Downloaded via LEIDEN UNIV on December 18, 2020 at 15:37:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

This is an open access article published under a Creative Commons Non-Commercial No Q

ACS
THE JOURNAL OF AUTHORCHOICE

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Closing the Gap Between Experiment and Theory: Reactive
Scattering of HCl from Au(111)

Published as part of The Journal of Physical Chemistry virtual special issue “Machine Learning in Physical
Chemistry”.

Nick Gerrits,™ Jan Geweke, Egidius W. F. Smeets, Johannes Voss, Alec M. Wodtke, and Geert-Jan Kroes™

Cite This: J. Phys. Chem. C 2020, 124, 15944-15960 I: I Read Online

ACCESS | [ihl Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Accurate simulation of molecules reacting on metal

surfaces, which can help in improving heterogeneous catalysts, —— Theory g
remains out of reach for several reactions. For example, a large E -
disagreement between theory and experiment for HCI reacting on Xp- .

Au(111) still remains, despite many efforts. In this work, the
dissociative chemisorption of HCl on Au(111) is investigated with
a recently developed MGGA density functional (MS-RPBEIl) and a
high-dimensional neural network potential. Additionally, previous
experimental sticking probabilities are re-examined. A considerably
improved agreement between experiment and theory is obtained,
although theory still overestimates experimental sticking proba- -

bilities by a factor of 2—7 at the highest incidence energy.

Computed and measured vibrational transition probabilities are

also in improved agreement. Several dynamical effects such as angular steering and energy transfer from the molecule to the surface
are found to play an important role.

So

1. INTRODUCTION by more than an order of magnitude.”””*>*” Throughout the
years, development in theory often resulted in a lowering of the
reactivity of HCl + Au(111): Going from a relatively attractive
DF like PBE’® or PW91*’ toward a repulsive DF like RPBE*’
lowers the initial sticking probability.”***” Including van der
Waals correlation into the DF lowers the sticking probability
even further.”” Performing the MD with quasi-classical
trajectories (QCT) or quantum dynamics (QD) appears to
have little effect on the sticking probability.”” Switching from a
frozen to a mobile thermal surface is observed to lower the
sticking probability, albeit only marginally.”*”** Finally,
treating the ehp excitations with the local density friction
approximation (LDFA)*' likewise has a small effect on the
sticking probability.”””*> Even so, in the most recent
calculations theory still overestimated the sticking probability
by more than an order of magnitude.””’

Not only the sticking probability is subject of debate from a
theoretical point of view, the vibrationally (in)elastic scattering

Accurate first-principles simulation of the reaction of molecules
on metal surfaces is of vital importance to understanding
heterogeneous catalysis. Such simulations are continuously
subject to improvements. For example, the development of
high-dimensional neural network potentials (HD-NNP) allows
molecular dynamics (MD) calculations on sticking while fully
including the movement of surface atoms with computational
costs orders of magnitude lower than those of ab initio
molecular dynamics (AIMD).' ™ Developments in density
functional (DF) design(’_14 and wave function theory with
DFT embedding'*'® have led to an increasing number of
surface reactions being described accurately. Furthermore,
including the dissipative effect of electron—hole pair (ehp)
excitations has enabled several accurate simulations that
hitherto were impossible.'’~** Nevertheless, many molecule—
surface scattering processes23 and reactions™**~*
which accurate simulations remain elusive.

One molecule—surface reaction of particular interest is the
dissociative chemisorption of HCl on Au(111). Although a Received:  April 28, 2020
large body of both theoretical and experimental work has Revised:  June 23, 2020
shrunk the gap between theory and experiment,™”’ ™’ Published: June 24, 2020
quantitative agreement between the two is still out of reach.

Dynamics calculations based on DFT potentials or forces have
consistently overestimated experimental sticking probabilities

exist for
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of HCl on Au(111) seems to be described inaccurately as well:
No matter which model and method was employed, vibrational
transition probabilities are systematically overestimated by
theory. For example, enabling ehp excitation within the LDFA
decreases transition probabilities by only a small amount.”
Furthermore, since typically the QCT method is employed, the
rovibrational states are not quantized during MD. Therefore,
final rovibrational states need to be binned in order to obtain
quantized rovibrational state populations. Although it is
observed that Gaussian binning lowers the excitation
probabilities compared to histogram binning, it remains to
be seen what kind of binning method is the most appropriate
one. For example, for H, + Pd(111) a single energy based
Gaussian binning method, where also the diffraction quantum
numbers are binned, performs comparatively well."” However,
violation of Bohr’s quantization does not present a problem as
many rovibrational states are available for HCI + Au(111), and
thus histogram binning should perform accurately as well.** An
adiabatic correction was also employed for H, + Pd(111),***
but for HCl + Au(111) such a correction would not make
sense since many adiabatic paths are possible.** Finally, for
elevated surface temperatures it is necessary to take into
account surface atom motion.””’

The transition and sticking probabilities measured by
experiment are also subject to uncelrtainty.27’3’2’34’3’5 An error
was found in an initial report of v = 0 — v = 1 inelastic
scattering probabilities.* Revised probabilities are however
now available with small uncertainty.”” As will become clear, it
is also necessary to reinvestigate the experimental sticking
probabilities, of which accurate measurement poses consid-
erable challenges. For this reason, experimental results on
sticking from ref 34 are also re-examined here in the hope of
more accurately characterizing the uncertainty of the measured
sticking probabilities, thereby better clarifying the true
magnitude of the discrepancy between experiment and theory.

As discussed above, many improvements have been made by
theory and experiment for the description of the sticking and
vibrational transition probabilities of HCl on Au(111).
Nevertheless, the current state of affairs remains unsatisfactory.
Therefore, in this work we focus on improving the employed
DF in the hope of thereby improving the aforementioned
observables in our simulations. Recently, a meta generalized
gradient approximation (MGGA) DF has been developed, the
"made simple” RPBE-like (MS-RPBEI) DF, which can describe
both the molecule and the surface accurately, as well as the
interaction between the two.'* The MS-RPBEl DF yields
chemically accurate (errors smaller than 1 kcal/mol or 4.2 kJ/
mol) sticking probabilities for H, + Cu(111) and almost
chemically accurate results for H, + Ag(111). Interestingly, for
H, + Cu(111) the MS-RPBEI DF outperforms even state-of-
the-art MGGA DFs like the revIPSS DE*° by a large margin."*
The MS-RPBEI DF is able to describe both the metallic and
molecular orbital regimes by relying on a switching function
that depends on the kinetic energy density. The overall
functional form is derived from the RPBE functional.”’ To
limit the self-interaction error (SIE) in the molecular orbital
regime, which is fundamental to DFT," the hydrogen atom is
considered as the extreme case where any amount of electronic
interaction constitutes an SIE. The analytical solution to the H
charge density and SIE is used to parametrize the single-
electron limit of the meta-GGA, and correctly reproducing this
limit has been shown to improve surface reaction energetics
also for multielectron adsorbates."**® For the metallic density

regime on the other hand, the low order gradient expansion of
the exchange energy of the homogeneous electron gas is
reproduced, ensuring good description of lattice constants and
elastic properties. Since the MS-RPBElI DF has provided
promising initial results and contains fundamental advantages
that might be of importance for the reaction of HCI on
Au(111), we will test this functional in this work. Additionally,
in order to be able to perform MD calculations with surface
atom motion modeled explicitly an HD-NNP will be
employed, allowing observables with low probability to be
obtained with relatively small statistical errors.

To summarize, in this work the newly developed MS-RPBEI
DF is tested for vibrationally inelastic scattering and sticking of
HCI on Au(111). Additionally, previous experimental sticking
probabilities® are revisited. As we will show, a considerably
improved agreement between theory and experiment is
obtained, although discrepancies still remain. Furthermore,
several aspects of the reaction dynamics, such as the influence
of surface atom motion, energy transfer, vibrational efficacies,
the bobsled effect, and site specificity, are discussed as well.

2. METHOD

2.1. Theory. For the electronic structure (density func-
tional theory, DFT) calculations the Vienna ab-initio
simulation package (VASP version 5.44)77% is used. We
use the "made simple” revised Perdew, Burke and Ernzerhof
(MS-RPBEl) meta-GGA exchange-correlation functional,
which has been introduced in ref 14. The design of this
functional is based on the MS philosophy underlying earlier
functionals of this kind.”**> The first Brillouin zone is sampled
by a I'-centered 8 X 8 X 1 k-point grid and the plane wave
kinetic energy cutoff is 600 eV. Moreover, the core electrons
have been represented with the projector augmented wave
(PAW) method.***® The surface is modeled using a 4 layer (3
X 3) supercell, where the top three layers have been relaxed in
the Z direction and a vacuum distance of 15 A is used between
the slabs. The bulk optimized lattice constant is 4.092 A, which
is in excellent agreement with the experimental value of 4.078
A7 Furthermore, the outward interlayer relaxation of the top
two layers is 3.0%, which is in reasonable agreement with the
experimental value of 1.5%.°° Note that the interlayer
relaxation is not well converged, but this does affect the
results presented in this work considerably (see Supporting
Information). In order to simulate a surface temperature of
170 K, the lattice constant is multiplied with a thermal
expansion coefficient of 1.0014, as has been done in refs 35 and
27. First order Methfessel—Paxton smearing®” with a width
parameter of 0.2 eV has been employed. The aforementioned
computational setup is confirmed to yield a barrier height that
is converged with respect to the input parameters to within
chemical accuracy (1 keal/mol, or 4.2 kJ/mol), as shown in the
Supporting Information.

The transition state is obtained with the dimer metho
as implemented in the VASP Transition State Tools package
(VTST), and is confirmed to be a first order saddle point.
Forces along the degrees of freedom are converged to within §
meV/A, where only HCI is relaxed in all its six degrees of
freedom and the surface atoms are kept fixed in their ideal
positions.

The initial conditions of the HCI molecules are generated in
the same way as in ref 35, which we will summarize here. The
center of mass (COM) velocity v of HCl is given by the flux
weighted probability distribution
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https://dx.doi.org/10.1021/acs.jpcc.0c03756
J. Phys. Chem. C 2020, 124, 15944—15960


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c03756/suppl_file/jp0c03756_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c03756/suppl_file/jp0c03756_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c03756/suppl_file/jp0c03756_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c03756?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

f(v; Ty) dv = Av® exp™ @™/ dy (1)

where Ty is the nozzle temperature, A is a normalization

constant, v, = /2E,/My¢, is the stream velocity, and a is the
width of the distribution. The rovibrational state population
F,; is given by

2%+ 1
—e
Z(Ty)

_(Ep,o_Eo,o)/kBTv _Ev,o)/kBI;'ot

() = - e

)
where Z(Ty) is the partition function, Ty, = Ty, and T, =
—181.1 + 0.648T)y. All incidence conditions are normal to the
surface (i.e, vy = vy = 0), unless noted otherwise. The beam
parameters describing the velocity and rovibrational state
distributions are obtained from refs 29 and 34 and are
summarized in Tables 1 and 2. In general, the parameters of

Table 1. Beam Parameters from Reference 29 That Describe
the Simulated HCI Velocity Distributions®

Ty (K) (E;) (kJ/mol) E, (kJ/mol) v (m/s) a (m/s)
300 27 27 1210 52
300 31 31 1297 60
300 43 43 1542 67
300 S0 S1 1665 48
300 75 75 2031 114
300 94 94 2276 98
300 122 123 2601 81

“The stream energy E,, stream velocity v,, and width parameter @ are
determined through time-of-flight measurements. The nozzle temper-
ature is assumed to be room temperature.

Table 2. Same as Table 1 but from Reference 34

Ty (K) (E;) (kJ/mol) E, (kJ/mol) vy (m/s) a (m/s)
296 91 920 2219 158
400 114 110 2456 245
500 124 120 2562 207
620 150 144 2808 292
740 174 167 3026 323
910 205 196 3278 364

1060 247 238 3616 371

Tables 1 and 2 are used when investigating vibrational
transition and sticking probabilities (and their related
observables), respectively. When the parameters of both tables
are employed due to the need of describing a large incidence
energy range, Table 1 is used up to 94 kJ/mol and Table 2 is
used from 114 kJ/mol. The initial thermal distortions and
velocities of the surface atoms are sampled from 50 slabs that
were first equilibrated for 1 ps and simulated for an additional
1 ps, using a time step of 1 fs. Only configurations of the final
ps in the simulations were sampled in the simulations of the
collision dynamics, yielding 50000 initial surface configu-
rations. Additional details about the surface atom motion
sampling procedure can be found in ref 64.

Molecular déynamics calculations have been performed using
LAMMPS.*>° All trajectories are propagated up to 3 ps using
a time step of 0.4 fs, or until HCI either scattered or reacted.
The time step size is deemed adequate as the energy
conservation error is quite good for the vibrational ground
state (1—2 meV) and reasonably good for the v = 2
vibrationally excited HCl 5—10 meV during the trajectories.

A smaller time step would decrease the energy conservation
error, but we have checked that the choice of time step size
does not affect the reaction and vibrational transition
probabilities. HCI is considered reacted when the bond length
becomes 3 A or longer, and is considered scattered when the
distance between the COM of HCI and the surface becomes
larger than 7.5 A and the velocity vector is pointing away from
the surface. If the molecule neither reacted nor scattered within
3 ps, the molecule is considered to be trapped. The sticking
probability is then defined as

S = l\Treacted + Mrapped
0 =
I\Treacted + Mrapped + lvscattered (3)

For each sticking data point 10000 trajectories have been
simulated. Where 10 000 trajectories yield too large statistical
errors in the desired observables, e.g, when scattering to
specific rovibrational states was investigated, 100 000 trajecto-
ries have been run. The vibrational and rotational action (x
and J) of scattering trajectories are given by

1 1 1 T 1
¥ 2ﬂ¢‘gr 2 2z op’rT 2 (4)
1 1 5
=—— 4+ |- +1L
J== 4 ()
and
pZ
L, = 2+L
RO G e) (6)

where r is the HCIl bond length and p, its conjugate
momentum, and p, and p, are the momenta conjugate to
the 6 and ¢ angles of HCI, which will be discussed later. In the
vibrational action integral (eq 4), the vibrational momentum p,
is evaluated over a single vibrational period 7. Furthermore, the
concomitant quantum number is obtained by rounding the
action to the nearest integer (standard or histogram binning).

Previous studies show that ehp excitation, when modeled
with electronic friction at the local density friction approx-
imation level, has only a marginal effect on the sticking and the
vibrationally (in)elastic scattering of HCI on Au(111).>*"%°
Moreover, since, as we will show even with an improved setup,
a fairly large discrepancy persists between theory and
experiment, in this work we neglect the effect of ehp excitation,
and instead focus on the effect of the exchange-correlation
functional.

To develop the HD-NNP we used the Behler—Parrinello
approach.””®® In this approach, the total energy is constructed
as a sum of atomic contributions that are dependent on their
chemical local environment and are described by many-body
atom-centered symmetry functions.”” In total, 29 500 DFT
calculations were performed, of which 90% were used to train
and 10% to test the HD-NNP. The configurations that were
used in the DFT calculations to generate the data set are
summarized in Table 3. A total of 8500 configurations were
generated that excluded surface atom motion (i.e., for the ideal
frozen surface) and 21000 configurations were generated
including surface atom motion. Surface atom motion was
included by displacing surface atoms according to a harmonic
oscillator model, as described in ref 64. Z¢; and r were sampled
randomly in the ranges described in Table 3, and the other
degrees of freedom of HCl (X Y¢, 6, and ¢p) were also

https://dx.doi.org/10.1021/acs.jpcc.0c03756
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Table 3. Parameters Used to Generate Configurations in the
DFT Calculations to Generate the Training and Testing
Data Set for the HD-NNP

surface atom motion Zq (A) r (A) N
no 2.5-8.0 1.0-1.6 6000
no 1.5-2.5 1.0-3.2 2500
yes 2.5-8.0 1.0-1.6 6000
yes 1.5-2.5 1.0-3.2 15000

sampled randomly, with the only constraint that Z;; > 0.5 A.
Finally, it was confirmed that the occurrence of extrapolation
errors due to missing structures in the data set was sufficiently
low that it had a negligible effect on the sticking probability.
The RMSE of the energies and forces of the training data set is
1.0 and 2.3 kJ/mol/A, respectively, which is well within
chemical accuracy. Additional details regarding the fitting
accuracy are provided in the Supporting Information. For the
neural network, two hidden layers are used, each with 15
nodes. The training has been carried out using the RuNNer
code.”’”7* The employed symmetry functions are described in
ref 1, and the concomitant parameters have been obtained
following the procedure of ref 73 and are provided in the
Supporting Information.

2.2, Experiment. The experimental apparatus has been
described in detail before’”** as were the methods to
determine the initial sticking probabilities.”* Thus, after briefly
recalling the most important experimental details here, further
on we will focus on the changes in data analysis.

Pulsed molecular beams of 4% HCI seeded in H, were
directed at a Au(111) single-crystal (orientation accuracy
better than 0.1°, purity 99.999%, MaTecK) with a surface
temperature of Tg = 170 K held in an ultra-high vacuum
chamber with base pressure ~2 X 107'° Torr. A wide range of
translational energies, (E;) = 91—247 kJ/mol, was obtained by
mounting a ~ 20 mm long SiC tube to the front of the home-
built, solenoid-based valve and resistively heating it to as high
as Ty = 1140 K. We used resonance-enhanced multiphoton
ionization to quantify the ro-vibrational population distribu-
tions which also varied with Ty according to eq 2. During
exposure, the H, pressure rise in the UHV chamber was
recorded with a mass spectrometer (SRS RGA-200) from
which we could derive the dose of HCl molecules ¢by¢; via the
previously determined HCI/H, pressure ratio in the gas mix.
After dosing, the chlorine coverage, ®(,, was derived using an
Auger electron spectrometer (Physical Electronics ®15-255G)
by measuring the ratio of the peak heights at 181 eV (Cl) and
239 eV (Au).

3. RESULTS

3.1. Experimental Sticking Probabilities. Initial sticking
probabilities S, are determined from the dependency of the
chlorine coverage ®¢| on the applied HCI dose ¢y¢), both of
which have recently been reanalyzed. In general, the incident
dose is calculated as

Ny,

c 1
XH—CleeX—

by =
Ay H, Ny (7)

Here, Ny, is the number of incident H, molecules, Ay is the

cross-sectional area of the incident molecular beam, ¢y and
cy, are the concentrations in the prepared gas mixture, and f, is

the correction factor for the hydrodynamic enrichment of the

heavier HCI molecules. Due to the higher mass of HCI relative
to that of H,, the concentration of HCI molecules in the center
of the molecular beam is up to ten times higher in the UHV
chamber than in the prepared gas mixture (see the Supporting
Information of ref 34). Furthermore, Ny is the areal number
density of Cl atoms per monolayer (ML) on the unrecon-
structed Au(111) surface (assuming one ML coverage
corresponds to one Cl atom per every surface top layer Au
atom). Compared to a previously published analysis,”* its value
was more accurately determined to be 1.39 X 10" cm™ ML™
instead of 1 X 10 ¢cm™ ML™, in accordance with values
reported by Kastanas and Koel.”*

The chlorine coverage resulting from a controlled HCI dose,
O, is calculated from the atomic concentration of Cl on the
surface, C(, relative to the saturation coverage. This can be
obtained from the Auger peak heights I and I, for Cl and
Ay, which can be combined to the peak-height ratio P, = I/
I, and the corresponding Auger sensitivities S,, and Se?

co=la (@ﬁ_u]_ B X S
a= =
Sa/ \Sa S B X S, + Sa (8)
Ca
O¢ =
CCLsat. (9)

Re-evaluating the literature for the saturation value of P,”> and
the element-specific Auger sensitivity factors’® reveals the
saturation value for the atomic concentration of Cl on Au(111)
(Cgjsar) to be 0.13 ML™", which is slightly lower than the one
(0.2 ML™") used in the previous analysis.”* As a result the new
measured S, values presented here have, to a good
approximation, increased by a factor 0.2/0.13 = 1.54. For
this work, we have also considered the possible influence of
diffusion of CI atoms on the gold surface. This could dilute the
chlorine concentration in the center of the surface spot which
was hit by the molecular beam, resulting in a radial gradient of
CCI.

Resulting coverage vs dose data is shown in Figure 1 for two
representative conditions chosen to cover high and low

(a) (Ej) = 247 kJ/mol (b) (Ej) = 91 kJ/mol
04f % -7 H0.08

e
4 ,
03fF P 1 - 10.06
’/

d
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e &
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Figure 1. Representative plots of the CI coverage ®, on the surface
vs the applied dose ¢y for (E;) = 247 kJ/mol (a) and (E;) = 91 kJ/
mol (b). Open symbols denote the data calculated according to eqs 7
and 9, the dashed lines show fits according to eq 10.

incidence energies. We note that parts a and b of Figure 1
are representative in the sense that they show the amount of
scatter that may occur in the measurement of coverage vs HCI
exposure, but not in the sense that the scatter is systematically
higher at higher incidence energies. To obtain initial sticking
probabilities, the data are fitted with a bounded growth model
according to eq 10. Assuming an asymptotic saturation

https://dx.doi.org/10.1021/acs.jpcc.0c03756
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coverage of @¢ = 1 ML, the only fit parameter is S, which 0.6 T T —1 T
corresponds to the initial slopes of the dashed lines in Figure 1. ¥— Exp. new (upper limit)

0.5 - == Exp. new (lower limit) (a) 4

®CI =1- eXp(—SO X ¢HC1) (10)

Two further systematic corrections to the data upon which the
derivation of S, is based are needed. First, additional
calibration experiments have shown that in comparison with
an ion gauge, the mass spectrometer overestimated the H,
partial pressure, which is integrated to obtain Ny, by a factor

of fig = 1.8. That is, the dose determined with the mass
spectrometer needs to be decreased by the same factor.
Unfortunately, f;; was determined with an ion gauge that itself
was not calibrated against any known standard which limits the
correction’s accuracy.'*® Second, as reported in the Supporting
Information of ref 34, the derived Cl-surface coverage
exhibited a surface temperature dependence: for high T the
resulting ©; was reduced. More specifically, the coverage
derived at the lowest accessible temperature, Ts = 80 K, was a
factor of fr, = 1.4 higher than that obtained at 170 K, the

temperature used for the reactive dosing experiments. We
attribute these differences to additional sticking of undis-
sociated HCI by a physisorption interaction possible at 80 K
but not at 170 K and to changes in the competitive kinetics for
the associative desorption of H, and HCI with changes in
surface temperature.

Despite the fact that the combined effect of these two
corrections is not clear, the systematic direction of their
influence on S, is; hence, lower and upper limits to the
dissociative sticking probabilities can be derived. If both fig
and f 1, corrections are applied, we obtain an upper limit to the

sticking probability. If both corrections are ignored, we obtain
a lower limit. This is shown in Figure 2 for the sticking
probability of HCl on Au(111) as a function of mean
translational incidence energy. There, the two limits comprise
all statistical and systematical uncertainties resulting from the
experiments and the analysis. These also include the
uncertainties from the fitting process due to the aforemen-
tioned scatter in the coverage vs HCl exposure data.

3.2. Potential Energy Surface. In Figure 3 the minimum
barrier geometry obtained with the MS-RPBEI DF and the
spherical coordinate system used throughout this work are
depicted: The distance between the CI atom and the surface
Zcy, the HCI bond length r, and the polar and azimuthal angles
of the HCI bond € and ¢ with respect to the surface normal
and lateral skewed vector u, respectively. The HCI bond is
defined as the vector going from the Cl atom to the H atom.
Furthermore, the lateral coordinates X and Y indicate the XY
plane, where X and u are identical. The angle between the
lateral skewed coordinates u and v is 60 deg. Since the
interaction between HCI and the fcc and hep sites is similar,
they are also referred to as hollow sites throughout this work.

The minimum barrier geometries and heights computed
with DFT using the MS-RPBE], RPBE, RPBE-vdW-DF1 and
SRP32-vdW-DF1 functionals are compared in Table 4. All
barrier geometries are similar, except for the RPBE DF for
which the COM is near the top2fcc site (i.e., the site midway
between the top and fcc sites) and the HCl bond points
toward the fcc site. The RPBE DF yields an earlier barrier (r =
1.95 A) than the other DFs (r ~ 2.2 A). Furthermore, RPBE
yields for HCI a gas phase bond length of 1.27 A, whereas the
other DFs yield a bond length of 1.28—1.29 A. The COM of
the other barrier geometries is near the top site and the HCI
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Figure 2. (a) Sticking probability of HCl on Au(111) for normal
incidence and T = 170 K. The open green squares connected with a
dashed line indicate the experimental results from ref 34, and the
closed green triangles indicate the new experimental results, where the
gray area indicates the area between the lower and upper limits. The
theoretical results obtained with the SRP32-vdW-DF1,”” RPBE,” and
MS-RPBEI DFs are indicated by black diamonds, orange diamonds,
and red circles, respectively. The error bars represent 68% confidence
intervals. (b) Same as panel a, but using a logarithmic scale. The solid
orange line with diamonds and the dashed orange line without
diamonds indicate results for the RPBE DF employing QCT and QD,
respectively. The horizontal (vertical) black (blue) lines indicate the
difference between the computed and measured results for the newly
determined upper (lower) limit.

bond points toward the bridge site. Several other GGA DFs
incorporating the nonlocal van der Waals correlation func-
tional of Dion and co-workers (vdW-DF1)”” have been tried as
well and yield similar geometries, where only the barrier height
is considerably affected.”” Furthermore, the PBE functional
yields a similar barrier geometry as RPBE but again different
barrier heights are obtained.”” Interestingly, the MS-RPBEI DF
yields a similar geometry as the GGA-vdW-DF1 DFs, even
though it is lacking van der Waals correlation and for this
reason might be expected to yield results more similar to the
(R)PBE DFs. Moreover, with the MS-RPBEI functional one of
the highest barrier heights so far is obtained, where to the best
of our knowledge with the DFs tested only with RPBE a higher
barrier height was obtained.

The barrier geometries and heights obtained from the HD-
NNP fit to the MS-RPBEI data at several high symmetry sites
are provided in Table 5, where X and Y are fixed above the
high symmetry sites. Note that the small differences between
Tables 4 and S for the minimum barrier obtained with DFT is
due to excluding or including the lattice expansion
corresponding to T = 170 K, respectively. Moreover, the
minimum barrier geometries and heights obtained with the
HD-NNP are in excellent agreement with DFT. The order of
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Figure 3. Minimum barrier geometry of HCI on Au(111) using the
MS-RPBEI functional. The Cl atom is indicated in green, the H atom
in white, and the Au atoms in gold, orange and gray (first, second, and
third layer, respectively). The spherical coordinate system used
throughout this work is depicted: (a) the distance between the Cl
atom and the surface Z,, the HCI bond length r, and the polar angle
6, which is defined by the vector pointing from Cl to H and the
surface normal; and (b) the lateral coordinates X and Y, the lateral
skewed coordinates u and v, and the azimuthal angle ¢, which defines
that projection of the Cl to H vector on the surface. The lateral
coordinates may refer to Cl or the COM. Note that for ¢ not the
value for the barrier is depicted but an arbitrary value. The top, bridge
(brg), and hcp, and fcc hollow sites are indicated as well.

the barrier heights is global < bridge < top < hollow. It is also
expected that the hollow site barrier is the highest on the basis
of the location of the minimum barrier, which is located near
the top site and for which the Cl—H bond points toward the
bridge site. Furthermore, the geometry at the hollow sites is
similar to the minimum barrier geometry, where the HCI also
points toward a top site (see Figure 3). The bridge site
geometry is also similar to the minimum barrier, with the only
differences being that it is an earlier barrier (i.e., a smaller r
value) and the HCI bond is oriented toward the hcp site.
Finally, the top site geometry is different in location, bond
length and polar orientation () of the HCl bond compared to
the minimum barrier, while the only similarity between the two
being the azimuthal orientation (¢).

Elbow plots corresponding to the aforementioned site
specific and global minimum barrier geometries are shown in
Figure 4. The procedure for obtaining the minimum energy
path (MEP) is described in the Supporting Information (see
also Figure S7). In general, the barrier is late and high.
Furthermore, most of the barriers seem to exhibit reasonable
dynamical accessibility as the MEP typically does not make a
sharp turn. However, the top site clearly is an exception as the
MEP does not only make a sharp turn, but also goes up sharply
in the Z¢ coordinate after the turn, leading to low dynamical
accessibility of the minimum barrier at the top site. Moreover,
it is quite possible that HCI would not follow the MEP’s turn
at the top site at all, but rather would go down further along
the Z¢ coordinate. This would result in HCI hitting a large
repulsive wall and subsequent scattering of the molecule,
reducing the overall reactivity of the top site. In Figure 5 we
also show the MEP as it is obtained in a more conventional
way, performing a steepest descent from the top site minimum
barrier. Figure Sb suggests that HCl would need to undergo a
considerable reorientation in the @ angle going from the gas
phase to the TS, which could reduce the dynamical availability
of the top site TS even further as large dynamical steering in
the 0 angle is required. Also, since the MEP leading to the TS
(gray circles) is different from the steepest descent away from
the TS (white circles), it is possible that desorption would
follow a different path than dissociative chemisorption.

Electronic (f) and mechanical (a) couplings of the
minimum barrier of HCl on Au(111) computed using the
MS-RPBEI functional are shown in Figure 6. The electronic
coupling indicates the change in barrier height as a function of
surface atom puckering, whereas mechanical coupling indicates
the change in location, i.e., Z¢}, as a function of surface atom
puckering. The effect of puckering of the two top layer atoms
nearest to the Cl and H atoms appears to be additive, i.e., the
effect of the simultaneous puckering of the two multiple
surface atoms nearest to Cl and H and the concomitant
coupling parameters can be approximated by summing the
contributions due to the puckering of the individual surface
atoms. Furthermore, the surface atom near the H atom has a
larger effect on the electronic coupling than the surface atom
near the CI atom, and vice versa for the mechanical coupling.
The electronic coupling of HCI with the surface atom nearest
to H is weaker by a factor 4.6 than that found in CH, +
Ni(111) (112 kJ/mol/A), while the mechanical coupling of
HCIl with the surface atom nearest to Cl is of similar magnitude
as that in CH, + Ni(111).”®

3.3. Sticking Probabilities Predicted by Theory. In
Figure 2a the sticking probabilities computed for normal
incidence and T = 170 K with the MS-RPBEI functional are
compared to both the old and new experimental sticking
probabilities and are found to be in improved agreement.
Nevertheless, a large discrepancy still remains, where the

Table 4. Minimum Barrier Geometry and Height of HCI on Au(111) Obtained with DFT Using Different Functionals for T =

0 K“
functional Za (A) r (A) 0 (deg)
MS-RPBEI 2.43 2.18 115
RPBE* 244 1.95 135
RPBE-vdW-DF1%’ 2.45 2.20 115
SRP32-vdW-DF1*” 2.43 222 114

¢ (deg) COM, [L] COM, [L] Ey, (kJ/mol)
1 0.145 0.023 100.6
30 0.328 0.164 101.3
0 0.199 0.016 78.9
0 0.197 0.026 62.1

“The lateral skewed coordinates u and v of the center of mass (COM) are given in units of the surface lattice constant L.
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Table 5. Barrier Geometries and Heights of HCl on Au(111) on Different Sites Obtained from the HD-NNP Fit to the MS-
RPBEI Data for Tg = 170 K

site Zq (A) r (A) 0 (deg) ¢ (deg) COM,, [L] COM, [L] E, (kJ/mol)
global (DFT) 2.45 2.08 117 0 0.117 0.009 100.4
global 2.46 2.08 117 0 0.200 0.005 99.9
bridge 2.39 1.96 119 30 0.509 0.509 109.3
top 2.59 1.89 135 2 0.000 0.012 115.5
Fcc 242 2.20 113 920 0.322 0.356 128.0
Hcp 2.42 2.20 113 30 0.678 0.678 128.3

“The lattice expansion is included according to the surface temperature. The minimum barrier obtained directly from DFT is included as well. The
lateral skewed coordinates u and v of the center of mass (COM) are given in units of the surface lattice constant L.
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Variation of the barrier height E;, and the distance of Cl to the surface
Zy, with the coordinate associated with the (simultaneous) motion(s)
of the top layer surface atom(s) (Q) nearest to Cl, H, or both is
indicated by the blue, red and orange circles, respectively. A positive
value of Q indicates one atom or both atoms puckering out of the
surface. The lines are linear regression fits to the data. The numbers in
the plot indicate the electronic (f, kJ/mol/A) and mechanical (a)
coupling parameters, which are obtained from the slope of the linear
regression fits.

Figure 4. Elbow plots of HCI on Au(111) as a function of Z¢; and r
using the MS-RPBEI functional for the top, fcc, and bridge sites, and
the minimum TS. All other degrees of freedom are relaxed. Black
contour lines are drawn at an interval of 10 kJ/mol between 0 and 200
kJ/mol. The white circles indicate the MEP in reduced dimensionality
and the black square indicates the highest point along the MEP. Note
that the break along the MEP is an artifact caused by the procedure
employed to obtain the MEP (see Figure S7).

overestimation is a factor 2 to 7 at the highest incidence energy RPBEI DF. The QCT and QD results sticking probabilities
(see Figure 2b). Sticking probabilities previously obtained with obtained with the RPBE DF in ref 2 are compared in Figure

the SRP32-vdW-DF1 and RPBE functionals are included as 2b. For incidence energies well above the minimum barrier
well, and these are higher than those obtained with the MS- height the QCT and QD results are in good agreement,
3.0 160
180
28 140
150
—_ 120
g —~ 2.6 —
§ 120 < ég
::: NG 100 &
% 90 2.4 )
§ ES
[im} 80
60 2.2
30 60
1.2 1.4 1.6 1.8 2.0 1.2 1.4 1.6 1.8 2.0
0 r (A) r (A) 40

Figure S. Elbow plots of HCI on Au(111) as a function of Z; and r using the MS-RPBEI functional for the top site showing the energy (a, kJ/mol)
and the 6 angle (b, deg). All degrees of freedom other than Z¢, and r are relaxed. Black contour lines are drawn at an interval of 10 kJ/mol between
0 and 200 kJ/mol (energy) or at an interval of 10° between 40° and 160° (). The gray circles indicate the MEP in reduced dimensionality and the
black square indicates the highest point along the MEP. Note that the break along the MEP is an artifact caused by the procedure employed to
obtain the MEP (see Figure S7). The white circles indicate the MEP as it is obtained conventionally using a steepest descent from the TS.
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whereas for energies near and below the minimum barrier QD
yields a considerably lower sticking probability than QCT,
which is likely to be caused by ZPE leakage in the QCT.
Moreover, for the experimental sticking probability only
reacted, and not trapped, molecules were taken into account.
In the calculations presented in this work, trapping hardly
occurs and has a negligible effect on the sticking probability.
Thus, sticking and reaction probabilities (i.e., the probabilities
of dissociative chemisorption) can be considered equal.

The effect of surface atom motion on the sticking probability
is investigated in Figure 7. In the frozen ideal surface model,
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Figure 7. (a) Sticking probability of HCI on Au(111) using the MS-
RPBEI functional for normal incidence and Tg = 170 K. Results
employing a frozen, thermally distorted, and mobile surface are
indicated by the blue, gray, and red circles, respectively. The error
bars represent 68% confidence intervals. (b) Same as panel a, but
using a logarithmic scale.

both the energy transfer from the molecule to the surface
phonons and the thermal variation in barrier heights (due to
puckering of surface atoms’) are excluded. The difference
between the frozen and the mobile surface results is minimal,
the sticking probability of the frozen surface being at most one
percentage point (0.01) higher than that of the mobile surface.
As previously seen for CHD; + Cu(111),” the effects of energy
transfer and variation in barrier heights on the sticking
probability are opposite and can (partially) cancel each other.
This can be seen by also comparing with results obtained using
a thermally distorted surface, which model takes into account
the thermal variation in barrier heights, ie., electronic and
mechanical coupling, in an approximate way. The thermally
distorted surface yields sticking probabilities that are at most
two percentage points higher than obtained with the mobile
surface. Thus, we can conclude that in the present calculation
not only the total effect of surface atom motion on the sticking
is small, but also its important individual components (energy
transfer, and thermal barrier height and location variation), as
these components taken by themselves all have a small effect
on the sticking probability. We suspect that the effect of surface
atom motion on the sticking of HCl on Au(111) is small
because the electronic couplings between HCI and the surface
atoms are smaller than for example CH, + Ni(111) by a factor
4.6’% (see section 3.2). We also note that the electronic

coupling has a larger effect on sticking than mechanical
coupling”® and that the surface temperature is rather low (170

The sticking probability of vibrationally excited (v =2,j=1)
HCI is shown in Figure 8. The effect of vibrationally pre-
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Figure 8. Sticking probability of HCl on Au(111) computed with the
MS-RPBEI functional. Results for a molecular beam with the initial
rovibrational population according to the nozzle temperature (see
Table 2) are indicated by the red circles, and the v = 2, j = 1 initial
state selected results are indicated by the orange circles. Distances
between the two curves along the energy axis are indicated by the
horizon black lines and numbers (kJ/mol). The error bars represent
68% confidence intervals.

exciting molecules on a reaction is typically described with the
so-called vibrational efficacy 7(S,), which is the shift in
translational energy for a particular sticking probability S,
divided by the increase in vibrational energy relative to the
vibrational ground state. For Sy = 0.03 the vibrational efficacy
is 1.2 and for S, = 0.34 it is 1.8; i.e., vibrational energy is more
efficient at promoting reaction than translational energy. This
may be expected from the barrier geometry previously
discussed in section 3.2 when one invokes the Polanyi
rules® and assumes additionally that the molecule may slide
off the MEP, especially for v = 0.*' ~** According to Polanyi, if
the barrier is late (as is the case for HCl + Au(111)),
vibrational energy may be more efficient in promoting reaction
than translational energy. A similarly high value for the
vibrational efficacy was previously found for v, = 2 CHD; +
Cu(111).?

3.4. Dynamics during the Reaction Obtained with
Theory. 3.4.1. Vibrational Excitation. The transition
probabilities for vibrationally inelastic scattering probabilities
(Tv=1,j=1—>u=2 and Tyzoljzo_,yzl) are shown in parts a and b of
Figure 9, respectively. In order to directly compare the
computed results with the experimental results, we define the
vibrational transition probabilities as”

Ny=i+1

T P L,
Nu:i + Ny=i+1 (ll)

v=i—sv=itl =

where N,_; is the number of molecules scattered to the v = i
vibrational state. Here we discuss a few observations regarding
the theoretical results.

First, the agreement between experiment and theory is
improved with the MS-RPBEI functional compared with the
SRP32-vdW-DF1 and RPBE functionals. Second, both
modeling the effect of ehp excitation and using Gaussian
binning instead of histogram binning would lower the
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Figure 9. Vibrational transition probability computed with the MS-
RPBEI functional (red circles) forv=1,j=1 —>v=2(a)andv =0, j
=0 - v=1(b) at Tg = 170 K for normal incidence. Experimental
results®® and their error bars were taken for the lowest T for which
they are available; below this value of T the experimental transition
probabilities were essentially independent of Tg. The experimental
results are indicated by the green squares. Computed results using the
SRP32-vdW-DF1 functional from ref 27 (black diamonds) and the
RPBE functional from ref 2 (black triangles) are included as well.
Note that the results obtained with the SRP32-vdW-DF1 functional
employed the LDFA and assumed Tg = 575 K. The results using the
RPBE functional employed a monoenergetic beam and assumed T =
323 K.

computed transition probabilities.” Unfortunately, it remains
unclear whether ehp excitations play a major role for HCI +
Au(111); to determine this, calculations modeling ehp
excitation using orbital dependent friction (ODF)***>%% are
needed as calculations with LDFA predict only a small effect.
Several binning procedures exist, and the binning procedure
selected can influence the results.”” It remains unclear what
method would be best suitable, but this is not the focus of the
present work. Third, the surface temperature employed in the
DEMD simulations using the SRP32-vdW-DF1 functional is
considerably higher (T = 575 K) than used in this work (T =
170 K), but for this temperature range experimental results
suggest that the effect of T on the transition probability
should be small.”*** Finally, though a difference between
theory and experiment remains for absolute transition
probabilities, the enhancement of the v = 1,j =1 - v =2
channel relative to the v = 0, j = 0 = v = 1 channel is
approximately of the same order of magnitude.

3.4.2. Energy Transfer. The computed energy transfer from
scattering HCI to the surface phonons of Au(111) is shown in
Figure 10a. Results obtained by Fiichsel et al. employing the
PBE functional®™ are in good agreement with our results
obtained with the MS-RPBEI functional. Note that the PBE
results were obtained for T = 298 K, which is slightly higher
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Figure 10. (a) Energy transfer to the surface phonons in scattering of
HCI from Au(111) as a function of the incidence energy for T = 170
K. The initial rovibrational state distribution is either sampled
according to the nozzle temperature (red and green) or HCl is in v =
2 and j = 1 state (orange and blue). Orange and blue indicate results
for inelastic (v =2 — v = 1) and elastic (v = 2 — v = 2) scattering,
respectively. The circles and diamonds indicate results obtained with
the MS-RPBEI] and PBE* functionals, respectively. (b) Difference of
the initial and final translational energy in scattering of HCIl from
Au(111). Experiment” and theory are indicated by squares and
circles, respectively. Results for v = 1, ] = 1 pre-excited HCl with the
SRP32-vdW-DF1 functional’” are indicated by gray triangles. The
refined Baule model average (Baule limit) is indicated by the solid
(dashed) black line. The experimental results are for Tg = 300 K, and
the SRP32-vdW-DF1 results are obtained with AIMDEF calculations
modeling energy transfer to the phonons as well as ehp excitations in
scattering of (v = 1, ] = 1) HCl for Tg = 900 K.

than the surface temperature in this work (T = 170 K), but
also that calculations suggest that this has only a minor effect
on the energy transfer.”>® Furthermore, simulations employ-
ing the RPBE functional resulted in about 10—15% lower
energy transfer than simulations using the PBE functional.”
Interestingly, the energy transfer predicted with the SRP32-
vdW-DF1 functional’” is about 80% higher than with the MS-
RPBEI functional. Including ehp excitation hardly has any
effect on the energy transfer, at least not at the LDFA level #*
This suggests that van der Waals correlation increases energy
transfer from the molecule to the surface phonons consid-
erably. At present it is unknown what the underlying reason is.
A possibility would be that the molecule is accelerated by the
physisorption well (which effect is missing with the MS-RPBEI
and (R)PBE DFs), and would thus hit the surface with a
higher velocity and transfer more energy.
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The energy transfer obtained from our simulations compares
well with the Baule average obtained with the refined Baule
model,**?° which is defined as

o 24u -
(14 p)? ) (12)

where p = m/M (m is the mass of the projectile and M is the
mass of a surface atom) and (E;) is the average incidence
energy. Good agreement between the refined Baule model and
computed energy transfer has also been observed for several
other systems such as CHD; and methanol scattering from
Cu(111), Pd(111), and Pt(111).°*°*°" Fiichsel et al. reported
that the Baule model severly overestimated the energy transfer
for HCI scattering from Au(111)** while employing GGA
functionals without van der Waals correlation. However, the
comparison was made with the more approximate Baule limit,
where every collision is treated as a head-on collision, which
could overestimate the energy transfer as this is a rather severe
approximation. As we have shown in Figure 10a the PBE
results obtained in ref.*® are instead in good agreement with
the refined Baule model average, which is lower than the Baule
limit. However, the energy transfer predicted with the SRP32-
vdW-DF1 functional compares well with that obtained in the
Baule limit.

A comparison between theory (with the MS-RPBEI
functional) and experiment’® is made in Figure 10b for the
change in translational energy (i.e., the loss of translational
energy). Note that the ordering of vibrationally elastic and
inelastic scattering has switched here compared to Figure 10a
due to the fact that in Figure 10b we look at translational
energy loss, which also arises from energy transfer involving
molecular rotation and vibration, and not at the energy transfer
to the phonons only. A qualitative agreement is obtained for
the translational energy loss, but not a quantitative one. As
expected vibrational de-excitation is accompanied by a smaller
loss in translational energy than vibrationally elastic scattering
as some of the vibrational energy loss will be transferred to
translational energy (V-T, Figure 10b). Likewise, for vibra-
tional de-excitation a larger energy transfer from the molecule
to the surface is observed than for vibrationally -elastic
scattering since part of the vibrational energy loss will be
transferred to the phonons (V-P, Figure 10a). Interestingly, the
experimental results suggest that the Baule limit, and not the
Baule average, is an accurate prediction for the energy transfer,
if one compares the elastic scattering results to the Baule limit
(i, no vibrational energy transfer and little effect from
rotational energy transfer). Since the SRP32-vdW-DFI
AIMDEF results also compare well to the Baule limit, van
der Waals correlation and modeling energy transfer to ehps
might both be necessary to accurately model energy transfer
between HCI and Au(111).

Figure 11 shows the average translational energy of
vibrationally (in)elastically scattered HCI from Au(111) as a
function of the final rotational quantum number. Again, only a
qualitative agreement is obtained between experiment and
theory in the sense that the trends are recovered that
vibrationally de-excited HCI retains more translational energy
and that the final translational energy of vibrationally de-
excited HCI shows a weaker dependence on its final rotational
state. It is likely that the aforementioned lack of van der Waals
correlation in this work causes at least part of the quantitative
difference between experiment and theory. The decrease in
translational energy with increasing rotational quantum

(Er)

60 TT T T T T T T T
Exp. (v=2,j=1—-v=1)

55 = B Exp (v=2j=1-v=2) -
HD-NNP (v =2,j=1—-v=1)
50 ® HDNNP(v=2j=1-v=2)]
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Figure 11. Average translational energy of HCI scattered from
Au(111) as a function of change in rotational state for (E;) = 50 kJ/
mol. The initial rovibrational state is ¥ = 2 and j = 1 and the final
vibrational state is = 1 or v = 2 (orange and blue, respectively).
Experimental”® and theoretical results are indicated by squares and
circles, respectively. The solid black lines are linear regression lines
fitted to the results and the blue and orange shaded areas are the 20
(95%) confidence intervals of those fits. The dotted (dashed) black
line is the refined Baule model average (Baule limit). The error bars
represent 68% confidence intervals.

number is due to translational energy being transferred to
rotational energy. Although it seems as if an increase in
translational energy with increasing final rotational energy is
predicted by theory for vibrationally inelastic scattering (v = 2
— v = 1), it is possible that this is a statistical anomaly due to
limited statistics (see Figure 11 and the 20 confidence intervals
therein). After making comparisons to the Baule model,
coupling of the projectile’s translation to the ehps of the solid
was previously suggested.”” This is the first time a high quality
first-principles adiabatic theory has been compared to these
experiments. The fact that the difference between the
computed translational energy of elastic and inelastic scattered
HCI is smaller than that obtained by experiment tends to
confirm the suggestions of ref 29.

The effect of the impact site on the energy transfer is
visualized in Figure 12. Two observations stand out: More
energy is transferred to the surface atoms in collisions with the
hollow and bridge sites, and, when considering only collisions
with the area assigned to the top site, more energy is
transferred in (head-on) collisions with the actual top site than
in collisions that have a larger impact parameter with respect to
the top site. The latter observation is in agreement with the
Baule model, but the former observation is not. It is possible
that while the energy transfer near a hollow or bridge site with
a single surface atom is comparable to that of the top site (i.e.,
is in agreement with the Baule model), the molecule interacts
with multiple surface atoms in a single collision and therefore
the total energy transfer is larger near the hollow and bridge
sites than near the top site. These multiple molecule—surface
interactions cannot be evaluated within a single collision in the
Baule model, as one might do by artificially increasing the
surface atom mass in eq 12 since this would actually lower the
energy transfer. Thus, we conclude that the Baule model is too
simplistic for a good qualitative description of the energy
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Figure 12. Fraction of the translational energy of scattered HCI transferred to the surface phonons of Au(111) as a function of the initial impact
site (£ = 0) on the surface unit cell and incidence energy. The areas enclosed by the blue, green, and red lines are the areas closest to the top, fcc,

and hcp sites, while the rest is closest to the bridge site.

transfer. Also, a model where the energy transfer is modeled
within a simplistic single oscillator model, such as the
generalized Langevin oscillator (GLO) model,”> would
probably also incorrectly describe the energy transfer of HCIl
to Au(111) since such a model would also rely on energy
transfer to a single surface oscillator at a given specific time,
and not to more than one surface atom simultaneously.
Furthermore, in the introduction of the modified GLO model
it was suggested that its accuracy can be improved by including
not only the Z location in the coupling potential, but also the X
and Y coordinates.” However, for HCl + Au(111) the
mechanical and electronic coupling is not only dependent on
the position of the COM (i, X, Y and Z) but also on the
orientation (i.e, & and ¢). Therefore, it is likely that an
accurate description of HCl + Au(111) using the MGLO
model would require a coupling potential depending on all
HCI’s six degrees of freedom.

3.4.3. Site Specific Reaction. The dynamical steering of
reacting and scattering HCI on Au(111) (i.e, change in the
projection of the COM of HCl on the surface during
trajectories) in the XY direction is shown in Figure 13. For
reacting HCI, the distance is shown between the initial XY
position and the XY position at the moment of reaction (r =
+*) of the COM of HCL. For scattering HCI, instead of the XY
position at the moment of reaction (r = ), the XY position is
taken at the first classical turning point in the Z direction. For
reacting HCI slightly more steering is observed than for
scattering HCI, but in any case for both processes the amount
of steering is fairly small. Therefore, a sudden impact model”
regarding the X and Y positions should be sufficient for
modeling the reaction. This was also observed by Liu et al,*
who showed that a model in which 4D sticking results are
averaged over several fixed locations of X and Y, i.e, the COM

— Reacted |
—— Scattered |

Distribution (arb.)

0.0 0.1 0.2 0.3 0.4 0.5
Steering in xy (A)

Figure 13. Steering of HCI in the XY plane when reacting on or
scattering from Au(111) (blue and red line, respectively). For
scattering HCI, the steering is defined as the distance between the
location of the COM in the XY plane at the first classical turning point
in the Z direction and its location at t = 0. For reacting HCI, the
locations in the XY plane are taken at the moment of reaction (r = %)
and at t = 0.

of the molecule cannot move in the X and Y directions, can
accurately reproduce 6D sticking probabilities, as long as
enough sites are included.

The importance of the impact site for the sticking can also
be seen in Figure 14, where the sticking probability is shown as
a function of impact site. At low incidence energy reaction
occurs mostly near the bridge site, followed by the hollow and
top site. At high incidence energy the hollow site becomes
relatively more reactive and reaction occurs equally near the
bridge and hollow sites, while the top site is still considerably
less reactive. Interestingly, from the barrier heights in Table § it
is expected that the hollow site should be the least reactive site,
while the top site should be considerably more reactive.
Additionally, a site with a barrier that is earlier (i.e., has a lower

https://dx.doi.org/10.1021/acs.jpcc.0c03756
J. Phys. Chem. C 2020, 124, 15944—15960


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03756?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03756?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03756?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03756?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03756?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03756?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03756?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03756?fig=fig13&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c03756?ref=pdf

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article
y y
3FE T T T T T
(E;) = 114 kJ/mol i) = 124 kJ/moI
2 0.5
<
> 1 L
oL 0.4
l l l l l
3F 1 T T T =
(E;) = 150 kJ/mol i) = 174 kJ/moI
z
o =
~ 0373
=< 9
~ o
s
&
or | 0.2
3F T
E;) =247 kJ/moI
2 = -
< 0.1
> 1 L _
0 = —
1 1 I I 0.0
1 2 3 4
x (A)

Figure 14. Sticking probability of HCl on Au(111) as a function of the initial impact site (¢ = 0) of the COM on the surface unit cell and incidence
energy. The areas enclosed by the blue, green, and red lines are the areas closest to the top, fcc, and hcp sites, while the rest is closest to the bridge

site.

r value, like the top site) is often more reactive. Our results
suggest that these particular static aspects of the PES (barrier
height and geometry) do not play a very large role, as the
hollow site is clearly more reactive than the top site.

Since the impact sites considered in Figure 14 differ in the
shape of the MEP (see Figure 4), one might expect that the
bobsled effect plays a role. In the bobsled effect, the molecule
slides off the MEP up the repulsive wall, if the MEP has a too
sharp turn compared to the translational energy of the
molecule, so that the molecule encounters a higher barrier
than the minimum barrier.”"*> Although Figure 15 strongly
suggests that the bobsled effect does play a role overall (as the
molecules appear to react much closer to the surface than
suggested by the location of the minimum barrier), if anything
the observations suggest that the negative impact on the
reactivity should be largest in collisions with the bridge and
hollow sites. Thus, the bobsled effect cannot explain the
variation of reactivity with impact site.

It is known that the molecule might not be able to react over
the minimum barrier if it is dynamically inaccessible, e.g., as
observed for the dissociation of HOD on Ni(111).”> We
hypothesized in section 3.2 (see also Figures 4 and 5) that the
top site barrier might be dynamically less accessible due to the
shape of the MEP. Furthermore, it is possible that due to the
different site specific dependence of the potential on 6 and ¢
(the polar and azimuthal angles, respectively), the site specific
reactivity might be affected differently depending on the
anisotropy in the 6 and ¢ angles (see Figure S8). These
observations are also supported by the site specific reaction
probabilities obtained by Liu et al. employing the PW91
functional and QD:*° Top site reaction favors a cartwheel
orientation (steering in #), bridge site reaction favors a
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Figure 1S. Distance between Cl and the surface (Z;) for HCI
reacting on Au(111) near the top, bridge and hollow sites (red,
orange, and blue, respectively) at the moment of reaction (r = r*, see
Table S) using the MS-RPBEI functional. The sites are determined as
the nearest high symmetry site for a reacted trajectory at t = 0. The
dashed lines indicate the values associated with the minimum barriers
at these sites, while the global TS is indicated by the black line.

helicopter orientation (steering in ¢), and hollow site reaction
shows no clear preference. A large amount of steering in the 6
angle is seen in Figure 16, where the orientation distributions
of scattering and reacting HCI are shown. Moreover, the initial
angular distributions are statistical. Thus, we conclude that the
observed site specific reactivity is probably due to the
dynamical accessibility of the barriers. Furthermore, if the
initial angular distribution that leads to reaction is statistical
and concomitant steering is observed, typlcally a rotationally
adiabatic approximation should be adequate.”
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Figure 16. Distribution of 6 and ¢ angles for HCI on Au(111). The
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distribution for reacted HCI at the moment of reaction (r = 2.2 A) is
indicated in orange. The statistical distribution is indicated by the
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Figure 17 again shows the site specificity of the reaction. The
upper panel shows clearly that more molecules react at the
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Figure 17. (a) FPractions of the closest high symmetry sites
encountered by HC], ie., the top, hollow, and bridge (blue, red,
and green, respectively) sites, as a function of the incidence energy at
the time of dissociation, that is, when r = r¥. The dashed and dotted
lines indicate the statistical average for the high symmetry sites. The
open and solid symbols indicate the use of a frozen and mobile
surface, respectively. (b) Sticking probability of HCl on the high
symmetry sites as a function of the incidence energy. Note that the
site specific sticking probabilities add up to the total sticking
probability. The error bars represent 68% confidence intervals.

bridge site than expected on the basis of the area associated
with this site (see Figure 14 for how the surface unit cell is
partitioned), while fewer molecules react at the top site than
expected on this basis. The lower panel shows that overall most
molecules react at the bridge site, followed by the hollow and
top sites. We also observe that if a frozen surface is employed
instead of a mobile surface, i.e, if energy transfer and the
thermal variation of barrier heights are not taken into account,
only the bridge site becomes more reactive.

Additionally, for v = 2 vibrationally excited HCI a statistical
site specific reactivity is obtained for S, > 0.2 (see Figure S4).
In contrast, for S, < 0.2, the site specific reactivity is
nonstatistical, but it does not follow the trend of the barrier
heights in Table 5 either, nor is the state specificity similar to
that found under molecular beam conditions. Rather, the order
of the sites in terms of reactivity is now top > bridge > hollow.
This observation implies that adding vibrational energy
increases the dynamical accessibility of specific barriers,
especially that of the top site.

4. ADDITIONAL DISCUSSION

A considerable disagreement between theory and experiment
remains, even though the difference between the two is
diminishing. Here we will discuss a few remaining issues that
could potentially explain the difference between theory and
experiment for sticking and vibrationally inelastic scattering,

First, experience suggests that including ehp excitations with
the LDFA will not yield a substantially improved description of
the sticking probability. Description of ehp excitation with a
higher level of theory such as independent electron surface
hopping”®”” or ODF*>**~*" might improve the results. Since
dynamical steering is important for the reaction of HCI on
Au(111) and ODF has been observed to alter the dynamics,”’
modeling ehp excitation with ODF might have a larger effect
on the sticking probability than modeling ehp excitation at the
LDFA level of theory. Indeed, there is some evidence now that
the translational motion of the HCI molecule may be able to
excite ehps of Au. This could reduce the reactivity since
translational energy is necessary to surmount the barrier.

Second, experimentally not an ideal (111) surface is
employed, but a reconstructed herringbone patterned surface.
Such a surface reconstruction is well-known to occur for gold,
and might alter the reactivity of the surface.”® Unfortunately,
the surface unit cell associated with such a reconstruction is
quite large, making tractable MD simulations difficult. An
embedded atom model might make such MD simulations
tractable,”” but this might lead to loss of accuracy of the
molecule-metal surface interaction.

Furthermore, the presence or absence of a physisorption
well can influence the dynamics'® and therefore the reactivity
as well, even when the barrier height is similar (e.g, CHD; +
Pt(111) using the PBE and SRP32-vdW-DF1 DFs'’").
Therefore, it is possible that adding van der Waals correlation
to the MS-RPBEI] functional might lower the sticking
probability even further. Also, it is likely that the discrepancy
between the measured and computed energy transfer will be
diminished by using van der Waals correlation (see section
3.4.2). Moreover, the use of the nonlocal vdW-DF2
correlation'” instead of the vdW-DF1 correlation typically
increases the barrier height,”'®* and might therefore improve
the description of HCI + Au(111) compared to that previously
obtained with vdW-DF1.>’
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Fourth, and probably most importantly, Fiichsel et al. have
shown that a considerable amount of charge transfer occurs
when HCI is near the surface with the use of the (R)PBE
DFs.” Since GGA functionals suffer from delocalization errors
(due to SIE), the barrier height might be artificially lowered
when employing DFs that suffer from SIE. For example,
compared to standard GGA DFs, the embedded correlation
wave function method and (range-separated) hybrid DFs yield
considerably better sticking probabilities and/or barriers for O,
+ AI(111),"1516:24104105 5 system known for a large charge
transfer. In this framework it is highly significant that the DF
used here to describe the interaction between HCl and
Au(111), which was explicitly designed to correct for SIE at
the meta-GGA level of theory, yields significantly improved
results for this system compared to results obtained earlier
using GGA exchange functionals. Future work involving
advanced methods that would remedy the SIE at a higher
level of theory could perhaps further increase the barrier height
of HCI dissociating on Au(111) and lead to further improved
computed sticking probabilities.

As has been briefly mentioned in section 3.4.1, the binning
method can influence the rovibrational state populations
obtained. Thus, a combined QCT and QD study that would
investigate the binning method is necessary. We do note that a
change in sticking probability due to the use of a different
binning method, as has recently been observed by Rodriguez et
al.** for H, + Pd(111), is not expected here. For H, + Pd(111)
only the vibrational ground state and a few rotational states are
available, and analyzing the QCT sticking probabilities in a
quantum spirit is necessary. In contrast, for HCI + Au(111)
many rovibrational states are available, making the use of
quasi-classical theory with histogram binning in the analysis of
the QCT calculations justified.”> Moreover, QD and AIMD
calculations performed with the RPBE DF lead to similar
sticking probabilities.””

Turning to scattering, the (in)elastic scattering experiments
were performed only for a final scattering angle of 15°°
whereas in our simulations all scattering angles are taken into
account. However, the experimental results are corrected in
such a way that they should yield the average over the entire
angular distribution, where this correction is valid when no
significant difference in angular distribution between different
rotational states exist.”” Also, the experimental incidence angle
is between 0° and $°, while the simulations are performed for
normal incidence, i.e, the incidence angle is 0°. However,
results by Fiichsel et al.”> suggest that this has only a minor
effect on the energy transfer of HCI scattering from Au(111).
In this work, for the vibrational transition probabilities a larger
effect of the scattering angle is observed (see Figure S5): The
vibrational transition probabilities (T,;;_;_,,) are increased
by a factor of 1.2 for low incidence energy up to a factor of 2.3
for high incidence energy, resulting in a larger discrepancy
between experiment and theory. Qualitatively similar results
are expected when employing other DFs and thus we expect
that the MS-RPBEI would also yield the best agreement
between experiment and theory for the excitation probabilities
if the theoretical results for the other DFs would also be
obtained for a restricted range of scattering angles, as done by
us.

Finally, as we have shown in this work, a large uncertainty
regarding the experimental sticking probabilities remains.
Future experiments reducing the uncertainty would help with
testing theory, but first theory should be brought into better
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agreement with experiment. Furthermore, molecular beam
studies where HCI is state-selectively prepared with laser
excitation could serve as an improved benchmark for theory.
Not only might such studies provide potentially more accurate
sticking probabilities since they might be easier to measure but
also vibrational efficacies could be compared. Experiments like
this are in an early preparation stage.

5. CONCLUSIONS

To summarize, in this work, the dissociative chemisorption of
HCI on Au(111) is reinvestigated with molecular dynamics
and a high-dimensional neural network potential and previous
experiments are re-examined to better characterize their error
margins. By employing a recently developed MGGA DF (MS-
RPBEI) and reanalyzing the experimental data, the agreement
between computed and measured sticking probabilities is
improved considerably. The computed minimum barrier
height is high (100.6 kJ/mol) and the barrier geometry is
late (i.e.,, the HCI bond is extended from 1.28 A in the gas
phase to 2.18 A at the transition state), which results in a
decrease of the sticking probability relative to dynamics
calculations based on the other DFs tested so far. Furthermore,
surface atom motion is found to be of minor influence on the
sticking probability. Moreover, computed and measured
vibrational transition probabilities are also in improved
agreement, although the employed binning method warrants
additional research. Dynamical effects, like rotational steering,
play an important role in the overall reactivity, leading to a
dependence of the reactivity on impact sites that cannot be
explained on the basis of site-specific barrier heights and
locations. A qualitative, but not quantitative agreement
between experiment and theory is obtained for the energy
transfer of the HCl molecule to the surface. Finally, we
discussed a number of possibilities that might account for the
remaining deviation between experiment and theory.
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