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A critical review is presented of the results of (experimental) quantitative structural studies of

molecular reaction intermediates at surfaces; i.e. molecular species that do not exist naturally in
the gas phase and, in most cases, are implicated in surface catalytic processes. A brief review of
the main experimental methods that have contributed to this area is followed by a summary of
the main results. Investigated species include: carboxylates, RCOO- (particularly formate, but
also deprotonated amino acids); methoxy, CH30—; carbonate, COjs; ethylidyne, CH;C— NH, and

SO, species; cyanide, CN. As far as possible in the limited range of systems studied, a few general

trends are identified (108 references).

1. Introduction

In traditional studies of heterogeneous catalysis it is common
to see references to ‘the active site’, the implication being that a
particular local geometry on a surface is where a rate-limiting
step in the chemistry occurs, and it is certainly true that many
(though not all) such catalytic processes are ‘structure sensi-
tive’. An attempt to identify these special sites is certainly one
of the motivating factors in quantitative and qualitative
studies of surface structure, although other structural phe-
nomena, such as adsorbate-induced surface reconstruction,
may play a crucial role in determining catalytic activity but are
not necessarily site-specific. A particular challenge in quanti-
tative structural studies of surfaces is to determine the local
geometry of reaction intermediates on the surface. These are
species that play a key role in the overall reaction, but are
present only on the surface and not in the reactant or product
gases. Of course, within this definition one might include
atomic species that are only present in the gas phase in
molecular form. For example, in CO oxidation from a
CO-0O, gas mixture, the atomic O on the catalyst surface
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arising from dissociative adsorption of the O, is surely a key
ingredient in the reaction. In general, however, the term is
more commonly applied to molecular species, and it is this
type of reaction intermediate that forms the subject of this
review.

Under reaction conditions, such species may be very short-
lived and may also, in some cases, have a low steady-state
concentration. ‘Reaction conditions’ commonly imply
‘elevated’ pressures: i.e. far from ultra-high vacuum (UHV)
conditions. While it may be possible to identify reaction
intermediates under these conditions by optical methods, most
typically infrared absorption spectroscopy, there have so far
been no experiments aimed at quantifying the local adsorption
geometry of surface reaction intermediates under such condi-
tions. Indeed, even the use of such vibrational spectroscopy to
identify the adsorption site of an extremely well-characterised
adsorbate species, molecular CO, has been shown to be
susceptible to error,’ and these methods certainly provide no
information on chemisorption bondlengths. Instead, quanti-
tative surface structural studies have been performed under
static UHV conditions, the adsorbed species being stabilised
on the surface by the use of surface temperatures well below
those of the steady-state reaction.

While this review is mainly concerned with the results of
structure determination, some comments on the actual meth-
ods that have been used are appropriate, as the relative
strengths and weaknesses of different methods need to be
borne in mind in assessing the results. Here we should stress
that this review is concerned only with quantitative methods
capable of identifying adsorption sites and bondlengths, and
not the more indirect structural assignments that may be
inferred from spectroscopic methods or from scanning tunnel-
ling microscopy (STM). We also focus on experimental struc-
ture determination; the success of modern density functional
theory (DFT) computer codes, combined with the huge in-
crease in low-cost computing power in the past few years has
led to very many structure ‘determinations’ being published,
based simply on calculated minimum energy structures. In
some cases, such calculations are combined with the use of
qualitative experimental techniques (such as STM), greatly
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strengthening the results, but here only the results of quanti-
tative experimental methods are discussed.

Much the larger number of published solutions of surface
structural problems in general® have been based on low energy
electron diffraction (LEED).> The strong elastic scattering
cross-sections of atoms for low energy electrons (~ 30-300 eV),
combined with the short inelastic scattering mean-free-path
for such electrons in solids, means that it is the natural
diffraction technique to probe the structure of the outermost
few atomic layers of a solid, potentially filling the dominant
role occupied by X-ray diffraction for determining the struc-
ture of bulk solids. While visual observation of the low energy
electron diffraction pattern provides rather direct information
on the surface periodicity (the surface unit mesh), detailed
analysis of the diffracted beam intensities as a function of
energy (and thus acceleration voltage)—so-called -V spectra
—is required to determine the atomic positions. Relative to
conventional X-ray diffraction from bulk crystals, however, a
significant complication in the extraction of the structure is the
need to model the data through trial-and-error iteration of
multiple scattering calculations, a consequence particularly of
the large scattering cross-section. Nevertheless, with the huge
advances in low-cost high-power computing in the past few
years, this type of analysis is no longer a significant barrier to
the application of the technique. This more detailed applica-
tion of the LEED method is usually referred to as LEED -V
analysis or QLEED (quantitative LEED). One important
feature of conventional LEED, however, is that it requires
long-range order, and indeed if a surface is partly ordered and
partly disordered, the diffracted beam intensities derive almost
entirely from the ordered regions. This is an important limita-
tion in the investigation of molecular reaction intermediates
which commonly do not form long-range ordered structures at
surfaces, and for this reason there are actually rather few
published QLEED determinations of the structure of such
species at surfaces.

Of the many other quantitative probes of surface structure
that have been developed in the past 30 years or so, one may
identify two with the greatest potential for the /ocal structure
determination of molecular reaction intermediates at surfaces.
These two methods, photoelectron diffraction®’ and surface
extended X-ray absorption fine structure (SEXAFS),>° both
exploit the elastic scattering of the photoelectron wavefield
emitted from a core level of an adsorbate atom. In SEXAFS,
one selects those scattering events which return the electrons to
the emitter atom; the coherent interference between the
emitted and scattered components of the photoelectron wave-
field at the emitter atom modulates the final-state wavefield
amplitude, and this then leads to modulations in the total
photoionisation cross-section. Measurements of these modu-
lations in the total cross-section as a function of photon energy
provide a relatively direct method to determine the nearest-
neighbour bondlengths relative to the emitter atom, while one
can investigate the influence of the polarisation direction of the
incident X-rays on the modulation amplitudes to obtain
limited information on the directions of these near-neighbour
bonds. By contrast, in photoelectron diffraction, one detects
the photoelectron intensity in a particular direction outside the
surface, and it is here at this detector that the interference of

the directly emitted and elastically-scattered components of
the wavefield occurs. This partial (angle-resolved) measure-
ment of the photoionisation leads to significantly larger inter-
ference modulations than in the total (angle-integrated)
measurement of SEXAFS, and is certainly one reason why
this approach has been more widely used. Moreover, because
the scattering paths involved in the interference depend on the
direction of photoelectron detection, photoelectron diffraction
is more overtly sensitive to the real-space direction of near-
neighbour scattering atoms than SEXAFS, and thus to the
adsorption site. In principle photoelectron diffraction inter-
ference effects, and thus structural information, can be ob-
tained by measuring either the angular distribution of the
photoelectrons at fixed energy, or the photoelectron energy
dependence at fixed emission directions. The energy-scan
mode, commonly given the acronym PhD,®” has been the
primary method used for the structures discussed here.

SEXAFS and PhD differ from QLEED in two important
ways, namely that they detect the /ocal structure around the
adsorbed species, and that this structural information is
element specific. Because the electron source is localised on
an adsorbate atom (which may be part of an adsorbed
molecule), the scattering process is dominated by the contri-
butions from near-neighbours to the emitter, ensuring that the
techniques are relatively insensitive to long-range order in the
adsorbate. The characteristic core level binding energies de-
termining the photoelectron energy provide the elemental
specificity. Moreover, in the case of photoelectron diffraction,
small changes in the photoelectron binding energy—so-called
chemical shifts—due to changes in the local electronic envi-
ronment, allow one to separate out the structural data from
atoms of the same element in different local bonding environ-
ments. This chemical-state specificity has been exploited in
PhD studies of molecular adsorbates to distinguish, for ex-
ample, the local structural environment of the two inequiva-
lent C atoms in a surface acetate species, CH3;COO-, in a
largely independent fashion.

One related technique which should probably be mentioned
here is NEXAFS—near-edge X-ray absorption fine struc-
ture.'® From an experimental point of view, this is the same
as SEXAFS, but focuses on the spectral region within typically
10-20 eV of the absorption edge, an energy range which can
also be described in terms of transitions from the core level to
intramolecular scattering resonances or transitions to unoccu-
pied electronic states of the molecule. Through the use of
simple dipole selection rules it is relatively easy, in many cases,
to use the dependence of the NEXAFS spectra on the direction
of the polarisation vector of the incident radiation to deter-
mine the orientation of a molecular species on a surface. In
addition, however, the absolute energies of certain resonances
within NEXAFS spectra are dependent on the intramolecular
bondlengths. This was first used as a simple empirical monitor
of these bondlengths,ll but far more rigorous theoretical
modelling is now being applied to obtain this quantitative
structural information. A nice recent example is an investiga-
tion of methane physisorbed on Pt(977), in which information
on the C—H bondlength was obtained in this way;'> this is a
particularly striking result because H is a weak electron
scatterer and in general contributes minimally to LEED,
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PhD or SEXAFS. Note also that while LEED and PhD involve
electron detection, and thus are generally only applicable in
UHYV, the X-ray absorption in NEXAFS and SEXAFS can be
detected by X-ray fluorescence (resulting from refilling of the
core hole), so in this X-ray-in/X-ray-out configuration, these
methods can be applied under ‘high pressure’ conditions.

In the remainder of this review, the results of structure
determinations of molecular reaction intermediates on sur-
faces, determined almost exclusively by one of these three
methods, are described. While a brief introduction is included
regarding some of the chemistry leading to the formation of
these species, the focus here is on the structural solutions, and
not on the chemistry that motivates interest in them. Notice,
incidentally, that none of the structural methods used in these
studies are capable of determining the position of H atoms
within these molecular species. H has no true atomic core level,
and so cannot be used as the electron source in photoelectron
diffraction or SEXAFS, and it is an extremely weak scatterer
of low energy electrons, thus having a minimal influence on the
scattering interferences involved in all of these techniques
(although, as remarked above, it seems that it can be detected,
at least in some cases, in NEXAFS). In the illustrations of the
adsorbed structures that follow, therefore, H atom positions
are schematic only, and were not determined experimentally.

2. Formate and methoxy species on copper
surfaces

The two molecular surface reaction intermediates that seem to
have been most studied structurally are formate (HCOO-) and
methoxy (CH30-), which can be formed by simple deprotona-
tion from formic acid (HCOOH) and methanol (CH;OH) on a
number of (mainly metal) surfaces. On copper surfaces, at
least, both species have been identified in investigations of the
catalytic oxidation of methanol which can proceed by two
main routes, one a valuable mechanism for producing for-
maldehyde (H,CO), while the alternative combustion route
produces only H>O and CO,. It seems to be generally accepted
that formaldehyde is produced from the adsorbed methoxy
intermediate, the formation of which is strongly enhanced by
the presence of surface oxygen, leading to a suggested process:

CH30H,q + Ouq — CH30,q + OHyq

CH;0,4 - H,CO + Hyqg

while the alternative combustion route is suggested to involve
the formate intermediate:

CH30ad + Oad g HCOOdd + 2Had

HCOOad g COZ + Had

However, the formate species has also been identified as a surface
intermediate in the water—gas shift reaction (the production of
H, and CO; from CO and water, e.g. ref. 13), and, indeed, in the
reverse reaction of photoreduction of CO, with H, to CO, on a
number of surfaces, mainly of transition metals and transition
metal oxides. Moreover, methoxy is regarded as an important
surface intermediate in the catalytic production of methanol.

The first structural study of these species was an O K-edge
SEXAFS investigation of the formate species on Cu(100), in
which the polarisation-direction dependence of the near-edge
X-ray absorption structure (NEXAFS), the energy range in
which intramolecular scattering effects dominate the spectra,
provided information on the molecular orientation.'*'> The
NEXAFS data indicated that the molecular plane lies perpen-
dicular to the surface. However, the interpretation of the
SEXAFS data led to the conclusion that the molecule occupies
a cross-bridging site (with the O—O direction parallel to the
surface but perpendicular to the Cu—Cu nearest neighbour
direction within the surface) such that the two O atoms occupy
off-hollow sites on the surface (see Fig. 1). This geometry, with
a surprisingly large Cu—O nearest neighbour distance of
2.38 A, was heralded as the first example of a new type of
molecule-surface bond; i.e. that the bonding to an extended
metal surface was fundamentally different from the bonding to
metal atoms in metal coordination compounds. Such a con-
clusion is surely interesting, but it turned out to be incorrect,
the mis-interpretation of the SEXAFS data apparently arising
from a failure to take account of the role of intramolecular O
atom backscattering, assuming, instead, that only Cu sub-
strate scattering was important. This error was revealed as a
result of subsequent SEXAFS experiments to investigate the
formate species on Cu(110),'®!7 followed by a PhD investiga-
tion of the formate species on both surfaces and reconsidera-
tion of the earlier SEXAFS data.'® The resulting conclusion
was that on both surfaces the formate adopts an aligned bridge
geometry such that each carboxylate O atom is near atop one
of the two nearest neighbour surface Cu atoms, with Cu-O
bondlengths of a little less than 2.0 A (Fig. 1). This final

aligned-bridge cross-bridge
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Fig. 1 The local aligned-bridge adsorption sites of the formate
(HCOO-) species on Cu(110) and Cu(100). Also shown is the cross-
bridge site on Cu(100) originally proposed as a ‘new type of surface
bond’ but subsequently shown to be incorrect.
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structural conclusion, of course, means that the geometry of the
formate—Cu surface bonding on both (100) and (110) surfaces is
actually very similar to that found in coordination chemistry,
and is not some new type of bonding. Specifically, both the local
metal-formate geometry and the associated Cu—O bondlengths
are closely similar to those found in several copper formate
complexes.'?? This re-interpretation of the adsorption geo-
metry of formate on Cu(100) has also been supported by the
results of cluster calculations.”* More recently, an investigation
of the local structure of the formate species on Cu(111),%* using
a rather different technique of normal incidence X-ray standing
waves (NIXSW), concluded that a similar aligned-bridge bond-
ing geometry is also adopted on this surface.

In contrast to the bonding of the formate species on these
three low index faces of copper, in which the O atoms occupy
singly-coordinated Cu sites, the methoxy species bonds to Cu
surfaces through the O atom in more highly-coordinated sites.
On Cu(111), in particular, a PhD investigation identified the
adsorption site as the ‘fcc’ three-fold coordinated hollow, di-
rectly above a third-layer Cu atom with a Cu—O bondlength of
1.98 A.%° Three-fold coordinated hollow sites were also identified
in an independent NIXSW study of this system, although in this
case co-occupation of the fcc hollows and the hcp hollows
(directly above second layer Cu atoms) was preferred.”® These
studies of the methoxy species on Cu(111) were actually predated
by investigations on Cu(100) and Cu(110), although the results
are more surprising. In the case of the Cu(100) surface, an early
PhD investigation favoured a geometry in which the O bonding
atom occupies a site that is displaced laterally from the four-fold
symmetric hollow site to a location that is only two-fold
coordinated.” This slightly surprising conclusion could, per-
haps, be a consequence of the small data set and the simplified
theoretical treatment used in the data analysis, but it is interest-
ing to note that a slightly earlier O K-edge SEXAFS study® had
been interpreted in terms of a mixture of hollow and bridge sites,
but could equally well be accounted for by this single inter-
mediate site. Interestingly, NEXAFS data collected at the O and
C K-edges led to conflicting information concerning the orienta-
tion of the C-O intramolecular axis, consideration of both data
sets leading to the conclusion that an orientation within 10° of
the surface normal was the more likely interpretation than a tilt
of ~28°%" There has been no equivalent fully-quantitative
structural study of the Cu(110)/methoxy system, but in this case
a conclusion from NEXAFS measurements that the O-C in-
tramolecular bond directions are significantly removed from the
surface normal®® was also supported by high-energy angle-scan
photoelectron diffraction measurements,™ albeit with different
detailed interpretation in the tilt directions. This led to a tentative
suggestion that on this surface, too, a low-symmetry (possibly
three-fold coordinated) adsorption site may be occupied. It
would certainly be interesting to investigate the (100) and (110)
surfaces further to establish the extent to which the methoxy—Cu
coordination does vary on the three low index faces of Cu.

3. Other carboxylate, alkoxy, and related studies

While the formate and methoxy species on copper surfaces
were the subject of the first quantitative structural studies of
molecular surface reaction intermediates, there have been

quite a number of more recent investigations of carboxylate
species, and of methoxy on other surfaces. Almost all of these
have been on metal surfaces, and, indeed, predominantly on
copper, but one rather different example is that of the formate
species on rutile TiO,(110). As on the Cu surfaces discussed
in the previous section, the surface formate studied in the
UHYV structural studies has been formed by deprotonation
of formic acid on the clean surface, but whereas on metal
surfaces the acid H atom leads to chemisorbed atomic
H species, which combine at an appropriate temperature to
lead to the desorption of H,, on an oxide surface the acid
H atom can bond to a surface O atom to form a local hydroxyl
species.

The TiO,(110)/HCOO+H system has been investigated
structurally in two independent studies,>' ™ both based on
photoelectron diffraction (angle-scan and energy-scan), and
both exploiting the chemical shift in the photoelectron binding
energy of the O Is state between the oxidic (substrate) and
adsorbate O atoms. This shift, of ~1.6 ¢V, allows one to
collect photoelectron diffraction data from the adsorbate O
atoms alone. One complication, however, is that it appears
that the O 1s chemical shift associated with the O atoms in the
adsorbate formate species is essentially identical to that of the
O atoms in the OH species produced by the acid H atoms, so
the photoelectron diffraction data obtained from this chemi-
cally-shifted O 1s emission actually comprises an incoherent
sum of the diffraction from the two species. In the earlier
study,'*? this complication was not appreciated, but never-
theless the later investigation®® confirmed the originally-iden-
tified adsorption site of the formate species, but provided more
complete and accurate identification of the complete geome-
try. On the clean TiO,(110) surface, in the unreconstructed
(1x1) phase, there are two undercoordinated atomic sites at
which adsorption and reaction may be favoured. These are the
surface Ti atoms (five-fold coordinated to O, as opposed to
six-fold coordinated in the bulk) and the surface bridging O
atoms (two-fold coordinated to Ti as opposed to three-fold in
the bulk). The formate species is found to bridge-bond to an
adjacent pair of five-fold coordinated Ti atoms in a geometry
quite similar to that adopted relative to Cu atoms on the low
index faces of metallic Cu. The mismatch of the surface Ti-Ti
distance (2.96 A) on the surface, to the O-O distance (2.21 A)
of an unstrained formate species, is significantly greater than
that of the Cu—Cu distance (2.56 /OX) on the Cu surfaces, but
this bidentate bonding still appears to be preferred. Indepen-
dent evidence that the molecular plane lies perpendicular to
the surface and preferentially aligned along the azimuthal
direction corresponding to the Ti-Ti nearest-neighbour dis-
tance came from NEXAFS* and polarisation-angle-depen-
dent infra-red spectroscopic studies,” although these
experiments found some evidence for a second, azimuthally-
rotated, species that may be associated with monodentate
formate bonding at bridging oxygen vacancy sites on the
surface. The experimentally-determined structure of the
TiO,(110)/HCOO + H surface (Fig. 2) is actually in excellent
agreement, both in adsorption sites and chemisorption bond-
lengths, with the results of a DFT calculation.*® Note that, as
may be expected, the atomic H causes hydroxylation of the
undercoordinated bridging O atoms.
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HCOO bridging

5-fold coord.
Ti :

Fig. 2 The structure of the coadsorbed formate and atomic hydrogen
(to form surface hydroxyl species) on TiO,(110), also showing the
undercoordinated Ti and O sites in the surface.

It is perhaps worth remarking that on oxide surfaces it is
generally believed that surface hydroxyl species play an im-
portant role in many chemical processes. Indeed, such species
may be ubiquitous on oxide surfaces in ‘real” working envir-
onments and, of course, at interfaces with aqueous solutions.
On TiO5(110), much the most investigated of all oxide sur-
faces, this investigation of hydroxy species in the presence of
coadsorbate formate seems to be the only structural study.
Very recently, one further structure determination of a hydro-
xylated oxide surface, namely V,O5(0001), also using the
chemical-state-specific PhD technique, has been published;’
here, too, hydroxylation appears to occur at undercoordinated
surface O sites, but not, apparently, at terminating vanadyl
(V=O0) sites that are believed to be present on this surface.

Returning to metal surfaces, other structural studies of
deprotonated carboxylic acid species include acetate
(CH5CO0-) on Cu(110)*® and Cu(111),*® and benzoate
(C¢HsCOO-) on Cu(110);* in all cases the molecular
plane lies perpendicular to the surface with symmetric biden-
tate bonding of the two O atoms in bridge sites, exactly as for
the formate species.

A somewhat different class of carboxylate adsorbates that
has been studied structurally is the dehydrogenated amino
acids. In this case, of course, one might question whether these
species really fit naturally into a review of surface reaction
intermediate species. Certainly they are species that are only
present on the surface, and the deprotonation does represent a
surface reaction, but one may question whether they act as
important intermediates in any subsequent reaction of chemi-
cal interest. Rather, the surface reaction (deprotonation)
provides a mechanism for the attachment of the molecule to
the surface in a similar way that the deprotonation of thiols
(particularly simple alkane thiols) is a necessary condition to
produce self-assembled monolayers (SAMs) of thiolates on the
surfaces of noble metals, and especially of Au(111) (systems
that are much-studied in general,*** and which have also
been subjected to some quantitative structural studies, e.g.
ref. 43). However, of the fully-quantitative structural studies
of deprotonated amino acids on surfaces, namely of glycine on
Cu(110)** and Cu(100),* and alanine on Cu(110),*¢ it is
interesting to note that these are carboxylates that do not
‘stand up’ on the surface, but rather adopt an orientation that

Cu(100)

Cu(110)

Fig. 3 Plan views of the local geometry of glycinate (deprotonated
glycine, NH,CH,COO) on Cu(100) and Cu(110).

allows attachment to the surface not only through the two
carboxylate O atoms, but also through the amino N atoms.
Fig. 3 shows a schematic diagram of the local bonding
geometry of the glycinate species, NH,CH,COO, on the
Cu(100) and Cu(110) surfaces. In both cases the bonding is
through both O atoms and the N atom, all in off-atop (singly-
coordinated) sites relative to the outermost layer Cu atoms,
although on Cu(110) the larger spacing of the close-packed Cu
atom rows, relative to the size of the molecule, leads to the
amino N atom being close to atop but the carboxylate O
atoms to be significantly displaced laterally from atop sites. As
indicated in Fig. 3, the different substrate structure and the
associated chemisorption constraints is also likely to lead to
some difference in the internal molecular conformation, but in
the absence of any explicit information on the C atom sites,
this effect has not been quantified. The local geometry adopted
by alaninate, NH,CHCH;COO, on Cu(110) is very similar,
although the nature of the long-range ordering proves to be of
considerable interest, because glycinate adopts a structure
containing glide symmetry, whereas alanine is chiral and so
cannot do so in a single enantiomer.

In the same way that there is a consistent pattern of all these
carboxylates adopting bidentate surface bonding on this range
of different surfaces, at least in the specific structural phases
that have been investigated in detail, structural studies of the
methoxy species on Ni(111) and Al(111) favour three-fold
coordinated hollow sites, as on Cu(111). There is, however,
one curious variation. On Cu(111), as reported in the previous
section, PhD experiments clearly favour bonding of the O
atom to the fcc hollow site, atop a third layer Cu atom, and
this same technique yields the same result for methoxy on
Ni(111).*” By contrast, on Al(111), a NIXSW study found
clear evidence for occupation of the hcp hollow site, directly
above a second layer metal atom.*® In general, these two sites
differ only in either the second- or third-nearest neighbour
distances (depending on the adsorbate—substrate interlayer
spacing) and so may be expected to have closely similar
adsorption energies. Nevertheless, in most atomic and mole-
cular adsorbates that adopt these hollow sites, the fcc sites
appear, in practice, to be preferred. In some adsorption
systems, co-occupation of both sites occurs at higher cov-
erages, but this is also consistent with the notion that there is a
small adsorption energy difference. Indeed, one possible
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reason for the apparent discrepancy between the results of the
PhD and NIXSW experiments performed on methoxy on
Cu(111), which favour, respectively, fcc hollows and both
hollows, is that the coverage was higher in the NIXSW study.
In this regard it is notable that the methoxy coverage achieved
on a Cu surface does depend on the precoverage of atomic O,
before exposure to methanol. Both too little and too much
preadsorbed O can lead to sub-saturation coverage of meth-
oxy. Nevertheless, none of this accounts for the unusual
preference for the hcp site shown by methoxy on Al(111),
although this situation is not unique, as will be shown in the
following section.

Finally, within this section, it is appropriate to mention
work on the surface carbonate species, CO3, which has been
implicated as a surface intermediate in a range of reactions
involving carboxylates and alkoxy species, including formic
acid oxidation and methanol synthesis (e.g. ref. 49) as well as
the water—gas shift reaction.'® The only quantitative structure
determination of a surface carbonate species is a PhD inves-
tigation on the Ag(110) surface,’ the carbonate being pro-
duced by oxidation of CO, on an oxygen pre-dosed surface.
As shown in Fig. 4, the molecular plane lies near-parallel to
the surface with one of the O atoms bridging a pair of nearest-
neighbour Ag atoms in an adatom row. The existence of these
Ag adatom rows (i.e. an ‘added row’ structure, equivalent in
the static structure to the effect of ‘missing rows’) may be
inferred from the (1x2) LEED pattern, but are also clearly
seen in STM images of this surface.’'>> Indeed, the general
location of the carbonate species is also consistent with STM
images which do not, of course, provide any quantitative detail
regarding the structure. The adsorption geometry found ex-
perimentally is also in excellent agreement with the results of a
later DFT calculation,®® and the exact atomic coordinates
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Fig. 4 The local structure of the carbonate, COs, species on Ag(110).
Atoms labelled ‘+Ag’ are in rows of Ag adatoms on the bulk-
terminated Ag(110) structure.

shown in Fig. 4 correspond to those found in this calculation.
The only significant difference between this geometry and the
optimised one found in the PhD experiment is in the molecular
tilt; the experiment found the molecular plane to be almost
exactly parallel to the surface such that the two O atoms that
are not bridging the adatom row appeared to be rather far
from underlying Ag atoms. Because the PhD investigation
relied entirely on C 1s photoemission data, the ability to
determine the relative location of the O atoms relies on the
intramolecular scattering. This proved surprisingly sensitive to
the azimuthal orientation of the molecule, but is not very
sensitive to the tilt. Interestingly, earlier NEXAFS studies>*>?
had also indicated that the molecular plane is parallel to the
surface, but with an estimated precision of only £15°. As may
be seen in Fig. 4, the molecular tilt angle of 20° found in the
DFT calculations allows the molecule as a whole to lie closer
to the (111) ‘nanofacet’ formed on the surface by the added Ag
atom row, and thus for all the O atoms to be in the range of
Ag-O bonding distances, which makes for a more rational
structure. The fact that one oxygen is bridging the Ag ada-
toms, but the other two O atoms are in off-atop sites, means
the molecular tilt angle is significantly less than that of the
(111) nanofacet (35°).

4. Hydrocarbons

While there have been a number of quantitative structural
studies of adsorbed hydrocarbon molecules on surfaces, most
of these are of the intact gas-phase species, and not the result
of a surface reaction. One example that straddles the dividing
line of this classification is the study of adsorbed ethylene,
C,H,, and acetylene, C,H,, on Ni(l111). This is because
ethylene, adsorbed on Ni(111) at low temperature, dehydro-
genates to produce adsorbed acetylene as the surface is
warmed towards room temperature; this system provided the
first example of the use of a ‘modern’ surface science techni-
que, namely ultraviolet photoelectron spectroscopy, to follow
in situ a simple surface reaction on a single-crystal surface.®
Thus while acetylene is a gas-phase molecule, adsorbed on
Ni(111) it is also a reaction intermediate in the dehydrogena-
tion of ethylene. Unfortunately, it is not a particularly useful
catalytic reaction chemically, because further heating results
not in the desorption of the acetylene, but in further dissocia-
tion to leave a carbon residue on the surface, although there
appears to be an intermediate stage involving C-C bond
scission to leave CH species on the surface.”’ Nevertheless,
this simple dehydrogenation reaction is one process that it is
possible to follow in detail with UHV surface science methods,
so it is interesting to know the local structure of the adsorbed
ethylene and acetylene on this surface, the initial and final
stages of the reaction. The PhD technique has been applied to
this problem,>®* and the local adsorption geometry of the two
species found in this study are shown in Fig. 5. Notice that at
the dissociation temperature of adsorbed ethylene (~230 K),
the acetylene product is coadsorbed on the surface with atomic
H, but the presence of this coadsorbate appears to have no
detectable influence on the local geometry of the adsorbed
acetylene. One interesting finding of the structural study is that
the two C atoms in the adsorbed acetylene are located exactly
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Fig. 5 Plan view of the local structure of acetylene, C,H,, and
ethylene, CoHy, on Ni(111).

(to within the precision of the measurement) in the two (fcc
and hcp) hollow sites of the surface. This leads to a C-C
bondlength of 1.44 A, very substantially longer than in gas-
phase acetylene (1.21 A). The reduction in the C—C bond order
implied by this bondlength change is also consistent with a
strong softening of the C—C stretching vibration found in
vibrational spectroscopy.”’ As such, this surface species is
really a strongly modified form of acetylene as a result of its
interaction with the surface. Part of the motivation for this
structural study was to try to understand the geometrical
reaction path from reactant to product. Evidently the two
rather different adsorption sites, with acetylene in the cross-
bridge geometry and ethylene in the aligned bridge site, must
involve some azimuthal rotation of the C—C, possibly accom-
panied by translation. Of course, this simple picture implies
that the loss of the two H atoms is coordinated; in reality,
there may well be a short-lived intermediate stage in which
only one H is lost.

In this context, it is interesting that on some other transition
metal surfaces ethylene adsorption does result in the formation
of a stable species, ethylidyne (CCHj3), involving the loss of
only a single H atom. The structure associated with this
species, in an ordered (2x2) phase, has been determined by
QLEED on both Pt(111)%*®" and Rh(111).*%* The
Rh(111)(2x2)-CCHj3 structure is shown schematically in
Fig. 6. The molecule bonds to the surface in a three-fold

Fig. 6 The structure of the Rh(111)(2x2)-CCHj surface phase.

coordinated hollow site with the C—C axis perpendicular to the
surface. There is, however, an interesting difference between
the two substrates, in that on Pt(111) the molecule lies in fcc
hollow sites, whereas on Rh(111) it occupies the hcp hollows.
This subtle difference is similar to the case of the methoxy
species on the (111) surfaces of Cu, Ni and Al discussed in the
previous section. There seems to be no real understanding of
the unusual behaviour of the Rh(111)/CCH; and Al(111)/
CH30O-systems in showing a clear preference for the hcp
hollow sites. The Rh(111)/CCHj; is particularly curious as a
QLEED study of a CO-CCHj; coadsorption phase on Rh(111)
led to the conclusion that the ethylidyne then occupies the fcc
hollows with the CO in the hcp hollows,®® although in a
NO-CCHj; coadsorption phase on the same surface ethylidyne
is found in the hep hollows with NO in the fcc hollows.®

The only other example of a structure determination of a
hydrocarbon species on a surface resulting from a surface
reaction seems to be a very recent PhD investigation of a C3H;
species on Pd(111)® resulting from the dissociation of furan,
C4H,40, into coadsorbed C3H; and CO. The presence of this
species on the surface has been inferred from electron and
vibrational spectroscopy, together with conventional and
laser-induced thermal desorption (LITD).®”® Interestingly,
the LITD experiments also showed evidence of some CsHj;
coupling to produce benzene, although molecular benzene is
not seen in conventional thermal desorption spectra as ben-
zene dissociates on Pd(111) on heating. Bearing in mind the
picture of a CsHj species as one half of a benzene molecule,
one might expect a triangular structure with bonding to the
surface through a pair of C atoms and an orientation of the
molecular plane approximately perpendicular to the surface,
and indeed this is, rather approximately, the structure adopted
by a methylated version of this species, with the (CCHj);
species bonded to three Ru atoms in the organometallic
complex  (p-H)Rus(ps-n>-CMeCMeCMe)(CO)o.”° For the
surface C3Hj3 species, the preferred structural solution does,
indeed, have two C atoms in sites off-atop Pd atoms in a
geometry similar to that in the Ru complex, but the molecular
plane is much more nearly parallel to the surface than seen in
this organometallic analogue. This is certainly an example for
which the application of DFT calculations could prove
illuminating.

5. Nitrogen-containing species

Of all catalytic processes involving nitrogen-containing spe-
cies, almost certainly the most important is the Haber process
for the production of ammonia from gaseous nitrogen and
hydrogen, a process that transformed agriculture and food
production in the 20th century. Understanding the mechan-
isms and rate-limiting steps in this process has been one of the
key goals in modern surface science and one to which Ertl and
co-workers have made major contributions. Important in this
process are the various NH, surface species that are also seen
in the fragmentation of ammonia on active surfaces (e.g.
ref. 71). Despite the many surface science studies identifying
these surface reaction intermediates, however, there have been
very few quantitative structural studies of these species, and
indeed none on the surfaces of materials most relevant to the
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Haber process. Instead, there have been structure determina-
tions of NH, intermediates formed through reaction with gas-
phase ammonia on Cu(110), Si(100) and Si(111), the main
practical motivation for silicon surface studies being the for-
mation of nitride interfaces in semiconductor device processing.

In the case of the investigation on Cu(110), the study was
motivated by prior studies of oxy-dehydrogenation of ammo-
nia by oxygen that identified, under different conditions, a
surface amide (NH») and a surface imide (NH);"*”* specifi-
cally, exposure of preadsorbed ammonia to molecular oxygen
at low temperature was believed to yield the surface amide,
while exposure of the clean surface to an ammonia-rich
NH3-0O, gas mixture at room temperature yielded the surface
species identified as the imide. The N 1s PhD structural
study’ was conducted on a surface prepared in the latter
fashion (using an NHjs : O, partial pressure ratio of 36 : 1), and
was thus believed to produce the imide species. The key
conclusion of this investigation was that the N atom occupies
a short bridge site, midway between two nearest-neighbour
surface Cu atoms along the (110) close-packed direction, with
a Cu—N bonding distance of 1.89 A. This multiply-coordinated
(two-fold) adsorption site is, of course, broadly consistent with
the loss of H atoms from the NH; molecule which typically
bonds atop surface atoms in a one-fold coordinated geometry,
a situation found on Cu(111),”® Ni(111),”® and Ni(100).”’
Curiously, on Cu(110), NH; appears to adopt a low-symmetry
off-atop site,”® although the one-fold coordination is retained.
The longer Cu—N bondlength for ammonia adsorption (2.09 A
on Cu(111) and 2.04 A on Cu(110)) relative to that of the
imide adsorption on Cu(110) is also qualitatively consistent
with the modified Cu-N bond order to be expected.

On Si surfaces, of course, adsorbate bonding is strongly
influenced by the presence of ‘dangling bonds’ that reflect the
local directional covalent bonding of the bulk solid. On both
Si(100) and Si(111), the clean surfaces undergo substantial
reconstruction to reduce the number of dangling bonds rela-
tive to those of ideal bulk termination of the solid. Never-
theless, some dangling bonds remain, and adsorbates may
cause modifications to these reconstructions as the dangling
bonds become saturated by adsorbate bonding. In the case of
the Si(100) surface, an unreconstructed bulk termination
would lead to each surface Si atom having two of its four
Si-Si bonds unsaturated, and adjacent pairs of atoms move
together to form dimers, reducing the number of dangling
bonds per surface atom from two to one. On this recon-
structed surface the dimers are actually asymmetric, with
one Si atom lower on the surface than the other, but at room
temperature these dimers flip dynamically between the two
alternative asymmetries, leading to an average (2x1) periodi-
city. Even at low temperature, exposure to ammonia is found
to lead to reaction to form coadsorbed NH, and atomic
H species, that are believed to bond to the two dangling bonds
at opposite ends of the Si surface dimers. A PhD structural
study of this surface” " substantially confirms this picture,
although as in all the studies discussed here, the locations of
the H atoms were not determined. However, the PhD experi-
ments show that the N atoms do bond in an off-atop location
relative to surface Si atoms with a Si-N bondlength of 1.73 A
and an angle of this bond relative to the surface normal of 21°,

Fig. 7 Schematic diagram of the structure of coadsorbed NH, and H
on Si(100) as a result of interaction of the clean surface with NHj.
Note that, as in the other studies reported here, the location of the H
atoms is not determined experimentally, while it is not certain that the
NH, and H species on the two ends of the Si surface dimers are as well-
ordered as implied by this diagram.

all consistent with attachment to a Si surface dangling bond
(Fig. 7). The experimental study also shows that the Si—Si
dimer remains intact, but becomes significantly less asym-
metric (and possible symmetric).

On Si(111), the situation is substantially more complex. The
clean surface reconstructs to a (7x7) periodicity, thus invol-
ving major reorganisation of the surface layers. Fig. 8 shows a
schematic diagram of the dimer—atom-stacking fault (DAS)
model first proposed by Takayanagi et al.®! on the basis of
high energy electron diffraction data, which is now accepted as
correct. On an ideal bulk-terminated Si(111) surface there
would be one dangling bond per surface Si atom (perpendi-
cular to the surface), each such atom being bonded to three Si
atoms in the layer below. This would lead to 49 dangling
bonds per (7x7) surface unit mesh. This is reduced by two
main mechanism. Firstly, as on the Si(100) surface, some pairs
of surface Si atoms move together to form dimers, removing
the dangling bonds from these atoms. In Fig. 8 these dimers
are seen around the edge of the diagram and on the vertical
line dividing the unit mesh in two. The second key process

adatoms rest atoms

. a!.?'
| i!¢k~90
. ' ‘a'\.':‘..“ #

§
?;.e:aso‘t‘t

Fig. 8 Plan view of the Si(111)(7x7) ‘DAS’ clean surface structure.
The different atomic radii and levels of grey shading correspond to
different layers in the near-surface region.
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reducing the number of dangling bonds is the attachment of Si
adatoms at the centres of triangular groups of three adjacent
Si atoms in the surface. This has the effect of removing the
three dangling bonds from this group of three atoms, but
leaves one dangling bond at the adatom. A final feature of the
reconstruction that results in overall energy lowering is re-
flected in the different appearance of the left and right hand
halves of the diagram of Fig. 8 that is a consequence of a near-
surface stacking fault in the left-hand half of the unit mesh.
Inspection of this figure shows that within the unit mesh there
are 12 Si adatoms, each having a dangling bond, but there are
also 6 ‘rest atoms’, the dangling bonds of which are unaffected
by the reconstruction. In fact there is also one ‘corner hole’ Si
atom, located at each of the corners of the unit mesh shown in
Fig. 8, that also retains its dangling bond, so the effect of the
reconstruction is to reduce the number of dangling bonds per
surface unit mesh from 49 to 19. Evidently, these remaining
dangling bonds are the preferred sites for adsorption in the
absence of adsorbate-induced reconstruction.

Adsorption of NHj; on Si(111) also leads to sequential
deprotonation at increasing temperatures, with the initial
stage, to produce adsorbed NH,, occurring at temperatures
as low as 100 K, although on the (111) surface, unlike the (100)
surface, there is some evidence that NH species are already
present on the surface at room temperature.®* % A relatively
recent PhD structural study of the Si(111)/NH; adsorption
system,® performed at room temperature, was undertaken
with the objective of identifying the preferred adsorption sites
of the NH, species. The spectral resolution of this investiga-
tion was inadequate to formally distinguish the possible pre-
sence of both NH, and NH species on the surface (which do
lead to slightly different N 1s photoelectron binding ener-
gies®™). The key conclusion was that the NH, species, believed
to be entirely or predominantly NH,, are adsorbed atop the
Si rest atoms (with a Si—-N bondlength of 1.71 £ 0.02 A), with
no more than a small minority adsorbed atop the Si adatoms.
One may surmise that these adatom sites are where the
H atoms from the NHj fragmentation are bonded.

One further N-containing surface species that has been the
subject of several quantitative structure determinations is that
of the cyanide, CN, species that is often studied as the simplest
model system for the adsorption of organic nitriles. In general,
the surface CN species has been formed by the dissociation of
cyanogen, C,N,, and indeed part of the interest in the surface
chemistry of this species stems from its relevance to chemical
warfare and ways to counteract the impact of such activity. A
further issue of particular practical importance, that is of more
general importance, is the identification of a CN-containing
surface intermediate in the reaction of CO with N, and
NO,%¥® raising the spectre of poisonous HCN production
in three-way automotive exhaust catalysts. More generally, the
fact that CN™ is isoelectronic with CO, and that there is some
analogy in the coordination chemistry of these two species, has
added a further motivation to these studies. In this context,
one particularly interesting feature of CN adsorbed at surfaces
is an apparent systematic difference between the behaviour at
solid/vacuum and solid/liquid interfaces. Studies of the cya-
nide species, CN, at metal-solution and electrode—electrolyte
interfaces have been motivated in part by its relevance to

electroplating, and in part by its identification as a surface
intermediate in the oxidation of amino acids (e.g. ref. 89). At
these solid/liquid interfaces there is a general consensus, based
on vibrational spectroscopic data, that the CN adsorbs with its
molecular axis essentially perpendicular to the surface, bond-
ing through the C end (e.g. ref. 90-93), in much the same way
that CO is found to adsorb at almost all solid/vacuum inter-
faces. By contrast, CN at solid/vacuum interfaces appears to
adopt an orientation in which the C-N axis is much more
nearly parallel to the surface. This distinction may well be
related to the different role of covalent and ionic bonding in
the two situations, combined with the effect of the electrostatic
field at the solid/electrolyte interface.

Much the most complete structural studies of CN adsorbed
at the solid/vacuum interface are those of the ordered
c(2x2)-CN overlayer phases found on the fcc (110) surfaces
of Ni % and Rh.”” On Ni(110) the original structure
determination was based on C and N 1s PhD measurements,”*
subsequently confirmed by a QLEED study,’® with some
supplementary information from medium energy ion scatter-
ing.”> On Rh(110) the structure determination was based on
QLEED. The molecular orientation of CN in the
Pd(110)c(2x2)-CN phase has also been investigated by NEX-
AFS and angle-scan photoelectron diffraction,”® leading to
results that strongly suggest the local adsorption site is similar
to that on the Ni and Rh surfaces. In these systems the CN lies
above second layer substrate atoms with its molecular axis in
the [001] azimuth such that it straddles a pair of close-packed
substrate atoms rows. The C atom lies slightly lower on the
surface such that this atom is three-fold coordinated to two
outermost layer and one second layer substrate atoms,
whereas the N atom is two-fold coordinated to adjacent
outermost layer atoms (Fig. 9). This leads to a tilt of the
C-N axis out of the surface which falls in the range 18-25° for
these three different substrates. In addition, spectroscopic data
(mainly high-resolution electron energy loss spectroscopy—
HREELS) have been interpreted as indicating that CN
adsorbs with its molecular axis essentially parallel to the
surface on Pd(100),”%'°° on Ru(0001)'°" and on Cu(111).'%
However, it is only on the last of these surfaces, Cu(111), that
there has been an attempt to determine the local adsorption
site, in this case by PhD (supplemented by a NEXAFS

Ni

-4

Fig.9 Schematic diagram of the local adsorption geometry of CN on
the Ni(110) surface in the ordered c(2x2) phase.
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determination of the molecular orientation). In this case it
appears that the C—N axis is closely parallel to the surface, but
the best-fit adsorption geometry to model the PhD data
corresponds to a low symmetry adsorption site with the
CN lying slightly displaced from the 3-fold coordinated hollow
sites but with the C and N atoms having single Cu atom
nearest neighbours at distances of 1.98 4+ 0.05 A and
2.00 + 0.05 A, respectively. This geometry is closely similar
to that found in a subsequent DFT calculation.'®?

6. Other species and general remarks

One further species that has been the subject of some surface
structural studies but does not fit into any of the above
categories is the SO;, sulfite, species. There have been quite
a number of investigations of the interaction of SO, with
surfaces, for which there is a clear underlying interest related
to atmospheric pollution and ‘acid rain’, associated with
S-containing contaminants in fossil fuels, and particularly in
the burning of ‘brown coal’ in power stations in some
geographical regions. Various such studies have identified
SO, surface intermediates, including SO, SO; and SO,
(e.g. ref. 104). While there are quite a number of structural
studies of the intact SO, molecule on surfaces, the only
equivalent investigations of reaction intermediates are of
species identified as SO; on Cu(100),'% Cu(111),'°® and
Ni(111)'%7 for which, in each case, S K-edge NEXAFS estab-
lished that the Cs3, symmetry axis is essentially perpendicular
to the surface. Interestingly, in all of these structural studies,
based for Cu(100) on SEXAFS data, and for the two (111)
surfaces, on NIXSW data, the conclusion is that the molecule
adopts a pyramidal structure with the O atoms significantly
closer to the surface than the S atoms, although the local
lateral registries differ. On Cu(100) and Ni(111) the favoured
geometry places the S atom over a bridging site between two
nearest-neighbour metal surface atoms, while on Cu(111) a
geometry in which the S atom lies atop a surface Cu atom is
found. Interestingly, DFT calculations'® reproduce the ex-
perimental result on Ni(111), but favour a similar bridging site
on Cu(l11); these calculations, however, did expose some
problems in addressing the bonding of SO, to Cu(111), so it
is not clear how significant is this discrepancy with experiment.

As remarked upon several times earlier, in compiling this
review it has not been trivial to define its boundaries. The
general definition of surface reaction intermediates as species
that do not exist naturally in the gas phase includes, for
example, atomic C, N and O which all play important roles
in surface catalytic processes. Introducing the constraint of
molecular species has significantly narrowed the range, not
least because the number of quantitative structural studies of
molecules on surfaces is already quite modest. Finally, one
might ask the question, ‘intermediate to what?’. This review
certainly does not cover exhaustively all molecular adsorbates
that are deprotonated by interaction with the surface; most
notably, there is no detailed presentation of the work on
deprotonated alkyl thiols; as mentioned in section 3, most of
these surface reactions serve only to bind the molecule to the
surface, and not to create surface species that play a sub-
sequent role in catalytic reactions, although arguably in some

cases they may relate to desulfurisation mechanisms. Similar
arguments might be used to exclude deprotonation of some
carboxylic acids (such as the amino acids), yet here the natural
development of trends from species such as formate, which
surely does fall firmly in the topic of this review, seemed to call
for some discussion of this work.

What is clear, however, is that the extent and range of the
structural work so far is quite narrow. A few trends are clear.
Most (probably all) molecule-surface bonding schemes do
have analogues in coordination chemistry, and even on metal
surfaces in which the internal bonding is highly delocalised,
molecular adsorbates appear to form quite local bonds to
specific numbers of surface atoms. Carboxylates tend to form
bidentate surface bonds through the two O atoms in all the
structures investigated in detail so far, although data from
vibrational spectroscopies, in particular, suggest that mono-
dentate bonding may occur at different coverages or in differ-
ent phases. Far more experimental data are required, however,
to establish a much wider range of trends in adsorption
geometries. Moreover, if structural studies are to be extended
to investigations of surface reaction intermediates under reac-
tion conditions, very significant developments of methods are
probably required.
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