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Understanding Surface Photochemistry from First Principles: The Case of CO-NiO(100)
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The excitation mechanism in the CO-NiO(100) system induced by a uv-laser pulse has been inves-
tigated from first principles. For the laser-driven process, the relevant electronically excited states are
identified, and it is shown that a transition within the CO molecule is the crucial excitation step rather than
substrate mediated processes. A new mechanism is proposed, in which the formation of a genuine C-Ni
bond in the excited state is the driving force for photodesorption rather than electrostatic interactions, as
has been found in similar systems. This results in very high velocities of CO molecules desorbing from the

NiO(100) surface after electronic relaxation.
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A detailed mechanistic understanding of surface photo-
chemistry is of fundamental interest in photocatalysis,
quantum control of chemical reactions on surfaces, or solar
energy conversion. For this reason, the study of photo-
induced processes and excited state properties of adsorbate
substrate systems is crucial for advancement in these re-
search fields. Experimentally, the intrinsic complexity of
this task can be reduced by considering the simplest photo-
chemical reaction on surfaces, i.e., laser-induced desorp-
tion. Although a vast amount of experimental data for
photodesorption processes of various adsorbate substrate
systems has been obtained in the past decade, most experi-
mental studies suffer from the lack of sufficient theoretical
support due to the exceedingly difficult task of an accurate
calculation of electronic excitations on surfaces. As a
consequence, experimental data are sparsely understood
concerning the atomistic mechanism of photodesorption.
To our knowledge, only a few theoretical studies were
pursued up to a level of sophistication which allows for a
detailed understanding of experimental results, even con-
taining a predictive character. In these studies, photode-
sorption of diatomic molecules such as CO, NO, and O,
from substrates such as NiO(100), Cr,05;(0001), and
TiO,(110) have been investigated using quantum chemical
embedded cluster calculations and wave packet simula-
tions [1-5]. In fact, electrostatic interactions were found
to be the driving force for all systems under investigation,
either due to a charge transfer between adsorbate and
substrate [NO-NiO(100) [1]; O,-TiO, [5]] or due to the
interaction of electric multipole moments with the field
gradient above the ionic surface [CO-Cr,05(0001) [2]].
This is in contrast to the CO-NiO(100) system investigated
here, where the formation of a genuine C-Ni bond turns out
to be the driving force for the dynamics of CO molecules
on the NiO(100) surface.

In the laser-induced desorption experiment, an epitax-
ially grown film of NiO(100) on Ni(100) has been used.
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Since the bonding of CO to NiO(100) is very local (for a
detailed discussion, see, for example, Ref. [6]), a
NiOsMgl8* cluster embedded in a field of 2906 point
charges (PCF) has been used as an approximation for the
NiO(100) film. The geometry of the cluster model corre-
sponds to the ideal rocksalt structure of bulk NiO with a
lattice constant of 4.176 A [7] (see Fig. 1). All complete
active space self-consistent field (CASSCF) and second-
order complete active space perturbation theory (CASPT?2)
calculations were performed using the MOLCAS package of
programs [8]. Details on the basis set used for the quantum
chemical calculations can be found in Ref. [9].

Using this model, the geometry of the CO-NiOsMgl§*
adsorbate substrate complex was optimized at the CASPT2
level, keeping the cluster coordinates frozen. The active
space of the CASSCEF calculations included the 34 and

FIG. 1. Minimum energy geometry of CO on the NiOsMg|3*

cluster in the ground state. The point charge field used is not
shown.
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3d,>_ > orbitals of the Ni atom and two active electrons in
high spin configuration. In the CASPT?2 calculations, the
Ni s, 2sp, and 3sp, the Mg 1s and 2sp, the O 1s, and the
C 1s orbitals were excluded from the correlation space.

In the minimum energy geometry, the CO molecule is
located atop the central Ni atom (see Fig. 1). The CO axis
is parallel to the surface normal with a C-O bond length of
1.14 A, in good agreement with the experimentally mea-
sured value of 1.15 A [10]. The C-Ni distance is 2.15 A
which slightly overestimates the experimental finding of
2.07 A [10] by 0.08 A, indicating a somewhat weaker C-Ni
bond strength than experimentally observed.

The adsorption energy was then calculated at the
CASSCF and CASPT?2 level. The results are summarized
in Table I. At the CASSCEF level, the CO-cluster interac-
tion, which is almost entirely electrostatic in nature with
very small covalent bonding contributions [11], is clearly
repulsive (0.29 eV), where the BSSE (basis set superposi-
tion error) has been corrected by the counterpoise approach
as proposed by Boys and Bernardi [12]. The corresponding
adsorption energy at the CASPT2 level is —0.10 eV, un-
derestimating the experimental observation of —0.30 eV
[13] by 0.20 eV. These results are in good agreement with a
recent study of Pacchioni et al. [6], in which the adsorption
energy has been studied using both the CASPT2 method
and density functional theory (DFT). In this study,
Pacchioni et al. pointed out that the DFT results of a cluster
model compared to periodic slab calculations give virtually
the same adsorption energy with a difference of only
0.02 eV, which led to the conclusion that a cluster model
properly describes the NiO(100) surface concerning local
bonding effects. Thus, we pursue a local cluster approach
for a reliable calculation of excited states as well.

Redlich et al. proposed a transition within the CO ad-
sorbate, which corresponds to a 50 — 27*(a’II) transi-
tion in the CO molecule in gas phase, as the crucial
excitation step in laser-induced desorption [14]. This is in
contrast to the NO-NiO(100) system, where a charge trans-
fer state, resulting in an NO™-NiO* species, is the decisive
excited state [1] in similar photoinduced desorption experi-
ments [15,16]. To verify whether a 50 — 27*(a’II)-like
transition is of important relevance, initially the excitation
energies of gas phase CO in the ground state X 'S to the
A'II and a>II excited states were calculated using the
CASSCF and CASPT?2 methods with two different active
spaces (see Table II) to estimate the accuracy of these
methods for this system. In the CASPT?2 calculations, the
1s and 2s orbitals of O and C were not correlated. The bond

length of Rcg = 1.128 A corresponds to the experimental
value for gas phase CO.

The CASSCF(10, 8) calculations included all valence
electrons and orbitals of the CO molecule in the active
space, whereas in the CASSCF(2, 3) the size of the active
space was reduced, now containing only the 50 and the
27" antibonding orbitals and two active electrons. Using
the CAS(10, 8) active space, the excitation energy at the
CASPT?2 level from the ground state to the A ITT state,
which is the lowest dipole-allowed electronic transition, is
8.38 eV. This is in good agreement with experiment
(8.51 eV). The excitation energy to the a*II state, which
is the lowest electronically excited state, is 6.03 eV, also in
good agreement with the experimental finding of 6.32 eV
[17].

The CAS(2, 3) active space yields an excitation energy
at the CASPT?2 level to the A I state of 8.22 eV, whereas
the excitation energy to the a>II state yields 6.02 eV. Al-
though a minimal active space has been used in these
calculations, the experimental excitation energies are
underestimated by only 0.29 and 0.30 eV. This result has
importance for the CO-cluster calculations, since only a
limited set of active orbitals can be used due to the size of
the system.

The corresponding values at the CASSCF level show
discrepancies up to 1.1 eV and, therefore, are not accurate
in predicting correct excitation energies for CO molecules
in gas phase.

To elucidate if a 50 — 27*-like excitation within the
CO-NiO(100) adsorbate substrate complex is in the range
of the laser pulse energy of 4.66 eV used in the experiment,
several excited states were calculated at the CASPT?2 level
for the CO-NiOsMgl§" /PCF system. The active space in
the CASSCF calculations included the 3d > and 3d,.
orbitals of the Ni atom and the 5o and the two 27"
antibonding orbitals of the C atom and 4 active electrons.
For consistency, also the X*B; ground state was calculated
using the same active space. In the CASPT?2 calculations,
the Ni 1s, 2sp, and 3sp, the Mg 1s and 2sp, the O 1s, and
the C 1s orbitals were not correlated.

Table I1I illustrates that the excitation energy to the &@°E
state is 6.18 eV at the CASPT2 level, similar to the
X1'3*% — @311 excitation energy for gas phase CO (see
Table II), which points out that the CO-cluster interaction
is very weak in this case.

TABLE II. Vertical excitation energies relative to ground state
X!'3* CO (R, =1.128 A).

TABLE 1.  Adsorption energy of CO on the NiOsMgl§* /PCF .
cluster; in parentheses are values without BSSE correction. Excitation energy (eV)

CAS(10, 8) CAS(2,3)
Method Adsorption energy (eV) State  CASSCF CASPT2 CASSCF CASPT2 Experiment®
CASSCF(2, 2) 0.29 (0.21) AT 9.62 8.38 9.52 822 8.51
CASPT2 —0.10 (—0.40) a’ll 697 6.03 6.36 6.02 6.32
Experiment —0.30

“Reference [17].
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TABLE III.  Vertical excitation energies on CASPT2 level
from a CAS(4,5) reference relative to ground state X°B,
CO-NiOsMg!8* /PCF.

Excitation energy (eV)

State CASPT2
&E 6.18
AE 4.54
a'E 434

The vertical excitation energies to the @'E and A’E
states are 4.34 and 4.54 eV at the CASPT?2 level, respec-
tively. Taking into account that the corresponding values
for gas phase CO underestimate the experimental findings
by about 0.3 eV, these results are in excellent agreement
with the laser pulse energy of 4.66 eV used in the experi-
ment, indicating that these excited states are of particular
importance in the CO-cluster excitation.

Figure 2 illustrates the active natural molecular orbitals
(MOs) of the A*E state for the CO-NiOsMg!$* /PCF sys-
tem in the minimum energy geometry of the ground state.
The MOs of the a'E and @E state differ only in the
occupation numbers of the natural orbitals and are there-
fore not shown. The top left MO consists basically of a
positive linear combination of the 5o orbital of the CO
molecule and the 3d. orbital of the Ni atom, with an
orbital occupation number of 1.51. The MO at the top
middle represents the corresponding negative linear com-
bination of these orbitals with an orbital occupation num-
ber of 0.49. The MOs at the top right and the bottom
represent the 3d,>_,» and 277" orbitals of the Ni atom and
CO molecule with orbital occupation numbers of 1.0 and
0.5, respectively. Because of spin pairing, a covalent C-Ni

(%]
e (0.50)

bond is formed, which leads to an orbital occupation
number of 1.51 in the first MO. Consequently, the energy
of the system is reduced compared to the @ E state, result-
ing in a decrease in the excitation energy by about 1.6—
4.54 eV.

In order to provide an insight into the dynamics of the
desorption process, the potential energy curves of all rele-
vant states were calculated and are illustrated in Fig. 3. The
surface distance Z represents the distance between the
center of mass of the CO molecule and the surface of the
NiOsMgl8* cluster. The C-O bond length was kept fixed at
Rco = 1.143 A. The @ F state is clearly repulsive due to
the nonexistent spin pairing in the 5o — 3d.-like MO.
Because of the fixed CO bond length, the excitation energy
of 5.81 eV in the asymptotic region is decreased compared
to gas phase CO. In contrast to the @°E and the ground
state, which is almost entirely electrostatic in nature, the
a'E and A3E excited states show pronounced attractive
potential energy curves with a bond strength of about
2.1 eV, due to the formation of a covalent C-Ni bond.
The large gradient at the Franck-Condon point of these
potential energy curves suggests an Antoniewicz-like [18]
mechanism for the laser-induced dynamics of the CO
molecules. According to this scenario, the CO molecules
will accelerate towards the NiO(100) surface upon laser
excitation. After relaxation to the repulsive region of the
ground state, the CO molecules will gain further kinetic
energy and desorb with high velocities as observed experi-
mentally. Thus, the formation of a genuine chemical bond
turns out to be the driving force of photodesorption in the
CO-NiO(100) system.

From a mechanistic point of view, this desorption sce-
nario is qualitatively different from the NO-NiO(100),
0,-TiO,, and CO-Cr,0j5 systems, which have been treated

FIG. 2. Active natural molecular orbi-
tals of CO-NiOsMgl8*/PCF from
CASSCE(4, 5) of the A’E excited state.
The geometry corresponds to the adsorp-
tion minimum of the ground state; occu-
pation numbers of the natural orbitals are
in parentheses. Illustrations were ob-
tained using the MOLEKEL program
[21,22].
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FIG. 3 (color online). Potential energy curves along the de-
sorption coordinate Z for the ground state X*B; (squares) and the
excited states @°E (asterisks), A’E (plus signs), and a'E
(crosses) of CO-NiOsMgl8"/PCF computed at the CASPT2
level. The C-O distance has been kept fixed to Rcg =
1.143 A. The curves have not been corrected for the BSSE.

on a similar level of sophistication [1,2,5,9,19,20]. In the
NO-NiO(100) and O,-TiO, systems, charge transfer states
are of prime importance in the photoinduced desorption
processes. In particular, in the NO-NiO(100) system a
charge transfer from the surface to the adsorbate results
in a predominantly electrostatic interaction upon laser
excitation. This results in an anti-Antoniewicz mechanism,
where the NO molecules initially depart from the surface,
then reach a turning point due to Coulomb attraction
and eventually accelerate towards the surface [9,19].
Interestingly, electrostatic forces also dominate the mecha-
nism of photoinduced desorption in the CO-Cr, 05 system,
where, similar to the CO-NiO(100) system in the present
study, a 50 — 27"-like excitation turns out to be the
relevant excitation step. However, the electrostatic interac-
tion of the electric quadrupole moment with the electric
field gradient of the polar surface is the driving force in this
photodesorption scenario [2].

In conclusion, the excitation mechanism in laser-
induced desorption of CO from NiO(100) has been inves-
tigated from first principles. The relevant electronically
excited states are identified, and it has been shown that a
transition within the CO molecule is the crucial excitation
step in this system rather than substrate mediated pro-
cesses, as found in many other systems. We have found
that the formation of a genuine covalent chemical C-Ni
bond in the relevant excited states is of particular impor-
tance to explain the unique experimentally features such as
high desorption velocities of the CO molecules. This is in
contrast to similar systems such as NO-NiO(100),
0,-Ti0,, and CO-Cr,03, in which electrostatic forces are
the dominant interactions. Thus, for the first time the

formation of a genuine covalent chemical bond in the
electronically excited state turns out to be the driving force
in laser-induced desorption. Future quantum dynamical
wave packet simulations will reveal further microscopic
insight into the photodesorption scenario in the CO-
NiO(100) system, which will pave the way for an atomistic
quantum control of photochemistry at the nanoscale.
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