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Abstract.

The reactive scattering of HCI on Au(111) is cutleone of the most peculiar reactions in
the field of surface chemistry, as it so far eludasaccurate theoretical description. Possible
reasons for the observed mismatch between theatyeaperiment that were not yet all
considered in the computations are i) dissipatifects due to the creation of electron hole
pairs and excitations of surface atom motion thigthiminhibit reaction, and ii) the use of an
inappropriate density functional theory methodewen its failure due to the occurrence of a
charge transfer at the transition state. In thiskwae address all of these possibilities and
perform quasiclassical molecular dynamics simutetiemploying different methodologies.
We useab initio molecular dynamics simulations to account for atefatom motion and

surface temperature effects, employing the PBEth@dRPBE functionals. We also construct



an accurate potential energy surface incorporatmegsix adsorbate degrees of freedom of
HCl on Au(111) by using the neural network approath our molecular dynamics
simulations, we model the experimental beam caomabtito study the influence of the
rovibrational state population distribution of H@ the molecular beam on reaction.
Likewise, molecular dynamics with electronic frari calculations based on the parameter-
free local density friction approximation in thelependent atom approximation (LDFA-IAA)
are performed to get first insights into how elexthole pair excitation might affect the
reactivity of HCI. Although satisfying agreementtlvithe experiment could not yet be
achieved by our simulations, we find that i) RPBEIlds larger reaction barriers than PBE
and lower computed reaction probabilities, imprgvihe agreement with experiment, ii) the
reactivity strongly depends on the rovibrationaketpopulation, iii) surface atom motion and
electronically non-adiabatic effects modeled witk efficient to use but approximate LDFA
influence the reaction only modestly, and iv) a erate amount of charge is transferred from
the surface to the dissociating molecule at thestt@n state. We suggest that the reported
experimental reaction probabilities could be tow loy a factor of about 2-3, due to potential
problems with calibrating coverage of Au by CI gsen ill-defined external standard in the
form of Auger peak ratios. However, taking thistéednto account would not yet resolve the
discrepancy between the theoretical reaction pribbeb presented here and the experimental

sticking probabilities.

1. Introduction

Theoretical work has shown that, in a system inctvlan atom or molecule moves towards a

metal surface, kinetic energy in the nuclear motiaunst be dissipated to electron-hole pair

(ehp) excitation’s However, this does not necessarily imply thas thiectronically non-



adiabatic effect has a large impact on the scagedynamics, and that electronically
adiabatic theory should be largely inaccurate tier dynamics in such systemslonetheless
considerable evidence has been gathered from bpi@rimental and theoretical studies that
many such systems are considerably affected bytretecally non-adiabatic effects.
Examples include chemicurrents measured when atormdsmolecules are scattered from a
polycrystalline silver surfaée multi-quantum vibrational relaxation of highlybvationally
excited NO scattering from Au(1T1) vibrationally promoted electron emissidnand H-

atoms scattering from and sticking on Au(£1'f)

Persuasive evidence that dissociative chemisorgtionolecules on metal surfaces should be
strongly affected by electronically non-adiabatiteets has, however, been missing. For
some reactions, like Hr Cu(111¥%, H, + Cu(100¥% H, + Ru(0001)*, and CHI} + Ni(111)*

it has been shown that dynamics calculations camodeice molecular beam sticking
experiments with chemical accuracy (to withikcal/mol) on the basis of density functional
theory using semi-empirically determined functi@naht the generalized gradient
approximation (GGA) level, or GGA inspired functads. By this, we mean that the
computed reaction probability curve is shifted frtme experimental sticking curve along the
incidence energy axis by no more thakcal/mot*. For other, often more complex reactions,
such as BO + Ni(111)}° and methane + Pt(11£)"" molecular beam sticking experiments are
described at least semi-quantitatively by dynanc@lgulations based on DFT at the GGA
level. Also, dynamics calculations using a GGA/Dpatential energy surface (PES) and
molecular dynamics with electronic friction (MDEggnerally only find small effects of ehp
excitation on dissociative chemisorption reactt8ii$ It has been argued that the reaction of
O, with Al(111) should be affected by non-adiabafieets related to its electronic spirf*

However, a rival explanation for this systems exwhich attributes the failure of GGA/DFT



to accurately describe,G Al(111) to its predicting too low energies farsgeems exhibiting
electron transfér. More generally, such a problem might be expettedccur if a molecule

with a positive electron affinity (like £) collides with a metal with a low work function.

The ability of GGA/DFT to describe dissociative ohsorption on metals with at least semi-
guantitative accuracy for a range of systems isdgoews for scientists aiming to describe
heterogeneous catalysis from first principles hasrate limiting step in reactions catalyzed by
metals is often a dissociative chemisorption reatt’’. At the same time, it is of clear
fundamental interest to identify reactions that fmige strongly affected by electronically
non-adiabatic effects, and to see if these reaxtioay also be modeled with good accuracy if
suitably accurate methods are seleCteecently, the dissociative chemisorption of H8I o

Au(111) has been put forward as a potential caneisigsterf’°

The HCI + Au(111) system has been the subject tdrge number of experimental and
theoretical studies. It is implicated as the pradoefcthe Eley-Rideal reaction of H with ClI
chemisorbed on Au(111), which has been studied experimentally?*! and theoreticalf?

34 The rotationally inelastic scattering of HCI froku(111) has also been studied, using both
conventional molecular beam techniqtlesnd molecular beams combined with final state-
resolved velocity map imaging technigthesEvidence of electronically non-adiabatic
effects”>° has been emerging from recent studies of vibratiprinelastic scattering of HCI
from Au(111%"*°. For instance, as a function of surface tempegafly) probabilities for
vibrational excitation fromv = 0 tov = 1 show a change in slopeZt= 800 K, which is
consistent with a change from an electronicallyabatic to a non-adiabatic mechantém
Molecules scattering frone = 2 to v = 1 transfer about 75% of the vibrational energy

released to the surface, which should, in large pardue to ehp excitatith



The dissociative chemisorption of HCI on Au(111)swast studied theoretically by Zhang
and co-worke8™ They used DFT with the PW91 functioffahnd the neural network
method to construct a six-dimensional PES for H@kracting with a static Au(111)
surfacé® In the minimum energy path they determinedr at1.92 A the HCI bond is
considerably extended at the barrier geonfétgompared te = 1.27 A in the gas phas®

In the tilted minimum barrier geometry, HCl is cdo® thefcc hollow site with the molecular
axis making a polar angk= 48° with the surface normal, with the H-atom pointehgwn.
With the functional and DFT input parameter setduystae minimum barrier height for
dissociation was found to be approximat@lgs eV*. Liu et al. also performed 6D quantum
dynamical wave packet calculations of the activatedction of ¢,j) HCI*™* (j is the
rotational quantum number of HCI). The reactiopriemoted by vibrational pre-excitation of
the molecule to = 1, and pre-alignment of the rotational angular mammenwas found to
have a pronounced effect on the reactivity, witklidoptering” { = 5, m; = 5) HCI being
substantially more reactive at high incidence eiesif§ than "cartwheeling"j(= 5, m; = 0)

HCI*t. Zhang and co-workers also studied the scattesfnBCl from Au(111}% obtaining

similar results as found for HCI + Au(111)

Very recently, the dissociative chemisorption oflld@ Au(111) was studied experimentally,
using molecular beam technigéesA striking result is that the reaction probayilis only
about 2% foiE; ~ 2.5 eV?°, even though the DFT PW91 calculations put theidraheight at
only 0.65eV . Experiments in whichg; and the nozzle temperaturg, were varied
independently suggest that the reaction is prombtedibrational excitation to such a high
extent that the reactivity of HCI is dominatediby 1 reaction over the entire range Bf

studied (up to abo®5 eV)?°. At the value ofTsfor which the experiments were performed



(17K), HCI and H recombinative desorption introduce some uncertainty the
measurements of the sticking probability, which evbased on determining the coverage of
Au by the product Gf. However, the authors estimated the uncertaintyhin sticking
probability to be no more than a factor two, andatoeded that the discrepancies between
their result®’ and the PW91 based theoretical restitgere so large that deficiencies in the
computational approach should be addreSsefihe uncertainties in the experimental results

will be discussed further below.

Possible deficiencies in the theoretical approatien were considered by both Shirhatti
al.?® and by Wodtk&. As noted by these authors, first of all, it isspible that the barrier
height was underestimated with the PW91 functiinaed, which tends to overestimate the
reactivity for many molecule + metal systéfis'*® This problem could be compounded if
substantial electron transfer takes place from Al)Xo the extended HCI molecule near the
minimum barrier geometry of the systerff Secondly, it is possible that on the way to the
barrier HCI loses a lot of its energy in motion &yds the surface (which at least initially
corresponds to the energy in the reaction cooré)nad the phonons of Au(11l). The
application of a binary collision model suggestattabout 50% of this energy could be
transferred from the incident HCI to a surface Aan&°. Thirdly, it is possible that the
incident HCI transfers part of its incidence enetg\yehp excitation, the possibility of which
process is strongly suggested by the finding oftctedaically non-adiabatic effects in
experiments on vibrationally inelastic scatterifidd€! from Au(111)">° As noted above, it
is this possibility that conveys a special inter&stthe HCI + Au(11l) system, as a
dissociative chemisorption reaction that is potdlytiaffected by large electronically non-

adiabatic effects.



Here, we perform a theoretical study of the HClA(111) system to address all of these
possible effects. We performb Initio Molecular Dynamics (AIMD) studies of the
dissociative chemisorption reaction. By using tiBEFunctionaf® (which yields electronic
energies much like PW#) in some and the more repulsive RPBE functithal other
AIMD calculations, we investigate the effect of theight and, to some extent, the geometry
of the minimum barrier on the reaction. We alsdqren a Bader charge analy&is® for the
minimum barrier geometry to assess whether moregeh&ransfer occurs in the HCl +
Au(111) minimum barrier geometry than in the barmgometries of systems like,H
Cu(111) and CH + Ni(111). Because in AIMD the surface atoms cantrdeated as mobile
and made to move according to a specific valud.@nd to respond to the incident HCI
molecule, the AIMD calculations also allow us twestigate the effect of energy transfer
from incident HCI to the surface phonons. We alse the neural network methdd® and
PBE-DFT to fit a PES and use this in MDEF calcola&’ to assess the possible effects of
ehp excitation. In these calculations, ehp exaitatis modeled with electronic friction
coefficients computed in the independent atom appration (IAA) using the local density
friction approximation (LDFAY — an efficient to use but approximate method whih
further discussed in Sec. 2.4. We investigate tfeeteof the incident translational energy and
vibrational state of the molecule on the react&sd indirectly, througf,), and the effect of
Ts. We also looked at whether there might be pos&fikrts of the incident rotational state,
which were not yet considered in earlier ana§s€sAs noted above, the HCI + Au(111)
reaction has a late barrier geometry, and expetsnem H + Cu(111) have suggested that
initial rotation of the dissociating molecule migtiten inhibit dissociatioff®> Such an
inhibitive effect may arise if the molecule rotatest of its favorable reactive orientation

while attempting to traverse the bottleneck pre=ily the transition state (785>



This paper is organized as follows: in Section & pesent the models and the methodology
including AIMD, MD and MDEF simulations, the fricth model and the neural network
approach. In Section 3, we report on specific prige of the PES for HCI on Au(111) and
on our main results taken from the dynamics siniat We also discuss the present level of
agreement between theory and experiment, and pegsiprovements in both. Finally, a

summary and a conclusion is given in Section 4.

2. Methods and models

We study the dissociative adsorption of HCI on Ali(lat normal incidence by performing
molecular dynamics simulations without and withcalenic friction (MD and MDEF) on a
six-dimensional (6D) PES, and, in addition to thagth the help ofab initio molecular
dynamics simulations (AIMD). MD simulations penfioed on a pre-calculated PES are
useful to evaluate physical observables, such astiom probabilities, at a high level of
statistical accuracy, but at low computational sosthis is particularly important for
calculations on an event that is unlikely to happ#ighly accurate potential energy surfaces,
however, are not easily created for complex systamd are often limited to a certain amount
of dynamical degrees of freedoV & 6 — 15)°°°° An advantage of AIMD simulations is
that they circumvent this limitation by calculatitige potential energy and the resulting forces
on the fly that is, at each time step of the MD dynamicgs Technique makes it possible to
incorporate a large number of degrees of freedodymamical simulations, but this comes at
the cost of a much larger computational burdenapglication is therefore focused on the

determination of events that occur with probalast> 0.01.

Our dynamics simulations are all performed on theel of classical mechanics with quasi-

classical initial conditions, called QCT in theléaling, to take into account the quantum



mechanical eigenenergies of the different rovibral states of HCI in the gas phase. The use
of a classical treatment instead of a quantum rtreat is motivated by i) the success of
quasiclassical simulations in describing accurately chemistry of other systems showing
similar features, such as the dissociative adsmptf D, on Cu(111%" ii) the low
computational costs, and iii) the comparably simpleorporation of dissipative effects
(phonon and electronic excitation). The reducedsem®f D and HCI are very similarx(1
amu), and so are the vibrational frequencies (theational quanta are 37eVfor D, and
350 meVfor HCI). Also, the HCI on Au(111) and the;[dn Cu(111) systems are both late
barrier systems. The fact that the QCT methodésirate for [ + Cu(111) then suggests that

the method should also be accurate for HCI + Au(111

2.1 Computational setup

The present study is carried out by using the VdeAb Initio Simulation Package (VASP),
version 5.3.8°% which allows for electronic structure calculasomithin the Born-
Oppenheimer approximation by employing periodic siggnfunctional theory (DFT). Two
different gradient corrected (GGA) DFT functionalamely the Perdew-Burke-Ernzerhof
(PBEY*® and its revised version, the RPBE functi8hadre used to describe the dissociative
adsorption of HCI on Au(111). The Au(111) surfaseapresented by a (2x2) supercell and a
four layer slab model with a vacuum gap of 16 Anmsin periodically repeated slabs. The ion
cores are described with the plane augmented w&&/j method®®’, and a kinetic energy
cut-off of 400 eV is used. We make use of a 11x11x1 k-point meshadnrcentered

Monkhorst-Pack grid.

The optimization of the bulk lattice constant y&lg,;, = 4.1554 A for the PBE functional,

and L,y = 4.1956 A for the RPBE functional, both in reasonable agesgmwith the



experimental value 04.0783 A8 The corresponding shortest Au-Au distances [are
2.9384 A (PBE) andD = 2.9667 A (RPBE). Before using the four-layer slab to mothe
reactive scattering of HCl on Au(111), we optimizbd interlayer distanceswhile keeping

the lowest ( &) layer fixed. With the PBE functional, the idealue ofd is 2.399 A. After

the surface relaxation, we obtaip, = 2.410 &, d,; = 2.377 A andd,, = 2.411 A. We also

find that the classical binding enerfy of HCI is well described by the employed GGA
functionals. At a molecule-surface distatce: 5.3 A and for HCI parallel to the surface, we
find thatE, = 4.426 eV with PBE, at the H-CI equilibrium distangg, = 1.282 A, whereas
RPBE yieldsE, = 4.509 eV at the same,, distance. These values are in good agreement
with the experimental binding energy, including eepint energy’, of E, = 4.618 eV at

Toq = 1.275 A"

input layer hidden layer output layer

4

Figure 1: Shown is the topology of a 2-3-1 feedformvd neural network consisting of one input layer, ae hidden and

one output layer. The nodes are interconnected viae/ightswﬁj and the activation functions, the latter being biaed

according to the bias valuesi..
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2.2 Potential energy surface and coordinate system

For precise MD and MDEF simulations a continuoyzresentation of the potential energy
surface (PES) is needed that allows for an accaradedeally fast evaluation of the potential
energy and the forces. Several methods have beeropuard for finding a functional
representation of a set of discrete potential \slwhich is able to predict the unknown
potential at other points within the precision lo¢ tunderlying electronic structure theory used
in the calculations. An example is an interpolatmethod based on the corrugation reducing
procedurg®, which is typically used for systems involving wimic molecules and a
surfac@”® but also fitting procedures such as force fieletimds® and the artificial
feedforward neural network (NN) approdtf. Although not yet as commonly used to
represent PESs, the NN method is considered asnaiging technique to accurately fit high-
dimensional PESs for systems with a very large remndf DOF due to its flexibility,
universality and learning capabilities. Before d#sing in detail how we apply this method in
order to obtain a 6D PES for HCI interacting withmigid Au(111) surface, we first briefly

describe its main principles.

Although modifications inspired by the physics bé tproblem can be made, the use of NNs
does not necessitate any assumptions about thé&gpltstating the shape of the function to
be fitted. Feedforward NNs are universal approxarsato, in principle, any kind of physical
potential energy function of any dimensiondfit{*. They are characterized by a consecutive
data processing, directed from the input layerupgloone or more hidden layers to the output
layer. Each layer consists of one or more nodedleccaneurons, which make an
interconnection between two neighboring layers tycalled weights. The weights are the
arguments of the transfer or activation functidig value of which determines the numerical

value of the interconnected next layer node. THesaguent application of this recipe over all
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layers and nodes yields a composed (preferentiatip}linear function for the NN topology

given in Figure 1 of the form:

V(é) = f(2?=1 Wj21f(2i2=1 Wiljgi + ail) + ajz)- (1)
In Eq.( 1 ),5‘ is the input vector with the elemegt, wi’]- is the weight connecting thé&"
node of layer with theith node of layet — 1, f(x) = tanh(x) is the activation function

chosen here, and is a bias value which shifts the origin of thehation function.

The number of layers and nodes, and the intercoiomestructure specify the topology of the
network and, therefore, its ability to adapt to tdmmplexity of the problem at hand. For a
chosen topology, the weights need to be adjustedalee the NN yield a desired output for a
given input. This adjustment is called ttraining or thelearning process, and involves a

high-dimensional optimization procedure. Thus,dh&ut of a network can be understood as

thelearnedresponsé& of the network to a stimulus defined by the inwd:tmrﬁ.

We aim to represent a NN potential (NNP) as a foncbf the six adsorbate degrees of
freedom of the HCI molecule on Au(111). The cooads are the center of mass (COM)
position(X,Y, Z) of HCI relative to a gold atom, whekeandY determine the lateral position
of the COM, andZ is the molecule-surface distance. The H-CIl bondjtlens denoted by
and the relative orientation of the molecule isrespnted by the polar angleand the

azimuthal angle (see Figure 2
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Figure 2: Left, top view of the Au(111) surface. Initated are the surface lattice constanD and the four high-
symmetrical adsorption sites {op, bridge hcp, fcc). Right, coordinate system with the six moleculacoordinates of

HCI.

In addition to the training procedure and the chm¢ the topology, one also needs to take
into account symmetry when working with NNs. Thancerns, for example, the invariance
of the PES if chemically equivalent atoms are erged, or if symmetry equivalent
coordinates exist. For molecule-surface systemslt dedh within the rigid surface
approximation, Behleet al.”® suggested the use of symmetry-adapted input auatet rather
than molecular or Cartesian coordinates. This natibn has been later refined in R&and
connected to the formalism of permutationally ifi@ar polynomials in Ref’. For our
system, consisting of a heteronuclear diatomic oubeinteracting with a rigid surface of

hexagonal structure, we use transformation funstisimilar to the ones given in Ré&f.

_lZH 1 1
91Cen Y zn) = € h (x5 =30y = 75D) (2)
_1 1 1
92, Y, Zy) = € ZZHh(xH+ZD'}’H+F§D)’ (3)
1,
g3(zy) = e 21, (4)
. 1 1
9a(Xcu Ve, 2c) = e 2°%h (xa —2Dya - ED)’ (5)
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_1 1 1
9s(XcL, Y 2c) = e 2°h (xCl t0,ya+ mD), (6)

gs(z) = 7, (7)
g:(%,¥,2) = e#n(x ~1p,v - D), (8)
gs(X,¥,2) = e Fh(X +1D,v + D), (9)
9(2) = e, (10)
Jro(m) =T. (11)

One can easily see that the original six coordsate over-defined by the ten-dimensional

input vectorG. This is to account for the symmetry of the sugfafor which a modified

symmetry-adapted function:

h(x,y) = % <sin <2§ (x - %)) + sin <2’Tn2—\/3§]) + sin (%T (x + %)) + 32£> (12)

is employed. Hergi(x,y) is defined on an interv@,1] and is chosen in accordance with
the A, -irreducible representation of the point graiyp and the periodicity of the surface.

More details are given in R&%. We further note, that the functiogs-g, are damped along

the atom-surface and the molecule-surface distamespectively. This Ieave%exclusively

dependent on at positions in the gas phase, and the sameeddruhe potential.

For the training procedure, we prepare a set of4AB2/DFT potential points, which we divide
into a training set with 141,707 points, and aneriee set with 15,745 points. The latter set is
used to determine the root mean square (RMS) efribre NNP on points not included in the
fitting. We chose a 10-30-30-1 NN topology, thatdse input layer consisting of 10 nodes,

two hidden layers with 30 nodes each and, finallgingle output node. After 100 training
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iterations, the NNP shows an RMS erron@f4 meV on the training set antb.5 meV on the
reference set. The parameters of the extended Kadfitter described in Ref’ and references
therein arel(0) = 0.985 andA, = 0.9985, and the factor for the adaptive filtering is st

ath == 0.3

2.3Dynamical simulations
2.3.1 MD and MDEF simulations

Reaction probabilities for HCl on Au(111) are detared with MD simulations and with MD
simulations with electronic friction (MDEF). For tho we perform dynamics calculations on
the 6D NNP described in Sec. 2.2 and neglect engdigpypation from the HCI molecule to
the gold surface through phonon excitation. White edectronically adiabatic process is
assumed in the MD simulations, we also allow fon-adiabatic effects in the MDEF
simulations, that is, a coupled electron-nucleiatgits due to the creation of electron-hole
pairs in the metal surface. In this work, energgsgiation is described phenomenologically
by coupling aN-dimensional system (molecule) to a heat bath {{@les in the metal surface)

via an (V x N) frictional tensom®. The forceF; that acts along a generalized coordingtef
the molecule associated with the magdgs then given by a Langevin equation:

d*q; _ oV N dq;

dtz _a_ql_ k=1nik?+Ri(T)' (13)

F,=m;
Here, the first term on the rhs describes the foeselting from the PES, the second term is
the frictional force resulting from the tensor ettsn;;, and the third term is a random force
that arises from a finite bath with temperat@irewhich we assume to be the electronic

temperaturel,; in the following. In accordance with the secondcfuation-dissipation

theoreni, the random forces are calculated as:
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Ri(T) =\WE: (14)
with kg being the Boltzmann constant ané random number simulating a Gaussian white
noise distribution, which we calculate by using Bex-Muller algorithni? AtT = 0K, the
random forces in Eq.( 13vanish, that is, heat transfer from the surfacéheomolecule is
prohibited. The frictional term, however, remaingjich leads to a loss of energy in the

molecular DOF once the frictional forces becomedite in the reactive process.

We use a velocity-Verlet based stochastic integrdéweloped by Ermak and Buckhdftto
solve EqQ.( 13 ). In the electronically adiabaticed = 0), the Langevin equation obeys
Newton's equation of motion (NEM), which we solvethe MD simulations. The integrator
then becomes the non-stochastic velocity-Verlebralgm, which is known to work well in

this regime.

For both MD and MDEF simulations we use a time gtepf aboutl0 A/E; (= 0.25 fs)
which allows, on average, for an error in the epargnservation of less thdnmeV in the
MD simulations. The maximum error found is beld&meV. Convergence test performed
for MDEF simulations showed that the results areaffected by the size of the time step in
the range fron0.5 h/E, (= 0.012 fs) to 10 A/E;, (= 0.25 fs). For each set of initial
conditions, we calculated 50,000 trajectories st@rivith the molecule at a distance of
Z = 7.0 A to the surface and approaching the surface. &dmaiy is considered to result in
dissociative adsorption if the interatomic distandecomes larger thah58 A. Trajectories
are counted as scattered if the molecule-surfastardieZ becomes greater than 7.0 A, and

molecules are moving away from the surface.
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2.3.2 AIMD simulations

We perform AIMD simulations using the PBE and RPfiBEctionals, and the slab model as
explained in Sec. 2.1. We chose a time step.®fs at which the error in the energy
conservation is on average abaQtmeV, with a maximum error o1 meV considering all
trajectories. Depending on the incidence transiali@nergy, we calculate a total of 300-500
trajectories per energy point, ensuring a standardr lower than 0.03 in the reaction
probabilities. All trajectories start 4t= 7.0 A. We apply the same conditions for assigning

trajectories as adsorbed or scattered as in theEADgimulations, see above.

With the help of AIMD simulations, we are also abdeinvestigate the effect of the surface
temperaturd as well as of energy dissipation to the surfacenphs on the dissociation of
HCl on Au(11l1). The process is, however, consida@doroceed adiabatically on the
electronic ground state potential, and ehp exoitatiare not accounted for. Simulations were
performed for the following three different casgsthe surface atoms remain fixed at their
initial equilibrium positions during the dynamicsh¢ Born-Oppenheimer static surface
(BOSS) model) ii) the surface atoms are initiagtationary at their equilibrium positions
without having initially kinetic energy, but arelaled to move during the reaction (the
Ts = 0 K case), and iii) the surface atoms are thermal@madrding to a surface temperature
of T¢ = 298 K, and their motion is coupled to the motions oftlaé other surface atoms and

the impinging HCI molecule.

To simulate a thermalized surface, we prepare a@erehble of 20,000 slab configurations,
each of which is a representative of a microscqhiase space configuration at a target
temperaturds. The chosen thermalization procedure requiresfallewing steps (see also

Ref?:
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1.) Expansion of the surface lattice constArdaccording to the thermal expansion of gold
atTs, while the interlayer distances, , d,; andd;, (see above) remain unchanged.

2.) Initialization of 20 slab models with random dig@anents and velocities according to
Ts = 298 K followed by an NVT simulation (number of particlegolume and
temperature are kept constant) for each slais,|ang.

3.) Final performance of NVE simulations (number oftgées, volume and energy are
kept constant) for all slabs, each slab for anazher. During the second half of these
simulations (last ps), snapshots of the slab are taken at every tiege (6tfs) which
serve as possible initial configurations of therthaized slab in the corresponding

AIMD simulations.

To expandD, we calculate the expansion facdby integrating the equation

Ts
& =exp (L:OKK(T)dT> (15)

numerically. The expansion coefficierk§T) were taken from experimefits We obtain
& = 1.0031668, which yieldsD(Ts = 298K) = 2.948 A for the PBE functional. In order to
prepare initial slab configurations at the targéigdhe initial velocities of the surface atoms
are chosen randomly according to a Maxwell-Boltzmatistribution and their initial
positions are obtained by randomly displacing thmma from their equilibrium positions

according to a Gaussian distribution of width

o kpTs
ki = @rcvy)?may’ (16)

wherec is the speed of light in vacuum,,, = 196.966 amu is the mass of a gold atom, and
Vi Is the vibrational wavenumber of a single goldnatm layerk vibrating along the™

normal mode vector. The vibrational wavenumbersoatained by a normal mode analysis of
a single Au atom in each layer. The correspondalges are listed in Table 1. We allow for a
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maximum initial displacement from the equilibriurosition of+ 0.125 A directed along the
respective normal mode vector. The thermalizatimtgdure is applied to all layers, except
the 4" layer, which we kept fixed. From the total energafsthe 20 slab configurations

obtained from the NVT calculations, we computerésultingTs to be 33& +23K.

Table 1: Vibrational wavenumbers for a single gold atom in he different layers of the slab model at
T = 0 K, see text. The ¥ layer is the uppermost layer. Thex, y, z specification of the wavenumbers
indicates the largest Cartesian component of the a@sponding normal mode vector. The results are taén

from three different frequency analyses using VASP.

v, [1/cm] v, [1/cm] v, [1/cm]
1% layer 77.05 77.27 67.75
2" layer 87.64 86.38 86.38
3 layer 87.36 87.40 87.82

2.3.3 Initial conditions

In the following, we describe in detail the methladyy used to setup the initial conditions in
the dynamics. All results presented in this work albptained from quasiclassical simulations,
that is, the impinging molecules initially have sternal energyE,m associated with the
guantum mechanical rovibrational state charactdrize the vibrational quantum number
the rotational momentum quantum numjfyesind the magnetic rotational angular momentum

quantum numbem;. The Hamilton operator for HCI in the gas phasé for givenj-value

reads:

A =-22 4y
j\I) = 24 0r? eff’ (17)
whereh is Dirac’s constant angd = myme;/(my + me;) is the reduced mass of HCI. The

effective potential
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2

2ur?

Vo () = Vgas (1) + 5—JG + 1) (18)
contains the gas phase potenlal;, and the rotational energy term for a given quantu

numberj, both being functions af The rovibrational energies are obtained by diatjpimg
the Hamilton matrix, represented in a discrete alde representatih by using 128 grid

points inr on the intervat € [0.78, 2.94] A.

The classical probability distribution to find H{@la configuration at certaiw j, m;-values is
sampled randomly. We first determine the titpeneeded to complete a full vibrational
period, if HCI moves om/e’]}f with an initial rovibrational energ¥, ;. Sincer is a well-
defined function of time in a classical oscillatase obtain the starting value of the trajectory
inr by a random selection of the initial time= [0, t;]. The angular distributioﬁj,mj(e, o)
for j > 0 is obtained by first calculating the anglebetween the total angular momentum
vectorf and the space fixefl-axis (pointing along the surface normal) using taktion
cos(B) = m;/\[j(j + 1), thereby accounting for the quantization of thguiar momentum
projected on the surface normal. We then randoralgcs the azimuthal orientation pf
described by the angle € [0,2], and the angley € [0,21] that reflects the angular

orientation of the HCI molecule in the plane pexjenlar toj. A coordinate transformation
is then used to map the, B, y}-configuration onto the correspondi{® ¢ }-configuration.
The resulting classical probability distributionse aomewhat different from their quantum
mechanical counterpaffsbut they correctly describe the observation theitational state is
also characterized by the alignment of the molecelative to the surface. The procedure

described is redundant fpe= 0, in which case we simply samplesia(8)-distribution and
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select a randorg-value. The classical angular momenta are givelyby him; and|ly| =

hJj( + 1) —m;2/sin%(6).

In this work, we also study the effect of differebéam distributions on the reaction
probability S of HCI on Au(111). We distinguish between reactmobabilitiesS obtained

for a beam i) with a monochromatic distributiontloé translational energy and a well defined

internal state, called, i) with a translational energy distribution acdimg to

mono !

v,jm;
trans ’

experiments, but with a well defined internal stadenoted as and iii) with the
translational energy and either the full rovibratib or the vibrational state population
distribution taken according to the nozzle tempeet,, denoted bys( T,,) andS/=°( T,),
respectively, or with the experimentally determimedbrational state population distribution,
called§exp(Tn) in the following. In the latter case, the rotadbriemperature T,;) is

different from the vibrational temperatureTy, =T,) . The two temperatures are

approximately related to one another as follows:

Tror = —181.1K + 0.648 T,y (19)

(private communications).

The probability to find HCI in a certain rovibratial state and with a velocityin an interval

v + dv at a nozzle temperatufg is given by

(w-v9)?

P(v,T)dv = Avie” o f, (T,)dv, (20)

whereA is a normalization constanty = /2E,/My; is the stream velocity andis the
width of the distribution. The latter two parametere tabulated for experiments on this

system elsewhefé Eq. ( 20 ) defines a flux-weighted velocity distition. The probability
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fv,j(Ty) to find the molecule in the statgj is, depending on the population distribution of

interest, either given by

_Ey,j=Eoo
_ (2j+1)e  kBTn

fv,j(Tn) - ) (21)

Z(Tn)

if the rovibrational state is populated accordio@, or

Evo—Eoo Ev,j Evpo

1 . =
fv,j(Tn) = m(z_] + 1)6 kBTvib ¢ kBTrot ( 29 )

if the experimental conditions are taken fullyoinhccount. HereZ(T,,) is the partition
function and is different for the two cases con®deabove. In all that follows, we consider

normal incidence conditions, that i, = vy = 0.

2.3.4 Calculation of observables

Each trajectory represents the dynamical evolubbra microscopic state. We therefore

calculate macroscopic observab{&s as the average & microscopic measurements

=

1
Ur=m2m (23)

i=1
Here,(U) can be the sticking probabilis/for HCI on Au(111), in which cas¥ is the total
number of calculated trajectories, amd= 1 for dissociatively adsorbed and = 0 for
scattered trajectories. The energy transfer fromntiolecule to the surface is also computed
accordingly, where; is then the energy difference of the initial amf slab configuration,
andM is the number of scattered AIMD trajectories. Hverage loss of energy due to ehp
excitation is calculated similarly by averaging tbss of energy individually for all adsorbed

and scattered MDEF trajectories, respectively.
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2.4 Electronic friction model

For the MDEF simulations, the friction coefficierits thei™ atom are calculated in this work
according to the local density friction approxinoati(LDFA)®®. The LDFA was derived for
atoms embedded in a homogeneous free electron fah gcatters on the symmetric
Coulomb potential of the bare nuclei. The frictmwefficient is then related to the phase shift

Y of the impinging and the scattered waves of tbetedns as follows

/ . .
) = 25 ) Sttt D (155 ). (20

¢ (r;) \9m
Here,Yli(rs, ef) is the phase shift of thE" partial wave at the Fermi energy and is

tabulated in Ret? for differentl-values and Wigner-Seitz radii:

3 1/3
1s(1) = (4@@) (25)

of the embedding electron density We assume that the embedding density to a good
approximation corresponds to the electron denditthe bare, frozen ideal Au(111) surface
which we obtain from a single DFT calculation. (\&epect this way of representing the
electron density to be a good approximation for lthe surface temperature of 1% at
which the molecular beam experiments were perforraad recent work by Novket al®
supports this view.) Sincg is a function of the position = (x;,y;,z;)T of the impurity
screening the surface, so is the friction coefficidn the MDEF simulations, we do not
explicitly evaluate Eq.( 24 ). Instead, we firstatdate the friction coefficients for H and ClI

according to Eq.( 24 ) ag-values for which phase shifts were given in Rednd fit the

results to the function

_ ANd
Ny = ard () (e=ers@)", (26)
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where the parameters for hydrogen are= 0.70881 A/ab*?, b= 0.54188 , ¢ =
0.68314 ay* andd = 1.0. For the chlorine atom, we obtain= 16.7532 h/ab*?, b =
1.11661 , ¢ = 1.31171 a;! andd = 1.3117. Note that the friction coefficients are in
principle different for H and Cl at the same elentdensity due to the different phase shifts

Y fori = H, Cl.

The LDFA formalism outlined above uses the indepah@tom approximation (LDFA-IAA)
and describes a spherically symmetric problem. bdé properties are completely
neglected, and as a result the friction coeffideare directionally independent, i.e., the atom
will feel the same local friction along its thre®OB. As a consequence, the LDFA may not
allow for the computation of intermode couplinggvieen different DOF of the molecule,
and the non-diagonal elementsA k) of the friction tensor;;, are zero. Other methods have
been proposed to circumvent these limitatiBis Nonetheless, the LDFA has been
successfully combined with MD simulations to ddserifor example, the laser-induced
desorption process of,;Hrom Ru(00013*> In spite of the present drawbacks of the model,
the LDFA has considerable advantages, particuiartiie context of MDEF simulations. It is
in principle a parameter-free model (although teditexpression for the friction is used in this
work) and, therefore, reproducible since phasdsshiid electron densities are computed with
non-empirical methods. Additionally, friction cokefents are easily calculated, and are
obtained directly as functions of atomic Cartesianrdinates. This makes the LDFA-MDEF
scheme particularly suitable for the stochastiegrdtor scheme we use to solve the Langevin
equation as described in Sec. 2.3.1. Finally, ajhothe LDFA method was originally
developed to describe the stopping power of bulkatsefor bare ions such d$t °°
meanwhile the theory has been used successfutlggoribe energy loss to electron-hole pair

excitation in scattering of neutral atoms from rhetafaces, for instance in the H + Au(111)
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systen. This is perhaps not surprising: The calculatidrthe phase shifts is done for an
impurity (say the atomic nucleus of H) embedded imomogeneous electron gas, but in this

actual system H is best describecHas”’, and not asi* or H with the methodology used in

Ref8°.
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Figure 3: Depiction of the dissipative ratel’ in 1/psas function of thex and z coordinates ¢ = 0) for a) hydrogen and
b) chlorine on Au(111) according to the fitted LDFAfriction model. The red dots in a) and b) indicate lhe equilibrium

atom-surface distances of H and CI at the top anche bridge sites. Panel c¢) displays the Wigner-Seitadius rg of the
electron density of the bare Au(111) also as funath of x and z (y = 0). In panel d), friction coefficients calculated
according to Eqg( 26 ) are plotted as function ofr for H (black) and Cl (red). The blue points in d) hdicate therg and
n-values for H and Cl at the TS geometry obtained wit PBE. Contour plots are made with a level spacingf@) (25

fs)™?, b) (600fs)™* and c) 0.3t,.

Related top is the (mass-independent) dissipative fate n/m, which is a more useful
measure of the strength of the dissipative coughetyveen the system and the bath than the
friction coefficient itself. In Figure 3a to 3c, vpdot the Wigner-Seitz radius of the electron

density of the bare Au(111) surface and the digs¥aates as functions of thez positions

(y = 0) of the H and the Cl atom on Au(111). As can benséhel-plots in Figure 3a and 3b
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reflect the corrugation of the surface. Large etettdensities (smati-values) are found
close to the surface atoms and the dissipativelomus large at these positions. Since the
electron density decays approximately witfiz, the dissipative interaction decreases
accordingly. The H and D atoms have to be closthe@osurface to make the non-adiabatic
coupling act efficiently on the dynamics. In therremt case, this appears to be for atom-
surface distances smaller thad. We also note that the hydrogen atom interactshnuore
strongly with the surface electrons than the chimatom. This is due, firstly, to a much larger
dissipative rate at similar atom-surface distanakthpugh the friction coefficients are smaller
for H than for Cl (see Figure 3d), and, secondbyhydrogen penetrating deeper into areas
associated with larger electron densities. To nthke visible, we indicate the equilibrium
distancez,, for H and Cl at theéop and thebridge sites by red dots in Figure 3a and 3b. As
can be seen, thg,-values for Cl are so large that the dissipativte fa low, as surmised
from Figure 3d wherg is given as function af.. The blue dots indicate the value of the
friction coefficient of H and CI at the TS geometgiculated with PBE. These observations
suggest that the electronically non-adiabatic enéayv between the HCI molecule and the

Au(111) surface is most likely mediated by the logdmn atom in the LDFA description.

3. Results
3.1 Electronic structure results and PES

In the following, we have a closer look into someattires of the 6D NNP and the potential
along the reaction coordinate for HCI on an unrstmicted Au(111) surface. Figure 4 we
first present nudged elastic band (NEB) calculatio® employing the PBE and RPBE
functionals, together with results taken from Kefor HCI approaching the surface from the

gas phase and arriving at its adsorbed global mimngeometry. As can be seen, the
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adsorption of HCI is predicted to be an endotherpnacess. The product states found with
PBE and PW91 on the one hand and with RPBE on ttier tland are abod00 meV and
700 meV higher in energy than the reactant state. In’Re¢he most stable product state was
found for H and Cl adsorbed at two adjackatsites. PBE yields very similar results. With
RPBE, however, we find that the most stable gegnistobtained if H and CI form a layer
with a regular hexagonal structure, in which th@eatoms (including the periodic images)
almost equidistantly surround an H atom. Hydrogeésogbs then at thiec site and Cl at the

second nearegbp site.

1.2

- E* = 1050 meV
RPBE

<08 E" = 756 mev
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Figure 4: Potential energies along the reaction codinate obtained by NEB calculations employing the BE (black
solid line) and RPBE (blue solid line) functionalsFor comparison, also plotted are PW91 results takefrom Ref.*?
(red dashed line) and the NNP values for geometrigzbtained with the PBE-NEB calculations. The transiion state for

the RPBE has been obtained by an additional refinedearch using the DIMER method®1%2

The transition state energies lie in a comparabtiewange of energies. PW91 and PBE vyield
minimum barrier heights @61 meV and756 meV/, respectively (see Table 2). This is not as
similar as expected for these functionals. The m@kvalues given in Réf seem not to be
well converged with respect to the number of k-poinsed. In Ref’, the used Monkhorst

grid pack was 5x5x1, here we use 11x11x1 — thiseisnajor difference in the computational
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setups. Using the same HCI geometries at the TShendas phase as obtained by PBE, we
compute for the PW91 functional a barrier of 66@V with 5x5x1 and 745meV with
11x11x1 in much better agreement with the PBE vafuiés6meV. With RPBE, we obtain a
considerably larger value aD50 meV. (The barrier heights appear to be well converged
with respect to the surface unit cell size to witBDme\, as may be seen by comparing the
(3%3) to the (2x2) surface unit cell (R)PBE resuit§able 2). The geometry calculated with
PBE is shown in Figure &nd described in Table 2. The H atom points towéndssurface
and the HCI bond makes an angle o 132.9° with the surface normal, and is
approximately330°. The H-Cl distance is = 1.934 A at the barrier, and the barrier to
dissociation may therefore be classified as ldte (fas phase value being 1.27 A). The COM
position is close to th&f site withZ = 2.398 A. These values are in good agreement with
previous findings of Zhang and coworkErswho similarly found the COM of the TS

approaching near tHec site.

Figure 5: Transition state geometry of HCI on Au(11} taken from a NEB calculation using the PBE functioal, side
view (left) and top view (right). Indicated are al® the different high-symmetric adsorption sites. Clorine is

represented in blue, hydrogen in white, the L Au layer in gold, the 2% layer in orange and the & layer in red.

The value of8 = 132.9° is interesting and may reflect the different atezes of H and CI.

Assuming, for example, a flat surface and two tsideres with empirical atomic radii of 100
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pm for Cl and 25pm for H, we find tha®? must be at least13° at ther-value of the TS.
Although the RPBE barrier is much higher, the getoynef the TS calculated with RPBE
(and a refined search with the DIMER metH8d°j is very similar to the PBE-TS geometry
shown in Figure 5. The H-Cl bond lengthris 1.947 A, the polar angle= 134.8° and
Z = 2.435A. The TSs we calculated are aff @rder saddle points which we verified by a
normal mode analysis. From the NEB calculations, als® notice an attractive well of
30 meV for PBE and’7 meV for RPBE in the entrance channel in front of tlaerier. This,
however, should not be interpreted as a van derlsMaell, since neither of the functional
accounts for the attractive London dispersion adBon. Experiments estimate the

orientationally averaged well depth to be about 2267°.

Table 2: Listed are the transition state energies E#, the molecule-surface distance Z¥, the interatomic distance ¥ and

the polar orientation 6% for HCl on Au(111) at the TSs calculated with different DFT functionals in this and in previous

43,104

works . The barrier heights listed in brackets are given for single point calculations employing a (3%3) supercell and a

9x9x1 k-point sampling, but for the geometries that were taken from (2x2) NEB/DIMER calculations.

A ZH[A] 0% [°] E* [meV]
RPBE, this work 1.947 2.435 134.8 1050 (1071)
RPBE, Ref™ 2.100 - 155.0 910
PBE, this work 1.934 2.398 132.9 756 (773)
PWO1, Ref® 1.917 2.394 131.7 661

Before discussing a few properties of the 6D NN&s@al on PBE) in detail, we first mention
the excellent accuracy of the fit. In Figure 4, emmpare potential values taken from PBE-
NEB calculations and the corresponding NNP valusained for the NEB geometries. In the
entrance channel and at the barrier, the NNP de/iitbm the DFT points by less than
4 meV, and for geometries near the product state by thkyeV to 23 meV. These results

are promising, and indicate that the fit is sugafdr describing the dynamics of HCl on a
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rigid Au(111) surface, which we will confirm beloim our comparison of MD and AIMD

results.

top bridge
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Figure 6: Two-dimensional potential cuts of the NNFor HCI on a rigid Au(111) along r and Z for the COM located

at different adsorption sites and for different ¢p-orientations of the molecule. All cuts are made fo8 = 133°. Indicated
are also the late barriers on several cuts and thepotential values. The contour level is 0.EV for an energy range of
[0,1.9]eV.

In Figure 6, we present a few contour plots of tlimensional (2D) NNP cuts as function of
ther andZ coordinates for the COM located at tlog, bridge andfcc sites, and at different
azimuthal orientations of the molecule. The polagla is fixed a® = 133° for all cuts, in
accordance with the value of the TS. The 2D PES® faatypical elbow form and show
adsorption wells that appear as plateaus for thetive configurations at large interatomic
distances > 2 A, see Figure 6a, 6b and 6f) We find second bariietse plots showing
reactive configurations which might appear to bldhk dissociation towards even larger

distances. However, this is an artifact of keeping the intpagentation anglé fixed at the
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value of 133° characterizing the TS, thereby pla¢hre hydrogen atom into the unfavorable
situation of penetrating the surface at largelues. Nonetheless, in the dynamics the shape
noted of the PES for fixed polar angle lead to baactions (and we have indeed seen this in

the AIMD simulations) unless the molecule is abledorient alond@ once it crosses the TS.

fce bridge transition state
4.5 = y - S 4.5
N \ a) 6=0 \ b)0=90 \ ©)0=330° |
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Figure 7: Contour plots of 2D NNPs for HCI approatiing the Au(111) surface at a) thdcc site with ¢ = 0°, b) the
bridge site with ¢p = 90°, and c) with the COM located at the TS obtaied from the NEB calculations. In all cases, the

polar angle @ is optimized. The contour spacing is 0.&V for an energy range of [0,1.9gV.

Reorientation effects may play a particularly intpat role at impact sites that are seemingly
unreactive. For example, the potential cut atttesite in Figure 6a is reactive, but at the
bridge and thefcc positions the 2D PESs are not (Figure 6c to &&ye] however, allow for a
relaxation along, these potential cuts become reactive, too. Tstilate this, we show 2D
cuts in Figure 7 for HCI approaching the surfacthafcc andbridge sites in a similar way as
shown in Figure 6d and 6e, and wkhY, ¢ coordinates equal to the TS geometry found with
the NEB, but now with optimize@-values. At thdcc-barrier shown in Figure 7a, HCI makes
an angled of 114°, which becomes smaller as the dissocigtimteeds. The barrier of 850
meVoccurs at a larger value o{2.421 A). Likewise, at thédridge site HCI impacts with a
favorable orientation of = 116° at the barrier. The molecule-surface distancéasyever,

similar to that of the TS geometry. These resultggest that a reorientation dynamics needs

31



to take place during the bond cleavage of HCl,dl& that most of the barriers lying between
750 meV to 1000 meV are accessible if the molecule impacts with o&aBohs

0 €[ 110, 135]°.

3.2 Dynamics results
3.2.1 AIMD results

In Figure 8a, we plot reaction probabilities congalivith the PBE functional as a function of
the incident translational energy for HCI in theilwational ground statev(= 0,j = 0). We
apply three different models to investigate thee@ffof surface motion and assume a
monochromatic translational energy distributioneTiack curve represents the BOSS model
(rigid surface), in blue are results for the suefanitially at7s = 0K, and in red for a
thermalized surface & = 298 K (the experimental surface temperature fias 170 K29).

In all cases the reaction probabilRyncreases with the translational energy from alfo88

to about 0.55 in the energy rantd — 2.0 eV/. We further observe that the inclusion of
surface atom motion reduces the absolute reactwitgnly about 0.03-0.05. For example, at
Eirans = 1.6 eV we obtainS = 0.48 within the BOSS model, whereas fiy=0K, S =
0.44. Keeping in mind that the standard deviation & &IMD results is about0.025, we
can conclude that surface atom motion does not havensiderable effect on the reaction

probability of HCl on Au(111).

The observed small effect of allowing surface motiway come as a surprise, since the Au-
HCI system shows a mass ratio that is indicativéhefpossibility of large amounts of energy
being transferred from the incident molecule to sheface atom motion. As also noted in

Ref?® phonon-mediated energy dissipation might theiciefitly inhibit reaction. In Table 3,
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we list our AIMD results together with the amourtemergy that is transferred from the
molecule to the surface atoms computed by evalydtie energy additionally left in the
(2x2) supercell after non-reactive scattering eveAbout30% of the initial translational
energy of the scattered molecules is dissipateditiace atom motion. This amount is almost
independent of the surface temperature and thelance translational energies. Using the
Baule modéf’® we can estimate the energy transfer from HCI gold atom in the limit of

two colliding hard spheres

pBaule _ 4(Mpc1/mau)
loss trans (1+MHCl/m_Au)2, ( 27 )

wheremy,, is the mass of a gold atom, aig.; the molecular mass of HCI. The Baule model
suggests an energy transfer of aliifto of the incidence translational energies (see Tahle

significantly larger than found with AIMD.
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Figure 8: Reaction probabilities as functions of tk incident translational energy of HCI scattering fom Au(111).
Shown are results taken from experiments (blue solid line, multiplied by a factor of 20) ad computed by AIMD
simulations in a) using the PBE functional and b) th RPBE functional. In panel a) we investigate the fe of surface
atom motion for the reactivity of HCI in v=0 by considering i) a rigid surface within the BOS model (black dashed
line), ii) the surface atTs = 0K and iii) the surface atTg = 298K. We also plot previous 6D quantum result§ based
on the PW91 functional (black solid line). Panel oshows the influence of vibrational pre-excitatiorof HCI in the gas

phase on its reactivity on Au(111).
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Very recently another AIMD study of the reactiveattering of DCI on Au(111) has been
published® using RPBE, but a different computational setuys wanployed. The energy
transferred from DCI to surface atom motion wasnfbuo amount to 33 — 43% of the
incidence translational energy which ranged fro@b % 2.5eV. This is somewhat larger than
our findings for HCI. Experimentally the transfedrenergy corresponds to about 55% of the
collision energy’ ranging from 0.28 to 1.2&V, slightly larger than the Baule limit predicts.
Although the amount of energy dissipated is séither large, the dissipative phonon channel
seems not to act efficiently enough on the dynaraioag the reaction coordinate to have a
significant influence on the reactivity of HCI. Hea change of about 0.03-0.05 has been
achieved in the reaction probability. From B¥f.which also used the RPBE functional, a
change of 0.07 can be extractedEat,,,s= 2.5€eV (the energy transferred to the surface was
about 1100me\). We will return to the point of the low efficiepavith which the dissipative

phonon channel inhibits reaction when we discusstelnically non-adiabatic effects.

In Figure 8a, we also plot experimental reactioabpbilities®. As can be seen, the PBE-

AIMD reaction probabilities are much too large qmared to experiment. The same is true
for the previous six-dimensional quantum dynam@B) results based on the similar PW91
functionaf’. Due to the lower (not converged) barriers, the @Bults are shifted by about

115 meV to lower values of;,,,s compared to our AIMD simulations, but the shapethe

S-curves are in good agreement (see also Figure 9a).

Figure 8b shows AIMD results obtained with the RPBEctional. As can be seen for= 0

simulations, the reaction probability is considéyalbwer for the RPBE than for the PBE
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calculations. AfE;,.,s = 1.4 eV, the reaction probability is now onlyl1 instead of 0.36

(PBE), a clear result of the increased barrierfitsi@* = 1050 meV for RPBE).

Table 3: Comparison of AIMD and some MDEF results. Lited are the reaction probabilities S (with standard
deviation) and the different total energy losses,, s obtained for the different incidence translational energies
(monochromatic distribution), models and DFT functicnals. The AIMD energy losses mediated by phonon-exation
are resolved for different scattering angle®9=0-5° (specular peak along the surface normal dir¢ion), and ©=17.5-
22.5°. The total loss of energy taken from MDEF simations is given for scattered and adsorbed traject@es
separately. In all cases, we assume a monochromatieam distribution. Reaction probabilities obtained with MD

simulations appear in brackets.

E.rons [€V] | 1.4 | 1.6 | 2.0
AIMD PBE (v=0)
S, rigid surface 0.402 £0.022| 0.480+0.022  0.547+0.02P
S, T¢=0K 0.358 +0.021] 0.438+0.022  0.527+0.029
S, T=29&K 0.368 + 0.022| 0.456 +0.02p  0.573+0.029
Eoss [MeV, T¢=0K, total 456+2 / 32.5% 539+3 / 33.7% 701+4 / 35.0%
Eoss [MeV], T¢=29&, total 426+8 / 30.49%9 519+9 / 32.4% 679+15 / 33.9%
Ess [MeV], T¢=0K, 6=0-5° 458 + 5 542 + 8 681 +7
Eoss [MeV, T¢=0K, 6=17.5-22.5° 502 + 8 578+ 9 711+8
EBuleime\] 738 843 1054
MDEF (MD) PBE (v=0, T,;=0K, rigid surface)
S(v=0) 0.397 (0.412)| 0.472(0.485) 0.554 (0.559)
E;,ss[meV, scat. traj. 28.6 27.0 23.8
E;,ss{[meV], ads. traj. 57.5 60.9 65.5
AIMD RPBE at T¢=0K
S (v=0) 0.106 £ 0.014 - 0.342 £ 0.021
S (v=1) 0.390 + 0.022 - 0.526 + 0.022
E s [MeV], (v=0) 396 +1/28% - 636 + 2/ 329
Eoss [MmeV, T¢=0K, 6=0-5° 234 +£2 - 612 +6
Eoss [MeV, T¢=0K, 6=17.5-22.5° 427 +9 - 674 + 12
E s [MeV], (v=1) 409 + 3 - 644 + 4

Reaction probabilities presented for DCI in B¥fare considerably lower than our values for
HCI although a lower barrier of 91fdeV was calculated therein. A}, ., = 1.25 eV, for
example, arSvalue ofl x 10~* was given, and a,,,,; = 2.0 eV the Svalue was about
0.16. For the latter case, we figd= 0.34. This discrepancy might reflect the largerss of

DCI, but we also note that the very recent AIMD slations were purely classical, that is,
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zero-point energy was not explicitly accounted fatich should certainly lead to the
computed reaction probability being diminished.téasl a classical Maxwell-Boltzmann
distribution forT = 300 K was assumed for the atomic velocities associatelet rotational
and vibrational motion of DCI in the gas phase. w# be shown below, however, the
computed reaction probability critically dependstia initial conditions.

Table 4: Vibrational efficacies y, for HCI on Au(111). Listed values are extracted fro previous 6D quantum results
presented in Ref*! (based on PW91) and from this work either obtainedfrom AIMD results or from MD results, the

latter being based on PBE. Given are the reaction pbabilities S(v = 0) and S(v = 1) calculated at the incidence

translational energiesk¥0,s and EVL,s.

S(V = 0) E::’r:aons [6\4 S(V = 1) Ez:alns [ev.l Xv
AIMD, RPBE 0.342 2.000 0.390 1.400 > 1.7
MD, PBE 0.559 2.120 0.553 1.180 2.7
6D QD, Ref™ 0.111 0.836 0.111 0.385 1.3
6D QD, Ref! 0.342 1.144 0.342 0.625 1.5
6D QD, Ref* 0.503 1.587 0.503 0.890 2.0

According to the Polanyi rules, the vibrational-ppsecitation of HCI would promote the bond
cleavage on Au(111) as the barrier to dissociasdate. This has indeed been confirmed by
both theor§! and experiment& The latter ones even suggest that the vibratieffalacy is
much larger than predicted by the recent QD simarlat In Figure 8b we also plot AIMD
results forv = 1 excited HCI. AtE;,,ns = 1.4 eV, the reactivity increases froth11 (v = 0)

to 0.39 (v =1), which is still larger than the reaction probdabilof 0.34 we obtain at
Etrans = 2.0 eV for v = 0. Taking into account that the transition energyrfrthe vibrational
ground to the first excited vibrational state fo€Hs about350 mel/, we then can conclude
that the added vibrational energy promotes thetitraat least 1.7 times as efficiently as a
corresponding amount of translational energy adBeanin the previous quantum simulations

a value of about 1.5 can be extracted for a simdaction probability, but at a lower collision
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energy. For a further reduced collision energy, 8Be QD calculations yield a vibrational

efficacy of 1.3 - see Table 4 for more details.

Table 5: Listed is the excess charge i transferred from the metal surface to the dissociéng molecule at the TS for
various gas-surface systems and DFT functionals. Thealues are calculated as the difference between tloharge of
the molecule in the gas phase and the charge of thelecule at the TS. The charges are obtained fromBader charge
analysis of the electron densities computed with DF Values given in brackets are obtained from singl point
calculations using a (3x3) supercell and a 9x9x1geint sampling, but for geometries taken from (2x2NEB/DIMER

calculations.

PBE RPBE SRP4& SRP32-vdW*

HClon Au(111) | 0.292 (0.320)]  0.320 (0.348) - -
H, on Cu(111) - - 0.229 -

CH, on Ni(111) - - - 0.241

Although RPBE vyields larger barriers than PBE, ¢henputed reaction probabilities are still
strikingly different from the experimental valueSheoretical work on @+ Al(111)°
suggests that GGA functionals might fail at actelyadetermining the reaction barrier for
HCI + Au(111), if there is a considerable chargmsfer (CT) from the metal surface to HCI
at the T$®. With the help of a Bader charge analysis we testeether a large CT occurs. We
calculated the difference between the charge astsacwith HCI in the gas phase and at the
TS discussed in Sec. 3.1. From Table 5 where thregmonding values are listed, we can see
that the electronic charge on the molecule indeedeases at the TS compared to the gas
phase, by aboul.3 e~ for both functionals. The accumulated charge i$ sensitive to
changes of the supercell size used in the calonlsit{see Table 5). For the On Al(111)
system a slightly larger value of about 85was found. At first sight, this might indicate
the presence of a CT complex for HCI on Au(111)thAs$ point it is interesting to look at the
charges accumulated on the dissociating moleculeeal S in other gas-surface systems, for
which DFT has been shown to work accurately. Asvgtas, the corresponding values for H

on Cu(111¥* and for CH on Ni(111}* are also listed in Table 5. For both we obtain
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somewhat smaller electronic charges on the disiogimolecules of about 0.23 - 0.24. More
research is needed to establish whether an exargelof 0.3z~ on the dissociating molecule

at the TS is enough to be indicative of problemsiray from a DFT treatment, as the

differences with the two systems for which DFT weovkell is rather small.
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Figure 9: Reaction probabilitiesS as functions of the (average) translational energypbtained for MD and MDEF

simulations performed on the 6D NNP (PBE functional) In panel a) previous 6D quantum simulation& (QD, blue

dashed line), experimental resul® multiplied by a factor 20 (blue solid line) are cepared with results computed

with PBE-AIMD (red) and MD (black). Panel b) showsS obtained from MD simulations assuming different mdéecular

beam distributions. The notations of the differentbeams are as follows: i) translationally monochromiéc beam for a
v,jm;

particular rovibrational state (Smom,), i) translational distribution according to experiments but with molecules in a

vjm j

particular rovibrational state (Smms

), iii) translational beam distribution like ii) and internal degrees of freedom
(f(Tn)) populated according to the nozzle temperaturd,, iv) translation like ii) and thermally populated

vibrational states only, that is,j = 0 (§f=°(Tn)), and finally, v) a beam distribution according tothe experiments at

which Ty # Trot (fexp(Tn)), see text. In panel c) we present MD (red) and MDEFesults with friction coefficients

multiplied by different factors (x 1 = blue; x 3 = black solid; x 10 = black dashed) andr',; = 170K. Panel d) shows

taken from MD simulations for HCl initially in diff erent rovibrational states.
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3.2.2 MD and MDEF results

In this section, we discuss the influence of dédferrovibrational state populations of HCI, in
the incidence molecular beam, and study the impoetaof the dissipative ehp excitation
channel for the reactive scattering of HCI on ALl Before discussing details, we point to
Figure 9a in which we compare PBE-AIMD and 6D MDBuks using the neural network
potential (NNP), both for the BOSS model, a monouofatic beam (single incident energy),
and HCl in ¢ =0,j = 0). The good agreement between the MD and the AlMBults
confirms that the NNP accurately describes theemdé-surface interaction, suggesting that
the static surface approximation MD should be ami@te as AIMD, while offering greater

statistical accuracy.

We first consider reaction probabilities for di#at beam distributions and internal state
populations (see Figure 9b). It turns out thatitletusion of a translational energy distribution
according to the experiments has only a small @nfae on the computed reaction probability,
when comparing with monochromatic beam results,revlie both cases HCI is in the ro-
vibrational ground state. Allowing additionally far vibrational state population (but with
j = 0) according to the nozzle temperat@@eyields very similar results, although vibrational
excitation is found to promote the reaction (seguf@ 9d). This is due to the high computed
reactivity ofv = 0 HCI, and the large quantum of vibration (3@Vfor the transition from
the ground to the first excited vibrational stdtdeading to low populations of excited
vibrational states even at large valuesT,pf We find, for example, af;, 4, = 2.56 eV
(T, = 1060 K) an increase of the vibrational energy of oné&/ (population of thev=1
state is about 0.022) compared to moleculas=n0, and, thus, no additional contribution of

vibrational energy to the reaction is achieved um oalculations. If, however, the full ro-
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vibrational state population according to the nez#mperature (denoted BYT,)) is
incorporated in the beam simulation, then we findt the probability for bond cleavage is
reduced. At ,,s = 0.95 eV this effect is small, but &,,,,; = 2.56 eV, we observe that
S(T,) is about 0.1 lower than for beams with molecufes + 0 andj = 0. For simulations
in which we assume the vibrational and the rotafiag@emperatures to be different according
to state-resolved measurements (see Sec. 2.3.8)nilar reduction in the reactivity is

observed.

The observed dependence of the reactivity on tleeeased population of excited ro-
vibrational states (actually of excited rotatiosshtes) is so large that it deserves a more
detailed discussion. In Figure 9d, we show redoltsnolecules in different rotational states
(translational energy distribution is according ttee experiments). The molecules in the
helicopter rotational stateg € 1, m; = £1) exhibit similar reactivity as molecules in the
rotational ground state. Molecules in a cartwhée-rotational statej(= 1, m; = 0) are,
however, less reactive. This means that the ovefdtt of adding rotational energy to the
molecule is to decrease its reactivity. The diffiee between the reactivity of thie= 1
cartwheel state and that of the rotational grouatkds similar in magnitude to the difference
found between the reactivity of the £ 0, j = 0) state and that of rotationally excited nozzle
beams (see Figure 9b). The difference between dhetivity of thej = 1 helicopter and
cartwheel state is in qualitative agreement witevfmus observations made by Zhang and
coworkeré!, who investigated the dependence of the HCI diation on the different initial
rotational states associated witk 5. The observedh; dependence suggest that rotational
alignment effects are at work in the dynamics. fsussed in Sec. 3.1, most of the barriers
lying between 750 and 100@eV are most easily traversed if the molecule impadth w

0 €[ 110,135 ]°, that is, if the molecule is initially aligned neoparallel (helicopter motion)
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to the surface than perpendicular (cartwheel mdtidihe clearly distinct reactivity of
molecules in the different rotational states furtheggests that the shape of the PES does not

enforce rotational steering effects for the higtidence energies considered.

While exciting the rotational states seems to acinterproductively on the bond cleavage,
strong enhancement is achieved by exciting molscidehev=1 state prior to collision, as
shown in Figure 9d. To quantify this, an excitatiorv = 1 atE;,,,s = 1.18 eV leads to a
similar reaction probability as a translational ieedton toE;,.q,s = 2.12 eV (v = 0) (see MD
results in Table 4). The corresponding vibraticeféitacy y, is 2.5 and larger than the values
found in 6D QD simulations and our RPBE-AIMD calatibns presented, but note that the
vibrational efficacy depends on the value of thect®n probability at which it is evaluated.
Our calculations suggest that the effect of bothitiitial rotational and the initial vibrational
state should be taken into account in the simuiatd molecular beam experiments on
sticking of HCI to Au(111). However, the assocthé&dfects are not strong enough to account

for the large discrepancies observed between #wryland the experiments.

The AIMD simulations presented in the previous isecisuggest that energy transfer to
surface phonons, while not unimportant, does net @ dramatic impact on the reactivity.
With the help of MDEF simulations employing the LBMFAA approximation, we now
investigate the importance of ehp excitation fa ttynamics while assuminfy); = 170 K,
according to the experimental surface temperailine.results are summarized in Figure 9c.
Comparing MDEF and MD reaction probabilities shawat the dissociation process is not
much affected by non-adiabatic effects at the LD&¥el of theory. On average the MDEF
differ by about 0.01-0.02 from the MD results (Jedble 3). This could be a consequence of

the underlying LDFA approach, which may vyield taavlvalues of the friction coefficients
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because changes in the electronic structure ofmtblecule with bond stretching near the TS

are not accounted f¢.

Very recently additional experimental evidence fan-adiabatic effects near the TS was
found for HCI scattering from Au(11¥y. However, the new measurements do not provide
direct evidence of electronically non-adiabaticeet$ for the surface temperature used in the
sticking experiments, at which vibrational excivatiis predominantly adiabatic. In order to
test how a fictive model yielding larger valuestiog friction coefficients might perform, we
evaluated the dynamics with increased friction ioiehts by scaling the LDFA values with a
factor 3 and 10, as done earlier fos h Ru(00013°. Our results clearly suggest that the
reactivity may be inhibited if ehp excitations bewincreasingly possible: the larger the non-

adiabatic coupling is, the lower the reactivityi€l is observed to be.

The presence of electronic friction hardly changjes shape of the MDEF-curves as a
function of the translational energy. Instead wel fihem to be shifted to each other along the
energy axis. This is different to previous obseoret for the early barrier of the,H
Ru(0001) systeff for which MDEF and MD simulations showed a simianount of bond
cleavage at very low and very high incidence emstgihe difference in behavior could be
related to how friction acts in an early and irateIbarrier system. In an early barrier system,
the presence of friction leads to a velocity degemdarrier height. In a late barrier system,
electronic friction might also inhibit the energgrisfer from the motion perpendicular to the
reaction path (initially, the molecular vibratiotd motion along the reaction path (initially,
the motion towards the surface). This might redheecapability of the molecule to overcome

the reaction barrier.
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We now recall that phonon excitation may lead targe amount of energy being dissipated
to the surface (about 30% of the initial incidei@nslational energy), but this had only a
small influence on the reaction probability (theacbe being 0.03-0.05). Comparing fhe
values obtained from MD and MDEF simulations listedlable 3, the inclusion of friction
according to the LDFA might seem to be unimportamioth counts, but the associated loss
of energy makes for less than 2%Fgf,,.s, while the reactivity is still reduced by 0.01-2.0

In this sense, the electronic dissipative channtdrieres much more efficiently with the
nuclear dynamics to reduce the reactivity thanpghenon channel. The latter mechanism is
most likely linked with the motion of the Cl atordye to its large mass, while the former
mechanism acts on the H atom, due to its abilitganetrate deeper into the electron density.
It is the hydrogen motion that allows for the dgation of HCI. Electronic friction therefore
acts along the reaction coordinate, and if it waeféective for energy dissipation as phonon
excitation, as observed to be the case of thed¢dd&EA model, then it would most likely be
more effective at inhibiting the reaction. For exden atE,,,,s = 1.29 eV, increasing the
friction by a factor of 10 reduces the reactionhadality from 0.21 to 0.11 with normal
LDFA friction, while the loss of energy for scatertrajectories increases by ab®R0 meV,
from 27 meV to 150 meV. These values need to be seen in a context where are also

energy losses due to the excitation of the surdd@e motion upon impact of HCI.

We also mention that electronically non-adiabatfeats provide a possible explanation for
the experimentally observed translational energsds for HCI scattering from Au(111)
(55% of the incidence translational energy) bedarger than energy losses predicted in our
AIMD simulations (about 30%), and in the Baule kirth0% of the incidence translational
energy). When adding, for example, the amount efggnloss of 456neVtaken from PBE-

AIMD simulations at an incidence energy of ¥ to the energy loss of 2neVand 150
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me\, respectively, taken from (scaled) MDEF simulasiaat 1.2%YV, the total energy loss
becomes 483 and 60&e\, respectively, depending on the scaling factorthaf friction
coefficient. This is close to the experimental eabf about 700neVatE,,,; = 1.27 eV >°
obtained for the experimental specular scattermglea(the angle made between the surface
normal and the scattering direction@s= 3° in the experiments). We also looked in more
detail at the angular dependence of the energyedofs scattered trajectories. The HCI
molecules are found to scatter not too far fromgecular directionds is peaked at about 5-
10° along the surface normal direction). Total ggelosses obtained for different final
scattering angl®: values and incidence translational energies atediin Table 3 for PBE-
AIMD and RPBE-AIMD simulations als = OK. The energy losses for specular scattering
agree reasonably well with the averaged energye$psahile somewhat larger losses are
found for increased scattering angles. If we asstimaé the somewhat larger amount of
energy loss found experimentally is due to the gmes of non-adiabaticity, this would
suggest that the LDFA friction coefficients are small or that a treatment using electronic
friction is insufficient. This either suggests thdte LDFA model underestimates the
importance of electronic friction, or that attraetiinteractions are present due to the presence
of van der Waals London dispersion. This can leadeep adsorption wells in the entrance
channel. As a consequence, HCI would gain additi&imetic energy which then can be

dissipated to the surface via both the electronccthe phonon channel.

We finally need to consider the possibility thatnrariabaticity is incorrectly taken into
account in our current MDEF simulations due to phgsics we employ in the friction limit.
In electron scattering experiments on HCI in the ghase, vibrational excitation is achieved
by shape resonances at low collision energiesg®8%°° The associated vibrational cross

sections are found to be latge This might suggest that a non-adiabatic electropping
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approach coupled to ehp excitation such as propaseRlef> might be a better way of
incorporating non-adiabatic effects than the LDB&I approach for the HCI+Au(111)

system.

3.3 Discussion: disagreement between theory and expment

In this Section we will consider how the theory miag improved to bring it in better
agreement with experiment, but before we do thatfwst discuss the accuracy of the
experimental measurements, as this topic has noegeived much attention in the preceding

part of our paper.

Two important sources of error in the experimemtscern the calibration of the coverage of
Au(111) by Cl resulting from dissociative adsorptaf HCI, and the calibration of the flux of
the impinging HCI. Starting with the first pointgwthink that an error may have been made in
the calibration of the coverage. For this, Augeecsmscopy was us&d More specifically,
the Auger peak-to-peak height raflo= I, /14, for Cl at 181eVand Au at 23®V was used
for this purpose. The unnormalized coverage ofstiméace by chlorine was computed from
measured peak ratios and known sensitivity fac@s and @, for the radiation used, as
described in the supporting information to RefHowever, to obtain the normalized coverage
required for evaluating sticking coefficients of H@& reference is needed. This reference was
based on measurements of relative Auger intensittagch were presented in Figure 3 of a
paper by Spencer and LamB&ttand are reproduced in Figure 10a. In the proeedsed,
Shirhatti et al. used the highest value of the relative intensitl gbout 8) as the value
corresponding to saturation coverage of Au(111xhiprine, and assumed this coverage to

correspond to 1 monolayér

A general problem with this reference is that Speand Lambert clearly stated in their paper

that their Auger intensity ratios should not beduser calibration purposes, because they
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believed that at the highest,@xposures used in their experiments on thAG(111) system
multiple layers of a surface compound of Au andshbuld be present on the surfdéeA
recommendation that seems to be implicit in thearknis that if their data is nevertheless to
be used for calibration purposes, this is best duméhe assumption of an initial sticking
coefficient of C} on Au(111) of 1, based on analogous findings fonilar systems (Ref'°
and references therein). We will now proceed o8 Hasis. It is convenient to initially think
in terms of an unnormalized surface concentratibrClg on the surface, which may be

expressed &

[Clylup = K —r%Au_ (28)

PrQau+Qcit’

where the proportionality constakt = 10° m?

is merely used here to ensure that the
unnormalized Gl concentration appears in units that are convenienthe subsequent
analysis. A plot ofCl,],,, appears in Figure 10b. We define the normalizecc@bcentration

analogously as

_ K PrQau
[Cla] = ) raca (29)

PrQau+Qct’

whereN is the dimensionless normalization factor thagdscto be determined. This can be

done by realizing that

[CL1(x") = [~ S(x)dx, (30)

where x is Ch exposure in 18 molecules i (and the reason for introducing the
proportionality constanK is now becoming apparent), asgx) is the exposure dependent
sticking coefficient, which may also be defined $&) = d[Cl,]/dx. The use of this
definition of the sticking coefficient and Eq.( 3@s appropriate under conditions where any
Cl, molecule adsorbed to the surface remains on ttiacguin some form of chlorine for the
duration of the experiment, which assumption waddm to be justified in view of the large
adsorption energy of €bn Au(111§**. Requiring thaB(x=0)= 1 identifies the normalization
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coefficientN as the initial slope diCl,],, vs.x in Figure 10b, for which a linear least squares
fit to the data computed from Eq.( 28 ) yieMs= 0.09245. Using this value df yields[Cl,]

vs. x in Figure 10c (left y-axis) and, triviallyCl] vs. x (right y-axis). As can be seen, a
reference value of 8 foP, corresponds tdCl] =~ 4.5 x 16° atoms nif. Using that 1
monolayer (ML) = 1.39 x 18 atoms rif (as obtainable from the nearest neighbour Au-Au
distance in the unreconstructed (1x1)-Au(111) serfaf 2.88 A™), this corresponds to 3.2
ML, suggesting that the values reported for theksig coefficients in Ret? should be
multiplied by a factor 3.2. This problem may be eetdated if the HCI sticking probabilities
were determined from coverages exceeding 0.2 Mlguadactor of 3.2 and the raw data in

Figure 1 of Ref® would seem to suggest for some of the conditicsesiin the experiments.

The correctness of the above analysis relies onirtiial sticking coefficient of Gl on
Au(111) at room temperature being equal to 1, thgek intensity ratio not being dependent
on the form chlorine is in at the surface (atommitially, AuCls at higher exposur&$: 3,
and the instrument sensitiviédor the Cl and Au Auger peaks being identical, wehthe
latter assumption has also been used by Shirlait’® Kastanas and Koel reported finding
that the sticking coefficient slightly decreaseimaubstrate temperature (the gas temperature
in their experiments being room temperattife)Using their reported negative apparent
activation energy for Gldissociative chemisorption to compute the slopéhefcurve of the
sticking coefficient vsTs and assuming a sticking coefficient of 1 for thevéstTs addressed
(120 K", we find a sticking coefficient of 0.6 at room teemature. This would suggest that
the coverage used to describe saturation in thetH&I(111) experiments would correspond
to only 1.9 ML, and that the sticking coefficiem®uld be underestimated by a factor of
about 2. In any case, a better way of referencimgAager signal to some standard for
coverage is suggested by the work of Gao Ealvho determined that Cl on Au(111) should
exhibit a specific LEED pattern at 1/3 ML coveragiich could then be linked to a reference
Auger intensity ratio. Obviously, future theoreti®eork aimed at establishing the level of
theory needed to reproduce and interpret expersnentsticking of HCI to Au(111) will

benefit from the availability of experimental rasulhat are as accurate as possible.
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Figure 10: Plotted as functions of the Glexposure are the relative Auger peak-to-peak rat®P,. for CI(181eV) and
Au(23%V) taken from Ref!*° (a), the unnormalized concentration[Cl],, adsorbed on the gold surface together with
the linear fit (red line) to obtain the normalization factor N (b), and the normalized concentration[Cl,] (left y axis)

and [C1] (right y axis) (c). For further information see the text

Proceeding to the second point (flux calibratiomg, note that in the experiments measured
signals had to be divided by a factor ranging fré+t0 to account for the hydrodynamic
enrichment of HCI in the beam. To estimate how momdre HCI should be present in the
molecular beam hitting the surface relative todhiginal HCI/H, mixture, experiments were
done using Ar in B arguing that a similar hydrodynamic enrichmenttda would be
expected for HCI and AT. While this may be correct, we argue that the efziae correction
factors (in range 6-10) is such that the verifmatof this similarity might be called for in

future experiments.

In their own error analysis, the experimentalistted possible systematic errors of 50% due

to absolute pressure calibration and of 30% innedges of the pumping speed. They
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estimated that these errors limited the accuradyéir determined sticking probabilities to
+60%. It is not clear whether this was based onragyy the errors to propagate as statistical
errors. If the systematic errors work in the sanrection, their combined effect could be
another factor 2. Elsewhere in their paper, theearentalists also mentioned that their
sticking probabilities should be multiplied by &tar of up to 1.5 if the assumption they made
that recombinative desorption of HCI is unimportahthe surface temperature used (KjO
should be incorrect. In the worst-case scenariocthrabined systematic errors leads to a
systematic error of another factor of 3. Combinathwhe factor 3.2 due to the possibly
incorrect external standard for coverage of Au bgr@l a possible uncertainty in the dynamic
enrichment of HCI in the beam, the maximum stickprgbability could be considerably
larger than the reported measured value of 0.02adlvecate that future experiments on HCI
+ Au(111) eliminate as much of the uncertaintiescdbed above, to allow the best possible

comparison to future calculations.

Before moving to the analysis of how the theory banmproved, we make one more remark
regarding the experiments. The present analysishefextent to which vibrational pre-
excitation should enhance the dissociative chemisnr of HCl on Au(111) also depends on
the validity of the approximation that the reactionly depends on the component of the
translational energy normal to the surface (noretargy scaling, NES). The vibrational
efficacy of HCI on Au(111) could be put on a momdic basis if experiments were to be
carried out in which a substantial proportion af thcident molecules would be vibrationally
pre-excited in the incident beam by a laser, amalsego what has been done in experiments

on methane reacting with metal surfdcé$
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Figure 11: Plotted are the potential energies [kJ/mi] as functions of the interatomic distance r [AJfor a) H, and H;

taken from Ref!'5, for b) HCI and HCI~ according to Ref*'®, and for ¢)NO and NO~ taken from Ref.

We now turn to the theory, where we will be moreefbbas much of what we will mention
now has already come up earlier. It might be wohitevto experiment with different
functionals, which yield higher and later barriefs example of a functional that could be
tested is a functional combining PBE and RPBE emghawith a correlation functiorial
yielding an approximately correct description o ttractive van der Waals interaction, as
recently done successfully for methane reactin§yligh11)*%. This might also fix the problem
of the presently incorrect description of the HGIA11l) physisorption minimum, the
orientationally averaged well depth of which shobémuch higher (at 220e\*®) than here
found with PBE and RPBE. Introducing the van dera¥anteraction might tend to steer the

incident molecule more to geometries where thet@mnapoints down, which could help to
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reduce the reactivity. As already hinted at, it Inbiglso be a good idea to explore the use of

ab initio based electronic structure methods®!t®

to see whether their use would yield
higher, and possibly later, barriers for the HGA#(111) system, the transition state of which

is characterized by at least a partial charge fieans

It may also be fruitful to explore different mettsotbr dealing with possible electronically
non-adiabatic effects. The first thing that conesnind is to try methods that are still based
on the idea of electronic friction, but employ dabibased, or tensorial friction coefficiets

for instance using a recent efficient implementatio evaluate thefi Alternatively, the
independent electron surface hopping (IESH) metbibdully and co-workers which is
designed to deal with a situation where a chargester state is coupled to a continuum of
electron-hole pair excited states, could be tedted. not yet clear whether the use of this
method should be necessary: in terms of where tbendg state gas phase molecule and
molecular anion potential curves cross relativtheogas phase molecular minimum, H€is
intermediate to NO and Hsee Figure 11 and REF and references therein). In any case a
non-adiabatic model would need to reconcile theenlaions that non-adiabatic effects
apparently strongly hinder the reactionvef0 HCI (as suggested by the present and earlier
comparisons between adiabatic theory and experjraedtlikely involving a deceleration of
HCI bond stretching) while, on the other hand, tbaction of vibrationally excited HCI is
enormously enhanced over reactionve® HCI. Perhaps a proper description of the paaénti
transfer of an electron to the molecule would shthe reaction to be hindered by
reorientation effects if the transfer would takeqa to the Cl atom. On the other hand the
immediate expected effect would be bond lengthéhingvhich would be expected to
promote reaction rather than hinder it. Closing tb# discussion of the treatment of non-
adiabatic effects, we note that the use of claksig@amics might be problematic regardless
of whether a friction or a surface hopping appro&hused. The accurate treatment of
electronically non-adiabatic vibrationally inelasteffects may well require the use of
guantum mechanics, as employed for instance irgtleced density matrix calculations of

NO scattering from Au(113% In future, the present and other theoretical weshto deal
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with electronic non-adiabaticity could also be éestin comparisons with experiments
measuring energy losse§® and vibrationally inelastic scattering at high fage

temperaturéd’ in scattering of HCI from Au(111).

Finally, theory could move closer to experimentsdme of the effects noted here could
accumulate. For instance, a initio molecular dynamics with electronic friction (AIMBE

g0,122’

calculation energy transfer to phonons and electron-holespaould act in concert to

hinder reaction, whether using LDFA or tensoriation. These AIMDEF calculations could
also model the effect of the rotational state diatron in the incident beam, which we predict
should further diminish the reactivity. It is qupessible that AIMDEF calculations properly
modeling friction and incorporating the effects obftations would predict reaction
probabilities in much better agreement with theoregrl experimental sticking probabilities.
As stressed already above, such a comparison waistd benefit from the availability of
measured sticking probabilities with less uncetia in them, for instance with better
calibration of the sticking probabilities based manre accurately evaluated coverages of Au

by product Cl atoms, and of incident HCI flux.

4. Conclusions

In this work, we performed quasiclassical dynansicsulations for the reactive scattering of
HCIl on Au(111) at normal incidence to test theusfice of several methodological aspects.
With the help of AIMD simulations, we investigatéte importance of the GGA functional
and the effects of allowing surface motion and offace temperature on the computed
reaction probabilities. We also generated a 6D RE®e framework of the rigid surface
approximation by fitting a large amount of DFT psimbtained from PBE calculations with
the neural network approach. The availability d?ES also allowed us to study the effect of

molecular beams with different translational andilvmational state population distributions,
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and the effect of electron hole pair excitation tbe reactivity of HCI on gold. From our

analysis and the discussion in Section 3.3 thewotlg conclusions can be drawn:

)

ii)

Barriers calculated with PBE and PW91 on the onellaxe lower than the ones
calculated with RPBE on the other hand. As a retht reaction probabilities are
lower for the latter functional. The TS of HCI onu@1l) is late from the
viewpoint of adsorption, explaining the largely anbed reactivity for molecules
vibrationally excited to the = 1 state compared to molecules in the vibrational
ground state. Additionally, the orientation of tA& in 6 suggests that the
dissociation is preferred for molecules alignedapal to the surface rather than
perpendicular. There is modest evidence found aieschat greater transfer of
charge from the metal to the dissociating HCI maleat the TS than found for
systems for which DFT works well. More researcimégded to establish whether
the amount of charge transferred is large enouglGfBA-DFT to break down,

which then might cause underprediction of the katmeight.

The AIMD results for reaction show no strong depmra on the inclusion of
surface atom motion or on the surface temperatite amount of energy
dissipating from the molecules to the surface at@riarge and makes for about
30% of the incidence translational energy of thelemde, but the change in
reactivity was small compared to the rigid surfaedculations. This suggests a

small coupling of the phonon dissipation channighwhe reaction coordinate.

MD simulations assuming different molecular beastributions suggest that the
internal rotational state population is importaont the reactivity of HCI on

Au(111). This is a result of thé&-dependence of the barrier making the
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dissociation less likely if the molecule is alignpdrpendicular to the surface.
Rotational states that are associated with thevbagl motion of the molecule
exhibit less reactivity. Due to the late barridrsnd cleavage is, on the other hand,
promoted if excited vibrational states are sigaifity populated. At the
experimental nozzle temperatures, however, thelptpn of vibrationally excited

states is still rather low, due to the large vitoradél quantum of HCI.

iv) From the non-adiabatic MDEF simulations, we canctude that ehp excitation
has no considerable effect on the dynamics at DEA.level of theory. The
electronic-nuclear coupling strength is too smail the impact time too short) to
allow for a large amount of energy dissipation fréme molecule to the surface
electrons. Non-adiabatic effects become significdamdwever, if the friction
coefficients are scaled by a factor of 10. It ig get clear whether such large
couplings, or even larger couplings, would be atadiwith a method providing

tensorial friction that accounts for the molecwdaucture.

V) The AIMD calculations underestimate the amount oérgy transferred to the
surface in scattering compared to experimental rgbens, and the difference is

not accounted for by energy losses observed in MEiEklations.

Vi) We suggest that the reported measured stickindiceets are underestimated by
a factor of about 2-3 due to a possibly errone@libration of coverage of Au by

Cl.

Altogether, we conclude that, in spite of the ploidisy that the reported experimental sticking
probabilities could be underestimated by a facfo2-8, none of the presented simulations

yield reaction probabilities comparable to the expents, and the origin of the discrepancy
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with the experiments is still unclear. The DFT ftiogal and the rovibrational state
population in the molecular beam experiment shosvléngest influence. If we assume the
optimistic case that both would work additively thee can reduce the reaction probability
computed aE;,,n,s = 2.0eVfrom Sis about 0.5 (PBE[; = 0K, monochromatic beam and
v=j=0)toS is about 0.2. This is still far from the experirta@rnvalue ofS = 0.0082 at
Etrans= 2.12€V. Future work on this system might require the ofsether DFT functionals,
or of a quantum chemical method similar to thatduseRef?*, which yield larger barriers.
Also the possibility of “anti’-steering effects sild be considered as an explanation for the
large discrepancies, that is, forces resulting ftbemPES in the entrance channel which may
rotate the molecule away from orientations favadbl reaction, as might be obtained with
functionals accounting for vdW-DF correlatidffs accounting for attractive London

dispersion interactions. Finally, one should algnsitder the possibility that there are errors in

the measured reaction probabilities that are |attpem estimated.
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