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Abstract. The adsorption and condensation of sulphur dioxide on a number of metal surfaces
is examined with emphasis on the observed surface structures. First some properties of gas-
phase SO2 and the characteristic bonding modes of SO2 in transition-metal complexes are
summarized. The role of fast and high-resolution core-level spectroscopy in the study of the
kinetics of surface processes and in the identification of surface species is demonstrated for SO2

adsorption and temperature-dependent decomposition on Cu(100). Structural studies of SO2

adsorption on Ag(110), Pd(100) and Pt(111) using qualitative techniques are reviewed as well
as quantitative structure determinations of condensed SO2 and of SO2 adsorption on Ni(110),
Ni(100), Ni(111) and Cu(100) using x-ray absorption fine structure. The different adsorption and
desorption behaviour is discussed in the light of the electronic structure of both the adsorbate
and the substrate.

1. Introduction

There are a number of stories to tell when dealing with sulphur dioxide. Among the many
uses of minor importance, its disinfecting and fumigating efficacy, which has been known
for a long time, may be mentioned. So Odysseus, after the slaughter of the suitors, calls the
nurse [1]: ‘Bring me sulphur, which cleanses all pollution, and fetch fire also that I may
burn it, and purify the cloisters’.

Nowadays, huge quantities of poisonous SO2 are formed by the combustion of fuels
such as coal, oil and natural gas in power plants, factories and homes. As a consequence,
SO2 is a major air pollutant and its removal from combustion gases is of great importance.
In industry, SO2 is usually formed by burning naturally occurring sulphur or by roasting
metal sulphides in air. SO2 is mainly employed in the manufacture of sulphuric acid with
the oxidation to SO3, either photochemically or in the presence of catalysts (platinum),
as the most important intermediate process. Similar reactions proceed in the atmosphere
where H2SO4 is formed by oxidation of predominantly man-made SO2 with the well known
phenomenon of ‘acid rain’ in the northern hemisphere as a result. The oxidation of SO2 to
H2SO4 is also responsible for the corrosion of many metals by SO2. The catalytic activity
of most transition metals is drastically reduced by the presence of SO2 or other sulphur-
containing compounds at extremely low concentration in the reagents [2]. SO2 adsorption
on these metals, in particular on platinum, is thus important in key areas of catalysis,
because platinum catalysts are used not only for catalytic combustion, but also for motor
car emission control.

Physically, SO2 is interesting mainly for three reasons. It has frequently been used as
a model compound for studying vibration and rotation. Surface physicists, on the other
hand, are attracted by its comparatively high electron affinity, which should result in a
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more pronouncedπ -acceptor behaviour in bonding to substrates than known from CO.
Finally, SO2 exhibits interesting properties as a ligand in transition metal complexes with
an unequalled diversity of bonding modes [3], which could help to understand the bonding
of SO2 to metal surfaces.

Looking at this widespread importance of SO2 it is surprising that until recently
only little interest has been shown in the adsorption and reaction behaviour of SO2

on single-crystal metal surfaces. Most of the comparatively few studies concentrated
on the question of molecular versus dissociative adsorption and condensation and on
the identification of adsorbed SOx (x 6= 2) species as a result of SO2 decomposition
using temperature-programmed desorption (TPD), high-resolution electron energy loss
spectroscopy (HREELS), work function measurements, UV photoelectron spectroscopy
(UPS) and x-ray photoelectron spectroscopy (XPS). A crude general picture of SO2

adsorption on metal surfaces derived from these studies shows spontaneous or thermally
activated decomposition on all of them (Fe, Rh, W, Ni, Pd, Pt, Cu and Zn) except on Ag
where SO2 adsorbs and desorbs molecularly.

Until recently, however, no quantitative structure determination has been reported. This
might be due to a number of different factors. First, the ‘classic’ experimental techniques for
surface structure determinations—low-energy electron diffraction (LEED), surface-extended
x-ray absorption fine structure (SEXAFS) with the related technique of near-edge x-ray
absorption fine structure (NEXAFS) and photoelectron diffraction (PED)—have just started
to collect data on molecular adsorption. Second, adsorbed SO2 monolayers usually do not
seem to exhibit long-range order and, if they do, the latter is rapidly destroyed by an electron
beam [4]. LEED investigations are, therefore, either impossible or at least rather demanding.
Finally, structural analyses turn out to be complex due to the three-atom adsorbate SO2 and
are often complicated by co-adsorbed decomposition products.

Some structural information has emerged from the application of qualitative
experimental techniques such as HREELS, angle-resolved UPS (ARUPS) and NEXAFS
and by making use of the surface-cluster analogy [5] and of molecular orbital analyses.
Quite generally it is assumed that SO2 bonds to the substrate through its S atom. On
Pd(100) [6], Ag(110) [7, 8], Ni(110) [4] and Pt(111) [9] SO2 has been suggested to adsorb
with its molecular plane perpendicular to the surface and aligned along the〈100〉 azimuth
(perpendicular to the close-packed rows) in case of the (110) substrates (at low coverages).
But whereas on Ag(110) SO2 adsorbs with its C2 axis perpendicular to the surface, this axis
is tilted within the molecular plane for SO2 on Pd(100), Ni(110) and Pt(111) with the tilt
being attributed to an additional O–substrate bonding interaction. For all these systems the
adsorption site could only be guessed. S locations in hollow sites on Pd(100) and Ni(110)
were assumed, while on-top sites on Ag(110) and sites between on-top and bridge positions
on Pt(111) were favoured.

Quite recently quantitative structure determinations of SO2 adsorbed on Ni(111) [10],
Ni(100) [10] and Ni(110) [11] and of the decomposition product SO adsorbed on Cu(100)
[12], which revealed hitherto unobserved parallel orientations of the adsorbed SO2 and
SO species and unexpected adsorption sites, have been performed. All these structural
studies used the x-ray absorption fine structure (XAFS) technique, which by combining the
NEXAFS and SEXAFS results turns out to be especially powerful for complex molecular
systems with no structural information beforehand. While NEXAFS yields the orientation
of the molecular plane, SEXAFS measurements above the S and O K edge determine
independently the locations of the S and O atoms, respectively.

The organization of the remainder of this article is as follows. In section 2 some
structural and electronic parameters of gas-phase SO2, which are relevant for the following
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sections, are listed. Section 3 contains a brief review of SO2 coordination chemistry. The
decomposition of SO2 on various metal surfaces and the identification of the decomposition
products are discussed in section 4. In particular, fast and high-resolution core-level
photoemission (XPS) data are reported. Structural results for SO2 adsorption on Ag(110),
Pd(100) and Pt(111) taken from studies using qualitative techniques are summarized in
section 5. Section 6 described briefly the SEXAFS and NEXAFS formalism which will be
applied in sections 7–9. The main body of results is presented in these sections. Multilayer
(condensed SO2) data are discussed in section 7. The structures of monolayers adsorbed on
Ni(111), Ni(100) and Ni(110) are described in section 8. Section 9 contains the structure
determination of the(SO+ 2O) phase on Cu(100) obtained by annealing an adsorbed
SO2 layer to about room temperature. Finally, a summary of the experimental structure
determinations is given in section 10.

2. The geometric and electronic structure of gas-phase SO2

Gas-phase SO2 has an intramolecular S–O bond length of 1.43Å [13] and the O–S–O angle
measures 119◦ [14]. This results in an O–O distance of 2.48Å as shown schematically
in figure 1 (left). According to the point group C2v the molecular orbitals (MOs) are
labelled a1(σ ), a2(π), b1(π) and b2(σ ) with the corresponding symmetries given in brackets.
The ground-state independent particle electron configuration together with the unoccupied
valence orbitals may be written as [15, 16]

Core: (1a1)
2 (1b2)

2 (2a1)
2︸ ︷︷ ︸ (3a1)

2 (2b2)
2 (1b1)

2 (4a1)
2︸ ︷︷ ︸

S 1s O 1s S 2s S 2p

Valence: (5a1)
2 (3b2)

2 (6a1)
2 (7a1)

2 (4b2)
2 (2b1)

2 (5b2)
2 (1a2)

2 (8a1)
2

Virtual MO: (3b1)
0 (9a1)

0 (6b2)
0.

The latter antibonding virtual orbitals, which are probed in NEXAFS and inner-shell EELS
(ISEELS), will be designated as b∗1, a∗1 and b∗2 in the present work.

Figure 1. The geometric structure of gas-phase SO2 and schematic diagrams for the highest
occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals of SO2, consisting mainly
of px and pz atomic orbitals, respectively. The molecular plane is defined as thex–y plane.
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The most important orbitals from a bonding standpoint are the highest occupied MO
(HOMO) 8a1 and the lowest unoccupied MO (LUMO) 3b1 = b∗1. Both the HOMO and
LUMO are mainly localized on sulphur [17] which suggests that bonding of SO2 via the
sulphur atom should predominate. Defining the molecular plane as thex–y plane withx
lying along the twofold rotation axis, the HOMO consists of sulphur px (dominating) and
s contributions and to a lesser extent of oxygen px , whereas the LUMO is formed by sulphur
pz and to a lesser extent oxygen pz. The dominating px and pz contributions are depicted in
figure 1 (right). In transition metal–SO2 complexes (see section 3) the bonding mechanism
generally involves charge transfer from the HOMO of SO2 into the orbitals of the complex
fragments (σ donation) and charge transfer from the fragments into the LUMO of SO2

(π back-donation) [3]. SO2 thus exhibits aσ -donor andπ -acceptor behaviour similar to
that of CO [18]. Due to the higher electron affinity of SO2 (1.1 eV [14]) compared to that
of CO (−1.8 eV [19]) the LUMO of SO2 is at lower energy, so its contribution to bonding
is expected to be more important for SO2 than for CO.

3. SO2 coordination chemistry

Sulphur dioxide exhibits a rich coordination chemistry. In transition-metal complexes [3]
SO2 usually binds through its sulphur atom with a geometry which may be either planar
or pyramidal or bridging as depicted in figure 2. In theη1-planar binding configuration the
metal (M), sulphur and both oxygen atoms are planar, while in theη1-pyramidal geometry
they are not. In addition, M–SO2 configurations with SO2 bonding through both sulphur
and oxygen and through oxygen only (cf figure 2) have been identified. The intramolecular
S–O bond length and the O–S–O angle of the complexes listed in [3] varies between 1.31
and 1.56Å and between 108 and 119◦, respectively. In general, the qualitative aspects of
M–SO2 bonding can be rationalized by just comparing the properties of the HOMO and
LUMO of SO2 with those of the valence orbitals of the relevant transition metal complex
fragments [3]. Theoretical calculations [20] have shown that in a bond resulting from both
σ donation andπ back-donation the latter contribution dominates and is due to the high-
lying transition metal d orbitals. The calculations also indicate that the binding energy

Figure 2. Typical coordination geometries for SO2 in transition metal complexes. The
superscriptη notation refers to the number of atoms in SO2 which are bonded to the metal.
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gained by charge transfer from the metal into the LUMO of SO2 increases in the orderη1-
planar< η1-pyramidal< η2, so transition metal–SO2 complexes should generally assume
an η1-pyramidal orη2 configuration if not hindered by steric repulsion.

There is a correlation between the SO2 coordination geometry and its vibrational (S–O
stretching) frequencies, which has been summarized by Ryanet al [3] as depicted in figure 3.
As can be seen from the figure, the symmetric (lower values) and asymmetric (higher values)
S–O stretching frequencies of complexes with different M–SO2 bonding configurations,νs
and νa, respectively, lie in defined ranges, which partly overlap. This correlation can
be valuable in diagnosing the coordination geometry of newly synthesized complexes and
may help to determine the SO2 bonding mode in surface complexes. In cases where the
assignment on the basis of absolute values of stretching frequencies is not unambiguous, the
differenceνa − νs can also be checked; this has values below 190 cm−1 for SO2 bonding
through S only, while values above 190 cm−1 indicate η2-SO2 configurations. As has
been shown for CO and NO complexes [21], the surface-cluster analogy may, however, be
misleading simply because the surface coordination modes are practically never the same
as those in analogous ligand complexes.

Figure 3. Symmetric (lower values) and asymmetric (higher values) S–O stretching frequencies
for various SO2 coordination geometries [3].

4. Temperature-dependent decomposition of adsorbed SO2

Spontaneous or thermally activated decomposition of SO2 has been reported on all metal
substrates studied so far with one exception: on Ag surfaces SO2 adsorbs and desorbs
molecularly [8, 22–24]. Depending on temperature and initial SO2 coverage different
adsorbed decomposition products have been observed: SO species on Pt(111) [9, 25],
Pd(100) [6] and Cu(100) [26, 27], SO3 species on Cu(100)) [27] and SO4 species on Pd(100)
[6] and Pt(111) [9] in addition to atomic S and O. In most cases the identification of
the adsorbed species ensued from EELS or HREELS measurements. Quite recently, SO2

adsorption and temperature-dependent decomposition on Cu(100) [26] has been studied
using fast and high-resolution XPS. The results of these experiments, performed at an
advanced synchrotron radiation source (storage ring ELETTRA in Trieste, Italy), will be
reported here. They not only allow the identification of adsorbed SOx species, but also
demonstrate the potential of this technique to study the kinetics of surface processes.
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In figure 4 S 2p and O 1s XPSspectra are depicted taken during slow and continuous
heating of the Cu(100) crystal initially dosed at 180 K with 5 L SO2. It should be pointed
out here that the shown curves correspond to single sweeps taken in a time of the order of
10 s. The S 2p data clearly show three different spin–orbit-split doublets located at binding
energies (p3/2 component of the doublet) of about 160.2, 164.3 and 165.3 eV. Initially the
164.3 eV doublet, which has been identified as SO2 by NEXAFS [12], dominates. Upon
heating to room temperature SO2 disappears from the surface and the 165.3 eV doublet
shows up together with the one at 160.2 eV. The latter can clearly be identified as atomic
S by comparison with the spectrum measured on a Cu(100)–(2× 2)–S reference structure.
On the other hand, NEXAFS suggests an SOx species withx 6= 2 for the 165.3 eV doublet.
On further heating to about 390 K the SOx species disappears nearly completely from the
surface whereas the atomic S doublet hardly grows, but sharpens and slightly shifts in
energy. Concerning different oxygen-containing species the O 1s data are less distinctive
at first glance. Only one single peak, which shifts to lower binding energy on heating and
initially broadens on increasing the temperature to about 273 K, is observed.

Figure 4. S 2p (left) and O 1s (right) core-level photoemission data for Cu(100)–SO2 with the
sample temperature as parameter during continuous heating (∼0.1 K s−1) [26].

In the first step of the analysis the individual S 2p and O 1s curves were fitted by
assuming three main components each. In figure 5 the fits for four distinct temperatures
are shown. As already discussed above, the three doublets used for the S 2p fits in figure 5
(left) are assigned to SO2, SOx (x 6= 2) and atomic S. As can be seen from the S 2p data,
there is already partial dissociation (decomposition) on SO2 adsorption at 180 K, indicated
by small amounts of SOx and atomic S. The O 1s data in figure 5 (right) are fitted with
three main components located at 531.6, 530.9 and 530.2 eV. Within experimental accuracy
the first one at 531.6 eV corresponds to both SO2 (which dominates at 180 K) and SOx
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Figure 5. Curve fits of the S 2p (left) and O 1s (right) data of figure 4 for four distinct
temperatures [26]. The S 2p spectra were fitted with three spin–orbit-split doublets located at
165.3 eV (SOx ), 164.3 eV (SO2) and approximately 160.2 eV (atomic S). The O 1s data were
fitted with three components located at 531.6 eV (SO2 and SOx ), 530.9 eV (atomic O) and
530.2 eV (atomic O). The shifted atomic O component at∼529.9 eV for 388 K is assigned to
subsurface oxygen.

(which is exclusively present near room temperature), whereas the components at 530.9 and
530.2 eV are assigned to atomic oxygen in different adsorption sites. The dominant atomic
oxygen contribution at room temperature has clearly been identified as oxygen in bridge
sites by x-ray absorption [12]. The component at 530.2 eV might be oxygen in hollow
sites, which are occupied on a clean Cu(100) surface [28]. Residual oxygen on the surface
at temperatures of about 390 K and higher is assumed to be subsurface oxygen. The O 1s
data also suggest partial dissociation (decomposition) on SO2 adsorption at 180 K, indicated
by the presence of atomic oxygen in the 176 K spectrum.

In order to identify the SOx species the measured S 2p and O 1s intensities were
calibrated with the corresponding intensities obtained for reference structures of known
coverages, Cu(100)–(2× 2)–S and Cu(100)–(

√
2×√2)R45◦–O. The calibration results in

an x value of 1.2± 0.4, which clearly identifies the SOx species as SO. With the same
calibration the ratio of the oxygen and sulphur coverages in the species dominating at the
adsorption temperature measures 2.1± 0.2, showing that it is indeed SO2 (as identified by
NEXAFS).

According to the relatively large amount of atomic oxygen on the surface (cf figures 4
and 5) the following decomposition pathways are suggested:

SO2→ S(a)+ 2O(a) SO2→ SO(a)+O(a).

It is interesting to note that upon SO2 adsorption on Cu(100) at room temperature surface
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SO3 species in addition to SO have been observed [27]. This leads to the conclusion that
the decomposition products SO(a) and O(a) react with SO2 (room-temperature adsorption)
to form SO3:

SO(a)+ SO2(g)→ SO3(a)+ S(a) O(a)+ SO2(g)→ SO3(a).

If, on the other hand, no SO2 is delivered from the gas-phase environment during heating of
adsorbed (at low temperature) SO2, the decomposition product SO remains adsorbed on the
surface until at more elevated temperature SO(a) and O(a) recombine and SO2 is desorbed
[26].

The formation of SO4 on heating SO2-covered Pd(100) and Pt(111) substrates to room
temperature is assumed to be due to the following surface reaction [6, 9]:

SO2(a)+ 2O(a)→ SO4(a).

This reaction can take place after the onset of SO2 decomposition which supplies the required
oxygen atoms.

5. SO2 adsorption on Ag(110), Pd(100) and Pt(111): structural results

5.1. Ag(110)–SO2

According to TPD [22–24], UPS and XPS [22], HREELS [8] and NEXAFS [7]
measurements the scenario of SO2 adsorption on Ag(110) can be summarized as follows.

Three different phases can clearly be distinguished as a function of temperature:
multilayer, dual-layer and monolayer SO2. After desorption of multilayers at about 120 K
a second layer of SO2 is quite stable up to about 140 K and desorbs at 175 K [22].
Above this temperature a single layer, which finally desorbs above 275 K, is observed.
Annealing to temperatures> 275 K restores the clean surface and thus shows that SO2

desorbs completely and molecularly. The monolayer phase has been thoroughly investigated.
The symmetric S–O stretching frequency measures 985 cm−1 compared to 1145 cm−1 in
the gas phase, indicating a weakening of the S–O bond on adsorption due to the SO2–Ag
bond formation. This bond weakening was confirmed by the NEXAFS data as well as
by theoretical calculations [17, 29]. The absolute value ofνs = 985 cm−1 indicates that
SO2 is bonded to Ag(110) only via the S atom (cf figure 3). Based on the presence of
an SO2–Ag out-of-plane bending (wagging) mode a tilted SO2 geometry was suggested.
This seems to be in conflict with the NEXAFS results, which showed that the plane of the
SO2 molecule was perpendicular to the surface and perpendicular to the close-packed [110]
direction. The known experimental error of up to±15◦ for an orientation determination
using NEXAFS might, however, resolve this discrepancy. Quite recently the perpendicular
orientation was confirmed by coverage-dependent NEXAFS experiments [30], which also
showed that azimuthal ordering only occurs at low coverages. Based on the fact that
the asymmetric stretch was not observed, an SO2 adsorption geometry with the O–O axis
parallel to the surface was suggested. Concerning the adsorption site, by making use of the
surface-cluster analogy an on-top site was favoured [8]; this, finally, led to the qualitative
structural model [7] depicted in figure 6.

MO–SCF calculations [17, 29] forη1-planar andη1-pyramidal SO2 configurations in on-
top sites on Ag(110) have confirmed theσ -donor andπ -acceptor behaviour of SO2 known
from transition-metal complexes. They show that the SO2–Ag(110) bond is primarily a
consequence of the interactions of the HOMO and LUMO of SO2 with the Ag(5s, 5p)
orbitals. The 4d orbitals of Ag lie nearly 4 eV below the Fermi level [31], so they are too
low in energy to supply charge into the LUMO of SO2.
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Figure 6. SO2 adsorption geometry on Ag(110) deduced from NEXAFS and EELS
measurements [7].

5.2. Pd(100)–SO2

The adsorption of SO2 on Pd(100) has been studied with TPD and EELS [6, 32]. According
to these measurements SO2 adsorbs intact on Pd(100) at temperatures below 120 K.
Condensed multilayers of SO2 desorb at 135 K, leaving a single layer on the surface,
which on annealing to 190 K appears to order. Above 240 K decomposition of SO2 occurs,
yielding adsorbed SO and atomic oxygen on the surface. SO dissociates into S and O
at higher temperatures. For initially high SO2 coverages (multilayers) an SO4 species is
identified on the surface at about 300 K by reaction of SO2 with oxygen which is supplied by
SO2 decomposition. SO4 decomposes to S and O at higher temperatures. In the EEL spectra
taken at 190 K both the symmetric and asymmetric stretching modes are observed, but no
out-of-plane bending and no in-plane bending (rocking) modes. Based on the absence of the
wagging mode a perpendicular orientation of the SO2 molecular plane is suggested. Because
νa is visible, the O–O axis cannot be parallel to the surface. SO2 thus tilts in the plane of
the molecule. Due to the absence of the rocking modes, the tilt is assumed to be slight.
Although the measured symmetric (νs = 1035 cm−1) and asymmetric (νa = 1250 cm−1)
stretching frequencies point to SO2 bonding through S only (cf figure 3), the difference
νa − νs = 215 cm−1 indicates ‘some’ Pd–O bonding, i.e. anη2 SO2 configuration. The
proposed structural model is shown in figure 7.

As can be seen from the figure, the S atom is located in a fourfold hollow site and one
oxygen atom close to a bridge site. This geometry (S and O sites) is suggested from the sim-
ilarity of the EEL spectra for SO2 adsorbed on Pd(100)–p(2×2)–S and on the clean surface.

Transferring the calculations of Sakakiet al [20] concerning SO2 bonding in transition-
metal complexes to surface complexes, an SO2 configuration is expected in the latter which
maximizes charge donation into the LUMO of SO2 while minimizing steric repulsion.
Quite generally, however, the metal substrate must have orbitals with the proper symmetry,
energy and spatial extension to overlap with the LUMO. Ideal candidates for such aπ -bond
formation are metal d orbitals (cf section 3), which in the case of Pd extend to the Fermi
level [31], so anη2 configuration determined for Pd(100)–SO2 is plausible.
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Figure 7. SO2 adsorption geometry on Pd(100) deduced from EELS experiments [6].

5.3. Pt(111)–SO2

Due to its role as catalyst poison the interaction of SO2 with Pt surfaces at various
temperatures has been of wide interest. The adsorption of SO2 on Pt(111) has been studied
with TPD [9, 25, 33, 34], Auger electron spectroscopy [35], work function change [34],
UPS and XPS [9], as well as with HREELS [9]. According to these measurements [9]
there is molecular adsorption at 120 K. Multilayers of SO2 desorb around 130 K, leaving
a single layer on the surface which finally desorbs at 285 K. After SO2 adsorption at room
temperature SO and SO4 species are identified on the surface as in the Pd(100)–SO2 system.
It should be pointed out, however, that there is evidence of dissociative adsorption at 160 K
for small SO2 coverages [25, 34].

As in the case of Pd(100)–SO2 the absence of the wagging mode in the HREEL spectra
suggests a perpendicular orientation of the molecular plane. The measured symmetric
(νs = 940 cm−1) and asymmetric (νa = 1252 cm−1) S–O stretching frequencies and,
especially, the differenceνa−νs = 312 cm−1 point to anη2 configuration with SO2 bonding
to Pt through its S and one O atom. O bonding is supported by the presence of a Pt–O
loss feature. By comparing the intensity ratio,νa/νs , with that measured for Pd(100)–SO2,
a larger in-plane tilt for SO2 on Pt(111) than on Pd(100) is suggested.

The most likely site for SO2 adsorption on Pt(111) is guessed by an MO analysis [9].
With the Pt d band extending in energy up to the Fermi level [31], strongπ bonds should
be formed by charge transfer from the d orbitals into the LUMO of SO2, in agreement with
the UPS and XPS results. The MO analysis favours an adsorption site with one S–O bond
bridging two Pt atoms as depicted schematically in figure 8. As can be seen from the figure,
this geometry yields maximum overlap of the Pt dxz or dyz orbitals with the LUMO of SO2
(on the left) forming aπ bond. In addition, aσ bond is also possible by charge transfer
from the HOMO of SO2 into Pt d2

z orbitals (on the right).
A complete understanding of the bonding of SO2 to Ag(110), Pd(100) and Pt(111)

discussed in this section and to metal surfaces in general is, however, only possible by
theoretical calculations for SO2 in its various configurations and adsorption sites.
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Figure 8. A possible SO2 adsorption geometry on Pt(111) deduced from HREELS and MO
analyses [9].

A final question which needs to be addressed concerns the different adsorption and
desorption behaviour of SO2 on Ag(110) compared to Pd(100) and Pt(111). As has been
shown in this section, SO2 desorbs completely and molecularly from Ag(110), while it
decomposes on Pd(100) and Pt(111) upon heating to room temperature. One might argue
that due to participation of the O atoms in bonding of SO2 with Pd(100) and Pt(111) a
stronger SO2–metal bond, which leads to more facile dissociation, is formed. This, however,
does not seem to be true. As can be seen from a comparison of the symmetric S–O stretching
frequency for SO2 on Ag(110) (νs = 985 cm−1) to that on Pd(100) (νs = 1035 cm−1), SO2

adsorption on Ag(110) results in an even greater weakening of the S–O bond compared
to that on Pd(100). We can only speculate that for SO2 on Ag(110) the activation energy
for dissociation is larger than that for SO2 adsorbed on Pd(100), which means that the
participation of the more directional d orbitals in bonding leads to a lowering of the activation
energy for dissociation. We should, however, always bear in mind that the surface-cluster
analogy may be misleading (cf section 3). For all the systems discussed in this section
quantitative structure determinations are therefore desired.

6. SEXAFS and NEXAFS formalism

The quantitative structure determinations of condensed SO2 multilayers, of SO2 adsorption
on Ni(110), Ni(100), Ni(111) and Cu(100) presented in sections 7–9 were performed by use
of XAFS measurements. This section, therefore, includes a brief review of the SEXAFS
and NEXAFS formalism to give the reader the possibility of assessing the reliability of the
results reported in sections 7–9.

6.1. SEXAFS

The oscillatory part of the absorption coefficientµ−µ0 beyond some 10 eV above the edge
(cf figure 10), normalized to the structureless backgroundµ0, results from the interference
between the emitted photoelectron wave and the waves backscattered from neighbouring
atoms. For K and L1 edges it is given by [36]

χ(k) = µ− µ0

µ0
= −

∑
i

Ai(k) sin[2kRi + ψi(k)] (1)
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where the summation extends over all neighbouring shellsi of atoms separated from the
absorbing atom by the same distanceRi , Ai is the amplitude,ψi(k) is the phase shift and
the photoelectron wave numberk is related to the photon energyE by

k = h̄−1[2m(E − E0)]
1/2 (2)

whereh̄ is Planck’s constant,m is the electron mass andE0 is the threshold energy and
corresponds to the zero of the photoelectron kinetic energy scale.

A Fourier transform ofχ(k) reveals the different absorber–back-scatterer distancesRi ,
which, however, can only be calculated if the phase shiftsψi(k) are known. Phase shifts
for a particular pair of absorbing and back-scattering atoms can be either calculated or
transferred [37] from a suitable model compound to the system under investigation.

The information on the positions of adsorbed atoms and molecules, the adsorption site,
is contained in the SEXAFS amplitude

Ai(k) = N∗i
kR2

i

Fi(k) exp[−2σ 2
i k

2] exp

[
− 2Ri
λi(k)

]
(3)

which includes the polarization-dependent effective coordination numberN∗i

N∗i = 3
Ni∑
j

cos2 αij αij = ](E, rij ) (4)

whereαij is the angle between the vectorE of the incoming radiation at the absorbing
atom site and the vectorrij from the absorbing atom to thej th atom in theith shell.
Fi(k) is the back-scattering amplitude of the neighbouring atoms and exponential terms
exp[−2σ 2

i k
2] and exp[−2Ri/λi(k)] account for vibrational effects and inelastic scattering

of the photoelectrons with a mean free pathλi(k), respectively.
Owing to the cos2 α dependence of the effective coordination number all neighbours

located in a certain direction relative to the absorbing atom are revealed by varying the
E vector orientation. High-symmetry adsorption sites can therefore be determined easily
by polarization-dependent measurements. According to (3) and (4) the ratio of first-
neighbour SEXAFS amplitudesA1 determined for the same sample at different angles of
x-ray incidenceθi is equal to the ratio of the corresponding effective coordination numbers
N∗1

A1(θ1)/A1(θ2) = N∗1 (θ1)/N
∗
1 (θ2). (5)

The measured amplitude ratio is generally sufficient to distinguish between different high-
symmetry sites. For more complicated systems the SEXAFS functionχ(k) calculated for
model structures using (1)–(4) must be compared with polarization-dependent experimental
χ(k) functions in a trial and error procedure.

It must be emphasized that SEXAFS is a very local probe, not requiring long-range order
as in conventional LEED. It is clear from (1) and (3) that SEXAFS spectra are dominated
by a small number (often only one or two) of near-neighbour shells of atoms.

6.2. NEXAFS

The structure in the near-edge range of molecular absorption spectra is dominated by
the excitation of core electrons into unfilled antibonding orbitals ofπ and σ symmetry.
The orientation determination by means of the polarization dependence of NEXAFS data
follows directly from the matrix element for an electronic transition in a molecule [38]. The
absorption intensity is given by

I ∝ |E · 〈f |M |i〉|2 (6)
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whereM is the electric-dipole vector associated with the transition. ForI 6= 0 the product
of the irreducible representations corresponding to|f 〉, |i〉 andM must be totally symmetric,
or at least contain the totally symmetric representation. For theπ andσ resonances of an
oriented diatomic molecule (withz parallel to the molecular axis) at a K edge the angular
dependence is given by

Iπ ∝ |E ·Mxy(π)|2 ∝ sin2 β (7)

Iσ ∝ |E ·Mz(σ )|2 ∝ cos2 β (8)

whereβ is the angle between the electric vector and the molecular axis. If the molecule is
tilted or lies flat on the surface, then the point-group symmetry is lowered, the degeneracy
of theπ orbitals is lifted, and the simple equations (7) and (8) are no longer valid. In most
cases studied so far, however, it is possible to treat the adsorbed molecule simply as an
oriented species and to neglect the interaction with the substrate.

For low-Z diatomic molecules or pseudo-diatomics there is a strong correlation between
σ resonance position and intramolecular bond length [39], which allows an absolute
determination of the latter. In all other cases changes in intramolecular bond lengths upon
adsorption can at least be measured.

7. Condensed mutlilayers of SO2

The NEXAFS of condensed SO2 multilayers taken above the S K edge at the storage ring
BESSY in Berlin behind the double-crystal monochromator KMC [40] is shown in figure 9
(bottom) together with the corresponding gas-phase data [41]. The spectra are rather similar
and dominated by transitions into the antibondingb∗1 (designated asπ∗ in the present work)
and a∗1+b∗2 (designated asσ ∗) molecular orbitals. The a∗1 and b∗2 resonances are not resolved,
but, due to the better resolution in the gas-phase experiment, an energy separation of 0.5 eV
can be estimated in comparison to 0.76 eV determined with ISEELS [16]. It should be
pointed out that the Rydberg transitions, designated as R in the gas-phase spectrum, are
quenched in the solid. The nearly identical (within experimental accuracy) energy positions
of the π∗ and σ ∗ resonances in gas-phase and condensed SO2 suggest a nearly identical
intramolecular S–O bond length. This was checked with SEXAFS measurements.

In figure 10 O K-edge (S)EXAFS raw data (left) of gaseous (top) and condensed
(bottom) SO2 [42] are shown together with the corresponding background-subtractedχ(k)

functions multiplied byk (middle) and their Fourier transforms (right). The background-
subtracted data and the Fourier transforms are again rather similar. In particular, the
dominating Fourier peak corresponding to the intramolecular O–S distance is located at
exactly the same position inr, which means that within experimental accuracy of±0.02 Å
the intramolecular bond length in gaseous and condensed SO2 is identical (1.43Å). Minor
differences in the width of the O–S Fourier peak and in the additional structure of the
Fourier transform are due to the increased vibrations in the gas phase compared to the solid
and to the presence of higher-neighbour O–S distances in the solid, respectively.

8. SO2 adsorption on Ni(110), Ni(100) and Ni(111)

8.1. Ni(110)–SO2

According to a TPD, XPS and ARUPS study [4], SO2 adsorption on Ni(110) at temperatures
below 100 K is associative. On exposing the surface to large amounts of SO2 condensed
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Figure 9. Sulphur K edge NEXAFS spectra of gas-phase [41] and condensed SO2. Rydberg
transitions are designated as R.

Figure 10. Left, oxygen K-edge EXAFS spectra of gaseous SO2 (top) and of SO2 condensed
on Cu(100) (bottom) together with the spline-polynomial background (dashed line) fitted to the
(enlarged) signal. Middle, background-subtracted data converted into thek scale and multiplied
by k. Right, Fourier transforms of the background-subtracted data [42].
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multilayers, which desorb at about 130 K, are formed. The remaining SO2 monolayers
desorb at 360 K, leaving large amounts of atomic S on the surface. This was taken
as evidence for SO2 decomposition upon heating into atomic sulphur and oxygen. The
saturated chemisorbed layer, which exhibits a c(2× 2) LEED pattern, was assigned to a
coverage of 0.5 ML by XPS and differences in the relative peak intensities of the spin–
orbit-split S 2p doublet for the saturated and the low-coverage (0.15 ML) phase were not
attributed to SOx species withx 6= 2. We should point out, however, that the XPS spectrum
of the saturated layer clearly exhibits atomic S features indicative of SO2 decomposition.
The ARUPS results for the low-coverage phase suggest an orientation of the molecular
plane perpendicular to the surface and perpendicular to the close-packed [110] rows with
an in-plane tilt allowing SO2 bonding to the substrate also via the O atom as found for
Pd(100) and Pt(111) surfaces.

We now focus on a recent surface structure determination of the low-coverage SO2

phase on Ni(110) by use of XAFS [11]. In this study SO2 was adsorbed at 170 K, resulting
in submonolayer coverages of about 0.2 ML. The NEXAFS data taken above the S K-edge
at different polar anglesθ in both the〈110〉 and 〈100〉 azimuths are shown in figure 11
(middle and bottom respectively) together with the multilayer NEXAFS spectrum (top). The
polarization dependence of theπ∗ andσ ∗ resonances in both azimuths withσ ∗-resonance
intensities being largest at normal(θ = 90◦) and π∗-resonance intensities dominating at
near-grazing(θ = 15◦) x-ray incidence immediately suggests SO2 species with molecular
planes oriented approximately parallel to the surface. A quantitative intensity analysis of the
σ ∗ andπ∗ resonances yields a tilt angle with respect to the surface normal of 90±10◦ [46].
We should point out, however, that the NEXAFS structure at about 2480 eV might indicate
another SOx species withx 6= 2 present on the surface. From the shift of theσ ∗ resonance
position towards lower energies compared to that in solid SO2 (cf figure 11) an increase
of the intramolecular bond length, which can be quantified by SEXAFS measurements, is
suggested [39].

The Fourier transforms of background-subtracted S K-edge SEXAFS data taken at
different polar anglesθ in both the〈110〉 and〈100〉 azimuths are depicted in figure 12. They
are dominated by two peaks which correspond to the S–O (SO2) and nearest-neighbour (nn)
S–Ni distances. According to (3) and (4) the polarization dependence of the S–O peak
in both azimuths immediately suggests nearly flat-lying SO2 molecules, in agreement with
NEXAFS. An average S–O bond length of 1.49± 0.03 Å was calculated, indicating an
intromolecular bond weakening as a result of the adsorbate–substrate bond formation which
is in qualitative agreement with the NEXAFS result. While the amplitude of the S–O
Fourier peak located close to 1̊A might suffer from background-subtraction problems, the
amplitudes of the S–Ni peaks can be used to accurately determine the adsorption site of the
S atoms according to (5). In table 1 calculated ratios of effective coordination numbers for
hollow, long-bridge, short-bridge, on-top and a 1:1 mixture of long-bridge and short-bridge
adsorption sites, assuming the measured average nn S–Ni bond length of 2.20± 0.03 Å,
are listed and compared with experimental amplitude ratios. As can be seen from the
table, all simple high-symmetry sites can safely be excluded, while a structure with 50%
of the S atoms in long-bridge and 50% in short-bridge sites can perfectly reproduce the
experimental result within an estimated accuracy of±10–15%. Consequently, the schematic
structural model shown in figure 13 was suggested. Assuming an S–Ni distance of 2.20Å,
an intramolecular S–O bond length of 1.49Å and an O–S–O bond angle of 119◦ (as in
the gas phase), flat-lying SO2 molecules as depicted in the figure would exhibit nn O–Ni
distances of 2.11 and 2.28̊A in long- and short-bridge adsorption sites, respectively. Tilts
of the molecular plane of the order of 20◦ with respect to the surface can, however, easily
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Figure 11. Sulphur K-edge spectra of condensed SO2 (top) and SO2 adsorbed on Ni(110) taken
at different polar anglesθ in both the〈110〉 (middle) and〈100〉 (bottom) azimuths [11].

change these numbers by±0.2 Å. Oxygen K-edge SEXAFS measurements are, therefore,
very necessary to determine the correct location of the oxygen atoms.

Our own XAFS and XPS measurements [43] on the saturated layer confirm the above
results concerning an approximately flat-lying geometry with S atoms in long- and short-
bridge sites, but they also unambiguously show that the NEXAFS structure at about 2480 eV
(cf figure 11) is due to adsorbed SO3 species (a∗1 resonance), which after heating the
saturated layer to about room temperature are the only SOx species adsorbed on the surface.
Increased amounts of SO3 in the saturated layer compared to the low-coverage phase are also
responsible for the changed relative intensities of the spin–orbit-split S 2p doublet in the XPS
of those two phases (cf figure 2 in [4]). Two conclusions can be drawn from these results:
(i) adsorption of SO2 at temperatures around 170 K is partly dissociative; SO3 species are
formed on adsorption as well as after heating SO2 layers to room temperature; (ii) theσ ∗

resonance is not an ideal candidate for an orientation determination in the present system.
Both the a∗1 and e∗ resonances of SO3 overlap with theσ ∗ resonance of SO2. Moreover,
due to the different polarization dependences of the a∗

1 and b∗2 components forming theσ ∗

resonance [7] complications arise in general if the molecule is not flat lying.
Although atomic S adsorbs in hollow sites on Ni(110) [44], SO2 adsorption in bridge

sites is not unreasonable if additional bonding through the O atoms occurs. Obviously, the
roughly planar geometry of SO2 on Ni(110) with S atoms in bridge sites maximizes charge
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Figure 12. Fourier transforms of the background-subtracted SEXAFS data of Ni(110)–SO2

taken at different polar anglesθ in both the〈110〉 (top) and〈100〉 (bottom) azimuths [11].

Table 1. Experimental and theoretical amplitude ratiosA(θ , azimuth)/A(θ = 15◦, 〈110〉)
calculated for twofold hollow, long-bridge, short-bridge, on-top and a 1:1 mixture of long-
and short-bridge (̀+ s) sites assuming an S–Ni distance of 2.20Å.

Amplitude ratio

Calculation

Azimuth θ(◦) Exp Hollow Long bridge Short bridge on-top `+ s bridge

〈110〉 15 1.00 1.00 1.00 1.00 1.00 1.00
55 0.65 1.11 0.39 0.67 0.35 0.58
90 0.33 1.17 0.06 0.49 0 0.34

〈100〉 15 1.01 1.07 1.12 0.97 1.00 1.02
55 0.80 1.83 1.63 0.35 0.35 0.79
90 0.66 2.24 1.91 0.02 0 0.66

donation into the LUMO(π∗) of SO2 with no steric hindrance (cf subsection 5.2). Due to
steric repulsion flat-lying SO2 molecules with S atoms in hollow sites, on the other hand,
must be excluded.
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Figure 13. SO2 adsorption geometries on Ni(110) deduced from XAFS measurements [11].

The orientation of the molecular plane parallel to the surface as determined with XAFS
is in conflict with the ARUPS study [4], which by using symmetry selection rules suggests
upright-standing molecules. Although the authors of [4] cannot completely rule out a planar
geometry, the comparison, nevertheless, shows how easily qualitative techniques may fail.

8.2. Ni(111)–SO2 and Ni(100)–SO2

Sulphur K-edge NEXAFS and SEXAFS measurements as described in the previous section
have also been conducted on SO2 adsorption on Ni(111) and Ni(100) [10] at 170 K. The
data correspond to coverages of about 0.4 ML.

The NEXAFS spectra of Ni(111)–SO2 and Ni(100)–SO2 are qualitatively rather similar
and exhibit the same polarization dependence as those shown in figure 11 for Ni(110)–
SO2. From the qualitative intensity analyses of both theπ∗ and σ ∗ resonances [46] a
flat-lying geometry is suggested as on Ni(110). Shifts of theσ ∗-resonance energy to
lower values compared to those in the multilayer NEXAFS indicate a weakening of the
intromolecular bond on adsorption. The SEXAFS data confirm flat-lying SO2 species
and yield intramolecular S–O bond lengths of 1.48 and 1.51Å for Ni(111) and Ni(100),
respectively, compared to 1.43̊A for gas-phase and condensed SO2. The nn S–Ni distances
measure 2.16± 0.03 Å and 2.18± 0.03 Å on Ni(111) and Ni(100), respectively, and are
approximately equal to the S–Ni bond lengths of adsorbed atomic S on the corresponding
Ni surfaces. From the SEXAFS amplitude analyses sulphur locations in bridge sites on
both Ni(111) and Ni(100) can be concluded in contrast to the hollow-site adsorption of
atomic S on these surfaces. Obviously, the same arguments concerning maximum orbital
overlap and steric hindrance as for SO2 adsorption on Ni(110) apply. Schematic structure
models deduced from XAFS are shown in figure 14. Assuming the measured S–Ni and S–O
distances, SO2 configurations as depicted in this figure would result in average nn O–Ni
distances of about 2.2̊A on both surfaces,. Oxygen K-edge SEXAFS measurements are,
however, very necessary to determine the correct location of the oxygen atoms.

We should point out here that the S K-edge NEXAFS spectra of Ni(111)–SO2 and
Ni(100)–SO2 exhibit a similar structure at about 2480 eV as that of Ni(110)–SO2, which
for the latter can be assigned to adsorbed SO3. It can thus be concluded that SO2 adsorption
on Ni(111) and Ni(100) at 170 K is partly dissociative.

9. SO2 adsorption on Cu(100)—surface structure determination of
Cu(100)–(SO+ 2O)

As can be seen from a TPD and XPS study [26], SO2 adsorption on Cu(100) at 180 K
is partly dissociative. In addition to 0.25 ML SO2, small amounts of SO and atomic S as
well as larger amounts of atomic O are observed on the surface (cf figures 4 and 5). Below
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Figure 14. SO2 adsorption geometries on Ni(111) (left) and Ni(100) (right) deduced from XAFS
measurements [10].

room temperature SO2 partly desorbs and partly decomposes, leaving increased amounts of
SO, atomic S and atomic O on the surface exhibiting a weak(2× 2) LEED pattern. Below
400 K SO+O recombine to form SO2, which desorbs from the surface. The only species
detected on the surface at higher temperatures are atomic S and atomic O (subsurface).

An XAFS study [12] indicates upright-standing SO2 molecules on adsorption at 180 K.
The data are, however, not consistent with a single adsorption geometry. SO2 is bonded to
Cu(100) through at least one oxygen atom with an O–Cu distance of about 2.0Å in addition
to bonding through S with an S–Cu distance of about 2.3Å. The intramolecular S–O bond
is lengthened on adsorption and there seems to be some evidence for two different S–O
bond lengths within the same SO2 molecule. Co-adsorbed atomic oxygen is located in
bridge sites.

We now focus on the structure determination of the(SO+ 2O) phase obtained after
heating a condensed SO2 layer to about room temperature. This study [12] involves a
combined S and O K-edge SEXAFS analysis.

Background-subtracted sulphur and oxygen K-edge SEXAFS data of(SO+ 2O) taken
at normal (top) and near-grazing (bottom) incidence together with the corresponding Fourier
transforms (dashed lines) are depicted in figures 15 and 16, respectively. The poor statistics
of the sulphur K-edge data is due to the relatively low photon flux at BESSY around
2.5 keV and higher. As can be seen from figures 15 and 16, the Fourier transforms
consist of intramolecular (O–S, S–O) and adsorbate–substrate (O–Cu, S–Cu) peaks. Neither
the oxygen nor the sulphur data taken atθ = 20◦ show an intramolecular Fourier peak.
According to (3) and (4) this indicates flat-lying SO species.

The Fourier analysis of the sulphur data yields an nn S–Cu distance of 2.36± 0.05 Å
and an amplitude ratio ofA(90◦)/A(20◦) = 0.76±30% for this peak. A comparison of this
experimental amplitude ratio with calculated values for a hollow site (0.75), a bridge site
(0.23) and for on-top adsorption (0) clearly suggests SO adsorption with S atoms occupying
fourfold hollow sites. This also holds when we take into account the increased amount of
atomic sulphur on the surface (see figures 4 and 5) which is known to adsorb in fourfold
hollow sites on clean Cu(100) [45]. A comparison of the measured S–Cu bond length of
2.36± 0.02 Å with that for atomic S on clean Cu(100) 2.27± 0.02 Å [45], indicates strong
bonding of the SO species to the surface through the S atom. We should mention here
that the poor fit of the S–O Fourier peak in the transform of the 90◦ data in figure 15 is
attributed to the less reliable theoretical S–O phase shift used in the analysis.
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Figure 15. Background-subtracted sulphur K-edge SEXAFS spectra (left, dashed lines) of the
phase formed by heating a condensed SO2 multilayer to 280 K and their Fourier transforms
(right, dashed lines) compared with SEXAFS simulations (solid lines) for normal (top) and
near-grazing (bottom) x-ray incidence, assuming flat-lying SO species with S atoms located in
hollow sites [12].

The Fourier analysis of the oxygen K-edge data yields an intramolecular O–S bond
length of 1.41± 0.03 Å and an O–Cu distance of about 1.95Å, which according to the
XPS results (figure 5), must be due to an ‘average’ of the O–Cu distance from SO and that
from co-adsorbed atomic oxygen. The much larger amplitude of the O–Cu Fourier peak
for θ = 20◦ compared to that forθ = 90◦ immediately suggests oxygen positions close to
bridge sites rather than in hollow sites. We therefore simulated our data using the structural
model shown in figure 17. The SO species are lying flat on the surface in [001] or [011]
direction (two domains) with S atoms occupying fourfold hollow sites and O atoms nearly
bridging two substrate Cu atoms. Co-adsorbed atomic oxygen is located in bridge sites. The
structural parameters used for the best fit (solid lines) in figure 16 are:RS–Cu= 2.34±0.05Å,
RO–S = 1.41± 0.03 Å, RO–Cu(SO) = 1.93± 0.05 Å, RO–Cu(atomic O) = 1.96± 0.05 Å.
The S–Cu bond length calculated from the O K-edge data is in good agreement with the
value obtained from the S K edge. The measured O–Cu bond lengths are close to the value
of 1.86± 0.03 Å found for atomic oxygen adsorbed in hollow sites on clean Cu(100) [28],
indicating strong bonding of the SO species to the surface also through the O atom. The
additional peak B in theθ = 90◦ Fourier transform is due to next-nearest neighbours from
oxygen atoms located in bridge sites. It cannot be reproduced by atomic O in hollow sites.
Transformations with an upper limit ofk ∼ 8 Å−1 show that the slight misfit of peak B is
the result of the ‘irregularity’ in the experimental spectrum aroundk ∼ 8 Å−1. As can be
seen from the single-shell analysis in figure 16 (right) the amount of atomic oxygen used in
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Figure 16. Background-subtracted oxygen K-edge SEXAFS spectra (left, dashed lines) of the
phase formed by heating a condensed SO2 multilayer to 280 K and their Fourier transforms
(middle, dashed lines) compared with SEXAFS simulations (solid lines) for normal (top) and
near-grazing (bottom) x-ray incidence, assuming the local geometry of figure 17. In the right-
hand panels the single-shell contributions (dash–dotted lines) to the overall simulations (solid
lines) are shown [12].

the simulation (best fit) is exactly twice the amount of oxygen in the SO species, in good
agreement with the XPS results of figure 5. This also means that on the real surface there
must be areas with more atomic oxygen and less SO compared to the (2× 2)–(SO+ O)
structure shown in figure 17, and also some atomic sulphur. The negligible amount of
a second atomic oxygen species seen with XPS is assigned to oxygen atoms adsorbed in
hollow sites.

We should emphasize here that the ‘construction’ of the structural model for(SO+2O)
is rather straightforward and based on different unambiguous and independent experimental
results due to the polarization dependence of the SEXAFS technique and the possibility of
probing independently the environment of different atom types. From the S K-edge data
we know that the S atom of SO is located in fourfold hollow sites with an S–Cu bond
length of 2.36± 0.05 Å. The rather large error bar here results from the poor statistics
of the S K-edge data. Both the S and O K-edge analysis show (independently) that the
SO species lie flat on the surface with an accuracy of about 10◦. In order to find the O
locations (O in SO and atomic O) we have to simulate the O K-edge data. Ahead of any
simulation we can, in principle, determine the intramolecular bond length by just analysing
the O–S Fourier peak. From the amplitude ratioA(90◦)/A(20◦) of the nn O–Cu peak,
on the other hand, we learn that the average oxygen location must be close to a bridge
site and from XPS we know the approximate relative amounts of atomic O and O in SO.
A least-squares fitting of the SEXAFSχ(k) functions assuming atomic oxygen in a high-
symmetry site then yields the correct O location (see figure 17) with the corresponding bond
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Figure 17. A model of a Cu(100)–(2× 2)–(SO+ O) structure with the local geometry of the
oxygen and SO species deduced from SEXAFS [12]. Excluded atomic O positions (see text) are
marked as shaded small circles. The real surface with the (SO–2O+S) phase must contain more
atomic oxygen and less SO that shown here and in addition some atomic sulphur (see text).

lengths and experimental errors noted above. We should mention, however, that we can
safely exclude atomic oxygen locations in hollow sites marked with shaded small circles in
figure 17. The only other Fourier peak (except the O–S and the nn O–Cu peak) sticking out
of the noise level in figure 16, peak B, cannot be reproduced by atomic oxygen in hollow
sites in which O atoms on the clean Cu(100) are adsorbed [28] and cannot be explained
by a multiple-scattering path. Co-adsorbed atomic O in bridge sites (shaded small circles)
different from those depicted in figure 17 as full circles can also be excluded. They worsen
the fit of the SEXAFSχ(k) functions in figure 16 and result in unphysically (according to
experience) low O–O(SO) distances (6 2.49 Å). The repulsion between the oxygen atoms
might also be the reason for the experimental result that hollow-site adsorption does not
occur (O–O(SO) = 2.78 Å for atomic O in hollow sites).

A final question which needs to be addressed concerns the intromolecular bond length
of SO. The measured value of 1.41± 0.03 Å is different from that of neutral SO (1.48̊A)
but close to that of SO+ (1.42 Å) [14]. This raises the general question of the charge state
of the adsorbed sulphur oxides which has not yet been thoroughly discussed in the literature.
As far as surface SO3 and SO4 species on Ag(110) are concerned, it is assumed that they
are in the dianion form [22].

10. Conclusions

The main part of this review was devoted to the geometry of SO2 surface complexes.
The few structural studies performed to date on SO2 adsorption on metal surfaces already
display part of the diversity of bonding modes known from transition-metal complexes.
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Quantitative structural analyses, however, turn out to be rather demanding, partly due to the
fact that co-adsorbed atomic oxygen and sulphur as well as other SOx (x 6= 2) species have
to be taken into account. The determined parallel orientations of SO2 molecules adsorbed
on Ni(110), Ni(100) and Ni(111) with S atoms in bridge sites are surprising at first sight,
but for all the systems discussed here there seems to be a qualitative understanding of the
SO2–metal bond by just looking at the energy, symmetry and spatial extension of substrate
orbitals which can interact with the HOMO and LUMO of SO2. To completely understand
the bonding of SO2 to metal surfaces, however, calculations are very necessary for SO2 in
all its possible configurations and adsorption sites.
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[25] Köhler U and Wassmuth H-W 1983Surf. Sci.126 448
[26] Polcik M, Wilde L, Haase J, Brena B, Cocco D, Comelli G and Paolucci G 1996Phys. Rev.B 53 13 720
[27] Leung K T, Zhang X S and Shirley D A 1989 J. Phys. Chem.93 6164
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