adiabatic" ©* NO-metal case) then suggests that the most likely candidate Ho-

metal system for observing non-adiabatic effects should be a system with a very late

2
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-eaction 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) + V(-((Z)) becoming small
or negativeZ4, where @ is the work function of the metal, EA(r) e.slec 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 molécu e distance Z. ® does

—
not vary greatly among the late 3d-5d transition métal-elements belonging to groups 7

through 11 (from Fe to Au, @ varies between 4.26 fo)Ag and 5.65 eV for Pt, the

-
metal in the simple model described abové\%ri arts out at -3 eV for the gas phase H-
H distance and rises to 0 eV for 16\{ ly if the minimum barrier geometry

\
approaches 1.6 A will there b reasepably high probability that an electron is
\J

transferred to the molecule bei&h arrier is crossed, thereby allowing the reaction to

be affected by this transfer.\\
The requirement o gt@r geometry discussed above would suggest looking at the

interaction of I{the)noblest" metals, i.e., Au 2, and Ag. Calculations using density

values being 5.1 eV for Au and 4.65 eV forcxgé), arm Vim (Z) does not depend on the

functional heor}(\QT put the minimum barrier for H, dissociation on Au(111) well

27

above L.eVeZ"** and put the barrier position at an H-H distance of about 1.2 A %, The

valuesage’’ sigﬁi icantly larger than the well established values of the minimum barrier
hei I:; ang osition of H, + Cu(111) (0.63 eV and 1.03 A, respectively ). DFT
g-a:z::a fons on the H, + Ag(111) system®® suggest barrier characteristics (1.16 eV, H-H
istarice 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).
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Although experiments have addressed the importance of ehp excitation on reactive
scattering 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

3031 However! by themselves these

the Langmuir-Hinshelwood recombination reaction
experiments give no information on the extent to which ehp exgitation affects the reverse
dissociative chemisorption probability, and ehp excitation iséalso 6bserved in experiments
on reaction of H with H adsorbed on Cu surfaces *'/althoughdissociation of H, on
Cu(111) is described quite well with electronically adiabaticstheory ' 2% *. Calculations
using ab initio molecular dynamics with electroni¢ frietion{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 H,, 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 §eatteriag from Au(111) '°. Therefore, it is likely that the

S takes place at the onset of the associative

ehp excitation observed ifi, Refs.
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 mildsconditionss as ehp excitations are created by coupling light into plasmons

localised on.the Auwnanoparticles.

The interaCtion,of H, with Au is also of interest in other contexts. Interest in the role gold

napopartigles' play in the catalysis of hydrogenation reactions *>** has prompted

3941 of interactions of H, with (defected) Au clusters and Au surfaces.

theoretical studies
Expefiments showing effects of the presence of H, on the conductance through Au
nanowires ** have promoted theoretical studies of the dissociative chemisorption of H, on

44, 45

Au nanowires . Experiments and calculations * have investigated the effect of
p g

alloying Pd into Au surfaces on H, dissociation. Pan et al. have investigated the

4
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-ecombinative desorption of H, on Au(111), finding that H, comes off the surface at a
low temperature (110 K), which is indicative of a weak interaction of atomic H with
Au(111) ***7. On Au(110)-(1x2) H; has been observed to associatively desorb at 216 K,
likewise indicating a weak interaction of atomic H with this sur?ée; these experiments
also suggest a very high barrier to dissociative chemisorption o, on this Au surface **

Finally, scattering of atomic H from Au(111) has been studigd theoretically with AIMD
149 with molecular dynamics (MD) %% and with mo cfﬂ)r dynamics with electronic

.. 10 . . . -~
friction (MDEF) "° calculations, and with experiment§ *%

)

While this study focuses on H, + Au(111), w rk(l\as al) been done on reactive scattering
B&,

from surfaces of the other coinage metals, Ag. We will restrict our overview to

the (111) surfaces of these metals. % u(111) system may be considered a

benchmark system, with many s and calculations available. Dissociative

chemisorption has been studled\m through molecular beam sticking experiments on
H,*"% and D,**, and ind{sg\N h associative desorption experiments on H,>* and
D, and application -of detai balance. There have also been experiments on

56-58

rotationally” and yibrational inelastic scattering of H, from Cu(111). Early high-

dimensional q o d};parnics calculations on the reactive scattering include five-

dimensional.calctations of Gross et al.”’ and 6D calculations by Dai and Light®* ®' and

Somers et Q % Very detailed dynamical studies have been performed using specific

19, 20, 23, 32, 64-67

reacti p/ara eter functionals , also addressing initial-state selected

192
reaction S ’

@% u(111).
S

Much fewer studies have been carried out on H, + Ag(111). Experiments on this system

* as measurable indirectly through associative desorption, as addressed here

have studied dissociative chemisorption indirectly, by looking at associative desorption®®

I while the dissociation has been studied directly with both molecular beam sticking

5
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7% 7 and with six-dimensional quantum dynamics calculations®. The

>Xperiments
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, b?/ the experimentalists
reported that with the detection technique that needs to be ap iecsin se experiments

(the King and Wells technique’®) reaction could not be deteoted (this would have required

sticking probabilities > 0.05)"%. Similar difficulties should Béexp ed for Hy + Au(111),
T—
which exhibits similarly high reaction barriers as H>+ Ag(l11) (see below). For this

reason, in the present paper on H, + Au(l11l).we ocu} on making predictions for
&

rovibrational state-selected results that arfe.b

energy. s\

The goal of our work is t\rf)i ?redictions of initial state-selected reaction

probabilities, which can \C\t;k}hrough experiments that look at dissociative

chemisorption indirectly, by measuring associative desorption of H, (or D;) in a state-

associative desorption experiments, whichg¢h tha added advantage of producing
-
%esolved with respect to translational

selective manner

dynamics cal?la 1

the well- owrﬁ%7 nd RPBE’® functionals, and the SRP48%% functional that was

shown 2{\2@:11 for H, + Cu(111)"* and might for this reason be expected to also
son

yield a%e

%g detailed balance® **. As detailed below, we perform

¢ usijlg PESs based on six different functionals, among which are

description of H, + Au(111). Subsequent experimental measurements

=
might shQ)W hether any of the predicted set of reaction probabilities, which are all

Q:ine here within the Born-Oppenheimer approximation, do reasonably well at

icting 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

ehp excitation could be important for the H, + Au(111) system.
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This paper is organized as follows. Section 2A describes the dynamical model, section
2B the construction of PESs, Section 2C the dynamics methods used to study H, +
Au(111), and section 2D provides computational details. In Section 3A we briefly discuss
the results of the electronic structure calculations, while Sez)(ion 3B reports our
predictions for the calculated initial-state selected reaction pr Ms. Section 3C
describes how reaction probabilities can be fitted to reagtion“probability curves, to
facilitate their use in the prediction of time-of-flight e‘c‘aa for«comparison to actual

T—
state-resolved associative desorption experiments. C@ are provided in Section 4.

N

-

2. Method.

2.A Dynamical model.
i\

The calculations use the BO"\T eimer static surface (BOSS) approximation and

/
l

most of our calculations m eLtKu 111) surface as unreconstructed. That is, we make

the Born-Oppenheimer.approximation and assume the reaction takes place on the ground
state PES, and we séwe\the surface atoms to be static and to occupy their ideal, relaxed

0K lattice co?g tion positions in the unreconstructed (111) surface of the fcc metal

gold. Although realize that Au(111) reconstructs to a surface with a herringbone

“&_ Jike in most computational studies this reconstruction is not taken into

accouttuin’ m(?t f our calculations. Doing so would at least require the use of a very
lange (223 3) surface unit cell, and even then the domain boundaries between different

orientations of the reconstruction which are found at finite temperatures would not be

into account’’.

\ <

As a result of the chosen dynamical model, only motion in the six molecular degrees of

freedom of Hj is taken into account. In Figure 1A we show the coordinate system used

7
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for our study, and Figure 1B shows the surface unit cell for the unreconstructed Au(111)

surface and its positioning relative to the coordinates used for Hy.
2B. Construction of potential energy surfaces.

In the first step of computing observables within a BornéOppenheimer approach, six
functionals were used to solve the electronic Schrodinger equationgwith DFT for several
configurations of the system, in order to construct full six-dimensional (6D) PESs. Three
of the functionals chosen use PBE correlationsi.c.;sthe PBE”, the RPBE’®, and the
SRP48* functional, with the SRP48 functional being a Wweighted average of the first two
functionals (0.48 * RPBE + 0.52 * PBE)«The latter functional allows molecular beam
sticking and associative desorption experiments on D, + Cu(111)> to be reproduced with

20, 32 - .19 o
7%, and was based onwan earlier version ~ also correctly describing

chemical accuracy
molecular beam sticking and, assoGiative desorption experiments’> and rotationally
inelastic scattering experimients>” on H, + Cu(111). The three other functionals chosen
employ the vdW-DFElL (hencefoith simply called vdW-DF) correlation functional
developed by thet Chalmers-Rutgers group®. Three functionals are obtained by
combining this gorreldtionfunctional with PBE” (PBE-vdW-DF), RPBE’®, and optPBE®'
exchange. Of these, the last is of special interest because the optPBE-vdW-DF functional
shows chenical 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*,

Te.arrive at global expressions for the PES, DFT data was computed on grids of points
and interpolated with the accurate corrugation reducing procedure (CRP)** ®. 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

8
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molecule-surface distance of 6.5 A (see Ref. * for details). We used the p3ml plane
group symmetry™ associated with the Cu(111) surface. For details, the reader is referred

to Ref. &,

2C. Dynamics method. 3\

In the second step of the Born-Oppenheimer approac sei%te\d,&vnamical observables

are computed with the quasi-classical trajectory (QQT)methed*’, i.c., with initial energy
put into vibration taking into account zero-p(ziz e y.SThe QCT method has been
shown to be remarkably accurate for dissociti&jhen‘l)sorption of D, and even H; for a

-
range of systems, including H, + Cu(111 & (100)**, Ru(0001)**, and Pt(111)*.
\

Observables are computed by ru in,%ories for an ensemble of initial conditions.
~

The molecules are initially pu%ay from the surface, and given a velocity normal
towards the surface that CO‘%\OQt the incidence energy selected. The impact site on
the surface is chosen at random:“The orientation of the molecule 6 and ¢ (Fig.1A) is

randomly chosen asé@ne selection of the rotational state: the magnitude of the

classical initial J4r mementum L is fixed by L =4/J(J+]) / h, and its orientation is

1 tum number, m, is the magnetic rotational quantum number (the surface

taken randérizst\W1 h the constraint that cos$, = m, / \J(J+1), where J is the
¢in

g )b projection axis), and 9, the angle between the angular momentum

vegtor angt surface normal. To take into account the initial vibrational energy of the

‘ “n?oleg , the vibrational states of H, are computed using the Fourier grid Hamiltonian

6d *°. 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.
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[n the trajectories, the method of Stoer and Bulirsch®' 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
where N, is the/number of reactive

feshpgciﬁc incidence

ibrational state v and

probability is computed from P, =N,/N

total >

trajectories, and Ny, is the total number of trajectories ru

condition (typically taken equal to 10%). For a given iniial

rotational state J, the degeneracy averaged reaction prob, i‘ly P,(wJ) is calculated as
T~

F(v.J)= ZJ:(2 =0, o)P,(V,J,mJ)/(2J+¢ KS (D,

m, =0
\D
where P (v,J,m,) is a fully initial state résﬂ\x% tion probability.
o

Other quantities of interest are th \V;br.a,gional efficacies 7,_,,, and 7,_,_,,, and the
rotational efficacy 7,,. The for N ribe how efficient putting energy into vibration

prior to the collision is at pr\oﬁ'ng reaction relative to putting energy in translation,
while the latter des iba§)w efficiently rotational pre-excitation promotes reaction.
These are typical comp for a particular value of the reaction probability R as

E[P(v,J,)=R]-E[P(v,J,)=R]
n v, oV, (R) - _ _ — —
Ev=v,J=J)-EWv=v,J=J.)

2).

£

In E‘(i‘.2, s £ (v,J)=R] 1s the incidence energy at which the initial state-resolved
ct robability first becomes equal to R, for H, initially in its (v,J) state.

Tea
rthéermore, E(v=v,J=J. ) is the internal energy of H, in its initial (v, J.)
Sro\‘ibrational state. In this work we choose J. = 3 for H, (odd J-states being more

abundant for Hy) and J. = 2 for D, (even J-states being more abundant for D,). The

rotational efficacy is evaluated as

10
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E[P.(0,J=8)=R]-E[P(0,J=10)=R]
nrut( ) (3)'
Ev=0,J=10)-E(v=0,J=8)
The rovibrational energies were computed using the Fourier gri miltonian method”

on the basis of our DFT calculations. In this work, we usuall ch%se R=0.25, equal to
approximately half the maximum reaction probability (or sa t10 value of the reaction

probability) that could be fitted earlier to associative e%n and molecular beam

experiments on D, + Cu(11 1)*. K
2D. Computational details. \L D

The electronic structure calculation 1nteract1ng with unreconstructed Au(111)

92, 93

were done with version 5.2.12 o V P software package . The calculations

employing the PBE correlati fi ct10nal used the standard’® VASP ultrasoft

pseudopotentials’®, while th
used the standard” V, S'Kﬁuector augmented wave (PAW)’® potentials. VASP allows
efficient evaluatig of the nonlocal vdW-DF correlation functional with a scheme due to

Roman- Perez

ations employing the vdW-DF correlation functional

For ea fun 1onal, the bulk fcc lattice constant was computed using a 20x20x20 grid of
k- oli_r_{ts d afplane-wave cut-off energy of 500 eV. Lattice constants computed were

4.1967 ASfor the optPBE-vdW-DF and 4.2022 A for SRP48 functional, respectively.

—
Compsared to the experimental value (4.08 A*®), these functionals overestimate the lattice

Sco ant by about 3%. Lattice constants computed for the other functionals may be found

~
in Table S1.

11


http://dx.doi.org/10.1063/1.4964486

AllP

Publishing

| This manuscript was accepted by J. Chem. Phys. Click to see the version of record. |

Slabs were generated by carrying out a relaxation of the interlayer distances of a four-
layer slab using a 20x20x1 grid of k-points and again a plane-wave cut-off 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 relaxafion calculations. The
calculations employed a 2 x 2 surface unit cell, a plane wave ghergy cut-off of 400 eV,
and 11 x 11 x 1 k-points. There is a 13 A vacuum betweefy thé\periodic images of the
slabs, and Fermi-smearing with a width of 0.1 eV wasdised: 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 eonvergence test, in Table 1 we present
results on the convergence of the molecule-surfaee intetaction energy with respect to the
number of layers #n; in the slab. For n; > 5«he interaction energies show small odd-even
oscillations, which we have also observed 1ot othér systems. The results show very good
convergence if averages are taken Qver the'sgsults for n; and n; + 1 with n, > 5 and equal
to an odd number, and the results for n;, = 4 (as used in our PES calculations for

computational efficiency) ate m.goed agreement with these averages.

We have also carried“eut a few calculations using PBE-vdW-DF for H, adsorption on
herringbone-reconstricted4Au(111), to examine how the reconstruction might affect the
dissociation.barries, Here¢ we employ the relaxed geometry for the (22 x 73 ) surface unit
cell based“en/PBE-vdW-DF as published by Hanke and Bjork (HB) as part of the
supplemenftal material of Ref. 7. 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
havedised a 1x8x1 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 unreconstructed Au(111) surface as detailed above. Within our

12
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computational setup we could then reproduce the adsorption energies for H-atoms

published by HB (figure 4, top panel of Ref.”) to within 10 meV.

3. Results and Discussion.

3.A Electronic structure calculations and potential energy, surfaces.

Figure 2 shows elbow plots of the PES computed fwith 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“tgp andshcep site, respectively (see also Figure
1B). Table 2 lists the geometries and¢heights, of the barrier to dissociation found for the
corresponding and two additional{gegmetrigs, also providing data for the optPBE-vdW-

DF functional. The analogous results for the other functionals are in Tables S2 and S3.

Our calculations with the SRP48%density functional put the H-H distance at the barrier
() at values in the range 1.35 - 1.52 A for the configurations considered in Figure 2 and
Table 2 (not ceunting the most repulsive t2h, $=30° configuration and the bridge-to-
hollow configuration here and in the subsequent analysis, the bridge-to-hollow
configupation iS the configuration with the center-of-mass of H, located as in the inset to
Fig.2b;"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
valug’(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 7, values obtained with the PBE and RPBE functionals (Table S2) do

not differ much from the values calculated with SRP48 (Table 2), and the PBE-vdW-DF

13
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Publishing and RPBE-vdW-DF values (Table S3) do not differ much from the optPBE-vdW-DF

values (Table 2).

To test whether the H, molecule can pick up charge from the sufface at the transition
state geometry for H, + Au(111), we performed a Bader chdrge analysis” ' of the
optPBE-vdW-DF electron densities. The results for the bridge-to-top barrier geometry
(Table 3) indicate a negligible charge transfer from the stirfage to the molecule (the result
in Table 3 might be taken to indicate charge transferfrom theanolecule 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 H, + Cu(l 11), 'which indicates a charge transfer from
the surface to the molecule of 0.23¢ Thiswpartial charge transfer did not preclude a
chemically accurate description of Hy + Gy(111)" 32 although a more massive charge
transfer has been suggested tQdead\to a breakdown of DFT within the generalized

gradient approximation (GGAYin work on O, + Al(11 '

. 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 ofithCory gand 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 highly
vibrationally efcited NO scattering from metal surfaces" **. We have also tested whether
the differefice 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 Auand bridge-to-hollow for Cu), but additional calculations for the bridge-to-hollow

minitum barrier geometry of Hy + Au(111) suggest that this is not the case (see Table 3).

We may also compare the 7, and Ej, values calculated here with PBE for H, + Au(111) to

those of H, + Cu(111) and Ag(111). For the global minimum barrier geometry obtained

14
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for Hy on Cu(111) (the bridge-to-hollow configuration), the corresponding values are
given in Table 4 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 7, i.e., 1.2 A)ythan on'Cu(111) (1.0 A).
We note that the orientation of the molecule differs from4that™i the actual minimum
barrier geometry on the bridge site of Au(111), where ghe minimum barrier is found for
bridge-to-top dissociation (see also Table 2). For thig geometsy, we predict the barrier for
H, on Au(111) to be even later (at , = 1.5 A _see Table 82). Application of Polanyi's
rules'”, and the late minimum barriers found forall 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-ex¢iting the vibration is about a factor 0.5-0.6

as effective as promoting the reaction by ehhancing the incident translational energy”.

The r, value calculated herédorbridge-to-hollow dissociation with PBE for H, + Au(111)
(1.19 A, see Table 4) compares well with the PBE value of Libisch et al®® (1.2 A, see
also Table 4), but there is alfairly sizeable difference between the barrier heights (we
compute a PBB valu€ of /.25 eV, Libisch et al. obtain 1.35 eV, see Table 4). The
difference in barmier height could be due to several differences between the DFT
methodglogigsfused in the two sets of calculations. The calculations of Libisch et al. used
better psetido-potentials (PAW) than we used with PBE (ultrasoft pseudo-potentials), a
latger supgercell (3x3 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 cut-off 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 set-up. We do not know the reason for the

0.1 eV difference between our results and those of Libisch et al.; the discrepancy cannot
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se explained from the difference in the number of layers used in the calculations (see

Table 1 and its discussion in Section 2D).

Features that are important determinants of the appearance of thé reaction probability
curve are the minimum barrier height and the energetic co ml%, which are
shown for the six functionals used in Figure 3. Here, thé_enérgetic corrugation = is
defined as the difference between the barrier height for the @)st répulsive high symmetry
configuration (found to be t2h, ¢$=30°) and the cgnfigur '“n‘;vith the lowest barrier
height (bridge-to-top). As Figure 3 shows, the.six cti&als used differ little in the
value of = obtained with them (in the range 0. 5 I}V), but they differ greatly in the
minimum barrier height (in the range 1.17¢V fo ‘]-373 to 1.57 eV for RPBE-vdW-DF).

—

re all rather similar one would expect the

As the value of = mostly determines he%pe of the reaction probability curve (which is
k{

inversely related to =) and the

reaction probability curves co‘xp‘t\e\wnh different functionals to be rather similar in
h

shape, but displaced from ‘\‘NSG along the energy axis with offsets determined by
dm

the differences in the corp'gte imimum barrier heights.

Finally, we haye s6 ex/amined the effect the herringbone reconstruction of Au(111)
might have onNm um barrier height, which has been consistently obtained at a

}ke configuration (with angles 8=90°, ¢=0°, see Fig.1 and inset to Fig.2b)

&ioryls employed in this study. We have considered the three different regions

(13 13

of\the reson truction, which have been labeled “hcp-, “ridge-* and “fcc-" region in

r focus is on the regions around the (threefold) sites that correspond to the

fa of the H-atom adsorption energies (at x = [25.4, 38.3, 58.4] A) for the “hcp-*,
“?i\dge-“ and “fcc-" region in the top panel of figure 4 of Ref.”, respectively. We transfer
the minimum barrier geometry from the PBE-vdW-DF bridge-to-top configuration (7, =

1.419 A, Z, = 1.479 A, see Table S3) to equivalent bridge-site configurations closest to
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‘hese aforementioned three hollow sites by using the corresponding locally distorted
surface lattice vectors. The results are given in Table 5. With the reconstruction-induced
distortion of the surface being most (least) pronounced in the ridge (fcc) region (see
bottom panel of Fig. 2 in Ref.””), it is not surprising that we ﬁn?/[he largest (smallest)
differences AE, to the barrier height (90 and 20 me ,~Sesp ively) on the

unreconstructed surface in these areas, with the barriers being higher on the reconstructed

surface. ‘)
T—
-

We note that these differences are of the same-ma 'tudé as those given by different

density functionals on the unreconstructed Au(¥41) ?yrface for this configuration and

-
might deserve further attention in future wark, when mapping of entire potential energy

surfaces for dynamics calculations is computationally possible for the reconstructed

—

surface. By neglecting the effec Q%he econstruction, we might underestimate the

N
dynamical barrier heights (S%bbow) for dissociation of H, on Au(l11) by

approximately 50 meV, i.e.§ t I*kcal/mol (= 43 meV) or more.

3.B Dynamics resuits.
£

V.
Reaction progb}k'egar presented as a function of incidence energy E; in Figure 4A for
all functio s).lsed in this study and for H; in its (v = 0, J = 0) state, and for the (v=10, J
=3),

=
fu ctionali it Figures 4B and 4C, respectively. The reaction probability curves computed

< 1, / = 3), and (v = 2, J = 3) states for the SRP48 and optPBE-vdW-DF

Qﬁ;t BE-vdW-DF, optPBE-vdW-DF, and SRP48 functionals for (v = 0, J = 0) are
f similar, and are straddled by the reaction probability curves computed with the
PEE 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 RPBE reaction probabilities, reflecting the very high barriers obtained with RPBE-
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g 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 fhe attractive London
dispersion van der Waals interaction to the potential. Rather, this<functiepal is a general
purpose correlation functional based on second order pégturbation theory'®’, which
replaces the PBE correlation functional, and leads to/ovesall 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 eéngrgy/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 logated (about 1.2 A for the example of H, +
Cu(111)") the computed correlation gngrgy«corrésponds to strongly overlapping charge
clouds, wheras the van der Waals{well minimum occurs at much larger distances (about
3.5 A for the H, + Cu(111) ex@imple'?). 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 Cerrelation showing a much more attractive interaction
with the surface than functionals containing PBE correlation for the example given (see

figure 1 of Ref A"}

Reaction prebdbilities computed with the SRP48 functional for the (v=0, J) states with J
even and 4n the range 0-10 are shown in Fig.5b. The calculations with this functional
predict that the reaction probability increases monotonically with J. This is at odds with
experiimental results for H, + Cu(111)** and D, + Cu(111)*, which show that, going from
J=0.t0 higher J, the reactivity first decreases with Jup 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
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-eaction 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 reaction because rotational energy can be released to motion along
the reaction coordinate while the bond stretches towards the transifion state for constant
J?2. A similar behavior might be expected for H, + Au(111), @hich alsg exhibits a late
barrier. It is not yet clear why the delicate balance obsérvedwin experiments is not
reproduced in calculations for H, + Cu(111), but it ig/perhaps not surprising that the
calculations for the late barrier reaction H, + Au€lll)«show the same trend as
calculations for the late barrier H, + Cu(111) reactions The/dependence of the reactivity
on J is not quite as monotonic for the optPBE-vdW-DFfunctional, for which J = 2 and J
= 0 H; exhibit more or less the same réagctivitys(Fig.5a), albeit it that the difference
observed with the behavior of the Ji= 2 and J = 0 curves obtained with the SRP48
functional is rather small. Note, hwever, that calculations on H, + Cu(111) also found a
less monotonic dependence of'the reagtion probability on J at low J with optPBE-vdW-

DF than with SRP48 (sce figure.6 of Ref.*%).

Reaction probabilities for D, lin its (v = 0, J = 0) state, and for D, in its (v, J = 2) states
with v = 0-2 arg'presénted in Figure 6. For one and the same functional, for (v =0, J=0)
D, the reaction threghold energy is at a somewhat higher incidence energy than for (v =0,
J = 0) He, which is a zero-point effect'”'"": H, has more energy in zero-point vibrational
motionygo more of this energy can be converted to motion along the reaction coordinate,
helping te traverse the barrier. This effect can only be recovered with quasi-classical
dynamics: with the static surface approximation, results for H, and D, should be identical
with @ purely classical approach for the same incident energy and (v=0,/=0), as discussed
by Grof 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
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in the range 0-10 are shown for D, in Fig.7b. The same monotonic dependence of the
reaction probability on J is found as for H, (Figure 5b). As for H,, 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.7a).

Vibrational and rotational efficacies are collected in Tablel6 for both H, and D,. The
optPBE-vdW-DF values for the vibrational efficacies cofne out somewhat larger than the
SRP48 values, in agreement with earlier findings for“D, *Cu(111)*. The vibrational
efficacy 7,_,,, computed for D, + Au(111) (0:83 and 0.90 with SRP48 and optPBE-
vdW-DF, respectively) is similar to that cemputed for D, + Ag(111) with the PBE
functional (0.90) *. The values compute@ for My, for D, + 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)®. Thgse treuds reflect the difference in the lateness of the
barrier between H, + Cu(111)fand Hs + Au(111) (barriers much later on Au), and the
similarity in the lateness ofithe barrier for H, + Ag(111) and Au(111), as discussed in
Section 3A. The decreased efficacy of vibration to promote reaction with increasing v is a
common observatign instudies of activated dissociation of D, ** and CH, ' alike. The

rotational efficaciesafe mainly presented as predictions for experiment.

We havg alsg analysed the dynamics to see whether the reaction occurs in a direct or an
indirectfashion, 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.gds 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
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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 reac?és the critical value at
which the trajectory is counted as reaction. Over the entire en gygjﬁb\gonsidered, this
probability did not exceed 0.06, while the reaction probability tises to about 0.82. The
reaction therefore occurs on a fast timescale, and n-%iaba' effects have to act
efficiently on this short timescale in order to stygongly ;:ththe probability of the

molecule to react. Similar results were obtained Cij;h t SK§48 functional.

-
To analyse whether the reaction is site-épc{ he area of the surface unit cell was
nd'cp

assigned to top, bridge, and hollow (fec.a , see Fig.1) in a reasonable way (as done

in figure 2 in recent work on H; %)r vered Ru(0001), not making any distinction
N
between sites closest and furth‘il%h from pre-adsorbed CO in that work). Only at the
r

very lowest energy was a d%ﬂ\@\b‘er ce 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 bridggﬁ b§1 or)y a small margin, and the bridge site remains the most reactive
er

one if its grea Nia d surface area is taken into account) and the top site (by a factor

'Qrence in reactivity between the sites holds up to about 1.5 eV, and at
1 c{derye energies this difference almost disappears, the sites becoming almost
equally regct e. It follows that, if one is interested in non-adiabatic effects, one should in
consider non-adiabatic couplings at all sites, becaus all sites are, to within a
approximation, equally reactive in the adiabatic dynamics. Similar results were

oaained with the SRP48 functional.

3.C Fits to and features of reaction probability curves.
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For ease of use in applications where time-of-flight spectra for associative desorption are
computed from dissociation probability curves by invoking detailed balance®®, we have
attempted to fit the H, + Au(111) reaction probabilities computiﬁ/ with the SRP48 and
optPBE-vdW-DF functionals to a suitable form. The four-para }&\alized logistics
functional used successfully in applications on D, + Cu(1119.%° praved less useful for the

present Hy + Au(111) results. For the latter system, bett: r%llts re obtained by fitting
e (FRC

the reaction probability curves to the five-parameter gurv )2

)
BE) = dexpl-exp(— ) /[1 &E Loy (@.
\ -

As shown in Fig. 8, this expressio Hs}s\ei;cellent fits of the reaction probabilities
2

computed with the QCT metho ‘f&s H, + Au(111) for (v=0-1,J=3) and for
~

(v=0,J=11) using a SRP48 PE ):Q ilar results were obtained for other rovibrational
states and for the optPBE- functional. Similar results were also obtained for
(v=0-2,J=2) D; + Au(@F)(see also Fig.8). The parameters obtained for the (v,J) H, and
D, states studied gn the“basis of the SRP48, optPBE-vdW-DF, and PBE functionals are
tabulated in Tables /—89/ There, we also provide the reaction probabilities computed for
D; + Au( H)VMe SRP48 and optPBE-vdW-DF functionals. In comparisons of our
calculated reaction probabilities with experiments performed for associative desorption

fro L, a ot Au(111) surface, one should keep in mind that the static surface

ap oximétion used here will most likely underestimate the widths of the computed

—
@iﬁ)n probability curves for a hot surface (i.e., T, > 900 K) ** ',

\ <

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
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reaction probability first attains a specific value, chosen to be 0.25 in this work. Such a
value of the incidence energy can be denoted as Ej, 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 E, values é}{splay the trend of a
monotonic decrease with J as usually found in dynamics calcul iex)s based on DFT PESs
19.20.64 “although in some cases observed here E, first goes ¥p with.J going from J = 0 to
1, after which it then decreases with increasing J. In c tr?a?), experiments on H, and D,
~

+ Cu(111) have usually shown E, to increase with J«for Jup to 4 or 5, and then to

decrease with increasing J. The experimental (&pqen ce )f Eyon J for H + Au(111)

remains to be established. ‘)
\\ )
4. Conclusions. \

ﬁ\
NP i chemioon
We have performed calcul‘\q&n the dissociative chemisorption of H, on
en Wi

unreconstructed Au(111).
for dissociation H, + Au(111) is among the best examples of H, + metal surface systems
for which the diss e chemisorption could be considerably affected by dissipation of

ia
energy to the ?etg\léctrgns while H, travels to the late reaction barrier.

h the H, + Ag(111) system, due to its late barrier

Minim er geometries and potential energy surfaces (PESs) were computed for six
densit fl‘(ncti;)n Is, i.e., three GGA functionals using PBE correlation, and three
=

fu ctiona% exhibiting GGA exchange and non-local correlation as used in the vdW-DF1
qijio of Dion et al.**. Two of the functionals tested (SRP48 and optPBE-vdW-DF)
previously shown excellent performance on H;-metal surface systems. The six
fl.l\nctionals 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
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‘han the equilibrium gas phase H, bond distance, but also larger than found for the

barriers in the late barrier H, + Cu(111) system.

The PESs have been used in quasi-classical trajectory (QCT) caletilations of the initial
(v,J) state-resolved reaction probability for several rovibration ssstes » and D,. Our
calculations may serve as predictions for state-resoliyed “agsociative desorption
experiments, from which initial state-resolved dissoci iV%Che isorption probabilities
can be extracted by invoking detailed balance. For this purp ;;ﬁe reaction probabilities
computed for several H, and D, rovibrational states with §:0-2 have been fitted to an
analytical form for the SRP48, optPBE-vdWDF; nd‘I)BE functionals, and the fits have
been reported. The vibrational efﬁcac%{v IL-reported for D, dissociating on
unreconstructed Au(111) (about 0.9) is similar to that found in earlier quantum dynamics
calculations on H, + Ag(ll 29\bu larger than found computationally and
experimentally for D, + Cu(1 \ bah functionals tested, the reactivity of H, and
D, exhibits an almost mon@ence on the rotational quantum number J. This is

at odds with experiments on Hy%and D, + Cu(111), which predict that the reactivity

should first decrea

A limited Dof test calculations employing the PBE-vdW-DF functionals have been

incteasing J up to J = 4 or 5, and then decrease with increasing

perfo

-

tests pred'sct

Q; ge 20-90 meV when compared to the unreconstructed surface. These results
S

S

energy shifts of 1 kcal/mol), the herringbone reconstruction of Au(l111) should be

dfon ye dissociation barrier of H, on herringbone-reconstructed Au(111). These

at the dissociation barrier on the reconstructed surface is higher by values
st that, for chemical accuracy (i.e., reaction probability curves accurate to within

modeled when performing calculations with the aim of reproducing experiments.
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Supplementary material.

See the supplementary material for Tables S1-S9, tabulated computed reaction
probabilities for Hy, D, + Au(111) based on the SRP48 and optPBE4vdW-DF functionals,

and the potential data needed to construct the six potential e gj%iges used in this

work. ‘)}
)
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€s.

?onstructed Au(111). (b) The surface unit cell and the sites

Figure 1. (a) Th@wss coordinate system used for the description of the H,
nr

molecule rei?t':e
considered or\mr constructed Au(111) surface, and the relationship with the

te ‘s)em chosen for H, relative to Au(111). The origin (X,Y,Z) = (0,0,0) of the

4na? oordinates is located in the surface plane at a top site. Polar and

azimuthal(angles 6 and ¢ are chosen such that (8=90°, ¢=0°) corresponds to molecules

Qamlj: the surface along the X (or equivalently U) direction.
N~
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114

Z(A)

s

Potential {¢V)

0.0

Figure 2. Elbow plot§ (i.e. ¥(Z,r)) resulting from the H, + Au(111) PES computed with

the SRP48 func ona}, anduifiterpolated with the CRP method for four high symmetry

conﬁguratioré'th\t olecular axis parallel to the surface (8= 90°) as depicted by the
e top site and ¢=0°, (b) the bridge site and ¢=0° (the bridge-to-top global

insets, fo a‘»
mini mParr geometry), (c) the hep site and ¢=0°, and (d) the t2h site and ¢=120°.
B ge

ries are indicated with white crosses, and the corresponding barrier heights
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gation (see text for definition) versus the minimum barrier

with unreconstructed Au(111) is shown for the six density
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Figure 4.316 ction 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,/=3), (v=1,J=3),

v=2,J=3) states for the SRP48 (b) and optPBE-vdW-DF (c) functionals,
r?s}ectively. 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.
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Figure Jﬂee?i n probabilities as a function of incidence energy E; and for H in its

(v (;;) slSte ith J even and 0 < J < 10. Horizontal arrows and the numbers above it

‘indic ergy spacings between the reaction probability curves for the (v, J=8,10)

for a reaction probability equal to 0.25. Results obtained with the optPBE-vdW-
SI')?(SRP48) functional are shown in panel a (b).
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, and (v =2, J = 2) states for the SRP48 (b) and optPBE-vdW-DF (c) functionals,
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Table 1. Convergence tests on the dependence of the interaction energy of H, with
Au(111) on the number of layers 7, in the Au slab, for two fixed gfefmetries of the
molecule with respect to the surface, corresponding to the top-t dge b, inset
Fig.2A) and bridge-to-hollow (bth, inset Fig.2B, but with Hx{ota by 90° in ¢ so that
dissociation occurs to one fcc hollow and one hcp hollo s@ geometries. The

calculations used the PBE functional, a plane-wave Q‘ 0 00 eV,and 9x9x 1k-

points.

ng Eup(eV) Epn(eV)
3 1.252 ‘\\:’ 1181

4 1.229 {_}ﬁi\ 1.247

5 1.22(4\\ 1.228
6 fos2 (" 1.291
7 ’\@‘ 1.226

8 e | 1.261 1.304
(5+6)/2 y. \ /1238 1.260
(7+8)/2 Z% /\ 1.233 1.265

M

\\

~
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Publishing Table 2. The H-H distance », and the H,-surface distance Z, at the minimum barrier
geometry, and the minimum barrier height £, are provided for configurations in which H,
is parallel to the Au(111) surface (8=90°). Results are provided for the SRP48 and for the
optPBE-vdW-DF functional. /

SRP 48 optPBE-yd’:QM
Configuration | 7, (A) Zy (A) E, (eV) rp (A)\\\é (A) Ey (eV)
top, ¢=0° 1.493 1.470 1.382 1&3‘) \\4‘83 1.379
bridge, $=0° | 1.521 1.484 1.315 I MN‘I 486 1.288
bridge, $=90° | 1.180 1.089 1.407 g 003 1.098 1.508
hep, $=0° 1.362 1.241 1.37:Qk ,1)07 1.262 1.407
t2h, ¢=120° 1.358 1.301 ne 7\ 1.360 1.312 1.445
t2h, $=30° 1.689 1.552 1.652 1.565 1.761

N
S

N
&
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T'able 3. Excess charge in units of e transferred from the metal surface to the dissociating

molecules for the transition states of H, + Au(111) and H, + 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 anci/ﬁe charge of the

molecule at the transition state (or other minimum barrier geo rx}h\ga Bader
charge analysis. <
~

System Configuration ry (A) | Z, (A) exéss argé(e’) | functional

F i R
H; + Au(111) | bridge-to-top 142 | 1.49 -0:02 optPBE-vdW-DF
H, + Au(111) | bridge-to-hollow | 1.20 | 1.10«x | -0.02 5 optPBE-vdW-DF
H, + Cu(111) | bridge-to-hollow | 1.03 | 1 6k @3 SRP48
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Publishing Table 4. The H-H distance 7, and the minimum barrier height £} 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 H, + Cu(111), Ag(111), and Au(111). In all cases H,

is parallel to the surface (6=90°). /

System ry (A) E,(eV) | Ref )5 \
9.

H,+ Cu(111) | 1.01 0.49 1 \

H, + Ag(111) | 1.26 1.16 2 (‘)

H, + Au(111) | 1.19 1.25 this work (“\

H,+Au(111) | 12 1.35 2 C/)\j
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T'able 5. Barrier heights £, based on PBE-vdW-DF obtained in different regions of the

herringbone reconstruction of Au(111) as described by a (22 x 73 ) surface unit cell

obtained by Hanke and Bjork”. In all cases H, is placed at the global minimum barrier

geometry obtained at the bridge-to-top configuration (£=90°, ¢=0‘2/fhe difference in

energy to this configuration on the unreconstructed Au(111) surfaee is givgn by 4E),
PBE-vdW-DF AE), (meV)
unreconstructed Au(111), bridge-to-top (6=90°, ¢=0°) ( ‘) 1.\29Q\

(22 x 73 ) reconstructed Au(111), hcp region ( . :ZZ%Z 70

(22 x 73 ) reconstructed Au(111), ridge region / =~ \5 1.382 90

(22 x 73 3) reconstructed Au(111), fcc reglon\ ,) 1.318 26

N
\

NS
N

b
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Table 6. Vibrational and rotational efficacies computed for H, 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 Hao+Au(111) Dy+Au(d 1)
. 0.81 (0.86) 0 837@;9()\
T 0.65 (0.68) 0467 ( .{1)

I N
M 0.58 (0.64) Qo_gg; )
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