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Abstract: Theoretical surface spectroscopy for NO on the Pt(111) surface is carried out and
combined with the experimentally known facts to elucidate the structures, absorption sites,
absorption energies and K-shell binding energies of NO adsorbates on the surface. The electronic
structures were studied by using the dipped adcluster model (DAM) for chemisorptions on a
metal surface proposed previously and the symmetry-adapted-cluster configuration-interaction
(SAC-CI) method, which is an established method for studying molecular spectroscopy. The
natures of the two different adsorption species suggested experimentally have clearly been
identified based on the studies on the geometries, vibrational frequencies, adsorption energies,
and the N and O K-shell binding energies. The PES (potential energy surface) of NO on the
metal surface was also calculated. The most stable adsorption species was on the fcc or the
hcp hollow site, and the on-top one was less stable. The 2-fold bridge site did not have a minimum
on the PES and therefore was only transient. The inter NO interactions at higher densities were
shown to be rather weak. We examined the cluster model (CM) vs the DAM as a model of the
surface adsorption on a metal surface. The CM was shown to be unable to describe the
adsorption of NO on a metal surface, demonstrating the importance of the electron transfer
between the NO and Pt surfaces included in the DAM. The DAM and the SAC-CI methods
proved to be a useful tool for studying the nature, electronic structure, and the spectroscopic
properties of the adsorbates on a metal surface.

1. Introduction tron spectroscopy for chemical analysis (ESCA), and ultra-
Nitric oxides (NQ) are the substances included in exhaust Violet(U) or X-ray(X) photoemission spectroscopy (PS).
gases from automobiles, factories and industries. The natureThese experiments have given the information about the
of the adsorptions of NQbn metal surfaces has been widely €lectronic structures and the bonding of the adsorbates on
investigated by using spectroscopic technidgu€ssuch as the metal surfaces. We investigate here the nature of the
electron energy loss spectroscopy (EELS), infrared reflection adsorptions of the simplest nitric oxide, NO on the Pt(111)
absorption spectroscopy (IRAS), scanning tunneling micros- surface.

copy (STM), low-energy electron diffraction (LEED), elec- There are many examples of molecular and dissociative
adsorptions of NO on metal surfacésOn a Pt surface, it

* Corresponding author e-mail: hiroshi@sbchem kyoto-u.ac.jp. 1S 9enerally agreed that NO adsorbs molecularly at low

t Department of Synthetic Chemistry and Biological Chemistry, temperature with its N atom toward the surface. Due to
Kyoto University. EELS?64and IRAS7%experiments, an NO stretching
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and as the coverage increased, a new band began to develo
around 1706-1725 cm! and at the same time, the first band
decreased: the first peak nearby 1500 tmas converted  (3)fcc-hollow
into the new peak nearby 1700 cinHayder considered g
that NO converts from the bridge site to the on-top site at
near-saturation coverage. Sexton et also reported the
existence of the two types of adsorbates at low and high Pt .
coverage. Various adsorption models were suggested by ',,Y\ / : B

many experimental techniques such as LEEDS and (4)hcp-hol]ow-"/ g o @ firstayer
STM 1314 Materer et al? reported that an fcc hollow site H @ sccond layer

adsorption was observed by the pk22) LEED pattern. ) _ )
Matsumoto et al® also performed the dynamical LEED Figure 1. Model and four adsor_ptlon sites on the Pt(111)
analysis and reported the adsorption sites of NO to be at theSurface: (1) on-top, (2) 2-fold bridge, (3) 3-fold fcc-hollow,

on-top site and at the fcc- and hcp-hollow sites. and (4) 3-fold hcp-hollow.

The nature of the interaction between NO and a metal |, g the aspects of the present study of the NO adsorbed
surface is mterestmg. NO is a radical in a gas phase and hagy the Pt(111) surface, the importance of the DAM has been
one electron in ther*-MO. When adsorbed on a metal  gyregsed. We then compare the DAM with the CM directly
surface, the NO stretching frequency shows a red shift from ¢, the adsorption energy and some other properties of NO

that of the gas phase: it is 1876 chin a gas phase and o the Pt(111) surface and then enter into the detailed
around 1500 cm' on Pt(111) at low coverage and is around §iscussions on the nature of the chemisorptions.

1600 cnt on Pd (111) at the same condition. This indicates
that the electron transfer occurs on a metal surface from the2_ Computational Details
metal surface to the adsorbate NO. Between the donationln this study, we used the DFT method with the B3L2¥#

and the back-donation interactions between NO and a metalpotential and combined it with the dipped adcluster model

surface, the back-donation interaction is more important. (DAM). 2021 The DAM was used to include the effect of the

In the previous theoretical studies, Ge et'akported that  glectron exchange between the adsorbates and the bulk metal,
the 3-fold fcc hollow site is most stable and the 3-fold hcp \yhich is considered to be very important on the metal
hollow site is next by the density functional theory (DFT) = gyrface. The cluster model cannot describe such effect. We
calculations using a cluster model. Koper et'atompared  js0 included the energy correction due to the image #rce
the adsorption energies of the on-top and hollow sites by 51y the metal surface. We used the highest spin-coupling
the DFT calculations and explained that the hollow site is model, and so one-electron transfer from the bulk metal to
more stable. Aizawa et &.calculated the adsorption energies ihe adcluster was assume!

for the three types of coverage using the periodic boundary  Foyr adsorption sites, (1) on-top, (2) 2-fold bridge, (3)

model. All of these reports show that the 3-fold hollow site 3_fg|g fcc-hollow, and (4) 3-fold hcp-hollow, shown in

is the most stable. Figure 1, were investigated using the experimental geometry
When NO is adsorbed on a Pt surface, electrons areof the (111) surface. We used five different sizes of clusters

withdrawn from the metal to NO. When we use the cluster shown in Figure 2 to mimic the (111) surface: (a)(B/0),

model (CM), the effects_of the free electrons of the _bulk (b) Pt(4,0), and (c) P(7,0) clusters, which contain respec-

metal are not well described. We therefore use the dippedtively, three, four, and seven atoms only in the first layer,

adcluster model (DAMf?! proposed by one of the authors  (d) Pt(3,1) and (e) Rt(7,3) clusters, which contain double
to describe the chemisorptions and catalytic reactions on ajayers.

metal surface. It naturally describes the effect of the electron  The geometry of the adsorbed molecule on the surface
transfer between adsorbates and the metal surface and the/as optimized using the DAMDFT method. Materner et
image force effects characteristic to the metal surface. We g]. reported that the geometry relaxation of the metaétal
study the structures, vibrations, absorption sites, and sur-distance on the Pt(111) surface was very small; the change
face PES (potential energy surface) for the NO on the of the Pt-Pt bond length was less than 0.1 A. Then, we
Pt(111) surface with the DAM combined with the density used the fixed PtPt bond length at its bulk lattice value of
functional theory (DFT). We also study the possibility of 2.77 A28 The convergence criterion of the geometry opti-
the interadsorbate interactions expected at high coveragemization on the first derivative of the total energy was 0.0003
adsorptions. hartree/bohr (default value). After the optimizations, the
The K-shell binding energies of NO adsorbates are vibrational analyses were carried out to evaluate the harmonic
observed experimentally and show some interesting featuresfrequencies and the IR intensities.
Recently, we have shown that the SAC (symmetry adapted All calculations were performed using the Gaussian 03
clusterf4SAC-CI (configuration interactiod) method de- software packag®.For the DFT calculations, the basis set
scribes well the K-shell ionizations of various molecules in for Pt atom was (3s3p3d)/[3s3p2d], and Xe core was replaced
excellent agreement with the experimental vafté&'e apply by the effective core potentidl.For oxygen and nitrogen,
here the SAC-CI method combined with the DAM to we used the standard LANL2DZ plus diffuse and polarization
elucidate the origin of the different K-shell binding energies functions3* On the other hand, for the calculations of the
observed for NO at different coverage situations. core electron binding energy of the adsorbed NO using the
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(a) (b) We see that the DAM describes larger electron transfer
to NO than the CM. The NO charge calculated with the

DAM is —0.4 for the 3-fold site,~0.1 for the 2-fold site,
and —0.14 for the on-top site, while that with the CM is
—0.24,+0.03, and 0.0, respectively. This electron transfer
from the Pt surface to tha* orbital of NO seems to be
important for describing the interaction between the chemi-

sorbed NO on a metal surface.

We show in Table 1 the calculated stretching vibration
(c) (d) frequency of NO {no) and the IR intensity both with the
DAM and CM. As we will see from discussions given below,
the DAM gives reasonable vibration frequency for both
3-fold and on-top geometries, but the frequency calculated
with the CM is not well comparable with the experimental
values.

The IR peak intensity of the higher frequency (1700
1725 cn?) is larger than lower one (1476516 cnt?).16
This means that the IR intensity is larger at the on-top site
than at the 3-fold site. This is reproduced with the DAM
but not with the CM.

The above comparative calculations show that the electron
transfer from the bulk metal to the adsorbates is important
for the adsorption of NO on the Pt surface. Then we use the
DAM to study the chemisorption and spectroscopy of NO
on the Pt(111) surface.

4. Structure, Vibrational Frequency, and

Figure 2. Cluster models used in this work: (a) Pt3(3,0), (b) Adsorption Energy  — Cluster Size
Pt4(4,0), (c) Pt7(7,0), (d) Pta(3,1), and (e) Ptio(7,3). Dependence

The structure of NO on the Pt(111) surface was observed
SAC-CI generaR method, we used the basis set well tested by spectroscopic techniques such as NEXAFBwo types
in the correlation calculations. We used the Ahlrich’s core- of NO adsorbates with the bond lengths of 1.16 and 1.24
valence tripleZ basi§? for N and O atoms and Christiansen’s  A2were reported on the Pt(111) surface. Croci et al. reported
ECP basis for P The reference functions for the SAC-Cl  experimentally the adsorption energy of NO on the Pt(111)
calculations were the Hartreéock wave function chosen  surface to be 1.29 e¥Only one adsorption energy was

for the DAM. reported, and this energy seems to correspond to the most
stable adsorption species of NO on the Pt(111) surface. This
3. DAM vs CM adsorption energy on the Pt(111) surface is smaller than those

Table 1 shows a comparison between the DAM and CM for on other indices of the Pt surface reported by Yeo, Vattuone,
the adsorption energy and the charges of NO on the Pt(111)and King, namely 1.98 eV on Pt(1G%)and 1.68 eV on
surface. The adsorption geometries were optimized inde-Pt(110)%¥ representing the natures of the interactions between
pendently for both CM and DAM. Referring to the adsorption the surfaces and the adsorbates.
energy, we see that the CM does not describe a stable We examined here first the cluster size dependence of the
adsorption of NO on the Pt(111) surface. The adsorption DAM on the optimized geometry, vibrational frequency, and
energy calculated by the CM is negative for all the adsorption the adsorption energy by using five different types of clusters
sites, while the DAM gives positive (stable) adsorption shown in Figure 2. The result of the calculation was
energy for all the adsorption sites. This clearly shows the summarized in Table 3. We see first small model size
advantage of the DAM over the CM, since experimentally dependence on the optimized NO length. For the on-top site,
NO is preferably adsorbed on the Pt(111) surface. Further-the calculated length was 1.19, 1.19, 1.20, 1.17, and 1.20 A
more, the stability order is also in contradiction with that of for the Pt(3,0), P%(4,0), P#7,0), Pi(3,1), and Pi(7,3)
DAM and the experiment (as seen later): the 3-fold site is models, respectively. This result indicates that the experi-
more repulsive than the on-top site. Detailed discussions onmental bond length of 1.16’Awould correspond to the on-
the relative stabilities, etc., will be given below. top type NO. Similarly, we also examined the NO length
We show in Table 2 the size dependence of the adsorptionfor other adsorption sites, 2-fold bridge, 3-fold fcc hollow,
energy in the DAM and CM. Not only for the 18{7,3) model and 3-fold hcp hollow sites. The calculated NO length for
given in Table 1, the CM gives negative adsorption energy the 2-fold bridge site was in the range of 1-2021 A and
in various cases, while the DAM gives always the positive that of the 3-fold hollow fcc and hcp sites was in the range
adsorption energy. The cluster size dependence in the DAMof 1.22-1.24 A. The experimentally proposed value for the
will be discussed in the next section. bridge or hollow site was 1.24 & From the present result,
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Table 1. Adsorption Energies (Eaqs) and Charges of Pty(7,3) Model: Comparison of the DAM and the Neutral Cluster

Model
on-top 2-fold 3-fold fcc 3-fold hep

site model DAM CM DAM CM DAM CM DAM CM

E e (V) calc 0.37 -1.41 0.50 -1.31 1.25 —1.53 1.26 —1.60
ads exptl. 1.29

B calc 1706 1752 1626 1689 1482 1536 1475 1484

vno (cm™)
exptl. 1700—-1725 1476—-1516

IR intensity 639 432 522 496 396 362 497 492
charge on N —0.12 —0.03 —0.09 —0.01 -0.21 -0.11 —0.20 -0.11
charge on O —0.02 0.03 —0.01 0.04 —0.19 —0.13 —0.22 —0.12
charge on Pt2 0.57 1.00 0.21 0.37 0.10 0.18 0.17 0.12

2 The averaged value for the nearest Pt atoms from NO adsorbate.

Table 2. Size Dependencies in the DAM and the CM on
the Adsorption Energy (Eags.) in eV Using Five Clusters
Shown in Figure 2
. on-top 2-fold 3-fold fcc 3-fold hep
site

model DAM CM DAM CM DAM CM DAM CM

Pt; (3,0) 2.09 0.22 149 -050 189 -0.21

Pty (4,00 190 -0.57 159 -119 271 -0.15

Pt, (3,1) 124 -0.73 1.23 -1.03 143 -0.83
Pt; (7,00 1.70 0.60 2.02 -0.02 294 0.24

Pty (7,3) 0.37 -—-1.41 050 -1.31 125 -153 126 -1.60
exptl.2 1.29

2 Reference 8.

Table 3. Cluster Size Dependences of the DAM on the
Calculated NO Length, Frequency, and the Adsorption
Energy (Eags.) Using Five Clusters Shown in Figure 2

site model Rn-o (A) VYN-O (cm’l) Eads (eV)
on-top Pts (3,0) 1.19 1661 2.09
Pt4 (4,0) 1.19 1690 1.90
Pts (3,1) 1.20 1666 1.24
Pt; (7,0) 1.17 1762 1.70
Ptio (7,3) 1.18 1706 0.37
2-fold Ptz (3,0) 121 1503 1.49
Pty (4,0) 1.21 1594 1.59
Pts (3,1) 1.21 1572 1.23
Ptz (7,0) 1.20 1648 2.02
Ptio (7,3) 1.20 1626 0.50
3-fold fcc-hollow Ptz (3,0) 1.24 1406 1.89
Pt (4,0) 1.24 1442 2.71
Pt7 (7,0) 1.22 1503 2.94
Ptio (7,3) 1.23 1482 1.25
3-fold hcp-hollow  Ptg (3,1) 1.23 1453 1.43
Ptio (7,3) 1.23 1475 1.26
exptl. 1.16b0 1700—17252 1.29¢

1.24b 1476—15164
a Reference 16. Y Reference 12. ¢ Reference 8.

1406-1503 cnt. Two different stretching frequencies were
reported by EELS and IRAZ,which would correspond to
different absorption species of NO on the Pt(111) surface.
The lower frequency was 1478516 cn! and the higher
one was 17061725 cml. Compared to our theoretical
results, the stretching band of the lower frequency is assigned
to the NO on the 3-fold hollow site and that of higher
frequency is assigned to the on-top one.

Finally, we examine the adsorption energyr, which
is defined as the stabilization energy of NO adsorbed on the
surface relative to the gas-phasgysE= E(Pt) + E(NO) —
E(PtNO). The calculated adsorption energy shows a rela-
tively large model size dependence and a small size DAM
tends to overestimate the adsorption energy. This is because
the small cluster has a relatively large number of unsaturated
bonds that are stabilized by forming,RO. The result of
the largest DAM using R§(7,3) cluster is 1.25 eV for the
3-fold fcc-hollow site and 1.26 eV for the hcp-hollow site,
in good agreement with the experimental value, 1.29 eV.
This indicates that the experimental value is due to the
adsorption on the 3-fold hollow site. The comparison with
the Pt(7,0) model for the 3-fold fcc-hollow site clearly shows
an important role of the second Pt layer in theqft3)
cluster.

5. Geometry and Potential Energy Diagram
of NO on the Surface

We examined the potential energy diagram of NO on the
Pt(111) surface using the jp(7,3) model and showed the
result in Figure 3. The values in parentheses are the results
obtained with the B¢7,0) model. The potential energydE

is defined similarly to the adsorption energy as=EE(Pt)

+ E(NO) — E(PtNO) and is a function of the position of
NO on the surface. We also show in Figure 3 the optimized
geometries (RC1RC3) and the transition states (TS1, TS2).

we assigned the observed bond length of 1.24 A to be dueThe energy difference between the 3-fold fcc and hep hollow
to the 3-fold hollow site. Thus, the small cluster size sites was very small, only 0.01 eV, and therefore, we use in
dependence of the calculated NO length and the reliability the following discussions the result of the 3-fold fcc hollow

of the present DAM model have enabled us to make a uniquesjte model. For the migrating from the on-top site to the

assignment of the adsorption site.

We next calculated the NO vibration frequency at the
optimized geometry of the different size DAM. The calcu-
lated N-O stretching frequency for the on-top site was in

the range of 16631762 cm, that for the 2-fold site was

1503-1648 cn1?l, and that for the 3-fold hollow site was

3-fold site, the transition state (TS1) was found and the
barrier was 0.59 eV. We also found another TS (TS2) from
the on-top site to the 2-fold site and the barrier was 0.22
eV. The on-top site (RC1) and the 3-fold hollow site (RC3)
had true minima, but there was no true minimum at the 2-fold
bridge site: it was a transient species that is not stable. This
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Figure 3. Potential energy diagram and the geometries of the NO adsorbates on the Pt;o(7,3) DAM. Values in parentheses are
due to Pt;(7,0) DAM.

result indicates that, at low coverage, the NO adsorbed onTable 4. Comparison of the Present and Past Results on
the on-top site migrates to the most stable 3-fold site via the the Adsorption Energy of NO on the Pt Surfaces

2-fold site. The NO at the 3-fold (fcc or hcp) hollow site is present other

strongly bound with a relatively high barrier of about 0.75 DAM+B3LYP  theoretical

eV for the migration to another 3-fold (hcp or fcc) hollow for PY(111)* works exptl.

site and therefore would not easily move to the other sites on-top 0.37 0.64¢, 1.61°

at low temperature. 3-fold  fcc-hollow 1.25 1.75¢,2.09? 1.29 [Pt(111)]
Next, we examined the PN—O angle at the on-top site hcp-hollow 1.25 1.92° 1.68 [Pt(100)]¢

using the Pi(7,3) DAM. At each P£N—O angle, the PtN 1.98 [P1(110)] /

and N-O lengths were optimized. The adsorption energy  *Ptio(7.3) DAM. » Reference 19. ¢ Reference 17. ¢ Reference 8.
of the linear form (180 degree) was2.24 eV and of the  ° Reference 33. Reference 32.

bent form (121.7 degree) was 1.49 eV, which was the local
minimum. Namely, at the on-top site, NO takes a bent form
with the Pt-N—O angle of around 120 degrees. Similar

calculations were also done at the 3-fold fcc hollow site.

sites. The experimental adsorption energy on Pt(111) was
1.29 eV® while the calculated adsorption energy was 0.37
eV for the on-top site and 1.25 eV for the 3-fold hollow
There, the adsorption energy of the linear form was 2.81 eV site. So, _the measured ad_sorbate W(.)u'd be NG on the_ 3-fold
. hollow site. The adsorption energies of the other index
and that of the bent form was0.20 eV. So, a linear form "
. o . Pt(100%* and Pt(110% were reported to be 1.98 and 1.68
is preferred at this site. In summary, the two adsorption ) :

. . . eV, respectively. These differences reflect the nature of the
species are linear NO at the 3-fold fcc hollow site and the interaction between NO and the surface
bent NO at the on-top site. '

In Table 4, our theoretical results are compared with those ) ] )
of other experimental and theoretical studies on the on-top 6. Vibrational Analysis
and the 3-fold hollow sites. When we use the#t3) model, In a gas phase, the ND length is 1.15077 A and the
there was no apparent difference between the fcc and hcpvibrational frequency is 1876 cth3® The corresponding

920z Jequisidag gz uo 1asn AINN OLOAM Ad Jpd'Z8e661010/€2SZE YL 1/6€C/2/ 1 4Pd-BlolE/200)0(/610's0B sqnd WOl papeojumog



244 J. Chem. Theory Comput., Vol. 1, No. 2, 2005 Nakatsuji et al.

Table 5. Bond Length and Stretching Frequency of NO
on the Pt(111) Surface and Atomic Charge of Each Atom

atomic charge

{ DAM

adsorption site Rn-0(A)  wn-o (cm™) N o i

on-top 1.18 1706 —-0.12 -0.02
3-fold fcc-hollow 1.23 1482 -0.19 -0.21
hcp-hollow 1.23 1475 -0.20 -0.22

1.16b 1476—15162

exptl. 1.24b 1700—17252

a Reference 16. Y Reference 12.

a.u)

EELS

values on the Pt(111) surface calculated with thg(PB)
DAM are summarized in Table 5 together with the Mulliken
charges on N and O atom. In the EELS experiment, the peak m
developed in 14761516 cnm appears first at low coverage
and at higher coverage a second new peak appears at around
1700 cm* and the first peak is replaced with the second
peak as the coverage is further increased. The present result S o, VW
shown in Table 5 clearly assigns the first peak as being due ' '

1200 1600 %000

Intens.ity (

to the NO at the stable 3-fold hollow site and the second
peak as being due to the on-top NO. Further, the experimental
bond lengths of 1.24 and 1.16 A due to Esch éfake also Figure 4. Theoretical vs experimental vibrational spec-
clearly assigned as being due to the NO’s at the 3-fold hollow trym of NO/Pt(111). The experimental spectrum was cited
site and at the on-top site, respectively. from the 0.25 L exposure data of NO by Gland et al. (Figure

The dipole moment of the adsorbed NO on the 3-fold site 1 of ref 2).
was smaller than that of the on-top site, so that the vibrational
peak intensity of the 3-fold site would be smaller than that and Christiansen’s ECP for Pt atéfhThese basis sets are
of the on-top site, in agreement with the experimental well examined for the SAC-CI calculations of the K-shell
spectrun® We show in Figure 4 the theoretical and ex- ionization potentiaf*373°
perimental vibrational specftaof NO/Pt(111). The ratio The results of the calculations were shown in Table 6.
of the adsorption molecules was assumed to be 1:1:1The CEBEs of a free NO molecule were calculated to be
(on-top:3-fold fcc:3-fold hep) in the theoretical spectrum. 411.1 and 543.1 eV for N and O atoms, respectively, which
The theoretical spectrum agrees well with the experimental were in good agreement with the experimental values, 410.8

Wavenumber(cm ')

one taken at the 0.50 ML coverage. and 543.6 e\*? respectively. For the NO adsorbed at the
on-top, fcc-hollow, and hcp-hollow sites, the calculated O
7. K-Shell lonization Potential 1s CEBEs were 538.5, 537.5, and 537.2 eV, respectively.

Core electron binding energies (CEBES) and the chemical The experimental CEBEs are estimated to be 538.9 and 537.0
shifts of the adsorbates are important information of analyti- €V* using the work functior) = 6.42 eV;* and so the band

cal chemistry for surface adsorbates. We can calculate theof higher energy was assigned to the on-top site and the lower
CEBEs of various molecules in high accuracy using the one to the fcc/hcp-hollow site. The theoretical energy dif-
SAC/SAC-CI generaR method?43%3 The orbital reorga-  ference from the free molecule to the adsorbate is 5.1, 6.1,
nization due to the coreelectron ionization is described by ~and 6.4 eV, respectively, for the on-top, fcc-hollow, and hep-
the generaR method together with the important correlation follow sites, which were proportional to the atomic charges,
effect. Here, we apply this established method to the —0.02 (on-top)~0.21 (fcc-hollow), and-0.22 (hcp-hollow),
calculations of the N 1s and O 1s CEBESs of the NO molecule Which were also shown in Table 5.

adsorbed on the Pt(111) surface. In this calculation we used The theoretical values of N 1s CEBEs were 406.3, 407.4,
Ahlrich’s core-valence triplé-basig§? set for N and O atoms  and 407.6 eV for the on-top, fcc- and, hcp-hollow sites,

Table 6. Core Electron Binding Energies and Atomic Charges of Free and Adsorbed NO

N 1s O 1s
DAM+SAC-CI DAM+SAC-CI
state exptl. (eV) IP (eV) charge on N exptl. (eV) IP (eV) charge on O

on-top 407.02 406.3 0.07 538.92 538.5 -0.24
2-fold bridge 405.8 0.02 538.7 —0.18
3-fold fcc-hollow 407.4 0.09 537.02 537.5

hcp-hollow 407.6 0.10 537.2 —0.38
gas phase 410.8° 411.1 0.15 543.6° 543.2 -0.15

a Reference 4. P Reference 38.
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Figure 5. DAM+SAC-CI theoretical vs experimental photo-
emission spectrum of NO/Pt(111): (a) O 1s hole spectrum (b)

and (b) N 1s hole spectrum. The experimental spectra was
observed by Kiskinova et al. (Figure 3 of ref 4).

respectively, and the experimental value was only 407 eV

which was near the average value of our results, 407.1 eV.
We show the theoretical and experimental CEBE spectra of
NO/Pt(111) in Figure 5. The ratio of the adsorbates was
assumed to be 1:1:1 (on-top: 3-fold fcc: 3-fold hep) in calcu-

lating the theoretical spectrum, which corresponds to the
experimental condition of the higher or saturated coverage.

8. NO—NO Interaction at High Coverage

We examine here the NENO interaction that is expected

in high coverage. For the on-top adsorption, the former model

(one NO molecule on the surface) may not have been

appropriate since it appears only at a high coverage situation.

Therefore, we examine JPNO), (x=10,11,12) DAM shown

in Figure 6 for the high coverage model. When two NO

molecules are put in the p(R 2) unit cell at the coverage

of 0.50 ML, we assume that one is the on-top site and another

is the 3-fold site (model (b) and (c)), referring to the

experimental LEED pattethand STM imagé?!*We also

examined the interaction between the NO’s on the 3-fold

fcc and hcp sites (model (a)). The calculation method and

the basis sets are the same as before. Figure 6. Optimized geometries of NO of Pt,-(NO), [x =
Table 7 shows the results, which should be compared with 10—12]: (&) fcc and hcp-hollow, (b) on-top and fec-hollow,

the single NO results shown in Table 5. There were little @nd (c) on-top and hcp-hollow.

interactions between the on-top site and the 3-fold fcc or 74p/e 7. Bond Length and Frequency of Adsorbed NO

hcp hollow sites. The NO distances were completely the and Atomic Charge of Each Atom: (a) the fcc and

same, and the frequencies were shifted only slightly. On the n¢p-hollow Model, (b) the on-top and fcc-hollow Model, and

other hand, a small interaction was found between the fcc (c) the on-top and hcp-hollow Model

and the hcp hollow sites and the theoretical spectrum was

atomic charge

split into two peaks, 1430 and 1485 ciWe assume that model R(“/!()O (Zaniol) N o

the vibrational spectrum in the region of 1400500 cnt?

becomes broad at high coverage by such an interaction(@) fec-hollow + hep-hollow  1.23 1430 —-012 -0.25

between the adsorbates. 123 1485 —017 -0.25

(b) on-top + fcc-hollow 1.18 1708 —-0.08 -0.01

9. Conclusion 1.23 1457 -0.27 —0.20
' . (c) on-top + hcp-hollow 1.18 1707 -0.04 -0.01

The DAM has been applied to the NO on the Pt(111) surface. 1.93 1468 023 —0.20

The spectroscopic properties such as the adsorption energyexpt. 1.162 1700—1725°

the geometry and the vibrational frequency of the NO 1.242 1476—1516°

adsorbates were theoretically calculated and compared With™ a Reference 12. © Reference 16.

the experimentally available data. We also calculated the

potential energy surface of the NO adsorbate on the Pt(111)assignment of the observed spectra and clarified the nature
surface. We could show that only the 3-hold hollow site (fcc and the electronic structure of the adsorbate on the Pt(111)
and hcp) and the on-top site are stable. We gave a definitesurface.
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The dependence on the cluster size used in the DAM was
examined for the adsorption energy, the geometry and the
vibrational frequency. The dependence was relatively large
for the adsorption energy but small for the geometry and
the vibrational frequency. Anyway, the largest model ex-
amined has given the results that agree best with the
experimental values. Generally speaking, it is rather difficult
to eliminate the edge effects of the model, but comparing
with the experimental values, this effect seems to be
minimized by using the largest adcluster model.

The inner-core electron binding energy of NO on the Pt
surface was calculated by the SAC-CI general-R method
using the MQ's obtained with the DAM. Likewise the gas-
phase case, the calculated results reproduced well the existing
experimental values and predicted the values for nonexisting
cases. Since the ESCA spectroscopy is frequently done for
surface adsorbates, the SAC-€DAM method will provide
a powerful method for identifying the surface species.

A comparison of the cluster model (CM) result with the
DAM result has clearly shown the importance of the DAM
for the adsorbates on a metal surface. These results may be
considered as proof of the validity of the DAM.

In conclusion, by combining the experimental and theo-
retical surface spectroscopies, we can understand the chem-
istry of the surface adsorbates more deeply than doing only
by one of them.
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