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Chapter 7

HOD on Ni(111): Ab Initio
Molecular Dynamics
Prediction of Molecular
Beam Experiments

This Chapter is based on:

D. Migliorini, F. Nattino, A. K. Tiwari and G. J. Kroes, J. Chem. Phys., 149,

244706 (2018)

which is reproduced with the permission of AIP publishing.

Abstract

The dissociation of water on a transition-metal catalyst is a fundamental step

in relevant industrial processes such as the water-gas shift reaction and steam

reforming. Although many theoretical studies have been performed, quantitative

agreement between theoretical simulations and molecular beam experiments has

not yet been achieved. In this Chapter we present a predictive ab initio molecular

dynamics study on the dissociation of mono-deuterated water (HOD) on Ni(111).

The analysis of the trajectories gives useful insight into the full-dimensional dy-

namics of the process and suggests that rotational steering plays a key role in the
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dissociation. The computed reaction probability suggests that, in combination

with accurate molecular beam experiments, the specific reaction parameter den-

sity functional developed for CHD3 on Ni(111) (SRP32-vdW) represents a good

starting point for developing a semi-empirical functional able to achieve chemical

accuracy for HOD on Ni(111).

7.1 Introduction

The interaction between molecules and metal surfaces has been extensively stud-

ied due to its great relevance to both fundamental research and practical appli-

cations. Among the many heterogeneously catalyzed processes steam reforming

is particularly important because it is commonly used to produce molecular hy-

drogen. One of the most relevant steps of this process is the so-called water-gas

shift (WGS) [1, 2] reaction where H2O deprotonates on a transition-metal based

catalyst in presence of CO to give ultimately molecular hydrogen and carbon

dioxide.

Due to the high complexity of the real catalytic conditions, the dissociative

chemisorption of H2O that gives OH and H chemisorbed on the surface has been

subject of many theoretical studies that have been carried out using low-index

transition metals surfaces as a model for the catalyst (with particular focus on

Ni and Cu) and employing density functional theory (DFT) at the generalized-

gradient approximation (GGA) level to obtain the electronic structure [3–26].

It has been shown that the dissociative chemisorption of water (as well as

the overall WGS reaction) does not only depend on the energy of the transition

state (TS) but also on molecular adsorption states [5, 27–29]. Moreover a good

understanding of the process has been achieved performing classical and quantum

dynamical simulations gradually including more and more degrees of freedom

(DOFs) and details in the potential energy surface (PES) [3, 4, 7–11, 15, 17–24,

26, 30].

The dissociation of water on metal surfaces is a late barrier process [3, 4,

15] which is greatly promoted by vibrational energy in the molecule [3, 4, 20,
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21], and it exhibits large mode [9, 10] and bond [19] specificity in agreement

with Polanyi’s rule [31]. This is also in agreement with results of the sudden

vector projection (SVP) model [5, 6] which predicts large couplings between the

vibrational modes of the reactant and the reaction coordinate at the transition

state [5]. The dynamical simulations uncovered the key role that the topology

of the PES plays in the dissociative chemisorption: on Ni(111) the top site has

the lowest barrier but the tight entrance channel drives the reaction to different

sites which, despite the higher barrier, have a broader entrance channel and

thereby a more accessible transition state [22]. Moreover, dynamical simulations

have shown that including only high-symmetry sites is not enough to achieve a

proper description of the total reactivity [23], which also strongly depends on the

azimuthal angle (φ) [7, 24, 25]. Therefore full [8, 15] (or high) [23, 24] dimensional

calculations are crucial to properly simulate and understand this reaction.

The dissociation of water on transition metal surfaces is similar in many

aspects to the well-studied dissociative chemisorption of methane. For both

molecules, at high incidence energies we observe direct dissociation with a late

barrier, the height of which also depends on the displacement(s) of the surface

atom(s) above which the reaction happens [3, 5, 26, 32, 33]. State-selected molec-

ular beam experiments have been performed on both methane [34, 35] and wa-

ter [3]. Using ab initio molecular dynamics (AIMD) paired with a semi-empirical

density functional, it has been possible to reproduce the experiments with chemi-

cal accuracy (i.e., ≈ 4.2 kJ/mol) for methane (specifically the CHD3 isotopologue)

on Ni(111) [35], Pt(111) [34] and Pt(211) [34]. The quantum dynamical and clas-

sical calculations for water, on the other hand, only achieved qualitative or, at

best, semi-quantitative agreement [3] with experiments. This can be attributed

to two main reasons: the reduced dimensionality of the dynamics calculations or

otherwise the approximations in the PES and uncertainty in the barrier height

due to the standard GGA density functional used.

A previous attempt to develop an accurate semi-empirical specific reaction

parameter (SRP) functional for water (D2O) on Ni(111) was not succesful [11].

The authors argued that the discrepancy between theory and experiments might
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be due to the GGA exchange-correlation functional used (which included either

PW91 [36] or RPBE [37] exchange, but the correlation functional did not model

the attractive van der Waals interaction) and to the approximate treatment of

surface effects through the lattice relaxed sudden (LRS) model [38].

We hope to improve on the first attempt of deriving an SRP functional for

water interacting with Ni(111) in two ways. Firstly, it has been shown that the

description of the molecule-surface interaction for methane + Pt(111) can be

improved [34, 35, 39] by using a correlation functional that models the van der

Waals contribution (i.e., the vdW-DF correlation developed by Dion et al. [40]

which has been employed in this study).

Secondly, using AIMD avoids uncertainties that come with the use of the more

approximate LRS model, in that it allows one to explicitly treat all the DOFs of

the system, including surface phonons, and hence to correctly represent the dy-

namics without the necessity of computing a high dimensional PES. Moreover it

has been shown in previous work [12] that non-adiabatic effects (such as electron-

hole pair excitation) are small for water on Ni(111) and they do not qualitatively

affect the dynamics. AIMD can then be used to obtain an SRP functional by fit-

ting the functional to reproduce molecular beam sticking results (for more details

see Chapter 2 and Refs. [35] and [34]). It has been shown that the SRP approach

to dissociative chemisorption on transition metal surfaces can overcome the in-

accuracy of standard GGA functionals and provide a semi-empirical functional

that is able to return chemically accurate barrier heights that are expected to

be correct to within 1 kcal/mol [34, 35, 41–44]. The systems for which this has

been shown include H2 on Cu(111) [41], H2 on Cu(100) [42], D2 on Pt(111) [43],

CHD3 on Ni(111) [35] and CHD3 on Pt(111) [34] and Pt(211) [34].

In order to successfully develop an SRP functional, the sticking data consid-

ered should be in the range of applicability of the dynamical model. For AIMD,

this means that the total energy in the molecules has to be above the mini-

mum energy barrier so that quantum effects can be neglected, that the molecular

beams have to be well-characterized so that an accurate sampling of the initial

conditions can be done in the simulations, and that the sticking probability (S0)
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has to be larger than 1% in order to obtain a good statistical sampling with a

reasonable number of trajectories (see Chapter 2). Unfortunately, to the best of

our knowledge, such experimental results are not available yet for water. Note

that once the SRP functional has been developed it can be used with DFT cal-

culations and coupled with a neural network approach [45–47] to develop a high

dimensional chemically accurate PES, which can be used to investigate low col-

lision energies for which AIMD is not suitable while also modelling the surface

phonons.

Here we present a predictive AIMD study of HOD impinging on Ni(111) in

order to get insight on the full dimensional dynamical process including surface

motion explicitly. We hope that our results will encourage new experiments for

conditions at which AIMD is applicable so as to enable a comparison with the

present predictive results and improvements of the functional used here.

This Chapter is organized as follows: the method used to setup, perform and

analyze the AIMD simulations is described in Section 7.2 and the results are

discussed in Section 7.3. The main conclusions are then summarized in Section

7.4.

7.2 Method

7.2.1 Electronic Structure Method

The calculations presented in this Chapter have been performed using version

5.3.5 of the Vienna ab initio simulation package (VASP) [48–51] and the compu-

tational setup has been transferred from recent work on the dissociation of CHD3

on Ni(111) [35] and successively tested for HOD on Ni(111). The convergence

tests reported in the Supplementary Material (SM) of Ref. [52] show that the

setup is accurate enough for the purpose of this work. A 4x4x1 Γ-centered K-

point grid has been used to sample the first Brillouin zone and plane waves with

a kinetic energy up to 350 eV have been included. The core electrons have been

described employing projector augmented-wave (PAW) [53, 54] pseudopotentials
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and the SCF convergence has been facilitated by a 0.1 eV Fermi smearing. Due

to the ferromagnetic nature of nickel all the calculations performed are spin-

polarized. The Ni(111) surface has been simulated using a 3x3 unit cell slab with

4 layers which is separated from its first periodic replica by 13 Å of vacuum. The

optimized 0 K lattice constant a = 3.556 Å agrees within 1.2% with the low-

temperature experimental value a = 3.513 Å [55]. The calculations have been

performed using the SRP32-vdW functional developed for CHD3 + Ni(111) [35]

with the exchange correlation functional (EXC) defined as:

ESRPXC = 0.32 · ERPBEX + (1− 0.32) · EPBEX + EvdW-DF
C . (7.1)

Here ERPBEX and EPBEX are the exchange parts of the widely-used RPBE [37]

and PBE [56, 57] functionals and EvdW-DF
C is the long-range correlation func-

tional developed by Dion et al. [40, 58], which also models the attractive van

der Waals interaction. More details on how the SRP32-vdW functional has been

obtained for methane on Ni(111) can be found in Ref. [35] and in its supporting

information.

The transition states have been located using the dimer method provided in

the VASP transition state tool (VTST) package [59–62] and frequency analysis

has confirmed that they are real 1st order saddle-points (i.e., one and only one

imaginary frequency was found).

Note that with the used setup, when the molecule is placed 6.5 Å away from

the slab and from its first periodic replica (i.e., so-called gas-phase geometry)

there is still a 1.2 kJ/mol difference between the energy of the system with the

molecule lying in a plane parallel to the surface or perpendicular to the surface.

This could be due to the presence of a dipole in the cell, which is not corrected

for in the calculation, or to a non-converged vacuum space (discussed more ex-

tensively later in this Section). However this small energy error does not affect

much the predictive value of our results and, in this Chapter, all the relative

energies will be reported with respect to the “planar gas-phase configuration” in

which the molecule is parallel to the surface.
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7.2.2 Dynamics Calculations

The AIMD calculations have been performed keeping the number of particles, the

volume of the cell and the total energy constant (NVE simulations) and exploiting

the quasi-classical trajectory (QCT) approach, which consists in imparting zero-

point energy to the vibrational modes of the molecule.

A known problem of QCT is artificial intramolecular vibrational energy re-

distribution (artificial IVR) which consists of a quantum mechanically forbidden

energy transfer among coupled vibrational modes. This problem has been cir-

cumvented for methane by focusing on the CHD3 isotopologue [34, 35, 39]. The

ν1 vibrational mode, localized on the CH stretch, is weakly coupled to the CD

modes due to the large frequency difference. Therefore if vibrational energy is

imparted to the ν1 mode of CHD3, the artificial IVR is slow enough to ensure

the applicability of AIMD [63, 64]. For the same reason, in this Chapter the

isotopologue of choice is HOD rather than H2O.

HOD has 3 vibrational modes: a stretching mode mostly localized on the

OH bond (νOH), a second stretching mode mostly localized on the OD bond

(νOD) and a bending mode (νbend). Due to the localized nature of νOH and its

frequency difference from the other modes (see Table 7.1 and Figure S1 in the

SM of Ref. [52]) we expect the artificial IVR to be negligible on the simulation

timescale.

The AIMD simulations have been performed for plausible experimental con-

ditions where molecular beams are characterized by the nozzle temperature (Tn),

the stream velocity (vs) and the width parameter (α) which determine the rovi-

brational state distributions of the molecules and the average collision energy

(〈Ei〉). Since to the best of our knowledge there is no suitable experimental

data for HOD molecular beams available, we have used parameters measured for

H2 seeded CHD3 beams (See Table 7.2). Specifically, the beam parameters for

Tn = 450 K have been measured by Beck and coworkers [34] and for all the other

sets by Utz and coworkers [35]. Our choice is justified by the fact that, the two

molecules having the same mass, the velocity and the broadening of the beams
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Isotopologue Mode SRP32-vdW / [ cm−1 ] Exp. / [ cm−1 ]

νasym 3752.0 3755.8

H2O νsym 3639.5 3657.1

νbend 1603.8 1594.8

νasym 2747.6 2787.7

D2O νsym 2620.7 2668.1

νbend 1173.8 1178.4

νOH 3697.9 3707.5

HOD νOD 2682.2 2782.0

νbend 1405.9 1402.2

Table 7.1: Vibrational modes for the different water isotopologues. νasym and νsym are
the antisymmetric and the symmetric stretch, respectively, and νbend is the bend mode.
For HOD νOH and νOD are the vibrational modes localized on the OH and on the OD
stretch, respectively. The harmonic frequencies computed with the setup used in the
calculations (SRP32-vdW) are reported together with the experimental values of the
fundamental frequencies. The experimental data are taken from Ref. [65].

are expected to be similar making the CHD3 beam parameters a sound guess to

predict HOD experimental conditions. Note that the small differences in 〈Ei〉

between CHD3 and HOD reported in Table 7.2 are due to the rounding of the

mass used (i.e., 19.061 amu for CHD3 [34, 35] and 19 amu for HOD).

The AIMD simulations have been carried out for two different types of initial

conditions: laser-off and νOH = 1. For laser-off molecules the vibrational state

distribution is determined only by Tn and so, in each set of trajectories, it is

chosen to sample a Boltzmann distribution at said temperature. Since complete

rotational cooling is assumed, all the molecules are simulated in the rotational

ground state, which translates into a random initial orientation.

Instead of using the beam parameters taken from the suggested CHD3 exper-

iments, for a predictive work one could in principle simulate the reactivity for

specific energies and initial vibrational states and at a later stage, when the ex-

periments are available, average the results according to the experimental beam

parameters. However this would at present not be applicable to the laser-off

conditions we want to simulate, for which a distribution of vibrational states is
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Tn vs α 〈Ei〉w 〈Ei〉m

[ K ] [ m/s ] [ m/s ] [ kJ/mol ] [ kJ/mol ]

450 3026 246 89.0 89.3†

600 3418 168 111.9 112.3*

650 3548 192 120.8 121.2*

700 3683 205 130.3 130.7*

750 3761 217 135.9 136.4*

900 4070 275 159.9 160.4*

Table 7.2: Molecular beam parameters used to sample the molecular initial conditions
in the AIMD simulations. The Table reports the nozzle temperature (Tn), the stream
velocity (vs), the velocity width (α) and the average kinetic energy for the water (HOD)
beams (〈Ei〉w). The Table also reports the average kinetic energy originally measured
for methane (CHD3) beams (〈Ei〉m) in the works from which the beam parameters
have been taken. Energies marked with a dagger (†) have been taken from Ref. [34] and
energies marked with a star (*) have been taken from Ref. [35].

observed in the beams due to the nozzle temperature. Furthermore, it would

require calculations on a fine incidence energy grid for the initial-state resolved

reactivity for both laser-off conditions and for νOH = 1 HOD. The way we prepare

the calculations (by performing Monte-Carlo averaging over the initial velocity

and initial state population at once for each suggested experiment) is currently

the only computationally feasible way of performing predictions with AIMD for

molecular beam experiments on reaction of polyatomic molecules.

In order to simulate the effect of laser excitation on S0, the molecules have

been prepared in νOH = 1, hence putting one quantum of energy in the OH

stretching mode. HOD can be approximated as an asymmetric rotor for which

the three moments of inertia are different. The principal axis of the molecule (c),

associated with the largest moment of inertia, lies normal to the molecular plane

while the other two rotational axes (a and b) lie in the plane. A general rotational

state (J , M , Ka, Kc) is characterized by the quantization of the magnitude of

the angular momentum (|L|), by its projections (Jz) on the reference frame axis

z, chosen normal to the surface, and by its projections on the molecular axis a
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and c (Ja and Jc , respectively), as:

|L| = h̄
√
J · (J + 1), (7.2)

Jz = h̄M, (7.3)

Ja = h̄Ka, (7.4)

Jc = h̄Kc. (7.5)

Therefore, in order to prepare the initial molecular orientation for a generic (J ,

M , Ka, Kc) state, once the projections reported in Equations 7.2–7.5 have been

fixed, only two angles are undetermined and need to be randomly sampled: the

orientation of the axis a relative to L and the projection of L on the xy plane.

This affects the initial orientation of the rotationally excited molecules (more

details are reported in the SM of Ref. [52]).

Experimentally it is possible to excite the HOD molecule to the νOH = 1

state by going from (v = 0, J = 1, Ka = 0, Kc = 1) to (v = 1, J = 2,

Ka = 0, Kc = 2) [66] through an R-branch transition. This transition was

chosen due to its high dipole moment and the likely population of the initial

state in the molecular beam expansion. In principle this transition would only

populate all accessible M states (i.e., M = −1, 0, 1) and Kc = ±2. However,

as seen for methane [67], the alignment of M should be lost due to hyperfine

coupling since the laser excitation normally takes place relatively far from the

surface. Moreover, for Ka = 0, the molecular orientation is independent of the

sign of Kc (see Figure 7.1). Therefore in our simulations, each set of νOH = 1

molecules contains 500 trajectories in the (J = 2, Ka = 0, Kc = 2) rotational

state where the 5 experimentally populated M states (i.e., M = −2, −1, 0, 1, 2)

have been sampled with 100 trajectories each.

The trajectories have been propagated with a 0.4 fs time step until the

molecule was either dissociated or scattered. A molecule is considered reacted if

one of the bonds stays longer than 2.0 Å for 100 fs or if it gets longer than 3.0 Å,

and it is considered scattered if it is 6.0 Å away from the surface with the COM
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Figure 7.1: Distribution of the initial angle θ between the bond and the z axis for the
OH (blue) and the OD (red) bond computed over 5000 initial orientations for each
rotational state. Plots on the same line refer to rotational states that only differ in the
sign of Kc.
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velocity pointing away from the slab. The trajectories that did not reach one of

these outcomes within the first ps of propagation have been considered trapped.

For each 〈Ei〉, the zero-coverage reaction probability has been computed as:

S0 = Nreact/Ntot, (7.6)

where Ntot and Nreact are the number of simulated and of reacted trajectories,

respectively. Reaction probabilities are reported with the statistical error:

σp =

√
S0(1− S0)

Ntot
, (7.7)

with error bars representing a 68% confidence interval.

The 13 Å of vacuum between the slab replicas is not enough to converge the

long range interaction due to the vdW correlation employed. However, this affects

the potential only as a small energy shift (residual energy, ER) if compared to

a setup with 30 Å of vacuum. ER can be compensated, as successfully done in

previous work for CHD3 [34, 35] and discussed in Chapter 2, by adding an extra

normal translational energy to the molecule at the beginning of the trajectory .

An additional energy “kick” of 2.4 kJ/mol has been added to the molecules for all

sets excluding the laser-off calculations for the three largest 〈Ei〉. For those sets

the energy kick was slightly smaller (i.e., as small as 1.6 kJ/mol). However, since

there are no experimental data to directly compare with and since this difference

is so small, this collision energy offset does not affect much the qualitative results

and predictive purpose of this work.

The Ni(111) slab was prepared and used in previous work [35] at a surface

temperature Ts = 550 K. The procedure used to optimize, equilibrate and sample

the initial positions and velocities of the surface atoms is therefore the same as

in Ref. [35].
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Figure 7.2: Panels A and B depict the top and the side view of the fcc transition state,
respectively. The surface atoms are depicted in gray, light and dark blue for the 1st, the
2nd and the 3rd layers respectively. The arrow in Panel A indicates the [101̄] direction.

7.3 Results and Discussion

Two TSs have been located on the surface, both have a very similar geometry but

the dissociating H is pointed towards either the fcc or the hcp site, respectively

(see Figure 7.2). The energy barrier (Eb) is 67.0 kJ/mol for the hcp dissociation

and 66.5 kJ/mol for the fcc dissociation. The barriers obtained are similar to that

found in previous work using the PW91 functional (i.e., 64.6 kJ/mol) [3]. Note

that, even though the barrier heights obtained with PW91 and with SRP32-vdW

are similar, the two functionals are different, especially in the correlation part.

Therefore the topology of the potential might be very different possibly resulting

in a different dynamics and reactivity, similarly to what was observed for CHD3

on Pt(111) [68].

Four angles have been used to characterize the molecular geometry: θd, θs, φ

and γ (sketched in Figure 7.3). The angles θs and θd are measured between the

z axis and the spectator bond and the dissociative bond, respectively. The angle

γ is measured between the two bonds and the azimuthal angle φ describes the

projection of the dissociative bond on the surface plane. φ is zero if the bond is

pointing in the [101̄] direction (shown in Figure 7.2) and increases counterclock-

wise. The geometry is almost identical for the two TSs identified, which have

the dissociating bond elongated (r = 1.54 Å) and pointing towards the surface
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Figure 7.3: Sketch of the angles studied. The angle between the bond and the surface
normal z is reported in green for the dissociative bond (θd) and in blue for the spectator
bond (θs). The molecular bond angle (γ), reported in orange, is measured between the
two bonds and the azimuthal angle (φ) refers to the xy projection of the dissociative
bond on the surface. This angle has been taken with respect to the [101̄] direction
indicated in Figure 7.2.

with θd = 123◦ while the spectator bond points away from it with θs = 62◦. The

angle γ between the two bonds is 103◦, very close to the SRP32-vdW gas-phase

value of 104.6◦.

S0 has been computed for 〈Ei〉 ranging between 89 and 160 kJ/mol (see

Table 7.2) and the results are reported in Figure 7.4A. The reaction is strongly

promoted by vibrational energy which, according to previous work [3, 4], helps to

overcome the late barrier for the dissociative chemisorption. Previous work shows

that, due to the large vibrational efficacy, under specific conditions there may be

a large contribution of the thermally excited states to the laser-off reactivity [4].

However this is not true at the large 〈Ei〉 that we investigate here and the zero-

coverage reaction probability for the laser-off beams (SLO0 ) falls within error bars

from the ground state results (Sv=0
0 ) as shown in Figure S2 in the SM of Ref. [52].
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Trapping has been observed especially at the lower 〈Ei〉 investigated where

some molecules did not reach a definite outcome in the first ps of propagation.

The dissociative chemisorption of HOD is a direct process and only 1 out of

the 825 reactive trajectories simulated does not involve a molecule reacting on

the first impact with the surface. However this does not exclude the possibility

that the trapped molecules at lower 〈Ei〉 may react at longer propagation times.

For this reason, in Figure 7.4 we also indicate the sum of the trapping and the

reaction probability for 〈Ei〉 at which trapping was observed as an upper bound

to the reactivity.

The fraction of OH cleavage (Figure 7.4B) shows that almost all the νOH = 1

molecules react through the dissociation of the vibrationally excited OH bond

confirming the bond-specificity of the reaction [4]. It has been shown in previous

work [4] that in the laser-off experiments molecules show a preference for the OH

dissociation over the OD dissociation and the branching ratio approaches the

statistical value of 0.5 for larger 〈Ei〉. At the large 〈Ei〉 investigated, we observe

that the branching ratio for the laser-off molecules is always close to 0.5.

The computed S0 are reported in Figure 7.5 together with the molecular

beam results for D2O on Ni(111) measured by Beck and coworkers [3], which

have been obtained for laser-off conditions and for molecules excited with one

or two quanta in the antisymmetric stretch (νasym = 1, 2, respectively). Even

if the experiments have been performed for a different isotopologue and for low

〈Ei〉, which give too small S0 to be simulated with AIMD, comparing the results

can give us an indication on how accurate the SRP32-vdW functional must be

for this system. Extrapolating by eye Beck and coworkers’ experimental reaction

probabilities to higher 〈Ei〉 suggests that our AIMD results might overestimate

the experimental datasets. This is expected since the HOD ground state should

be more reactive than that of D2O due to the zero-point energy (ZPE) difference

[4] and the HOD vibrational state νOH = 1 should be more coupled with the

reaction coordinate hence more efficient in promoting the reaction than the D2O

antisymmetric stretch νasym = 1 state [5]. Even taking into account the different

isotopologue, Figure 7.5 suggests that the SRP32-vdW density functional might
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Figure 7.4: (A) computed S0 for laser-off and νOH = 1 simulations (blue circles and
squares, respectively). The results reported in red represent the sum of the reaction
probability and the trapping probability. The ERF fits of the results are reported as
light blue lines. (B) fraction of OH cleavage for laser-off (brown) and νOH = 1 (green)
simulations.
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Figure 7.5: AIMD sticking probabilities computed for HOD on Ni(111) (blue and purple)
compared with results of molecular beam experiments performed for D2O on Ni(111) by
Beck and coworkers (green, red and black). Experimental data are taken from Ref. [3].

still be somewhat too attractive to accurately reproduce the dissociation barrier

for this system, but experimental results for HOD and for higher 〈Ei〉 are needed

to confirm this.

Having said that, the results suggest that the SRP32-vdW density functional

might be a good starting point to develop an SRP functional able to describe the

dissociation of water on nickel with chemical accuracy. On the basis of extrapola-

tion by eye we suspect that at the high 〈Ei〉 of our predictions, the SRP32-vdW

functional would overestimate reaction. With the RPBE mixing coefficient now

set at 0.32 there is plenty of scope for solving this problem by mixing in more

repulsive RPBE exchange (and therefore less PBE exchange) in the exchange

functional. However, molecular beam experiments performed under conditions

where AIMD is applicable are needed to properly test the accuracy of the func-

tional used.

Figure 7.6A shows a top view of the unit cell reporting the initial (t = 0)

and final (t = tdiss) center of mass (COM) position for the reacted molecules

and Figure 7.6B shows the distributions of the distances between the COM and
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the closest top site at t = 0 and t = tdiss for the reacted molecules. Here the

dissociation time (tdiss) is defined as the time step when the dissociating bond

is as long as in the TS geometry. The molecule has been observed to react

far from the top site as also found in other calculations [23] even though the

minimum barrier site is close to the top site. An interesting difference with

earlier work by Guo and coworkers [23], who performed QCT calculations for

D2O on a rigid-surface 9D PES, is that they observe that most of the molecules

react at a distance from the top site somewhere around 0.8-0.9 Å while, in our

simulations, we observe the distribution peaking around 1.2 Å. This difference

could be due to a different corrugation of the PES due to the different density

functionals used or to the lattice motion which is taken explicitly into account in

our simulations (see Figure 7.6 and Figure 5 in Ref. [23]).

Figure 7.6 seems to suggest there is no evidence of translational steering (i.e.,

a change in the xy projection of the COM position of the molecule during its

flight to the surface and due to the forces exerted by the surface) because the

initial distribution and the distribution at the time of reaction are very similar

for the reactive molecules. However looking at the average lateral drift of the

COM (〈δCOM 〉, see Figure 7.7) we observe that a small translational steering is

indeed present in agreement with earlier work [23]. δCOM has been computed as

the distance between the xy position of the COM at the beginning and at the

time of the impact with the surface, which is defined as the dissociation time

for reactive trajectories and as the time at which the first sign change occurs in

the z component of the COM velocity for the scattered molecules. Figure 7.7

shows that the translational steering is more significant for reactive trajectories

in laser-off beams than for scattered molecules and for νOH = 1 reactive trajec-

tories. In agreement with what was observed in previous work [23] the amount of

translational steering decreases for larger 〈Ei〉 (Figure 7.7). This trend has not

been observed for laser-off reaction for which the number of events is small and

the statistics is poor.

The motion in the four angles θd, θs, φ and γ (sketched in Figure 7.3) has been

studied throughout the dynamics for both laser-off and νOH = 1 conditions. Only
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Figure 7.6: in Panel A depicts the slab 1st layer with the Ni atoms, reported as black
circles, in their ideal positions and the initial (t = 0, blue) and final (t = tdiss, green)
xy projection of the reacted molecules COM. Panel B reports the distributions of the
distance of the COM from the closest top site for reacted molecules (R) at t = 0 (blue)
and t = tdiss, (green) and for scattered molecules (S) at t = 0 (red).
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Figure 7.7: Average distance in xy between the COM at the beginning and the end of
the trajectories (〈δCOM 〉) as a function of 〈Ei〉. The results are reported in different
colors for scattered (S) and reacted (R) molecules for both laser-off and νOH = 1 initial
conditions.

laser-off results are reported and discussed here (Figure 7.8) because νOH = 1

trajectories show the same trends (see Figure S3 in the SM of Ref. [52]). At the

beginning of the simulations, the molecules sample all the accessible value of θ.

The reactive molecules are also randomly oriented initially (blue curves, Panels

A and B). During the reactive trajectories the molecules undergo large rotational

steering, where the forces exerted by the surface reorient the molecule so that

the observed values of θd and θs cluster around the value of the TS at the time

of the dissociation (t = tdiss , green). Note that the rotational steering in the

dissociative bond was already predicted earlier [30] for a different isotopologue

of water (D2O) reacting with Ni(111). This is significantly different from what

is observed for CHD3 which, in order to react, needs to be pre-oriented with

the dissociating bond pointing towards the surface while not much rotational

steering is observed [34, 35, 69]. The initial distribution of γ, reported in Figure

7.8C, reflects the classical constant-energy sampling of the bending mode of the
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molecule, with the turning points of the oscillator being more populated than

the equilibrium position. At the dissociation time t = tdiss the distribution of γ

peaks near the TS value.

To investigate the movement in φ throughout the dynamics, the difference

between the initial and the final value of the angle (∆φ) is reported in Figure

7.9. Note that φ is associated with the projection of the dissociative bond on

the xy plane so a large jump in the value of φ can be associated with a small

movement of the bond if the H is pointing upwards or downwards along z and

this complicates the interpretation of the results. Therefore to have a qualitative

insight into the φ motion, only the molecules for which θd remains between 30◦

and 160◦ throughout the whole trajectory have been considered. The results

reported in Figure 7.9 show that the majority of the molecules have little or no

change in φ. However the large extent of the distributions shows that, for some

molecules, ∆φ can be very large.

In Figure 7.10 the correlation between θs and θd has been studied to investi-

gate whether there is a set of initial configurations and orientations that promotes

the dissociative chemisorption. Panels A and C report the values at t = 0 for

the scattered and the reactive trajectories and Panel E reports the same for the

reactive trajectories at t = tdiss. Panels B, D and F report heat-maps for the

same quantities where the results have been binned into 5◦ × 5◦ cells and darker

shades of red represent higher concentrations of results. Figure 7.10 clearly shows

that there is no correlation between θs and θd at t = 0 as the results for both

the scattered (Panels A and B) and the reactive (Panels C and D) trajectories at

t = 0 sample all the accessible values. This underlines once more the importance

of the rotational steering, as all the reactive molecules show clustered values of

(θs, θd) at t = tdiss (Panels E and F).

As described in the previous sections, in order to simulate the HOD molecules

in the νOH = 1 state we prepared them in the (J = 2, Ka = 0, Kc = 2) rotational

state and we sampled all the accessible M states (i.e., M = −2, −1, 0, 1, 2). The

initial rotational state translates into a preferential orientation of the molecules.

The initial distributions of θ for the H atom (θH) are reported in Figure 7.11 for
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Figure 7.8: Angular distributions for θd (Panel A), θs (Panel B) and γ (Panels C)
for laser-off trajectories. Results for νOH = 1 are reported in Figure S3 in the SM of
Ref. [52]. The distributions are reported in blue and green for the reactive trajectories
at t = 0 and t = tdiss, respectively. Red dashed lines represent all the trajectories
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Figure 7.9: Distribution of the difference ∆φ between the initial and the final value
of φ for the molecule for which θd remains in the range [30◦, 160◦] throughout the
whole propagation. Results for laser-off and νOH = 1 are reported in blue and green,
respectively.

the simulated rotational state considering the different values of M . Even though

negative values of M are associated with molecules that are generally more likely

to have the H atom pointing towards the surface, this does not even result in a

larger S0 for those states (Figure 7.11G) as the most reactive states are associated

with positive M values. This result suggests that aligning the molecules of the

beam to have a bond pointing towards the surface may not increase the reactivity

for HOD as it does for CHD3 [70]. It rather suggests the opposite is true. However

in light of the strong rotational steering observed this might be an artifact due to

the poor statistics. Note that previous work on D2O on Ni(111) [30] did suggest

an orientational dependence on the reactivity, where molecules aligned in M = J

are significantly more reactive than in M = 0. Further research would be required

in this sense to investigate the effect of pre-orientation on the reactivity.
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Figure 7.10: Correlation between θs and θd for the scattered and reactive trajectories (in
green and blue, respectively, for Panels A, C and E). Results for the reactive trajectories
have been reported for t = 0 (Panels C and D) and for t = tdiss (Panels E and F). Panels
B, D and F report heat-maps that depict the density of the results: a darker shade of
red corresponds to a higher density. In all the Panels the black circle represents the TS
values and the black lines have been drawn to guide the eye.
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Figure 7.11: In Panel A the distributions of the initial values of θH (i.e., the angle
between the OH bond and the surface normal) is reported for (J = 2, Ka = 0, Kc = 2).
Panels B to F report the same observables for the different values of M simulated and
reported as insets. Panels G reports the reactions probability for the OH cleavage for
different nozzle temperatures and as a function of M .
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7.4 Summary and Conclusions

In this Chapter we presented AIMD simulations of molecular beam experiments

for the dissociation of HOD on Ni(111). The simulations confirmed previously

known features of the dissociative chemisorption of water on metal surfaces such

as the strong bond and mode-selectivity. Evidence for some translational steering

has been found, in particular for laser-off reactive molecules. Substantial rota-

tional steering has been observed as the molecules can react regardless of the

initial orientation and large changes in the value of θ towards the TS value are

observed on the way to the surface for both bonds. For most of the analyzed

molecules the value of the azimuthal angle φ does not significantly change. We

have shown that full dimensional and accurate AIMD simulations of molecular

beam experiments are possible and computationally affordable for HOD on a

metal surface. Moreover the SRP32-vdW functional is a good starting point to

develop a specific reaction parameter functional for the system studied. Therefore

we hope that our work will encourage new experiments performed under condi-

tions in which AIMD is applicable, so that an SRP functional can be developed

in order to improve the accuracy of the available theoretical results for this fun-

damental heterogeneously-catalyzed process. As predicted, reaction probabilities

> 1% should be measurable for the incidence energies sampled in this Chapter,

which can be achieved using beams of HOD seeded with H2.
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