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Photostimulated desorptions (PSD’s) of CO, CO™, and CO~ from a Pt surface are studied
theoretically using Pt,—CO model cluster including image force correction. Calculations are
performed by the single excitation configuration interaction and the symmetry adapted cluster
(SAC)/SAC-CI methods. The PSD’s of the ground state CO occur as the Menzel-Gomer—Redhead
(MGR) process and those of CO™ (n cation) and excited (n— 7*) CO* through the modified MGR
process in which the upper repulsive potential curves are nonadiabatic; the process proceeds through
a sequence of nonadiabatic transitions between the similar pertinent states embedded in the metal
excited bands. The excited states as the desorption channels are characterized by the excitations
from the Pt—CO bonding orbitals to the antibonding MO’s: metal-adsorbate chemical bond cleavage
by photons which leads to a repulsive potential is essential for the PSD. The electrostatic image
force interaction plays only a minor role and the present result does not support the Antoniewicz
model. The calculated excitation-energy thresholds for the CO, CO™, and CO* desorptions are
1.6~2.6, 11.3, and 11.3-12.7 eV, respectively, which explains the energy thresholds and the fluence
dependencies of the incident laser in the PSD experiments. On the other hand, the PSD giving CO™
would occur with the energy range of 6.2—8.2 eV, one to two photon energy of the 193 nm (6.4 eV)
laser. Since the upper nonadiabatic potential curves have shallow minima, in this case, the lifetime
of the CO~ species would be larger than those of the CO* and CO* species. The present study
clarifies the electronic structures of the desorbed CO™, CO~, and CO* species, which have not been

identified experimentally. © 1996 American Institute of Physics. [S0021-9606(96)01102-1]

I. INTRODUCTION

Surface photochemistry is a newly developing field in
surface chemistry and photochemistry.! Recently, much ef-
fort has been devoted to clarify molecular processes in sur-
face photochemical reactions, such as photodissociations and
photostimulated desorptions (PSD). The PSD may involve
many complicated phenomena; photoabsorption by admol-
ecule and/or surface, energy and electron transfers between
them, and energy redistributions into internal degrees of free-
dom of the surface and the desorbed molecule. Clarifications
of the electronic mechanisms of these processes are very
important for understanding and designing specific photo-
catalytic reactions on a solid surface.

Murata and co-workers have studied the mechanisms of
ultraviolet PSD’s of NO (Refs. 2—-5) and CO (Refs. 5-7)
from Pt(001) and Pt(111) surfaces. The experiment for the
CO/Pt(001) system with the use of 193 nm (6.4 eV) UV laser
gave both CO and CO™ photodesorptions, while no desorp-
tion was observed by the 248 and 352 nm (5.0 and 3.5 eV)
UV lasers. The PSD yields of CO and CO™ species exhibit
third- and second-order dependencies, respectively, on the
laser fluence. On the other hand, the PSD yields of CO and
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CO* from the Pt(111) surface show first- and third-order
dependencies, respectively, and the energy threshold for the
CO desorption was observed at 2.7 eV.2 On the other hand,
the PSD experiments of CO on Ni(111)/0O (Ref. 9), W (Ref.
10), and Cu(111) (Ref. 11) surfaces gave the desorptions of
only neutral CO species.

On the theoretical side, Menzel, Gomer, and
Redhead'>!* (MGR) proposed a two-step mechanism for the
PSD: the first step is the Franck—Condon transition from the
ground to the excited states of the admolecule-surface sys-
tem, which is induced by the absorption of photon energy. In
the second step, the admolecule moves out from the surface
along the repulsive potential energy curve of the excited
state. While this qualitative MGR model is very simple and
acceptable by intuition, we wonder whether there exists a
unique repulsive curve in actual surface-molecule interacting
systems. Antoniewicz,'* on the other hand, proposed another
model, which involves photoexcited ionic intermediate. In
his model, the van der Waals (vDW) and image force (IF)
interactions are considered important as surface-molecule in-
teractions, and the surface-adsorbate distance is assumed to
become small as the charged intermediate is assumed to be

© 1996 American Institute of Physics
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FIG. 1. Geometries of the model Pt,—CO systems.

involved in the PSD process. However, as shown later, the
adsorption of CO onto a Pt surface is due to a usual chemical
bond, which is stronger than the vDW and IF interactions in
short distances, we wonder whether the Antoniewicz model
can be applied to the PSD of CO from the Pt surface.
Several ab initio molecular orbital (MO) calculations
have been carried out for the interactions between the CO
and Pt surface. For example, Smith and Carter carried out the
generalized valence bond (GVB) calculation for the lowest
three states of a linear Pt—CO system.'* The ground 'S *
state of PtCO is led from the excited S state of Pt, which
formally has a d'%° valence electron configuration. The
Pt—CO bond is formed mainly by the o donation from the
lone pair nonbonding (n) MO of CO to the vacant 6s AO of
Pt and by the 7 back donation from the 5d AO of Pt to the
vacant ¥ MO of CO. While the calculation describes well
the adsorption of CO, no results have been reported on the
excited states corresponding to the PSD experiments.
Nakatsuji and co-workers have studied several surface
reactions theoretically, using the cluster model and the
dipped adcluster model (DAM).!%!7 The electron correla-
tions and excited states necessarily considered for surface
phenomena were calculated using the symmetry adapted
cluster'® (SAC)/SAC-configuration interaction'® (SAC-CI)
method.?>?! The systems studied are H,/Pd,?? C,H,/H,/Pd,?
H,/Pt,%* 0,/Pd,'®"" H,/Zn0,> 0,/Ag,* % Cl,/K, Na, Rb,”®
H,/Zr0,,** and HCOOH/MgO.*! Our purposes have been to
develop the methodology for studying surface reactions and
to clarify the electronic mechanisms involved in these
surface-molecule interaction systems. In particular, we have
clarified the mechanisms of the harpooning, the surface
chemiluminescence and electron emission for the Cl,/K, Na,
Rb systems, which may be considered as a junction between
surface chemistry and surface photochemistry.29
In the present study, the purpose is to clarify the elec-
tronic mechanism of the PSD of CO from a Pt surface. The
surface is represented by a Pt, cluster and the electronic
structures of the ground and many excited states of the
Pt,CO system are calculated by ab initio Hartree—Fock (HF)/
single excitation CI (SECI) and SAC/SAC-CI methods.

. COMPUTATIONAL DETAIL

In this study, we use the Pt,—CO system shown in Fig. 1
as a model; the bridge site model has C,, symmetry and the
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on-top site model has C,; symmetry. The effect of the elec-
trostatic image force between the adsorbate and the extended
surface is incorporated for each ground and excited states by
the method proposed previously.!” The size of the cluster,
Pt,, is small, even though we may assume the locality of the
interaction between the admolecule and the surface. We have
to be careful, therefore, to the results which are dependent on
the size of the cluster.

The potential energy curves of the ground and excited
states are calculated as a function of the distance R between
Pt, and CO. The CO axis is fixed to be perpendicular to the
Pt, axis, and the CO distance is fixed to be 1.1283 A, which
is the equilibrium distance of the free molecule.>? The Pt—Pt
distance is also fixed at 2.7746 A, which is the lattice dis-
tance in a solid platinum.>?

The Gaussian basis set for the platinum atom is
(3s3p3d)/[3s2p2d] and the Xe core was replaced by the
relativistic effective core potential.* For carbon and oxygen,
we use the (9s5p)/[4s2p] set of Huzinaga—Dunning® aug-
mented by the polarization d functions of a-=0.600, and
ap=1.154, respectively.

The ground and excited states of the Pt,—CO system are
calculated by the HF/SECI and SAC/SAC-CI methods. The
HF calculations were carried out with the use of the program
HONDOS.>® The program system SACss (Ref. 37) was used for
the SECI and SAC/SAC-CI calculations. The active space
consists of 15 occupied and 53 unoccupied HF orbital space.
Only the two occupied core orbitals, which are 1s AO’s of C
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FIG. 2. A schematic orbital correlation diagram for the interaction between
CO and Pt, in the bridge-site adsorption.
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and O, and their counterparts in the vertical space are frozen.
To reduce the size of the matrices involvedi the configuration
selection is made as reported previously. 0 For the ground
and excited states, the thresholds are set to 7X10 ° and
1X107* a.u., respectively.

lil. ADSORPTION OF CO ON A Pt SURFACE

In the ground state, both the bridge and on-top sites are
bound. The equilibrium Pt,—CO distance is calculated to be
1.44 A for the bridge site and 1.90 A for the on-top site. The
surface-CO distance of the bridge form is calculated to be
0.47 A shorter than that of the on-top form. At the HF level,
the bridge form is calculated to be more stable than the on-
top form, which may contradict with the experimental result.
This is perhaps due to the very small size of the cluster
model used here.

We investigate the bonding between Pt, and CO. The
basic interaction is quite similar between the bridge and on-
top geometries. As in usual metal—carbonyl compounds, the
Pt,—CO bond is mainly due to the o donation and the 7 back
donation. As shown in the orbital correlation diagram, Fig. 2,
shown for the bridge form, the electron in the nonbonding
p(n) orbital of CO is donated to the 6s0 MO of Pt, and
those in the 5d6*, Sdn*, and 5do* MO’s of Pt, are back
donated to the 7* MO’s of CO. The bonding and antibond-
ing MO’s of these interactions are denoted by o, m,, and
o,, T,, respectively, in Fig. 2. Note that the o, MO, which
consists of the 6so orbital of Pt, and the n orbital of CO, is
higher in energy than the 6s0* MO of Pt, of the adsorbed
system. The 7 MO’s of CO are well localized in the Pt,—CO
system and are denoted as , .

Table I shows the population analysis of the Pt,—CO
system in the adsorbed and separated forms calculated by the
SAC/SAC-CI method. The donations and back donations of
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electrons are confirmed by examining the populations for the
1A, state. The Pt(s) population increases from 0.107 to 0.528
(difference 0.421) by the adsorption of CO, while those of
the d,, and d,, orbitals decrease by 0.174 and 0.282, respec-
tively. On the other hand, the C(s) and C(p,) populations
decrease by 0.583 and 0.117, respectively, and the C(p,) and
C(p,) ones increase by 0.177 and 0.122, respectively. Table
I also shows that the oxygen orbital populations do not
change much as the carbon and platinum ones and that the
in-plane interaction between Pt, and CO is larger than the
out-of-plane one.

The total charge of CO of the adsorbed Pt,—CO system
is +0.231 implying that the o donation is larger than the 7
back donation. Furthermore, this charge is smaller than those
in the adsorptions of oxygen%“28 and halogen29 molecules,
so that the system may be studied without using the dipped
adcluster model.'® This is why we use the cluster model in
the present study. However, we note that we have included
the image force correction'’ in the present calculations.

IV. PSD OF CO FROM A Pt SURFACE

A. Adiabatic and nonadiabatic potential curves
of the excited states at the HF/SECI level

We investigate the potential energy curves (PEC’s) of the
Pt,—CO system as a function of the Pt,—C distance, R. The
upper left side of Fig. 3 shows the PEC’s for the ground and
lower 90 !A, excited states, whose excitation energies are
lower than 24 eV, calculated at the HF/SECI level. They are
obtained for the bridge adsorption form and the similar
curves for the 'A,, 'B,, and !B, states are also shown in
Fig. 3 together with the ground state (*A)) curve. Figure 3
shows that the adiabatic PEC’s of this system are so dense

TABLE 1. Population analysis of the Pt,—~CO system calculated by the SAC/SAC-CI method.

C (o}

y Px py p; Prot Charge y Px py p; Prot Charge

Adsorbed 3.188 0.697 0.645 0.917 2.259 0.330 3.742 1.552 1.435 1.341 4.328 —0.099
System 1A,*

Separated 3.771 0.520 0.523 1.034 2.077 —0.010 3.727 1.437 1.436 1.379 4.252 0.018
System 14,°

Separated 3.754 0.486 0.487 1.051 2.024 —0.066 3.709 1.467 1.468 1.381 4316 0.074
System 14,°

Separated 3.754 0.486 0.487 1.051 2.024 —0.066 3.709 1.467 1.468 1.381 4.316 0.074
System 1B,°

Pt

s px py pz ptot dxx dyy dzz dxy dxz dyz dlot Chargc

Adsorbed 0.528 0.095 0.017 0.044 0.156 1.139 1.382 1.293 1.953 1.706 1.960 9.433 —0.116
System 14,?

Separated 0.107 0.015 0.014 - 0.015 0.044 1.313 1.286 1.282 1.988 1.988 1.994 9.852 —0.003
System 14,°

Separated 0.600 0.033 0.014 0.017 0.064 1.249 1.313 1.304 1.490 1.988 1.996 9.340 0.004
System 14,°

Separated 0.599 0.032 0.017 0.018 0.067 0.991 1.188 1.191 1.987 1.987 1.995 9.339 0.005
System 1B,°

For the bridge adsorption geometry. The Pt,—C distance of 1.44 A is used for the adsorbed system.
®The Pt,—C distance of 4.8 A is used for the separated system. These states are the lowest ones of the A, A,, and B, symmetries (see Fig. 6).
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FIG. 3. Adiabatic potential energy curves for the ground and excited states of Pt,—CO (bridge structure) calculated by the HF/SECI method for the A, A,,
B, and B, symmetries. The ground state having A, symmetry is shown for all the symmetries for comparison.

and most of the excited states have bound shapes, except for
the lower ones in the A, and B; symmetries. From the analy-
sis of main configurations, we found that most of the excited
states are due to excitations within the metal. It is difficult to
imagine a simple picture of the PSD from these dense PEC’s.

We note that in the HF/SECI level, the electronic con-
figuration of the platinum in the Pt,—CO system is calculated
to be close to d'%", although the electronic configuration of
the ground state Pt, should be close to d°s!, as shown in our
previous calculation.?* Therefore, at the SECI level, all the
excited states in Fig. 3 have platinum d electrons between 19
and 20.

The nonadiabatic transitions occur easily when two
PEC’s are close in energy as seen in Fig. 3. The probability
of the transition should be large between the electronic states
having similar characters like those suffering the avoided
crossing. Nicolaides et al. studies such nonadiabatic
situations.>®~%° In the present study, we judge the characters
of the calculated electronic states from the CI coefficients

and connect the energy levels having similar characters,
which gives nonadiabatic potential curves.

The nonadiabatic transition is often considered based on
the nonadiabatic coupling®~*° given by

(W4|0/9R| V), (1)
where ¥, and ¥ are the two adiabatic wave functions and
R is the reaction coordinate. If this element is zero, the non-
adiabatic transition between A and B states does not occur.
Since the present reaction coordinate R and therefore the
operator d/dR have A, symmetry, only the transitions be-
tween the states having same symmetry are possible. Al-
though symmetry mixing may be caused by the rotation of
CO, the rotational temperature of the desorbed CO is ob-
served lower than the kinetic and vibrational ones in the PSD
of CO/Pt.°> Therefore, we do not consider in this paper the
nonadiabatic transitions between the states having different
symmetries.

J. Chem. Phys., Vol. 104, No. 2, 8 January 1996
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FIG. 4. Nonadiabatic potential energy curve calculated by the SECI method
for the excited state having the nature of the CO(n)—Pty(so) excitation in
its main configuration. The results for the bridge and on-top structures are
compared.

Figure 4 shows the nonadiabatic PEC’s of the excited
states characterized by the excitation from the o, orbital,
which is originally the n orbital of CO, to the o, orbital,
which is mainly the 6so orbital of Pt, (see Fig. 2). For
convenience, we show the curves for both of the bridge and
on-top structures. These curves are obtained at the SECI
level and correspond to the charge transferred states from
CO to Pt,, so that they give CO* as a PSD product. The
potential curve for the bridge geometry was obtained by con-
necting the excited states in Fig. 3 (A;) having the main
configurations characterized as above. It ranges from 38th to
49th adiabatic PEC’s in the Pt,—C distances from 0.98 to
4.80 A, so that it undergoes eleven avoided crossings in this
region.

Figure 5 is the adiabatic PEC’s for the on-top structure
calculated by the HF/SECI method. The left one corresponds
to the A’ symmetry and the right to the A” symmetry. Com-
paring with Fig. 3, we see a large similarity, though the in-
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teraction is weaker generally in the on-top geometry than in
the bridge form. In Fig. 4, we compare the ground state
potentials calculated at the HF level for the two geometries.
The upper curves are the non-adiabatic curves for the
CO(n)—Pty(so) excitations. The nonadiabatic curves due to
the o,— o, excitation are repulsive for both adsorption ge-
ometries and the excitation energies at the SECI level are
14.6 and 14.9 eV for the bridge and on-top structures, re-
spectively.

We find no large differences between the on-top and
bridge forms, though Fukutani er al.'! reported that CO at
the on-top site is 4 times more easily desorbed than that at
the bridge site. If the on-top form is more strongly bound in
the ground state (though the present calculation could not
reproduce), the repulsive excited-state curve should be more
strongly repulsive. The bridge-site CO lies closer to the Pt
surface than the on-top site CO by about 0.47 A, so that
photonabsorption may be easier for the on-top CO. Except
for these speculations, we find no essential differences be-
tween the CO’s at the on-top and bridge sites. We therefore
discuss in the following sections the adiabatic and nonadia-
batic PEC’s for the bridge adsorption form.

B. Excitations from 5d to 6 s within Pt metal:
Ground-state CO desorption

It is well known that electron correlations are very im-
portant for the excited states and for the system involving
transition metals. Therefore we hereafter calculate the
ground and excited states of the Pt,—CO system by including
electron correlations with the use of the SAC/SAC-CI
method. The SECI solutions corresponding to the nonadia-
batic states as shown in Fig. 4 are used as reference states in
the configuration selection step of the SAC-CI calculations.

Figure 6 shows the PEC’s of the ground and lower ex-
cited states of the Pt,—CO system calculated by the SAC/
SAC-CI method. The PEC’s are adiabatic and not the nona-
diabatic ones. In contrast to the PEC’s at the HF/SECI level
given in Fig. 3, the ground state of the Pt,—CO system cal-
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FIG. 5. Adiabatic potential energy curves for the ground and excited states of Pt,—~CO(on-top) calculated by the HF/SECI method for the A’ and A”
symmetries. The ground state having A’ symmetry is shown for all the symmetries for comparison.
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FIG. 6. Adiabatic potential energy curves for the lower states having A, A,, B, and B, symmetries calculated by the SAC/SAC-CI method. The A, ground

state is shown in all the figures.
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TABLE II. Energies for the PSD of the CO molecule in the Pt,—CO system compared with the experimental

result and with those of free CO molecule.

Adsorbed system Free system

SAC-CI excitation Threshold photon Exptl.*® SAC-CI excitation

Species State  Main configuration energy (eV) number® threshold energy (eV) Exptl.
CO (ground) Pt, (g—e) 1.6~2.6 1 2.7
CO*(n) n-14, 0.75 (n—Pt) 1.3 2 12.8 14.1 14.0
n-24, 0.50 (n—Pt) 12.8 2
n-3A, 0.52 (n—Pt) 14.8 3 19.2
n-3B, 0.44 (n—Pt) 14.6 3
n-4B, 0.58 (n—Pt) 15.3 3
n-2B, 0.68 (n—Pt) 14.0 3
CO*(m) p-1B; 0.62 (r—Pt) 10.8 non 17.0 16.9
p-1B, 0.84 (m—Pt) 10.6 non
CO*(n—m*) n-2B, 0.48 (n—7*) 12.7 2 19.2 9.0 8.5
n-1B, 0.61 (n—7*) 11.3 2
CO™(d—7*) A, 0.48 (Pt—t) 7.6 2
A, 0.58 (Pt—at) 7.1 2
A, 064 (Pto) 8.2 2
A, 048 (Ptomt) 6.2 1
B, 0.77 (Pt—f}) 7.2 2
B, 043 (Pto7t) 6.6 2
B, 051 (Ptom) 6.8 2
B, 081 (Pto7*) 6.7 2
CO™(7*) 'B, 0.97 (Pt—7*) 4.009.6)° 2
'B,  0.96 (Pt—7*) 3.409.1)° 2

“Experimental photon energy is 1hv=6.4 eV, 2hv=12.8 eV, and 3hv=19.2 eV.

bReferences 6, 7, and 11.

“Value in the parentheses is the sum of the electron attachment energy and the work function of the platinum

surface.
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TABLE III. Net charge of CO in the ground and lower excited states due to
the d—s,p transition within Pt,. SAC/SAC-CI results.

Net charge of CO

State R=144 A* R=4380 A
1'A,(ground) +0.231 +0.006
214, +0.247 +0.008
34, +0.219 +0.007
4'A, +0.223 +0.007
514, +0.299 +0.006
6'A, +0.184 +0.006
74, +0.158 +0.006
1'4, +0.226 +0.008
2'A, +0.209 +0.007
34, +0.179 —0.001
4'A, +0.228 +0.006
1'B, +0.233 +0.008
2B, +0.230 +0.008
3B, +0.206 +0.008
4'B, +0.183 +0.006
5'B, +0.160 +0.010
6'B, +0.212 +0.005
1'B, +0.228 +0.007
2'B, +0.210 +0.008
3'B, +0.170 +0.006
4'B, +0.195 +0.006

*The equilibrium distance of the Pt,—CO system in the ground state.

culated by the SAC/SAC-CI method is the 'A, and 'B,
states at larger Pt,—CO distances: the 'A, and !B, PEC’s
cross the 'A; PEC near R=2.7 A. This crossing is due to the
change in the ground electronic state of Pt, as a function of
R. As seen from Table I, the population of Pt, in the 'A, and
'B, states are both s'?p%1d'®7 at R=4.80 A, and those in
the 'A, state at R=R eq. is s10p034189 5o that if we trace
the true ground state PEC, the changes in the populations are
quite smooth. We have shown previously** that the ground
state of a free Pt, has the configuration d'®s. In contrast, the
populations of the 'A; state is s%2p®!d'®7 when CO is sepa-
rated.

Similar change in the electronic state of the Pt metal as a
function of the metal-adsorbate distance was reported for the
Pt—H, system (see Fig. 3 of Ref. 24) and for the Pt—-CO
system reported by Smith and Carter.'> In both cases, the
ground state of the adsorbed system is singlet 'A,, but that
of the separated system is triplet (the ground state of the Pt
atom is °D).

In comparison with the PEC’s in the HF/SECI level
given in Fig. 3, the lowest state of the A; symmetry, which
has been referred to as the “ground state,” has a barrier of
about 1 eV on the potential curve shown in Fig. 6. This
barrier may be due to the aforementioned change in the elec-
tronic state of Pt, as a function of R. Since such change
would be dependent on the size of the Pt, cluster used in the
calculations, this barrier may be due to the smallness of the
present cluster model. We therefore discuss in the followings
only some general features of the PEC’s.

We see from Fig. 6, particularly from the A, and B,
curves, that some lower excited states at R=1.44 A are re-
pulsive for the Pt—CO interaction. When the ground state of

the Pt,—CO system absorbs a photon of the energy of 1.6~
2.6 eV, the CO molecule feels the repulsive force from the
surface and is desorbed along this PEC. The translational
temperature of the desorbed CO may be high, but the rota-
tional temperature should be cool, as actually observed.5’

This result means that there are the PSD channels just as
proposed in the original MGR model. These PSD channels
give the ground state CO molecule. At the potential mini-
mum of the ground state of Pt,—CO, the excitation energy for
the desorption is 1.6~2.6 eV, which is lower than the experi-
mental energy of 2.7 eV for the CO desorption from the
Pt(111) surface. This result is summarized in Table II. We
note that the excitations to the B, and B, states are optically
allowed, at least in this model.

The main configurations of these repulsive states are the
excitations from the 5d orbitals to the 65 and 6p orbitals of
Pt: the excitations are within Pt,, and CO itself is always in
the ground state. The Sd— 6p excited states are higher than
the 5d— 65 ones, but they mix strongly at shorter Pt,—CO
distances. At larger Pt—C distances, Pt, may be in the ground
state or in the d—s or d—s* state. We note that the energy
levels of the so and so* MO’s are reversed at the Pt—-C
distances shorter than 2.08 A, since the 650 MO has an
antibonding interaction with the n MO of CO. Therefore, the
configurations involving the 6so and 6sc* MO’s mix
strongly at shorter Pt—C distances.

The aforementioned analysis of the main configuration
clearly shows the electronic mechanism of the PSD giving
the ground-state CO. As shown in Fig. 2, the CO chemisorp-
tion on platinum is due to the o donation of the n electron of
CO to the vacant s and/or p orbitals of Pt and the 7 back
donation from the occupied d orbital of platinum to the 7*
orbital of CO. The d—s and d— p transitions within Pt, are,
therefore, clearly unfavorable for the chemical bond forma-
tion between Pt, and CO, and lead to the desorption of CO
from the Pt surface. We call this mechanism ‘“‘unlock”
mechanism, since the d—s,p transition within Pt, is just like
unlocking the binding of CO from the metal-surface side.

The analysis of the electronic mechanism clearly implies
that this excitation of a Pt metal, which is effective for the
PSD giving the ground state CO, should be quite local: it
should occur at the small region (or cluster) of the Pt surface
or at that Pt atom which directly interacts with the CO mol-
ecule. Note that the d—s transition is optically forbidden,
but the d—p transition is allowed, although the interaction
with CO makes the d— s transitions to be optically allowed.

At the equilibrium Pt,—C distance the excited states
shown in Fig. 6 are located in the energy range from 1.6 to
4.5 eV, which is larger than the dissociation energy of the
Pt,—CO bond in the ground state.

Table III gives the net charge of CO at the Pt,—C dis-
tances of 1.44 and 4.80 A for the various lower states shown
in Fig. 6. At 1.44 A, the net charges of CO are all positive,
and the differences from that of the 1 'A state are only from
—0.073 to +0.068. At larger Pt,—C distances, the net charge
of CO decreases and becomes zero at 50.0 A for all the
states, which corresponds to the neutral CO desorption.
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FIG. 7. Nonadiabatic potential energy curves for the excited states having A, A,, B, and B, symmetries due to the excitations from the o, MO. The
potential energies are calculated by the SAC/SAC-CI method. On the right-hand side, the electronic structures of Pt, and CO in the separated limit are shown.

The ground state having the A; symmetry is shown in all the figures.

C. Excitations from the o, orbital:
CO* and CO* desorptions

Figure 7 shows the nonadiabatic PEC’s of the excited
states due to the excitations from the o, orbital, which is the
bonding orbital between the n orbital of CO and the s orbital
of Pt,, to the lower 10 unoccupied MO’s, which consist
mainly of the 6s and 6p orbitals of Pt, and the #* orbital of
CO. They are calculated by the SAC-CI method. At the Pt—C
distance of 4.80 A, these excited states have an ionic struc-
ture Pt; -CO™(n) or the neutral structure Pt,—CO* with the
CO in the excited n— 7* state. All the CO™ have the elec-
tron hole in the n orbital [it is therefore denoted as CO™(n)]
and the electron transferred to Pt, occupies the 6s and 6p
orbitals of Pt. The asterisk on CO means it is in the excited
state. In Fig. 7, n-3B,, for example, denotes the third B,
state having the nature of the excitation from the »n orbital of
CO. On the right-hand side of Fig. 7, we show the PSD

product which is expected to be obtained along that nonadia-
batic potential curve. As seen from Fig. 7, the lower two
curves having B, symmetry exchange their natures.

Almost all the nonadiabatic PEC’s shown in Fig. 7 are
essentially repulsive. This implies that there are the MGR-
type PSD channels in the excited states leading to the cat-
ionic species CO*(n) and the neutral excited species
CO*(n— m*). These MGR-type repulsive curves are, how-
ever, nonadiabatic and embedded in the dense adiabatic
curves shown in Fig. 3, most representing the excitations
within the metal. The MGR-type process in this case is ac-
tually a series of nonadiabatic transitions between the neigh-
boring adiabatic states having a similar nature for which the
non-adiabatic coupling given by Eq. (1) is large. This is dif-
ferent from the lower-energy MGR process giving the
ground-state CO discussed in the previous section.

The lowest-excited-state nonadiabatic curve with the A
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TABLE IV. Net charge of CO at two different Pt,—CO distances for the
excited states due to the excitations from the o, MO. SAC/SAC-CI results.

Net charge of CO

Nonadiabatic Charge of CO
state R=144A*  R=480A  asPSD product
1'A,(ground) +0.231 +0.006 neutral
n-14, +0.290 +0.992 cation
n-24, +0.184 +0.988 cation
n-34A, +0.223 +0.709 cation
n-14, +0.620 +1.000 cation
n-1B, +0.543 +0.024 neutral
n-2B, +0.352 +0.985 cation
n-3B, +0.314 +0.962 cation
n-4B, +0.487 +0.953 cation
n-1B, +0.294 +0.007 neutral
n-2B, +0.472 +0.991 cation

*The equilibrium distance of the Pt,—CO system at the ground state.

symmetry, denoted as n-1A4; in Fig. 7, corresponds to the
curve given in Fig. 4 and has the excitation character, o, to
a,, so that it leads to CO™. On the other hand, the curve for
the n-1B, and n-1B, states lead to the neutral separated
system, Pt, and CO*, where Pt, is in the ground state and
CO is in the 'TI(n— 7*) excited state. At the Pt—C distance
of 4.80 A, the energy difference between the n-1B, and
n-1B, states is only 0.003 eV. In Fig. 7, the other nonadia-
batic curves given by the solid lines lead to CO*(n) and
Pt, . The ground state of Pt, has an excess electron in the so
orbital (n-1A, state) and the other Pt, has an excess electron
in higher orbitals.

Table IV displays the net charge of CO at two different
Pt,—C distances for the nonadiabatic states shown in Fig. 7.
At R=1.44 A, the net charges of CO are all positive, ranging
from +0.18 to +0.62, and most are larger than that of the
ground state, +0.213. As the Pt,—C distance increases, the
positive charges increase up to unity except for the nonadia-
batic states, n-1B; and n-1B,, for which the net charge of
CO decreases to zero. This charge of CO corresponds to the
charge of CO obtained as the PSD product along the corre-
sponding nonadiabatic PEC’s shown in Fig. 7.

The lowest curve leading to CO™ is curve 1 for the
n-1A, state in Fig. 7, and the electronic structures of the
PSD product, CO* and Pt; , are in their ground states. At the
Pt,—C distance of 1.44 A, the equilibrium distance of the
ground state, the excitation energy for this state is calculated
to be 14.9 and 11.3 eV by the HF/SECI and SAC/SAC-CI
methods, respectively, where the latter result is of course
more reliable than the former. The calculated excitation en-
ergy of 11.3 eV is lower than the twice of the photon energy
(6.4 eV) used in the PSD experiment. We think that this is
the origin of the second-order dependence on the laser flu-
ence for the CO™ desorption.’

In Table II, we summarize the excitation energies by
which the CO™ PSD processes are initiated. They are 11.3—
15.3 eV which correspond twice to thrice of the photon en-
ergy, 6.4 eV, used in the experiment.

The PSD channels giving the TI(n— 7*) excited state
of CO exist along the nonadiabatic curves for the n-1B, and

n-1B, states. At distances larger than 2.66 A, the energy
levels of the two states are degenerate. However, at distances
shorter than 2.66 A, the situation is a bit complicated: the
configurations corresponding to the excitation o,— , are
distributed among the n-1B,, n-2B,, n-2B,, and n-4B,
states. The main configuration of the n-1B, state is the ex-
citation within Pt, at distances shorter than 2.66 A. Thus, the
excitations to the n-1B,, n-2B,, n-2B, and n-4B, states
at the ground state equilibrium distance would lead to the
PSD product, CO*(o,— 7,), and the excitation energies to
these states are calculated to be 11.3, 14.0, 12.7, and 15.3 eV,
respectively, by the SAC-CI method. These excitation ener-
gies are about 2-2.5 times of the photon energy (6.4 eV)
used in the PSD experiment. This brings the second- and
third-order dependencies on the laser fluence, while the ex-
perimental dependence was third order.® Though the experi-
ment did not identify the electronic state of the desorbed CO,
we propose it to be the n— 7* excited state.

As shown in Fig. 7, the upper curves have the nature of
Pt; +CO™. The reneutralization of this CO* would also give
neutral CO, which would be in the ground state. This mecha-
nism was considered by Peremans et al.®

The repulsive nature of the nonadiabatic PEC’s shown in
Fig. 7 is easily understood from the nature of the main con-
figurations of the excited states. They represent the excita-
tions from the o, MO, which is the bonding orbital between
n orbital of CO and s orbital of Pt,, to either of the s or p
orbital of Pt, or the 7* orbital of CO. The former ones lead
to CO* with a positive hole on the n orbital, and the latter
ones lead to the n— 7™ excited state of CO. Since the o,
orbital is strongly bonding between Pt, and CO, the excita-
tion from this orbital leads to the desorption of CO.

In Fig. 7, the nonadiabatic PEC’s giving the ionic sepa-
rated system slightly rise up from 3.75 to 4.80 A. This is due
to the electrostatic interaction between CO* and Pt; or the
image force depending on ~1/R, which is caused by the
charge-transfer excitation. However, in the shorter range, the
origin of the surface-molecule interaction is not due to the
image force, but due to the more chemical interactions as
represented by the donation and back donation between CO
and Pt,. These chemical interactions are described by the
short-range forces depending exponentially on R like two-
center overlap integrals.

The present result does not support the Antoniewicz
model'* for the PSD and electron stimulated desorption
(ESD), although it may be possible for physisorbed systems.
Although the model assumes an existence of the charged
species generated by the photon absorption, the charge on the
adsorbate is not large enough when the surface-adsorbate
distance is small, since at such distances the adsorbate elec-
tron cloud is embedded in the surface electron cloud.

D. Excitations from the =, orbital

Next, we investigate the excitations from the 7, MO,
which is mainly the bonding 7 orbital of CO but is almost
nonbonding for the metal-CO interaction (see Fig. 2). Figure
8 shows the nonadiabatic PEC’s of the states due to the ex-
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FIG. 8. Nonadiabatic potential energy curves for the excited states due to
the excitations from the 7r, MO. The potential energies are calculated by the
SAC/SAC-CI method.

citations from the 7, orbital to the s and p orbitals of Pt,.
Only the !B, and !B, excited states are shown, but those
having 'A, and !A, symmetries are similar to those of Fig. 8.
These PEC’s are nonadiabatic and obtained by connecting
the excited states having similar main configurations.

All the excited-state nonadiabatic PEC’s shown in Fig. 8
are bound and the potential minima exist around 1.44 A.
Since the 7, MO’s do not participate to the Pt,—CO bonding
interaction, but are localized on CO, the excitations from the
7, MO’s do not affect the bonding between CO and Pt, and
therefore the PEC’s show bound natures as the ground state
one. The excited states from , to 7, MO’s, which are not
shown in Fig. 8, are also bound. The bound energies esti-
mated from these PEC’s are larger than 3 eV. We therefore
conclude that the excitations from the r, orbital do not lead
to the PSD.

The nonadiabatic PEC’s of the excited states shown in
Fig. 8 are connected with the ionic separated system,
Pt; +CO™, where the cation CO* has a hole in the 7 MO,
and an electron is transferred to the 6s and 6p orbitals of
Pt,. Since CO 7 cation is an excited cation, it may relax to
lower states, e.g., n cation or neutral CO, on the surface.

Table V shows the net charge of CO at different Pt,—C
distances. At 1.44 A, the positive charge of CO ranges from
+0.379 to +0.717 but at 4.80 A, it is about +1 correspond-
ing to CO™. We note that the positive charges in Table V are
larger than those in Table IV, since the 7, orbital is more
localized on CO than the o, MO.

One may wonder whether the Antoniewicz-type PSD
may occur in this case since both the ground and excited
states are bound. An essence of the Antoniewicz model is
that the equilibrium surface-adsorbate distance is shorter in
the excited charged state because of the image force. In the
present case, the excited states are certainly charged as
shown in Table V, but the calculated potential minima for the
excited states are very similar to that of the ground state.
Even in this typical ionic system, the bond between Pt, and
CO is due to an ordinary chemical interaction (like o dona-

TABLE V. Net charge of CO at the two different Pt,—CO distances for the
excited states due to the excitations from the 7, MO. SAC/SAC-CI results.

Net charge of CO

Nonadiabatic

state R=144 A® R=4380 A
1'A,(ground) +0.231 +0.006
p-1B, +0.465 +1.001
p-2B, +0.690 +1.009
p-3B, +0.729 +1.005
p-4B, +0.379 +1.005
p-2B, +0.717 +1.001
p-2B, +0.664 +0.982
p-3B, +0.499 +0.959
p-4B, +0.716 +1.004

*The equilibrium distance of the Pt,—CO system at the ground state.

tion and 7r back donation in this case) and the electrostatic
interaction like image force is small. Thus, the Antoniewicz
model does not apply to the present system.

E. Excitations giving CO™ as a PSD product

We next study the PSD channels giving CO™ as a de-
sorption species. Figure 9 shows the nonadiabatic PEC’s for
the excitations from the Pt d orbitals to the , orbitals, the
electron transfer excitations from metal to CO giving CO™.
Two curves correspond to the lowest excitations to the in-
plane and out-of-plane , orbitals. The ground-state curve is
also given. The upper curves are not repulsive but have a
shallow bound nature. In this system, the ¢ donation is larger
than the 7 back donation (see Sec. III), so that the excitations
to the 7, orbitals little affect the attractive Pt,—CO interac-
tion. The excitation energies at the ground-state minimum
are summarized in Table II. They lie in the range of 6.2—8.2
eV: one to two photon energy region of the 193 nm (6.4 eV)
laser. Since the minima of the upper potentials are shallow,
the PSD can occur when the system gains enough excess
energy.

Table VI shows the population analysis of the CO mol-
ecule in these excited states at the Pt,—CO distance of 1.44
and 4.80 A. Note that these states at 1.44 A are not anionic
but rather cationic, although most of these states are more
anionic than the ground state. However, at 4.80 A, all of
these states are well characterized as CO™ from the popula-
tion analysis. The desorption species is certainly CO™. This
shows that the interaction between Pt, and CO is strong and
the charge-transfer character of the excited states is rather
small at small Pt,—CO distances. This result is similar to the
case of the CO" desorption.

Other excitations giving CO™ are the excitations of the
bulk-metal electron to the 7, orbital. They are represented in
the present model by the anion system (Pt,—CO)~. The
PEC’s for this anion system are given in Fig. 10. They are
similar to those in Fig. 9 but bound nature is less prominent.

The electron attachment energy calculated at the ground
state minimum is 3.4-4.0 eV. Adding the work function of
the platinum surface, 5.65 eV,*! the energy is calculated to be
9.1-9.6 eV, which is larger than the aforementioned values.
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FIG. 9. Nonadiabatic potential energy curves for the excited states due to the excitations from the Pty(d) to , MO. The potential energies are calculated by

the SAC/SAC-CI method.

This is because the electron-hole attractive energy which ex-
ists in the previous case is much smaller in the present case:
it is included only as a image force correction. Thus, the
electron giving CO™ is supplied from the Pt, directly inter-
acting with CO rather than from the bulk metal.

In conclusion, the two model studies show that the PSD
giving CO™ (7r anion) would also occur on the Pt surface.
Since there are shallow minima in the excited-state PEC’s,

TABLE VI. Net charge of CO in the ground and the excited states due to the
d— m, transition calculated by the SAC/SAC-CI method.

Net charge of CO

Symmetry m, R=144 A® R=4380 A
1'A,(ground) +0.231 +0.006
A in-plane +0.240 —0.990
out-of-plane +0.199 -0.852
A, in-plane +0.226 —0.390
out-of-plane +0.128 —0.699
B, in-plane +0.217 —0.872
out-of-plane +0.229 —0.909
B, in-plane +0.220 -0.911
out-of-plane —0.006 —0.818

*The equilibrium distance of the Pt,—CO system in the ground state.

the lifetime of the excited species would be larger than those
giving CO", for example. This would be observed through
the rotational temperature etc. of the desorbed CO™ species.

V. COMPARISON OF THE DIFFERENT PSD
PROCESSES

We have shown in this study four kinds of PSD products
from different channels; namely, the ground state CO, the
cation CO™, the excited state CO*, and the anion CO~. Table
II is a summary of the excitation energies of the Pt,—CO
system. The excitation energies of a free CO are also given.
The electronic structure of the desorbed cation CO™ should
be n cation and not a 1 cation, and that of the desorbed CO*
molecule should be in the n— 7* excited state and not in the
7— 7 excited state. The anion CO™ should be in its ground
state. While the previous experimental studies®~” have shown
that both neutral and cation CO molecules are led by the
PSD, and that CO™ may be involved in the PSD process, the
electronic structures of the desorbed CO and CO™ have
never been clarified. We hope such the experimental study be
done in near future.

The excitation energy necessary for the PSD channels
giving neutral CO is calculated to be 1.6~2.6 eV by the
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FIG. 10. Nonadiabatic potential energy curves for the electron-attachment to
7, MO. The potential energies are calculated by the SAC/SAC-CI method.

SAC/SAC-CI method in comparison with the experimental
energy threshold of 2.7 eV. This channel involves the
5d—6s excitation of Pt,. Even in an actual extended sur-
face, this excitation should be quite local in the sense that
this 5d— 65 excitation should occur on those Pt atoms that
are interacting with CO. This is because the repulsive nature
of the excited states is due to a loss of the o donation and the
7 back donation interactions between CO and Pt whose 5d
and 65 AQ’s are involved. The binding due to the metal 54
and 6s AQ’s are “unlocked” by the 5d—6s transition.

The PSD channels giving a cation CO™ and an excited
state CO* are clarified. The cation should be rn-hole cation
and the excited state should be n— 7* one. This is because
the repulsive natures of the non-adiabatic excited states are
due to a loss of the o donation interaction by these excita-
tions. The energy ranges for the PSD channels giving CO*
and CO* are calculated to be 11.3—15.3 and 11.3-12.7 eV,
respectively, by the SAC-CI method as shown in Table II.
These energy ranges correspond to two to three photons and
two photons, respectively, of the experimentally used photon
of 6.4 eV.

The excitations giving the CO cation having a hole in the
ar orbital are shown not to have the PSD channels, though
the excitation energies are calculated to be 10.6-10.8 eV.
This is because the 7 orbital is well localized on CO and has
almost nothing to do with the bonding with the Pt metal.

The anion species CO™ (7 anion) would also be de-
sorbed by photoirradiation. They are produced by the
electron-transfer excitations from the metal d orbital (or the
bulk electron) to the 7, orbital localized on CO. The excita-
tion energy lies in the range of 6.2-8.2 eV; one to two pho-
ton energy of the 193 nm (6.4 eV) laser. Since the upper
nonadiabatic PEC’s have shallow minima in this case, the
lifetime of the CO™ species would be larger than those of
CO™, for example, affecting the rotational temperature, etc.

It is interesting to compare the excitation energies of CO
on the Pt surface and in its free state. In the free system, the
ionization potentials giving the n and 7 cations of CO are
14.0 and 16.9 eV, respectively. The SAC-CI results are close
to the experimental values. On a Pt surface, the system
would be stabilized at least by the work function of Pt which
is 5.65 eV,*! and therefore, the cation should be formed with
less energy on the surface than in a gas phase. We see this

trend in Table II. Furthermore, on the surface, the 7r cation is
formed with less energy than the n cation, although the re-
verse is true in a gas phase. This is mainly due to the stabi-
lization of the o, MO on the surface (see Fig. 2), while the
r, orbital is localized and therefore not stabilized.

On the other hand, for the neutral excited states, the
stabilization due to the work function is not expected. Fur-
thermore, the excitation energy within CO would become
large when CO interacts with the surface as expected from
Fig. 2. Thus, the n— 7* excitation energy of CO is larger on
the surface than in a gas phase, as shown in Table II.

We have shown in this study that the MGR model is
valid as the PSD processes as giving the ground state CO, n
cation CO™ and the n— 7* excited state of CO. Except for
the ground state case, the upper repulsive curves in these
MGR processes are nonadiabatic. There are no simple repul-
sive curves in the adiabatic picture: the important relevant
states are embedded in the metal excited-state bands. The
PSD occurs through a sequential nonadiabatic transitions
among such relevant states: by connecting such states, we
get the nonadiabatic PEC’s.

The present calculations have clearly shown that the in-
teraction of CO with a Pt surface is due essentially to the
chemical bond formed by the o donation and = back-
donation type interactions. Even when the charged species
CO™ is involved as an excited state, the image force is sec-
ondary and our PEC’s are quite different from those assumed
by Antoniewicz. The repulsive nature of the upper curves in
the MGR-type PSD processes are due to a loss or breaking of
the metal-adsorbate bond existed in the ground state. Thus,
the PSD’s of CO from the Pt surface are quite chemical
processes.

We conclude that the present study successfully clarifies
the electronic mechanisms of the PSD of the CO molecule
from a Pt surface. It explains some features observed by the
experiments, but from experiments alone, it is almost impos-
sible to clarify the detailed mechanisms occurring on the
surface. The present study has served to clarify such mecha-
nisms of the PSD of CO on a Pt surface. We have chosen the
present CO/Pt system because it is a prototype system related
to the rapidly growing field of surface photochemistry. The
success of the present study, together with that of the previ-
ous study on the harpooning, surface chemiluminescence,
and electron emission in the Cl,/K, Na, and Rb systems,29
encourage us to apply our methodology to various surface
photochemistry.
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