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In this work, full dimensional (9D) quantum dynamics calculations on mode/bond-specific
surface scattering of a water molecule on a copper (111) rigid surface are performed
through the multilayer multiconfiguration time-dependent Hartree (ML-MCTDH) method.
To easily perform the ML-MCTDH calculations on such triatomic molecule-surface sys-
tem, we first choose specific Jacobi coordinates as set of coordinates of water. Next, to
efficiently perform the 9D ML-MCTDH wavepacket propagation, the potential energy
surface (PES) is transferred to canonical polyadic decomposition (CPD) form with the aid
of a Monte Carlo based method. Excitation-specific dissociation probabilities of H,O on
Cu(111) are computed and mode/bond-specific dynamics are demonstrated by comparison
with probability curve computed for a water molecule in ground state. The dependence
of the dissociation probability of the initial state of H,O is studied, and it is found that
the excitation-specific dissociation probabilities can be divided into three groups. We find
that the vibrationally excited states enhance the dissociation reactivity of H,O, while the

rotationally excited states hardly influence it.
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I. INTRODUCTION

Dissociative chemisorption of water on the metal surfaces was considered as an essential step in
the steam reforming and the water-gas shift reaction. Figure 1 illustrates a total of nine coordinates
qQ = {x,y,2,r1,1,01,0,,¢,a} for the water molecule on a static metal-surface (say the copper
surfaces), where {x,y, z} is coordinates set of the center-of-mass (COM) of the water molecule
and the other six coordinates represent the internal motions of the water molecule. Over the past
decade, on the basis of reduced dimensional subsets of g, several quantum-dynamics calculations
on the H,O/Cu(111) system have been reported. In 2012 Guo and co-workers' reported their six-
dimension (6D) calculations on dissociative chemisorption of H,O/Cu(111) system with a static
surface, where the reduced model of q¢ = qo\{x, y, @} in conjugation with the Chebyshev approach
was used to propagate the nuclear wave function. These 6D calculations' predicted that excitations
in all three vibrational modes of water are capable of enhancing reactivity more effectively than
increasing translational energy, which is consistent with the late transition state (TS) in the reaction
path according to the Polanyi rule’**. Furthermore, Guo, Jiang, and co-workers extended the
above 6D calculations on H,O/Cu(111) to computationally describe state-to-state scattering of

H,O/Ni(111)>.

On the other hand, based on their full-dimension (9D) potential energy surface (PES) con-
structed by neutral-network (NN), Zhang and co-workers®!° reported a series of reduced dimen-
sional (6D and 7D) quantum dynamics calculations for the H,O/Cu(111) system, where the re-
duced models of qs = q9 \ {x,y,a} and q; = 9 \ {x,y} in conjugation with the split operator
method was used. Moreover, the adiabatic sudden model for the in-plane coordinates was used to
approximately simulate the 9D dissociation probability of H,O/Cu(111) by extensive 7D dissocia-
tion probabilities at many impacting sites. Zhang and co-workers® found the largest enhancement
of the asymmetric-stretching excitation among the excitations in all three vibrational modes of
water. Moreover, Zhang and co-workers® also reported the 9D quantum dynamics calculations for
H,O/Cu(111), where the mode specificity was found to be controlled by the initial rovibrational
eigen-states. Similar to the reduced dimensional calculations!”®, Zhang and co-workers® again
found that the enhancement of the excitation in asymmetric stretch is the largest which is similar

to the reduced dimension results'”-8

, while the bending mode is the smallest. Despite these fruitful
dynamics results, all of previously reported calculations expanded the nuclear wave functions in

the single-layer fashion, which is similar to the expansion of the electron wave function at the full
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configuration interaction (full-CI) level. Hence, one can call such propagation scheme as CI-type
methods. This also implies a rather high computational cost and thus limitation to higher dimen-
sional calculations, that is, larger molecular reactions on the surfaces or including the motions of

the atoms of the surface.

In this work, in order to effectively perform 9D quantum dynamics calculations, the multi-
configuration time-dependent Hartree (MCTDH) together with its multi-layer version (ML-
MCTDH) methods!!'"!7 are used to study the quantum dynamics of H,O/Cu(111) on the basis
of the NN PES constructed by Zhang and co-workers®®. To this end, a new representation of
the Hamiltonian operator is firstly constructed consistent with the MCTDH and ML-MCTDH
methods which were originally designed for treating multi-dimension quantum dynamics. Special
interest of the present calculations is taken on the dynamics dynamics initially promoted by vari-
ous rovibrational excited states. The calculations in this work provide a comprehensive description
of the vibrational quantum dynamics of H,O/Cu(111). We also analyze the assignments of the
first few excited vibrational modes. We begin with the kinetic energy operator (KEO) by dividing
(o into body-fixed and space-fixed subsets of coordinates, and then re-expressing the PES into the
sum-of-product (SOP) form using the Monte Carlo algorithm. Having got both KEO and PES,
we relax a guess wave function to the ground state using the improved-relaxation method'®, and
then we compute the rovibrational excited states through the block-improved-relaxation (BLK)
method!® or the locked improved-relaxation method!®. Based on these ro-vrationally excited
states, extensive ML-MCTDH calculations are performed and then the propagated wave func-
tions are analyzed to obtain the dissociation probability of water as a function of the collision
energy. Note that MCTDH has already been used for other molecules on metal surfaces such as
the H, dissociation?® and to the CH, dissociation in reduced dimensionality?! and to bimolecular

scattering in gas phase?>2*

The rest of this paper is organized as follows. In Section II, we will describe the present
quantum dynamics calculations. Section III presents the numerical details, quantum dynamics

results, and discussions. Finally, Section IV concludes with a summary.
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II. THEORETICAL FRAMEWORK

A. Coordinates and Kinetic Energy Operator

Given in Figures 1 and 2 are definitions of the nine coordinates qo = {x,y, z, 71, 12, 01, 02, ¢, a}.
The coordinates {x, y, z} are the skewed Cartesian coordinates for the COM of water with respect
to a laboratory-fixed (LF) frame linked to the metal surface, say the top atom. They correspond
to the position of the origin of the space-fixed (SF) frame whose axes are parallel to the LF frame
and whose origin is the COM of the water molecule. Thus, {x, y, z} describe the global translation
of the water molecule. The internal coordinates {ry, 5, 61, 6, ¢, @} represent the reactive motions
of the water molecule. The r| coordinate is the length of the vector 7|, which is the vector from
the O atom to the H atom (see also Figure 1); r, the length of the vector 7, which is the vector
from the COM of OH, Goy, to the leaving H atom (see also Figure 1); 6, the angle between
the 7, and 7 vectors. These three coordinates describe the deformation of the water molecule.
The rest three coordinates {6,, ¢, a} are the three Euler angles that describe the global rotation of
the water molecule and the body-fixed (BF) frame with respect to the SF frame (see also Figure
1). The z axis of the BF frame, zP%, is parallel to #. The (xBF, zBF) half plan with z > 0 is
definited such that 7| is parallel to this half plan. As illustrated in Figure 2, the nine coordinates
{x,y,2,r1,12,01,60,,¢,a} can be divided into three parts: (i) translational coordinates {x,y, z} of
the COM of H,O, (ii) reactive coordinates {ry, r», 8;} of dissociation HOH’ — H’ + OH, and (iii)
rotational coordinates {6,, ¢, @} of H,O.

The KEO for a set of two Jacobi vectors with our choice for the BF frame is well known?>%6,

This set of coordinates can be also seen as a trivial case of the general formulation of the so-called
“polyspherical coordinates” that have been used many times successfully with MCTDH?"%%, We
have implemented the KEO in MCTDH according to Equation (35b) of Reference?’. Since the
nine coordinates are divided into three parts, it is easy to expect that the present KEO should be

composed by three terms,

’f = TCOM + ’freax + frot- (1)

The first term 7coy means the KEO for the translational motions of the COM of H,O. For the
present H,O/Cu(111) system, the x and y axes start from the top copper atom and point to the two

nearest copper atoms with angle of 120° in the Cu(111) surface, while the z axis is perpendicular
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to both x and y. Because of its skewed characteristic, Tcoy is given by

2)

N 2 (> 0? 0> 1 &
Tcom = —

am\ae " o2 " axdy)  2M oz
where M is the total mass of the water molecule. Since the second and third terms usually cou-
pled with each other, we consider them as a unified item Tinner = Areax + Trot. For the rotational
coordinates of H,O, {6,, ¢, a}, the KEO has a flexible form. Turning to 6, a flexible approach is
necessary only if 8; = O or 8; = . A semi-rigid form for 6, is adopted. Moreover, in order to have

an hermitian conjugate momentum and non-Euclidean volume element
dvV = dl"]dl"zdl/tl sin 92d92d¢d(¥, (3)

we have used u; = cos®; to construct T, instead of @, itself. Finally, according to Equation

(35b) of Reference?’, the present KEO reads

P 2 82+02+82 1 &
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uy

where u; = mygmo/(my + mg) is the reduced mass associated with rotation of OH and u, =
muamon/(my + mog) the reduced mass associated with dissociation HOH’ — H’ + OH. We refer

the reader to Reference?’ for further technical details.

B. Dynamics Calculations

In the present work, we use the Heidelberg implementation® of the MCTDH algorithm!!:12:14:16:17
more precisely the multi-layer variant (ML-MCTDH)*%-? for solving the time-dependent Schrodinger

11,12,14,16,17,30—33’ such that we only

equation. These algorithms are well discussed in the literature
give a brief introduction here. Within the ML-MCTDH algorithm3*33, the total time-dependent

nuclear wave function is expressed in terms of a tensor in a hierarchical Tucker format which
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has a tree-like structure (denoted by ML-tree), where the wave function is expanded in a set of
multi-dimensional, time-dependent basis functions, called single particle functions (SPFs). The
SPFs are themselves expanded in an underlying multi-dimensional, time-dependent basis func-
tions. This expansion scheme is repeated until in the lowest level a time-independent primitive
basis is used. The expansion relation between the [-th and (I — 1)-th layers can be written as

p(%)

(s) (i)
-1 1 — ® k1) ®) ®) -1
At = Z DA LOLeien =2 ia0 af@r).
J

]pK[ k=1
where J = ji, -+, jp, 3 =1{Lki, - ;) and3—1 = {{-1;«y,- -+ ,k-2}. The symbol / denotes the
layer depth and 3 indicates a particular node in the ML-tree. In order for saving computational cost,
several physical coordinates with rather strong coupling can be combined to a logical coordinate,

which can be further combined to the logical coordinates in deeper layer,

or ) ={0Y.---.0Y). 6)

At the bottom layer the SPFs are to be replaced with time-independent primitive basis functions.
By Equation (5), it is easy to find that the case of / = 1 corresponds to the CI-type propagation
method, while the case of [ = 2 corresponds to the MCTDH method with!!:!21416:17 The structure
of an multi-layer wavefunction is most conveniently visualized by a plot of the aforementioned
tree structure. The tree used in the present work is shown in Figure 3.

Inserting the multi-layer Ansditze into the Dirac-Frenkel variational principle, the ML-MCTDH
equations of motion (EOMs) for arbitrary layering schemes together with an algorithm for the
recursive evaluation of all intermediate quantities entering the ML-MCTDH EOMs have been
derived®*3?. Noting the fact that MCTDH is a special case of ML-MCTDH with [ = 2, it is not
surprising that the ML-MCTDH EOMs have a very similar structure to the MCTDH EOMs. For

instance, the ML-MCTDH EOMs for the top layer coeflicients are identical to the MCTDH ones,
A

SR
J

i H
The ML-MCTDH EOM for the SPFs propagation are formally the same for all layers,

)AL, = Z (AY)AL, ©

(9()0(5 K1)

o (1 po Kz)) Z (p(a,Kz));; ) <H>(;nkl)90l(2 o (8)

Jjm

where

)

Gok1) — (3.k1) G-k1)
P = Z "Pj N,
J



is the projector onto the space spanned by the SPFs 4,05.5’“), p®*) a density matrix and (H)* is a
matrix of mean-field operators acting on the (,05.3"(’) functions. Mathematically, the ML-MCTDH
EOMs are a set of coupled non-linear differential equations and can be efficiently solved using
standard numerical tools!*3*=2, In resolving the EOMs, one may choose propagating an initial
eigen-state of the Hamiltonian operator using a real-valued time variable where the physical evo-
lution of the system is simulated. To obtain the rovibrational eigen-state, an imaginary-valued
time variable is used to relax a guess wave function, say improved relaxation'® for ground state

and BLK" for excited states.

C. Potential Energy Surface and its Canonical Polyadic Decomposition

As shown in Equations (7) and (8) the EOMs need extensive integrals for (H )EIJ) and (H)@ .
These integrals will be easily performed if A has an appropriate SOP form'*. Since the KEO given
in Equation (4) already has the SOP form (as always when using polyspherical coordinates), the
PES must be further refitted to the SOP form. The PES used in the present work have been con-
structed by Zhang and co-workers’8, where a total of 93908 energy points were computed at the
Perdew-Wang (PW91) level. In fitting the PES, a feed-forward NN model with two hidden lay-
ers was employed in conjugation with the NN structure of 9-85-75-1 where (o is the inputs. The
resulting 9D NN PES with the root mean square error (RMSE) of ~ 10 meV indicates its accu-
racy. As a kind of SOP form, it was found*** that the potential function in the canonical polyadic
decomposition (CPD) form is more effective in performing the consequence ML-MCTDH calcu-
lations. In SOP or CPD form, the potential function is expanded by a series of the products of
one-dimension function. This expansion is similar to the expansion of the nuclear wave function
or SPFs (see also Equation (5)).

Generally, defining an appropriate set of grids, the CPD form of the f-dimensional potential
34,35

function V(qi,- - , q5) can be rewritten as

R
Vg, qp) = Vg1, g0 = D evPig) - vlgy), (10)

r=1
where R is the expansion order, also called the rank of the CPD expansion (R = 1024 in this work),
while {g j}f:1 are the set of f coordinates. The normalized basis functions vﬁ’()(qk) are often called
the single-particle potentials (SPP), exclusively depend on only one coordinate. Using an under-

lying time-independent primitive basis, say basis functions of the discrete variable representation
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(DVR)!*3 the one-dimensional SPP function v*(¢,) can be replaced by its values evaluated on

grid points, namely v(K) =V, )(qK i) for the i,-th grid point. Then, the multidimensional potential

34,35

function in the CPD form V(FD) is given in a tensors notation*** on a set of grids,

Ve ) 2 VPG g ) =V = Y o [ = Y e, an
r K r
where the multi-index I = iy, - , iy and the product Q,; = [], 51) are introduced for clarity.

Having the potential values on the grids, Vi*P, the remaining task is to find both the expansion
functions €, ; and the coefficients ¢,. To this end, the optimization target function for the «-th

coordinate is given by>*%3

ZW(") (v - vErP) +EZ ZW(K)Q (12)

Introducing the index I“ = iy, - , i1, i1, , iy Which is the full combined index with the «th

sub-index missing, a positive and coordinate-dependent weight function
WP =1, W= LW (13)

is defined, where the «-th degree of freedom (DOF) has been integrated out and replaced by unity.
On the one hand, the weight function will be used to emphasize regions of interest where increased
fitting accuracy is required. For instance, the lower-lying energy regions where the wavefunction
resides will be important during the reaction. On the other hand, the weight function will serve
as a distribution function of sampling points when later the complete sum over [ is replaced by
Monte-Carlo sampling. Therefore, the first part of Equation (12) measures the difference of the
CPD fit to the exact potential subject to the weight function. Moreover, € is a regularization
parameter, typically setting to square root of machine precision. Thus, the second part is called the
regularization term. This part is introduced to penalize for (almost) linearly dependent terms in
the CPD expansion, which may arise due to ill-conditioned matrices in the minimizing algorithm.
We refer the reader to References®*¥ for further technical details on such Monte-Carlo sampled

CPD transfermation technique that is called MCCPD.



III. RESULTS AND DISCUSSIONS
A. Numerical Details

To prepare the initial wave function, the water molecule is relaxed from a guess wave function
to the rovibrational eigen-states (see also Section III B below) while the collision energy of the
water molecule along the z coordinate has, as in all cases, been set to p, = —15.0 au, such that H,O
travels towards the surface. To place the water molecule at some large enough distance of zy = 6.0
au from the surface when preparing [\¥;,_i»), we add an artificial harmonic potential with the force
constant of k = 1072 au and a minimum at zo = 6.0 au to the z-coordinate and then compute
the eigen-states of this augmented system Hamiltonian, keeping the surface as rigid. When the
artificial harmonic potential is removed, the z-motion of water is no longer in an eigenstate but,
after adding the initial momentum p,, covers an energy range form zero to 0.25 eV. To this end,

the initial wave function of the H,O/Cu(111) system initially prepared as a product state

|#(r = 0)) = exp(ip-2)|roviv)» (14)

where |W;,_vip) 1S rOvibrational eigen-state of the water molecule and the exponential term accounts
for the initial momentum of H,O towards the Cu(111) surface.

Given in Table I are primitive basis functions, namely basis functions of DVR, together with
the number of the grid points and the range of the grids which are all used for representing the
H,O/Cu(111) system in the present dynamics calculations. The symbol of the one-dimension (1D)
function for each coordinate for building the guess wave function in computing the rovibrational
eigen-states as well as its parameters are also given in Table I. The parameters of the 1D wave
functions include their positions and momenta, frequency wyo and mass Myo of a harmonic os-
cillator (HO) function, width of a Gaussian function (i.e., variance of the modulus-square of the
Gaussian function) Wgauss, and the initial quantum numbers (jini, #2i,;) Of the angular 1D func-
tions. In Table II, we give the numerical details of the present 9D MCCPD calculations, including
the number of trajectory in Monte Carlo calculations and errors of the re-fitting calculations. The
present 9D MCCPD calculation is carried out through a total of ~ 7 x 10° Monte Carlo points. The
resulting error of 7.49 meV in the MCCPD re-fitting together with the mean error of ~ 107> meV
imply that the present MCCPD calculations are accurate enough. Noting that the NN-PES of the
H,0/Cu(111) system was constructed with a fitting error of ~ 10 meV’8, the present re-fitting

errors are small enough to obtain reasonable results under the construction accuracy. Finally, the
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primitive grids used in MCCPD are the same as the ones used in the ML-MCTDH calculations,
as given in Table I. In MCCPD we also used the same mode combination scheme as for the wave
function which is illustrated in Figure 3.

With the initial state prepared according to Equation (14) the water molecule will travel towards
the Cu(111) surface where it may either be reflected and depart again or it is absorbed and sticks
to the surface or it dissociates and sticks to the surface. The wave function of each initial state is
propagate up to 10° fs by the ML-MCTDH method. To compute the sticking probability of the
molecule or its fragments on the surface we analyse the flux of the wave function fraction through

(CAP)

the surface positioned at r, = 4.0 au. The dissociation probability is computed from the

probability PL2.(E). To do this, beyond réCAP ) we place a complex absorbing potential (CAP)¥-38

Vire = =in(r: =57 (15)
The CAP absorbs the reflected part of the wave packet if it reaches the region r, > r(ZCAP). In

Equation (15), the quantities n and 7 are order and strength of the CAP along the r, coordinate,
while réCAP) marks the starting point of CAPs. In this work, we set n = 3 and n = 0.05 au.
Furthermore, to prevent any reflow of population from the region of the CAP back towards the
surface, we add a small artificial attractive potential that sucks a wave packet deeper into the CAP
region. It is switched on after ¢/ = 120 fs propagation time and at the position of r, > r} with the
form?>
Via(ra, 1) = —ad(rs — r}) sin® [%(1’2 _ r;)] 9t —1), (16)
where a = 1.0 x 107 au and 7 = 4.0 au in this work. In Equation (16), ¥} is the Heaviside
step function. For further technical details concerning the flux analysis we refer the reader to
References!*3%3%40  In addition to flux analysis, the time-dependent expectation values of some
observable quantity A(f) are useful to obtain the dynamics. With the time-dependent wave function
Y(r) the expectation values (A(¢)) have the form
(POIANYD)
(FOYO)

where A is time-independent operator associated with A(f). Moreover, when the time-dependent

(A@®)) = (17)

norms (‘¥(#)[¥(¢)) become less than one, it is difficult to interpret the expectation values. This is
because the CAP annihilates predominantly the fast-moving long-ranged parts of the wave func-
tions. Therefore, only the expectation values at the beginning stage of scattering have capable to

explain dynamics.
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B. Eigen-States

In this work, the water molecule are prepared in the rovibrational eigen-states relaxed by 9D
MCTDH calculations. Given in Table III are excitation energies of the H,O/Cu(111) system for
various modes with z = 6.0 au, as well as those of the water molecule in the gas phase for com-
parison. In Table III excitation energies (in cm™') of the water molecule in the first excited ro-
vibrational states are given, where the bond symmetry and asymmetry stretches are denoted by
vi and v3, respectively, while the bond bending is denoted by v,. Based on these eigen-states,
the mode-specific dynamics can be performed. It is worth to emphasize that, the angle 6, was
transferred to u; in this work (see also Equation (4)) and thus the excitation of v, will not be con-
sidered in the dynamics calculations. Indeed, according to the previous calculations by Zhang and
co-workers®, excitation of v, hardly influence the dissociation probabiliy. To further consider the
bond-specific dynamics, we also compute excitation energies for the vibrational excitations of the
O-H bonds, v4 and vs, together with the frustrated rotations of the a, ¢, and 8, (see also Figure
1) of the BF coordinates set (denoted by vg, v7, and vg, respectively). For comparison, excitation
energies of the normal vibration modes of H,O are also given in Table III, including those com-
puted by resolving eigen-problem of the nuclear Hamiltonian operator, those computed by various
electron structure calculations, and those measured by spectrum experiments.

As shown in Table III, the present excitation energies and those computed by Zhang and co-

workers® are approximately identical with the differences are smaller than 10 cm™'.

It is not
surprising if one remembers that we use the same PES as that used in the previous calculations®.
Moreover, based on their own PES, Guo and co-workers! reported the vibrational excitation ener-
gies of H,O/Cu(111), which are generally 100 cm™' smaller than the present results. This may be
caused by (i) tiny different of the shapes of the PESs used in these calculations and (ii) the reduced
dimension in the calculations of Guo and co-workers!. Noting the fact that 100cm™' ~ 12.4meV,
point (i) is not surprising because these differences are roughly equal to the error in fitting PESs'®.
Turning to point (ii), in the reduced dimension scheme' three DOFs were ignored making the con-
straints on the normal model weaker and thus making frequencies of the normal modes smaller
than those by full dimension calculations. On the other hand, all calculations predict that frequen-
cies of the normal modes of H,O/Cu(111) are smaller than those of H,O in the gas phase. For

example, frequency of the symmetry stretch (3520 cm™') is roughly 300 cm™! smaller than that of
H,O in the gas phase at the CCSD(T) level. This might be raised from the existence of the Cu(111)
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surface.

Finally, illustrated in Figure 4 are contour plots of the initial wave functions for the symmetry
and asymmetry stretch modes together with those of the PES. By Figure 4 one can clearly find the
symmetry or asymmetry feature of the stretch normal mode. Itis clear that the symmetry mode (see
the left panel of Figure 4) is the summation of the r; and r, bond stretches, while the asymmetry
mode (see the right panel of Figure 4) is subtraction of the two bond stretches. Obviously, this is
consistent with the group-theory analysis for the normal modes of H,O. Moreover, in Figure 5 we
also show the contour plots of the initial wave functions for bond-specific dynamics calculations.
By the nodal planes of these contour plots various bond excitations can be clearly identified. The
above calculations for excitation enegries and wave functions imply that the present 9D MCTDH

relaxations are reasonable and accurate.

C. Mode/Bond-Specific Dynamics

With the various initial initial states as discussed in Section III B, extensive ML-MCTDH prop-
agations and follow-up flux and expectation analyses are performed to compute the sticking prob-
abilities and time-dependent expectation curves. Now, we shall show results obtained with the 9D
Hamiltonian model for scattering off a rigid surface. Figure 6 displays the sticking probabilities as
a function of the collision energies for the different initial states. In general, one observes that the
dissociation probability curves are approximately equal to zero, when the impacting energy is less
than roughly 0.15 eV. Moreover, at the impacting energy of more than 0.15 eV, the dissociation
probability curves increase from zero to 10~ ~ 1072, To understand this feature of the flux anal-
ysis, the general features of the time-dependent expectation curves have to be given. Illustrated
in Figure 7 are time-dependent expectation curves of the relative energy where the operator A in
Equation (17) is H - E, with E, = E(r = 0) the total energy at t = 0. We also show the other ex-
pectation curves in the Supporting Information, including {E(%)), {z(¢)), (r1(?)), and {r,(¢)), where
the operators are H, 71, and 7, respectively. Here, we show expectation values only for times up
to 450 fs, as the norms of wave functions become less than one for # > 400 fs (see also Figure 1 of
the Supporting Information).

Turning to the dissociation probability curves computed by various initial-states (see colored
lines in Figure 6), let us consider the mode- and bond-specific dynamics. The dissociation proba-

bility curves in Figure 6 can be clearly divided into three groups. The dissociation probability from
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the symmetry excitation state (denoted by “symm. mode”) itself composes a group with middle
values and lowest value at the kinetic energy more than and less than 0.12 eV, respectively. The
second group of dissociation probabilities contains those computed from the ground state (denoted
by “GS”) and the angular excitation states. The third group with larger values of dissociation prob-
ability is composed by those computed from the asymmetry excitation state (denoted by “asymm.
mode”) and the O-H bond excitation states (denoted by “rl excitation” and “r2 excitation”). The
reason why there are such three groups is directly that the mode/bond-excitations associated with
the O-H bonds have capable to enhance the dissociation activity of the water molecule (as shown
in Figures 4 and 5), but the excitations associated with the angular coordinates are not capable of

this.

Indeed, for the rotational excited states, there is a small difference of the dissociation prob-
abilities from the GS one and thus they compose the first group. Moreover, the excitations of
the asymmetry mode as well as those for r; and r, enhance the reactivity of dissociation as these
excitations associate with the reaction coordinate. Thus they belong to the second group. But,
calculations from the excitation of the r; coordinate predict somewhat smaller values of the dis-
sociation probability (see also the green line in Figure 6) due to the different settings of r; and r;.
Obviously, as illustrated by Figure 1, the dissociation coordinate mainly composed of r, coordinate
instead of r; coordinate. Finally, excitation of the symmetry mode also enlarge the bond length
values of the O-H bonds, it can thus enhance the dissociation probability. However, comparing
with the second group, from state of excited symmetry mode ability to improve reactivity is not so
large. Furthermore, at low energy lower than the dissociation barrier, excitation of the symmetric
stretching vibration will not cause the dissociation of water, but will cause the molecules to tend to
come back. This is because the movements of the two hydrogen atoms are in the same direction.
These features of the symmetry excitation make its probability curve composes the third group
alone. By Figure 6 we also note a crossing of the probability curves between the first and third
groups at roughly 0.12 eV. Since the difference between these two probability curves are roughly
1073, which is too small to distinctly separate them. Therefore, we are supposed to say that they
are equal to each other when the kinetic energy is less than roughly 0.12 eV.

Turning to the energy transfer on the rigid surface, let us consider the time-dependent expecta-
tion values of the relative energy as shown in Figure 7. When the water molecule approaches the
Cu(111) surface, the relative energy is always equal to zero until # = 160 fs, implying the energy

conservation during the dissociation. Near and slightly above ¢ = 300 fs or r = 400 fs, the system

13



is transferred to another new state with energy conservation. It is also found that there exist a min-
imum along the curve computed from the excited states of the symmetry and asymmetry modes as
well as O-H bond stretch, as shown by red, blue, green, and yellow lines in Figure 7. This might
be caused by the energy rearrangement during the surface scattering of vibrationally excited water

molecule.

D. Discussions

In 2012 Guo and Xie and co-workers' reported their quantum dynamics calculations on dis-
sociative chemisorption of the H,O/Cu(111) system with a static surface, where the Chebyshev
approach was used to propagate the wave function. In their calculations', the mode selectivity
of the symmetric stretching v;, bending v,, and antisymmetric stretching v; modes of water in
this dissociative chemisorption was examined on the 6D PES. They' found that excitations in
all three vibrational modes are capable of enhancing reactivity more effectively than increasing
translational energy, consistent with the late transition state in the reaction path. These results are
consistent with the present results that the vibrational excitations of water play a central role in its
dissociative chemisorption on Cu(111).

Later, to extend the 6D results to full dimensional case, Zhang and co-workers®!* first per-
formed a series of reduced dimensional (6D and 7D) quantum dynamics calculations for the
H,O/Cu(111) system and its isotopic effects with static surface, where the split operator method
was used to propagate the nuclear wave function. The 7D dissociation probabilities’ at the TS,
top, bridge, and hcp sites are quite different from the corresponding 6D probabilities with various
fixed azimuthal angles «, indicating the great importance of the azimuthal angle. Through the
sudden model for the in-plane modes as well as the site-average scheme, it is possible to approxi-
mate the 9D dissociation probability of H,O on Cu(111) by 7D dissociation probabilities for many
impacting sites. Later, Zhang and co-workers® found that excitations in all three vibrational modes
of water have a significant impact on reactivity with the largest enhancement for the asymmetric-
stretching excitation which are consistent with the present work. In 2016, the full dimension
quantum dynamics calculations for H,O/Cu(111) were reported by Zhang and co-workers®, where
the mode specificity was also considered by controlling the initial states as vibrational eigenstate.
These calculations® predicted that the enhancement of the excitation in asymmetric stretch is the

1,7,8

largest which is similar to the reduced dimension results’"° as well as the present results.
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Finally, by their calculations, Zhang and co-workers® also predicted the importance of the lat-
tice effects in dissociation chemisorption of H,O/Cu(111). To consider the lattice effects, the

expansion model for extending the PES has been proposed?>3*#!

the for the surface scattering
of CO/Cu(100). For surface scattering of lighter molecule, such as H,O/Cu(111), the expansion
model is very suitable for considering its lattice effects. Under the expansion model, the surface
atoms is vibrating around the equilibrium position Qy = 0 with small-amplitude. Thus, letting q

and Q be coordinates sets of the molecule and the surface atoms, respectively, the whole potential

energy V(q, Q) can be expanded into a Taylor series,?>4!
Ngrid 3 1 Ngrid 3
V@.2) = V000 + ) ) Vi @Qu+ 5 ) ) Viks(QiaOs + -+
Jj=1 a=1 Jk=1ap=1
1
= V(0,20 + V(@ 2+ 58" VA@) 2+, (18)

where V9 (q, Qo) denotes the potential function with all surface atoms fixed at their equilibrium
positions. The sum in Equation (18) runs only over a selected set of surface atoms, the remaining
surface atoms are still kept fixed at their equilibrium positions. Moreover, the series has to be
truncated after some order, say the second order, keeping the computational effort manageable.
By fitting each derivatives, one can then construct the PES with the coordinates of several surface
atoms. Introducing the surface coordinates in the PES term, the KEO and PES of the clean surface
should be directly added following the expression of Equation (11) of Reference*'. Thus, use of

the expansion model allows us to study the lattice effects which have been planned.

IV. CONCLUSIONS

In this work, full dimensional (9D) quantum dynamics calculations on mode/bond-specific
surface scattering of a water molecule on the Cu(111) rigid surface are performed through the
ML-MCTDH method. The PES was constructed by Zhang and co-workers®® through NN fitting
approach. Then, we derive the KEO by setting the Jacobi coordinates for the BF set of coordinates
and introducing the angular coordinates to describe its relative orientations to the SF set of coor-
dinates. To efficiently perform the 9D ML-MCTDH wavepacket propagation, the PES is further
transferred to the CPD form with the aid of a Monte Carlo based method. Having the KEO and
the PES in CPD, excitation-specific dissociation probabilities of H,O on Cu(111) are computed by

analysis of the propagated wave functions. Then, mode/bond-specific dynamics are demonstrated

15



by comparison with probability computed for ground state. To this end, extensive MCTDH re-
laxations are first performed. From these relaxed eigen-states, the dependence of the dissociation
probability of the initial state of H,O is studied. In this work, by extensive ML-MCTDH prop-
agations, we find that the excitation-specific dissociation probabilities can be divided into three
groups. Moreover, the vibrationally excited states enhance the dissociation reactivity of H,O,
while the rotationally excited states hardly influence it. The present results are consistent with the
previous ones and the methodological framework introduced here opens the way to include the

impact of a movable surface on the dynamics.

SUPPLEMENTARY MATERIAL

See Supplementary Material Documents at http://dx.doi.org/XXX for the definitions of the BF

and SF frames of coordinates and the time-dependent expectation values.
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“ Symbols of EXP, SIN, and HO stand for exponential, sine, and harmonic oscillator DVR, respec-
tively, while symbol FFT denotes fast Fourier transform collocation. Symbol WIGNER denotes a
three-dimension Wigner function as the basis function for angular coordinates 6,, ¢, and «.

b Symbols HO and GAUSS designate the choice of harmonic oscillator eigenfunction and Gaus-
sian function, respectively, as 1D functions in building the guess wave functions for relaxations.
Symbol EIGENF means eigenfunction of a specified potential which, in this work, is the 1D po-
tential along ry setting z is sufficiently large (zp = 6.0 au) as to make the interaction between CO
and Cu(100) negligible. Symbols WIGNER and K denotes associated 3D Wigner function and
body-fixed magnetic quantum number, respectively, to specify the angular functions.

¢ In this cases only the position (that is 1.811 au) and frequency (that is 3945.580cm™") parameters

of the HO DVR are given, and then the ranges of the grids are calculated automatically.
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TABLE II: Numerical details of the present MCCPD calculations**3>, The second column gives
the method used in the present Monte-Carlo sampling. The third column gives the temperature
(kgT in eV) of each kind Metropols sampling. These samplings are distributed according to the
weight w = exp(—V/(kgT)), as given in Equations (12) and (13). The fourth and fifth columns
present the numbers of the sampling points used for the fit and test, respectively. For constructing
the CPD form of the PES, the combined set of sampling points of the distributions given in the
FIT column (the fourth column) are used. The computation of the fitting error is performed for
each temperature distribution individually, as given in the fifth column, the TEST column, where
fit- and test-distributions are independent. The sixth and seventh columns give energy errors (in
meV) between refitted and original potential using text sampling points, including their average

(denoted by MEAN) and root-mean-square (denoted by RMS) values, respectively.

No. Trajectory Testing Error (meV)
Method ksT (eV) FIT TEST MEAN RMS
1 Metropolis 5.0x 107™*  3.0x10° 20x10®  279x10°! 2,63
2 Metropolis 1.0x 1073 3.0x10° 1.0x10®  7.65x10°! 4.82
3 Metropolis 5.0x 1072 25x10° 10x10® -3.86x1072 256
4 Metropolis 5.0x 107!  1.0x10° 7.0x10°  4.11x1072 11.57
5 Metropolis  1.0x 10° 50x10* 1.0x 10 1.87x 107" 25.60
6 Metropolis  2.0x10° 50x10* 1.0x10° 1.94x 107" 28.42
7 Metropolis 4.0 x 10° 5.0 x 104 7.05x 1072 27.99
8 uniform 1.0x10° 1.0x10% -395x 107" 36.87
in total 1.15x 10° 595x10° 1.23x 1073  7.49
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TABLE III: Excitation energies of the water molecule in the first excited ro-vibrational states (all
energies in cm™') of the bond symmetry and asymmetry stretches (denoted by v, and v3,
respectively), the bond bending (denoted by v,). Here, we also given excitation energies for the
vibrational excitations of the O-H bonds (denoted by v, and vs) together with the frustrated
rotations of the Euler angles for yaw, pitch, and roll rotations (associated with «, ¢, and 6,,
respectively, as shown in Figure 1) of the BF coordinates set (denoted by vg, v7, and vg,
respectively). These vibrational eigen-states will be the initial states of the concequence
ML-MCTDH propagations. In these eigen-states the COM of the water molecule is located at

Zo = 6.0 au and hence the excitation energies of the frustrated rotations are very small. The first
and second columns give the vibrational modes and corresponding symbols. The third column
present the present 9D MCTDH relaxation results at zop = 6.0 au. For comparison, the previously
reported excitation energies for the H,O/Cu(111) system are also given in the fourth, fifth, and
sixth columns. Excitation energies of the water molecule in the gae phase are also given in the
other columns for comparison, where the electron structure calculations are performed by various

methods in conjugation with the aug-cc-pVTZ basis set.

Excitation Energies ¢ (in cm™') Excitation Energies of H,O (in cm™h)

Mode Symbol MCTDH? Zhangetal. © Guoetal ¢ B3LYP? MP2” CCSD(T)” Expt. ¢
symmetry stretch v 3520 3517 3437 3796 3822 3832 3802
bond bending V) — 1545 1537 1627 1628 1646 1615
asymmetry stretch v3 3624 3614 3526 3899 3948 3942 3694
O-H stretch V4 3218

O-H stretch Vs 3217

yaw (@) rotation V6 0.5

pitch (¢) rotation  v7 4.2

roll (6,) rotation Vg 25.4
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“ These columns give excitation energies for the H,O/Cu(111) system with zo = 6.0 au.

b This work.

¢ Results computed by Zhang and co-workers® and Guo and co-workers'.

¢ See also Reference™®.

¢ In this work, the bond angle 6, was transferred to u; = cos 6, and thus the excitation of v, will

not be considered.
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FIGURE CAPTIONS

Figure 1: The schematic diagram of the body-fixed (BF) coordinates set of the water molecule,
where 7| is the vector from the O atom to the first H atom, 7, the vector from the center of mass
(COM) of OH, Gopy, to the second H atom, 6; € [0, n] the angle between the 7 and 7 vectors.
The z axis of the BF frame, zBF, is parallel to 7. The (xBF, zB) half plan with z > 0 is determined
such that 7| is parallel to this half plan. The origin of the BF frame is, in principle, the COM of
the water molecule but the origin of the frame has no impact on the definition of the angles and

distances.

Figure 2: The schematic diagram of the space-fixed (SF) coordinates set of the water molecule,
where the axes of the SF frame are parallel to the laboratory-fixed (LF) frame. The origin of the
SF frame is the COM of the water molecule, where 6, € [0, 7] and ¢ € [0, 27) are the spherical
coordinates of 7 in the SF frame. The H’ atom is the projection of the top of 7 onto the (x5, ySF)

plan.

Figure 3: The ML-MCTDH wavefunction structure (ML-tree structure) for the 9D quantum dy-
namcis of the surface scattering of H,O on the Cu(111) surface, where H,O collides on Cu(111)
and then reflects back or dissociates to the H and OH fragments. The maxima depth of the ML-
tree is five layers and the first layer separates the three coordinates of the H,O COM from the
coordinates of the inner motions of H,O. The number of SPFs for each layer are also given. The
numbers of primitive basis sets to represent SPFs of the deepest layer are given next to the lines

connecting with the squares (see also Table I).

Figure 4: The reduced densities of the 2D wave functions on the r-r, plane, together with the con-
tour plots of the PES. The left and right panels give those for the symmetry and asymmetry stretch
modes, respectively. These wave functions are used as initial wave functions in 9D ML-MCTDH
calculations for mode-specific dynamics of H,O/Cu(111). The energies of these vibrational states

can be found in Table III.

Figure 5: Same as Figure 4, except for the states of O-H bond excitation-specific modes. The
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left and right panels give reduced densities of the 2D wave functions on the z-r; and z-r, planes,
respectively, together with the contour plots of the PES. These eigen-states are used as initial wave
functions in 9D ML-MCTDH calculations for bond excitation-specific dynamics of H,O/Cu(111).

The energies of these vibrational states can be found in Table III.

Figure 6: Dissociative sticking probabilities versus collision energy (in eV) computed for the
9D model with rigid surface atoms. The black, red, and blue lines represent the dissociation
probabilities when the water molecule is initially in the ground state (denoted by “GS”), symmetry
excited state (denoted by “symm. mode”), and asymmetry excited state (denoted by “asymm.
mode”). The green and yellow lines represent those where the water molecule is in the excited
states associated with the r; and r, coordinates, which are denoted by “rl excitation” and “r2
excitation”, respectively. The brown, purple, and crimson lines represent those where the water

molecule is in the excited states associated with the angular coordinates.

Figure 7: Comparsion of the time-dependent expectation values of the total energy of the water
molecule from the 9D model, that is (E(¢)) = (¥Y(¢)|H|'P(¢)), where H is the Hamiltonian operator
of the H,O/Cu(111) system. The colored lines represent the results computed by various excited
states and are illustrated by the same color scheme as in Figure 6. Here, the propagation time is

cut at 450 fs.
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(b) The SF frame in the present work
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FIG. 3: wat-Cul 11, MCCPD, ML-MCTDH
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FIG. 4: wat-Culll, MCCPD, ML-MCTDH
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FIG. 5: wat-Culll, MCCPD, ML-MCTDH

33




0.01
GS

symm. mode
asymm. mode

£ i rl excitation

'-50.001 r2 excitation

2 theta2 excitation E
2 = alpha excitation ]
A . oy e ]
20 === phi excitation -
g ]
=

3.0001 -
o 3
2 ]
= -
= ]
1%

S ]
2

=)

1e-05

0 0.05 0.1 0.15 0.2

Kinetic Energy (eV)
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