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A theoretical model is presented to examine recently reported steric effects in elemtismrbate interactions.

The model is based on a short-lived anionic excited state formed by vertical photoelectron transition. An
initial wave packet propagates on the excited-state potential and is quenched back to the ground state after
a short residence time. The acquired momentum is the origin for desorption and dissociation. It is shown by
quantum time-dependent modeling of the process that the orientation of the molecule has a profound effect
on the kinematics of the photodesorption. The Br-up configuration is calculated to have a much larger desorption
cross section. It is predicted that the adsorbed molecule tilt angle with respect to the surface normal is larger
for the Br-up configuration.

I. Introduction theoretical framework of desorption induced by electronic

Steric effect in chemical dynamics is a well-studied subjéct. transition (DIET) is, therefore, common to all processes induced
Recently, a steric effect in desorption induced by electronic by electron attachment. The steric effects observed in the CH
transition (DIET) of a methyl bromide molecule, GBt, on a Br/O/Ru(001) system can, therefore, be attributed to either the
partially oxidized Ru(001) surface was reporfethe position process of electron attachment or the ensued nuclear dynamics.
of the Br atom pointing either toward the surface or to the gas 10 evaluate the relative importance of the reported steric
phase was controlled electrostatically by the coverage of effect of desorption and dissociation, the energy of the attaching
preadsorbed oxygen on a Ru(001) surface. Once a configuratiorelectron has to be estimated. The photoinduced experiments
of adsorbed ChBr was stabilized, desorption or dissociation Were performed with photon energies of 5 and 6.4 eV. Taking
was induced either with photons or by |OW_energy electrons. into consideration the effective work function and the stabiliza-
The orientation of the molecule was found to have a profound tion of the negative molecular ion due to its image charge within
influence on the outcome of the reaction. The Br pointing up the metal, the energy of the attaching electron was estimated to
had a larger photoinduced desorption rate as compared to the?€ in the range of-1 to 3 eV. The electron energy of the direct
Br pointing down. When electrons were used, this effect was €lectron induced experiment was in the range of 10 eV;
reversed. The present paper is a theoretical investigation intotherefore, the difference in the electron energy between the two
the origins of this steric effect. experiments is~8 eV.

When a photon is absorbed by a metal covered by adsorbates, In the theory of electron attachment, the first step is attributed
the prominent process converts the photon energy to productionto an empty unoccupied orbital of the molecule. The first
of electron-hole pairs. The secondary electrons from this available electronic orbital is the lowest unoccupied molecular
process then attach to the adsorbed molecules creating a shortorbital (LUMO). Calculations for CkBr in the gas phase show
lived molecular ion. In most cases, the attached electron becomeghat the energy of this orbital is 2.1 évThe LUMO orbital
quenched back to the metal within a time scale of less than has its nodal planes perpendicular to the molecular axis with
~10 fsec. A competing minority channel is dissociative electron almost equal terminal lobes on the Br and {ditles. Higher
attachment (DEA). Other experiments with sources of low- €nergy electrons may attach to unoccupied molecular orbitals
energy electrons show analogous dynamics induced by electrorith different symmetry. The next unoccupied orbitals are
attachment:5 Similar effects are observed by slow electrons centered on the methyl group. Measurements of total cross
from above or induced by the tunneling current from an STM section for electron scattering from GBf in the gas phase
tip.67 Once a molecular ion is formed, it becomes attracted to identify a small peak at-2 eV attributed to the LUMG.In
the surface as a result of image forces. As a result, the moleculeaddition, a broad resonance-at0 eV is observed for C¥Br
accelerates toward the metal surface, thus increasing theas well as for CHCI and CH.
momentum along the molecule surface coordinate. Quenching Experimentally, the orientation of methyl bromide on an
of the attached electron gates the excited state nuclear dynamicsO/Ru(001) surface was controlled by varying the amount of
Finally, the continued evolution on the ground electronic surface adsorbed oxygeh.The presence of the oxygen changes the
determines the outcome of the photoinduced process. Thesurface charge distribution and, thus, the work function of the
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overall system. The outcome of this change is that the orientation(e.gzs; > zch,), the surface-molecule interaction is given by

of the CH;Br flips at the second layérThe CHBr adsorption

geometry at low oxygen coverage (0.35 ML), is such that the Vg, oy, (r, Z) = Dyl 220 — pg-rlzens 2]

bromine side is pointing upward, away from the surface, while ° 2

at high oxygen coverage (0.65 ML), the bromine is pointing

down toward the surface. The two adsorption configurations Whereas for the Br-down configuratiozs( < zcw,), the potential

will be denoted as Br-up and Br-down configurations, respec- becomes

tively. In the photon-induced experiment, the cross section for

Br-up desorption is three times larger than for Br-ddihe Veu-chgdlr 2) = Dye 2 Ziown) _ pg-allerZiom] (3)

cross sections for electron-induced desorption shows a slightly

greater probability of desorption for Br-down configuration than The equilibrium distance between the surface and the two

for the Br-up (electrons from the vacuum side). fragments differs, since the van der Waals radii of the bromine
The model of the process is based on partitioning the total is greater than the one of the methyl fragment. The explicit

cross section to the product of the electron attachment and theexpressions become

MGR-DIET dynamics, for example; &~ ocafPquenck’ The model

of the electron attachment will not be considered explicitly. The Ziown = Ze

present study focuses on the steric effects in the nuclear

dynamics. The model follows the MGR schefh€ combined (Mg, — M)l

with the Gadzuk jumping wave packet approdék The Zﬁpz Ze—l—T -7, (4)

probability of desorption is given as an average over all the

possible residence times of the anionic state. The same set of parameters {@g, ar, Ze} is used for the

Il Model pote_ntial energy surfaces associated with both adsorption
) configurations. The paramet&s has been chosen such that the
The desorption dynamics of GBr on the O/Ru(001) surface  binding energy between the surface and the molecule reproduces

is simulated by a two-dimensional model including two diabatic the experimental value of 0.34 eV for the two adsorption

potential energy surfaces (PES). This model is based on a flatconfigurations.

surface approximation; hence, the interaction between the The intramolecular potential is also represented by a Morse

molecule and the surface is translationally invariant along the potential,

surface and rotationally invariant around the surface normal.

The orientation of the axis of the molecule is chosen perpen- V(1) = Dy, [e" 21 — pg-om(T=re] (5)

dicular to the surface. Furthermore, all degrees of freedom

involving the internal motion of Cklare frozen. The two degrees The parameters used for the equilibrium distance and the

of freedom that are selected for explicit description are the dissociation energy of methyl bromide are given in ref 17. The

intramolecular distance between the bromine and the methyl parametergy, has been adjusted to fit the vibrational frequency

(r) and the molecular center of mass distance relative to the of methyl bromide of 75.8 meV8

surface Z). The total mass and the reduced mass are denoted B. The Anionic State Potential. The electronic excited

here byM andu. The process is described by two electronic potential energy surface describes the anionic adsorbate interact-

states: the ground statéy, and a single anionic excited state, ing with the O/Ru(001) surface. The following functional form

Ve. The ground state describes the interaction of the neutral is used.

adsorbate with the O/Ru(001) surface. The anionic state

represents the anionic adsorbate interacting with the substrateVe(r': 2) = Ve cngdls 2) + Vopg- (1) —

The two potential energy surfaces are based on semiempirical EA+¢+ V. (2) (6)
model potentials. "

A. The Electronic Ground-State Potential. The ground-  The electron affinity of the methyl bromide is denoted EA, and
state potential represents a strongs€Br bond and a much  he work function of the Ru(001) surface is denotedgbirhe
weaker CHBr-surface bond. work function of a bare surface is used in the present study.

This value was estimated from DFT calculatirt should be
V(1 2) = Vey-cngr 2 + Vepgedr) (1) noted that no explicit description of the oxygen layer is used in
the model. As the oxygen is absorbed onto the surface, the work
The same functional form is used to descriggfor the two function changes, leading to the anionic excited potential energy

different configurations, reflecting the fact that the binding surface’s being shifted relative to the ground-state surface.
energies for the two adsorption geometries on the O/Ru(001) For the intramolecular potential energy describing the charged
surface are known experimentally to be almost identical. molecule, an exponential repulsive potential is used.
Furthermore, the binding energies of both the methyl fragment PR

and the bromine fragments on various surfaces are nearly Vensr- (1) = B o1 ()
identical’*16 The potentials are constructed such that the

interaction between the surface and the molecule is dominatedThis functional form has been used for modeling of dissociative
by the binding of the fragment closest to the surface. A modified electron attachment of methyl bromide studied in the gas
Morse potential form is used. The locations of the bromine atom phase?®2! The parametersBion and Sion, can be fitted to
and the methyl fragment are related to the two degrees of reproduce the excitation energy observed in the experiment.

freedom by the following relationgs, = Z — Crep,t/M and The surface molecule interaction for the anionic state is
Zcw, = Z + Cmg /M, respectively. The functiorC, depends described by a sum of a covalent binding chosen to be the same
on the molecular orientation, and it takes the values 1 for as for the ground state, together with a Coulomb interaction.

Br-down andC = —1 for Br-up. For the Br-up configuration  Assuming the charge is located mainly on the bromine atom
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TABLE 1: Parameters for the Potential Energy Surfaces

Jargensen et al.

TABLE 2: Computational Parameters?

Du =3.078 eV aw =1.703 A1 re=1.933A
Bion = 2.25 eV Bion=5A"1 EA=3.37eV
Dr=0.35eV ar=18A1 Ze=23A
Zo=05A Zm=05A ¢=5.27eV

(located at the center of mass), the image potential contribution
to the excited-state potential energy is

1

Vim(z) = 4(Z — Z|m)

®)

The parameters used to describe the potential energy surfacesno. of quantum trajectories

for the ground and anionic electronic state are summarized in
Table 1.

Ill. Dynamics

A. The Jumping Wave Packet Approach.The dynamics
of the desorption process of methyl bromide from the O/Ru-
(001) surface is modeled by the “jumping wave packet method”,
first suggested by Gadzuk!3The initial wave function¥ (Z,

time step on the ground-state surface ot; 5fs
time step on the anionic surface oty 1fs
propagation time tr 2ns (5ns)
no. of Chebychev polynomial noch 100/220
Z-grid start Zonin 4a (La)
Z-grid spacing AZ 0.023(0.04a)
no. of Z-grid points Nz 2048 (1024)
r-grid start I min 1a
r-grid spacing Ar 0.025a (0.05a)
no. ofr-grid points Ny 512 (1024)
desorption dividing flux line Zes 15a
dissociation dividing flux line I dis 15a

Nt 32
residence time start TR, min 0.5fs
residence time spacing Atr 0.5fs

a|f two values are given, the first is for the Br-up configuration,
whereas the second is for the Br-down configuratfoor the anionic
and ground state propagation, respectively.

trajectory ists. It should be noted that the exponential weighting
in the jumping wave packet approach is equivalent to a
coordinate-independent quenching in the open-system density

r), is chosen as the lowest eigenstate of the two-dimensionalmatrix approach.
electronic ground-state PES. This eigenstate represents a bound The probability of the molecule’s escaping to the gas phase

methyl bromide molecule. In the next step, a Fran€ondon
excitation occurs at time= 0. The initial wave packet is excited
vertically to the anionic state. During the electronic transition,

is obtained via a flux-resolved analysis carried out at an
asymptotic value oZ = Z4es The probability for desorption
becomes the total accumulated desorbing flux.

the nuclear degrees of freedom are unchanged. It is important

to stress that the electron attachment process is not treated

explicitly in this “jumping wave packet approach”. On the
excited state, the wave packet evolves according to the Hamil-
tonian of the anionic state. After a residence timg, the

evolved wave packet is quenched back to the ground state by

a vertical Franck Condon transition. Finally, the wave packet

propagates on the ground-state surface, where it can desorb as
a molecule, dissociate, or remain trapped/bound on the O/Ru-
(001) surface. This sequence constitutes one “quantum trajec-

tory”. At this time, the Hamiltonians corresponding to the ground

Ni

Paedlr; 7R) = ) Jaedlis Tr) (13)
=
The flux current,J, is
Joedlis TR) =
flm Jdr WH(Zgeg 1yt tR)W z—zdes] (14)

and excited states are uncoupled. The wave function at the finalWhere the derivative is evaluated by a Fourier transfariis

time t; > g is written explicitly (using atomic units) as

W(Z, 1, t; 1) = e Ml R IRy (7 1) (9)

where the Hamiltonian operators of the system are given by

1 9

2u pr?

The expectation valueA(t;; r) of an operatorA, of a single
guantum trajectory becomes

+Vir,2) i={e g} (10)

A(t;; 7o) = [W(t; 1) |A] W(t; 1) (11)
The mean quenching raté,= 771, is the inverse of the mean
lifetime of the anionic stater. The expectation values are
computed by averaging over a large number of quantum

the time step in the time propagation of the wave packet after
the quenching process. The yield of desorption includes both
molecules and the molecular fragments after dissociation.

B. Computational Details. The wave function is propagated
on a two-dimensionak( 2)-grid using the Chebychev propaga-
tion methock? To prevent transmission and reflection of the
wave function at largeZ (and r), a complex exponential
absorbing potential is used at the bounda#f&$:?> The
magnitude of the various parameters are summarized in Table
2. The dynamics corresponding to the two configurations is quite
different; therefore, different grid settings are used for the two
adsorption geometries. The simulation time to reach the de-
sorption line for Br-down is larger than for the Br-up; therefore,
longer propagation time is required for Br-down configuration.

IV. Results and Discussion

A. Initial State. The initial state of the process represents a

trajectories weighted according to the residence times and themethyl bromide chemisorbed on the O/Ru(001) surface. The

mean lifetime .

o0 TR
S oAt 7R) ex - drg
o0 TR
Js exﬂ(?) U

An equally spaced grid dfl; residence times in an intervaij,
Tr4 Is used for sampling. The time period of each quantum

AL )= (12)

lowest eigenstate of the two-dimensional ground-state potential
is chosen to describe the initial state. This state is computed by
using imaginary time propagatiéf.The energy of the lowest
eigenstate is—3.38 eV for both the Br-up and Br-down
configurations. The binding energy between the molecule and
the surface was calculated to b®.34 eV. The wave function

of the lowest eigenstate serves as the initial wave packet for
the “jumping wave packet approach” and is shown for the two
configurations in Figure 1.
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Figure 1. The upper panels show the dynamics of Br-up configuration, Figure 2. The left column shows the wave packets for the two
whereas the lower panels demonstrate the dynamics of the Br-downconfigurations at timé = 102 fs, in the right column at =202 fs.
configuration. In the first column, the initial wave packet for both TOP panels correspond to Br-up, bottom panels to Br-down. Further
configurations is showrt & 0 fs). The second column shows the wave ~details are given in Figure 1.

packet at a residence times = 2 fs. The potential energy surfaces of
the ground and the anionic states are displayed by black and blue
contours, respectively. For the ground state, the contours are given for
{—3.5,-3.25,—3, -2, -1, 0, 1, 2, 3, 4, b eV and{0, 1, 2, 3, 4, §

eV for the anionic state.

B. Dynamics on the Anionic StateThe initial wave packet
is excited to the anionic electronic state through a Franck
Condon transition. The excitation energy becomes

Z in Angstrom
o [=2] =~ (=]
g O N o O

Eex = [WolH | Woll— [WoH WU (15) 35 3.5
£
For the Br-up configuration, the excitation energy is calculated % 3 3 .
to be 6.34 eV, whereas for the Br-down configuration, itis 5.61 25 5 25 '
eV. The excitation energy differs because the stabilization of ﬁ
the anion upon excitation depends on the adsorption geometry~N 2 2 h \/f:
Upon excitation, the molecule finds itself on the strongly

repulsive part of the excited potential energy surface. The initial 15 2 25 3 35 15 2 25 3 35
movement of the wave packet on the anionic surface can be rin Angstrom rin Angstrom
understood by analyzing the gradient of the potential energy. Figure 3. Same as Figure 1, left column for= 302 fs and right
The gradient at the FranelCondon point of the excited  column fort = 502 fs.
potential energy surface with respect to the intramolecular degree
of freedom, &//dr, is negative for both adsorption configura- and 3 demonstrate the dynamics for the two configurations for
tions. This implies that the wave packet moves to largéor a time sequence with the residence time of 2 fs. For the Br-up
example, the intramolecular bond length between the bromide configuration, the methyl fragment bounces back and forth
and the methyl fragment increases. The gradient of the potentialbetween the bromine atom and the surface since the movement
with respect to the molecular motionVgdz, is positive for of the bromide is very slow because of its large mass relative
Br-down configuration and negative for the Br-up configuration. to that of the methyl fragment. This motion of the methyl
Since the center of mass is located almost on the bromine atom fragment has been termed the chattering effect. It was also
the bromine moves close to the surface for the Br-down observed for ChBr on a LiF(001) surfacé’2° For the Br-
configuration, whereas in the Br-up configuration, the bromine down configuration, the intramolecular distance increases as a
moves farther away from the surface. The magnitude of the function of the residence time and will eventually scatter back
gradient with respect to center of mass motion is much smaller if the molecules do not gain enough energy to dissociate.
than the one corresponding to the intramolecular degree of Analysis of the wave packet dynamics can indicate the
freedom. The difference is about a factor of 5; therefore, the adsorbate dissociation probability. The flux of desorbing
intramolecular motion dominates the dynamics of the wave molecules and fragments (methyl and bromide) has been
packet immediately after the electronic excitation. Hence, energy computed by eq 3.1 as a function of the residence tim&he
is transferred into the intramolecular vibrational mode. flux dividing line does not distinguish between molecules and
C. Desorption.After a specified residence time on the excited dissociated fragments. To differentiate the two processes, a state-
state, the wave packet is quenched back to the ground state. Asesolved flux calculation is required in which the fluxes for all
the wave packet returns to the ground state, the two configura-the vibrational states are computed. The accumulated flux of
tions show a very different dynamical behavior. Figures 1, 2, desorbing molecules for the two configurations is shown in
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Figure 5. The weighted probability of desorption as a function of the
mean lifetimeg, of the anionic state. The probability for desorption of a

Br-down has been scaled by a factor of 10.

Figure 4. The Br-up configuration shows a much faster increase

of the desorption probability when the residence time is

increased. _
The yield of the desorbing molecules as a function of the HOMO CH3Br

mean lifetime on the anionic state can be found by averaging Figure 7. (a) The highest occupied molecular orbital, HOMO, of the

over all the different residence times by using eq 3.1. The molecular ion CHBr-. (b) The lowest unoccupied molecular orbital,

robability of desorption as a function of the mean lifetime on LUMO, of CHsBr and (c) the next unoccupied molecular orbital, LUMO
tphe anion}i/c state ispshown in Figure 5 + 1, of CHsBr. Calculation done at the MP2(full)/cc-pVDZ level. The

. . . . two next unoccupied molecular orbitals are almost degenerate with
The higher yield observed for the Br-up configuration is due | ymo + 1 and are also located on the methyl fragment.

to the larger momentum gain in both degrees of freedom on

the anionic state. In the Br-down configuration, momentum is 10 fs. The probability of dissociation for the two adsorption
primarily gained in the intramolecular degree of freedom. When configurations is almost the same.

the wave packet is quenched, it finds itself almost in the same D. Comparison with Experiment: Photon- vs Electron-

Z position, as compared to its location prior to the excitation. Induced Desorption. Electron attachment is the governing
Thus, it did not gain the necessary momentum to desorb. Thisfactor in the dynamics of photon- or electron-induced desorption
observation, together with no chattering effect, explains why of adsorbates on surfaces. In the case of theBZ/D/Ru(001)

the dissociation yield for Br-down is greater than for desorption system, rupture of the €Br bond is an additional channel. For
yield. The probability of dissociation was computed from the reactions induced by photoelectrons, the energy range is such
accumulating flux at = 15ay. The probabilities of dissociation  that the electron attachment is through the LUMO orbital. In
are given as a function of the mean lifetime in Figure 6. The CHsBr, the LUMO orbital has its nodal planes perpendicular
dissociated molecule leaves behind the fragment closest to theto the molecular axis with almost equal terminal lobes on the
surface attached to it. For the Br-down configuration, this ratio Br and CH sides® As a result, both sides of the molecule seem
is decreased to 2:1. The dissociation is a minority channel equally favorable for this attachment (cf. Figure 7). If the
relative to desorption for Br-up. In the Br-up configuration, a molecule adsorbs perpendicular to the surface, then no steric
typical ratio of 1:17 is calculated for a mean residence time of effect is expected for electron attachment for the domikant
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0 electron momentum direction. In the presented model calcula- of the available energ$: 33 The tilt motion, however, can be
tions, a steric effect was found in the nuclear dynamics of the more important if the electron attachment of the molecule will
MGR process, reminiscent of the heavight—heavy gas-phase = move toward a perpendicular orientation and, thus, will shorten
reaction dynamic$23° The calculated steric factor due to the the excited-state mean lifetime. To explore these effects, a much
kinematic effect is 40:1 for an excited state means a lifetime of more elaborate electronic structure and 4-D molecular dynamical
10 fs. The experimental steric effect, however, is only 3:1. A calculations are required.
possible explanation would be that the mean lifetime of the Br-  Direct excitation by a free electron from the vacuum side at
down is significantly longer than that of the reversed orientation an energy of 10 eV shows a reverse steric effect. In this case,
(a ratio of ~10:1 may lead to the experimental value). The the electron attachment mechanism can have a large bias toward
guenching rate which determines the mean lifetime should be the methyl side. This can balance the steric effect due to the
sensitive to the shape of the HOMO orbital of the4BH . This nuclear dynamics in accordance with the experiment.
orbital also has equal lobes at each side, therefore, excluding a
significant steric effect in the quenching event (cf. Figure 7).  Acknowledgment. We thank Prof. Lorenz Cederbaum for
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