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The local adsorption geometry of pyridine on Cu$110% has been determined quantitatively using
photoelectron diffraction in the scanned-energy mode. At high coverages the molecule adsorbs
nearly atop a Cu atom in the close-packed rows with a N–Cu bond length of 2.00 Å. Moreover, the
Cu–N axis and the molecular (C2) axis are inclined by 8° and 20°, respectively, to the surface
normal. The result shows that not only the adsorption site of the emitter~in this case the N atom!
but also the position of relatively light scatterers~the C atoms! can be determined by photoelectron
diffraction. © 1999 American Institute of Physics.@S0021-9606~99!70119-4#

I. INTRODUCTION

Benzene (C6H6) and pyridine (C5H5N) adsorbed on low
index single crystal metal surfaces represent model systems
for the study of the interaction of aromatic compounds with
metals.1–5 Whereas the benzene–metal bond is dominated by
the interaction with thep-system, pyridine has the additional
option of bonding to the metal via the lone pair electrons of
the nitrogen. Although the data base is still relatively small,
pyridine is thought to adopt—depending on which type of
electronic interaction dominates the bonding—a geometry in
which the molecular plane is perpendicular or parallel to the
surface, as depicted in Figs. 1~a! and 1~b!. The tilted geom-
etry shown in Fig. 1~c! is expected if both bonding modes
are important. Pyridine adsorption has been investigated on
silver,6,7 nickel,8–11 ruthenium,12,13 palladium,14

copper,12,15,16iridium,17 platinum12,16,18,19and rhodium20 sur-
faces. Often the molecule adopts for steric reasons an ‘‘up-
right’’ ~perpendicular or near-perpendicular! geometry at
high coverages. The formation of ana-pyridyl species
(C5H4N) at room temperature or above has also been re-
ported for some systems;8,12,13,16–20possible bonding geom-
etries are shown in Figs. 1~d! and 1~e!.

Almost all the determinations of the local geometry of
adsorbed pyridine have been based on qualitative, or at best,
semiquantitative data from vibrational spectroscopy, angle-
resolved photoemission or near-edge x-ray absorption fine
structure~NEXAFS!. To our knowledge, only one quantita-
tive structure determination has been carried out so far; our
earlier study on Ni$111% ~Ref. 11! using photoelectron dif-
fraction in the scanned energy mode~PhD! showed that the
molecule bonds via the N atom almost atop a Ni atom with
an angle of of 18°~12/24!° between the N–Ni bond and the
surface normal. The bond length was found to be 1.97
~60.03! Å. Unfortunately, it was not possible to locate the
positions of the C atoms and thus to determine the inclina-

tion of the ring plane, although a previous NEXAFS study10

had indicated that this is also tilted by about 20° to the sur-
face normal, i.e., indicating that the Ni–N bond and the aro-
matic ring are coplanar.

In the present paper we describe a N 1s photoelectron
diffraction study of the local adsorption geometry of pyridine
on Cu~110!, a system in which the molecular plane is
thought to remain perpendicular, or essentially perpendicu-
lar, to the surface over the whole coverage range. For obvi-
ous reasons we have concentrated on determining not only
the adsorption site and the Cu–N bond length, but also the
orientation of the aromatic ring with respect to the surface.
Despite the relatively weak scattering cross section of carbon
compared to that of the substrate atoms, we show that it is
also possible to obtain this kind of information, albeit at
lower precision, from the N 1s diffraction data.

Pyridine adsorption on silver and copper surfaces is par-
ticularly significant for understanding the surface-enhanced
Raman effect. Using attenuated total reflection a first layer
enhancement of a factor of 40 has recently been measured
for pyridine on a Cu$110% electrode surface.21

II. STRUCTURE DETERMINATION WITH PhD

Photoelectron diffraction in the scanned energy mode
involves the measurement of the intensity of an adsorbate
core-level photoelectron line at a pre-selected emission angle
as a function of photon energy, and thus of photoelectron
energy.22 Synchrotron radiation is required for the experi-
ment, since conventional soft x-ray sources for photoelectron
spectroscopy have lines at only a few fixed photon energies.
The dependence of photoelectron intensity on kinetic energy
is modulated by the interference between the directly emitted
component of the photoelectron wave and the components
that arise from elastic scattering at neighboring atoms. The
modulations depend in turn on the contributing path length
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differences and thus provide information on the local geom-
etry of the emitter atom. The latter is extracted in a similar
way to the method used in quantitative low energy electron
diffraction ~LEED! studies by comparing experimental
modulation functions with simulated curves calculated using
multiple scattering theory. The modulation function is de-
fined by

xex~u,f,k!5~ I ~k!2I 0~k!!/I 0~k!, ~1!

whereI and I 0 are the diffractive and nondiffractive intensi-
ties, u and f are the polar and azimuthal emission angles,
andk is the modulus of the photoelectron wave vector.I 0(k)
is obtained by performing a smooth fit toI (k) with a spline
function ~assuming that the nondiffractive part of the inten-
sity changes only slowly as a function of energy!.

In our integrated approach23 to photoelectron diffraction
quantitative structure determination generally proceeds in
two stages. A direct method is used to determine the adsorp-
tion site employing the full set of data and calculating the
so-called projection integrals.24 The underlying physical
principle is that modulation functions measured in directions
which correspond to 180° scattering from a near-neighbor
substrate atom~‘‘the backscattering geometry’’! are typically
dominated by this event and show particularly strong inten-
sity modulations. This component of the modulation function
can thus be described quite well within the single scattering
approximation with only one scatterer taken into account.
The method produces a three-dimensional intensity map of
the space around the emitter, with maximum values of the
projection integral in regions corresponding to the nearest

neighbor backscatters. The second stage is a full quantitative
structural analysis using an iterative ‘‘trial-and-error’’ proce-
dure which involves a comparison of a reduced set of usually
6–10 experimental spectra with the results of multiple scat-
tering simulations based on trial model structures. These cal-
culations have been performed on the basis of an expansion
of the final state wave function into a sum over all scattering
pathways which the electron can take from the emitter atom
to the detector outside the sample. A magnetic quantum
number expansion of the free electron propagator has been
used to calculate the scattering contribution of an individual
scattering path.25 Double and higher order scattering events
were treated by means of the reduced angular momentum
expansion~RAME!.26 The finite energy resolution and angu-
lar acceptance of the electron analyzer are included. Aniso-
tropic vibrations for the emitter atom and isotropic vibrations
for the scattering atoms are also taken into account. The
comparison between theory and experiment is aided by the
use of a reliability factor

Rm5S~x th2xex!
2/S~x th

2 1xex
2 !, ~2!

where a value of 0 corresponds to perfect agreement, a value
of 1 to uncorrelated data, and a value of 2 to anticorrelated
data.23,24 The search in parameter space to locate the struc-
ture having the minimumR-factor was helped by the use of
a Marquardt algorithm, in which the calculation of the cur-
vatures can be made considerably faster by using the so-
called linear method.27 In order to estimate the errors asso-
ciated with the individual structural parameters we use an
approach based on that of Pendry which was derived for
LEED.28 This involves defining a variance in the minimum
of the R-factor,Rmin as

Var5RminA~2/N!, ~3!

whereN is the number of independent pieces of structural
information contained in the set of modulation functions
used in the analysis. All parameter values giving structures
with R-factors less thanRmin1Var(Rmin) are regarded as fall-
ing within one standard deviation of the ‘‘best fit’’ structure.
More details of this approach, in particular on the definition
of N, can be found in a recent publication.29

III. EXPERIMENTAL DETAILS

The experiments were conducted at the BESSY synchro-
tron facility in Berlin on the HE-TGM-1 beamline.30 The
purpose-built UHV chamber is equipped with sample heating
and cooling facilities, an Ar-ion sputter gun, LEED optics
and a concentric spherical sector electron spectrometer~VG
Scientific, 152 mm radius, three channeltron detector! for
soft x-ray photoelectron spectroscopy to allow characteriza-
tion of surface cleanness as well as to measure the photoelec-
tron diffraction spectra. The Cu$110% crystal was initially
prepared by x-ray Laue-orientation, spark-erosion and me-
chanical as well as electrochemical polishing, and was pre-
pared in situ by Ar-ion bombardment and annealing~800 K!
cycles until a well ordered surface with no detectable con-
tamination was formed. The pyridine~99.9%! was admitted
to the surface by backfilling the chamber with pyridine va-
por. After forming a saturated layer by dosing 7

FIG. 1. Different adsorption geometries of pyridine on metal surfaces.
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31026 mbar s pyridine at 120 K sample temperature the
crystal was slowly heated to 185 K. Comparing the C 1s
core-level intensity of this pyridine layer with the C 1s in-
tensity in the system Ni$110%c(234) – C2H4 at u50.5 we
estimate that the pyridine coverage is approximatelyu
50.4, where one monolayer corresponds to one molecule per
surface Cu atom.

Photoelectron diffraction spectra were only recorded for
the N 1s core level, since the C 1s core level signal showed
only marginal diffraction effects due to the presence of sev-
eral inequivalent C atoms contributing incoherently to the
diffraction pattern. The N 1s PhD spectra were measured in
the kinetic energy range 50–450 eV in the four main azi-
muthal directionŝ 110&, ^111&, ^211&, and ^100& for polar
angles between 0° and 60° in steps of 10°. The signal was
recorded at successive photon energies~separated by 2 eV!
for kinetic energies of about625 eV around the N 1s core
level peak to give a series of energy distribution curves
~EDCs!. The intensity of each of these peaks was then deter-
mined by background subtraction and integration, and the
resulting intensity-energy spectra were normalized to give
the modulation functions defined above. After integration
and normalization, nine modulation functions were selected
for the full quantitative structure optimization described in
the next section. These modulation functions are shown as
the fine curves in Fig. 2.

IV. STRUCTURE DETERMINATION

The experimental PhD modulation functions of Fig. 2
show strong intensity oscillations in near normal emission,
but the modulation amplitude decays rapidly with increasing
polar emission angle until at 20° off-normal emission they
are barely distinguishable from the scatter in the data. This
behavior is typical for atop, or near atop, adsorption where
the normal emission spectrum is dominated by the back-
scattering event at the underlying Cu atom. The application

of the projection method to the full data set~all polar angles
in all four azimuths! supports this preliminary conclusion.
Figure 3 shows the projection coefficient in a plane perpen-
dicular to the surface through the emitter and in a plane
parallel to the surface approximately 2 Å below the emitter.
Both images are dominated by two areas corresponding to
high values of the projection coefficents~dark regions in the
gray-scale plot!, indicating the presence of a neighboring Cu
atom approximately 2 Å below the N-atom. The splitting in
the ^100& direction suggests that the N atom is not located
exactly in an atop position but is displaced by about 0.5 Å in
the ^100& direction. The twofold rotational symmetry of the
‘‘image’’ reflects the existence of at least two energetically
equivalent domains, as would be expected for a low symme-
try adsorption site.

This near atop site served as a starting point for the
structure optimization using full multiple scattering calcula-
tions. In these simulations the position of the N atom as well
as the orientation of the molecular plane were optimized. It
was first assumed that the N atom is bonded near atop a Cu
atom in the first layer, i.e., above a Cu atom in the outermost
close-packed rows in thê110& direction. In order to quantify
how the ring orientation affects the simulated N 1s PhD
modulation functions, the ring position in three dimensions,
and thus the N-atom position, were optimized for a set of
different ring orientations covering all possibilities within
physically reasonable limits. The internal structural param-
eters have been fixed at the values corresponding to the free
molecule. Molecular orientation is characterized by the Euler

FIG. 2. Experimental PhD modulation functions~fine lines! used in the
structure optimization together with the theoretically simulations~bold
lines! for the optimum geometry shown in Fig. 6.

FIG. 3. Result of the application of the projection method to the full N 1s
PhD data set. The emitter is located at~0, 0, 0!. The top diagram shows the
projection coefficient in a plane perpendicular to the surface through the
emitter. The bottom diagram is a cut parallel to the surface at a height of 2
Å below the emitter.
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anglesF, Q, andC, each of which corresponds to rotation of
the ring plane about a particular axis. Figure 4 defines the
axes involved and also shows some examples including the
case ofF5Q5C50° @Fig. 4~a!# which corresponds to the
upright molecule with the ring plane oriented in the^110&
azimuth, i.e., parallel to the direction of the close-packed
rows of the$110% surface. The Euler angles relate the coor-
dinate systems (xI ,yI ,zI) and (xM ,yM ,zM) which are fixed
relative to the crystal surface and the molecule, respectively.
Note that the order of application of the three angular rota-
tions is also uniquely defined in this convention.

Figure 5 shows the bestR-factors obtained for different
ring orientations by optimizing the ring position~and thus
the N atom position! for each orientation. The left-hand side
of the diagram (C50°) shows theR-factors as a function of
Q ~which, according to the definitions above, corresponds to
a tilt of the C2 axis of the free molecule with respect to the
surface normal! for three different azimuthal orientations of
the ring plane~F50°, 45°, and 90°!. The right-hand side
(C590°) showsR-factors for F50°, 45°, and 90° as a
function of Q; the molecular plane remains perpendicular to

the surface in this case. First, the diagram shows clearly that
the R-factor is sensitive to the orientation of the molecular
plane, even though the C atoms are relatively weak scatter-
ers. Secondly, allR-factors forC590° are outside the error
limit, defined by the minimumR-factor ~0.190! plus the vari-
ance of 0.024 and indicated by the horizontal line in Fig. 5.
This finding allows us to exclude immediately the formation
of an a-pyridyl species which would correspond to theC
590° geometries on the right-hand side of Fig. 5. The best
R-factor of 0.190 was obtained for (F,Q,C)
5(45°,20°,0°) which corresponds to a molecule with the
molecular plane twisted azimuthally by 45° with respect to
the ^110& direction and tilted by 20° relative to the surface
normal. All other ring orientations gaveR-factors outside the
variance. The optimization of the ring position at this orien-
tation places the N atom in a site 0.25 Å away from the atop
site in approximatelŷ112& direction, which corresponds to a
tilt of the N–Cu bond of approximately 8° relative to the
surface normal. From the orientation of the ring together
with the N atom position one can conclude that the ring
plane as well as the N–Cu axis are tilted away from the atop
site and that the ring plane is oriented perpendicular to that
tilt direction. So far only a near-atop site above a Cu atom in
the close-packed rows has been considered. A final step in
this stage of the analysis was to consider the possibility of
adsorption atop a second layer Cu atom in the troughs, as
this could also be consistent with the results of the projection
method. This model gave, however, a bestR-factor of only
0.25 which is outside the variance.

For the structural optimisations shown in Fig. 5 the pa-
rametersF, Q, and C describing the ring orientation were
assigned discrete values. In the last stage of the structure
determination the best geometry which is near (F,Q,C)
5(45°,20°,0°) was optimized by varying all parameters
continuously and in parallel. These were the three anglesF,
Q, andC, the N atom position~and thus the ring position in
three dimensions! as well as the isotropic vibrational ampli-
tude of the N atom. The corresponding best fit parameter
values are listed in Table I; theR-factor improved only mar-
ginally from 0.190 to 0.185. Figure 6 shows the optimized
adsorption geometry and the calculated modulation functions
for this structure are shown in Fig. 2 as bold curves. The
final results show that the N atom adsorbs near-atop a Cu

FIG. 4. Examples of some orientations of the aromatic ring together with
the corresponding Euler angles~F, Q, C!, which are used as parameters in
the multiple scattering calculations. Each example~a!–~d! shows a front and
a side view of the pyridine molecule and its orientation with respect to the
surface. Also shown are the two coordinate systems (xI ,yI ,zI) and
(xM ,yM ,zM) which are fixed relative to the surface and the molecule, re-
spectively, and which are related by the Euler angles.

FIG. 5. R-factors for different ring orientations. The ring position, and thus
the N atom position, has been optimized for each point, whereas the internal
molecular geometry has been assumed to be the same as in the free mol-
ecule.
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atom in the close-packed rows with a N–Cu bond length
dN–Cu of 2.00 ~60.02! Å. The N–Cu bond axis is tilted by
zN–Cu58(65)° relative to the surface normal in approxi-
mately the ^112& direction. This corresponds tolN–Cu

5120(690)°, where the error bar also includes all other
high symmetry directions~see below!. The molecular plane
is rotated byF560(115/228)° relative to thê110& direc-
tion and tilted byQ520(615)° away from the surface nor-
mal. We note that tilt angles of 8° for the Cu–N axis and 20°
for the ‘‘C2’’ axis might imply that they are not coplanar and
that some degree of rehybridization has taken place at the N
atom. However, the coplanar values are just inside the re-
spective error bars. For the isotropic vibrational amplitude of
the N atom^u2& we obtained a value of 6.5(12.4/22.0)
31023 Å 2.

The error bars for all parameters were determined by
varying the parameter in question in discrete steps and sub-
sequently optimizing all other parameters for each step. The
error limit for the parameter is then the value where the
optimisation gives anR-factor of 0.208 corresponding to the
minimum R-factor ~0.185! plus the variance~0.023!. This
strategy for determining the error bars gives values that are
upper limits and includes any possible effects of parameter

coupling. In the present system a coupling of the chosen
parameters is quite likely to occur but is difficult to predict in
advance. The usual method of determining the error bars
from the curvature of theR-factor surface at the minimum
could significantly underestimate the errors associated with
the coupled parameters.

V. DISCUSSION

A. Photoelectron diffraction aspects

From the point of view of the experimental technique the
major result reported in the present paper is the astonishingly
high sensitivity of theR-factor to the orientation of the aro-
matic ring. We have therefore looked at this issue in more
detail. Figure 7 shows a contour plot of theR-factor as a
function of the position of the N atom parallel to the surface
in the region around the exact atop position. The N–Cu bond
length has been set at the optimum value of 2.00 Å and the
ring orientation has also been fixed at its best fit value. The
bold contour line corresponds to the upper limit of accept-
ableR-factor values, so all structures falling within this con-
tour are within our error limits. The first observation is that
theR-factor is very insensitive to the lateral position of the N
atom. This is well known from our previous work on atop
adsorption systems, e.g., the C atoms in C2H4 on Ni$111%,31

and is due to the low sensitivity of the high amplitude, nor-
mal emission modulation function to small changes in the
scattering angle. A second, more subtle feature of the con-
tour plot is the absence of 2mm rotational and mirror sym-
metry of the substrate. In discussing this aspect of Fig. 7 it is
important to distinguish between the mode of data presenta-
tion used in this contour plot and the way the PhD calcula-
tions are performed. In any adsorption structure which has a
symmetry lower than that of the substrate point group, the
role of equal occupation of other sites related by the missing
operations of the point group must be included. This ‘‘do-
main averaging’’ is therefore always included in the simula-
tions. The structures represented in Fig. 7 include a molecu-
lar orientation which is fixed as the molecule is moved

TABLE I. Parameters obtained for the best fit between the experimental
data and theoretical simulations. The estimated errors are also shown.

Parameter Optimized value

dN–Cu 2.00 ~60.02! Å
jN–Cu 8 ~65!°
lN–Cu 120 ~690!°
F 60 ~115, 228!°
Q 20 ~615!°
C 0 ~615!°
^u2& 6.5(12.4/22.0)31023 Å 2

FIG. 6. Optimized local adsorption geometry of pyridine on Cu$110%.

FIG. 7. Contour diagram showing theR-factor as a function of the lateral
shift of the N atom away from the atop site. The N–Cu bond length and the
ring orientation have been fixed at their optimum values. The bold line gives
the error limit.
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across the surface, so the upper left-hand quarter of the map
corresponds to geometries in which the molecular ring is
tilted away from the atop site~in the same direction as the N
atom offset from atop! while in the lower right-hand quarter
the tilt is towards atop~in the opposite sense to the N-atom
offset!. The reduced symmetry of Fig. 7 is therefore direct
evidence that both substrate scattering and intramolecular
scattering are important in determining the fit of the theoret-
ical and experimental PhD spectra. If only substrate scatter-
ing were important then the plot would retain the 2mm sym-
metry of the equivalent N sites. If only intramolecular
scattering were to be important, theR-factor would not vary
across the contour map.

Ideally, C 1s photoelectron diffraction data should be
used for determining the co-ordinates of the C atoms of the
ring, but these occur in at least three different environments
in this molecule. Their corresponding C 1s lines are not re-
solvable using our present instrumentation and, hence, a PhD
analysis of the individual spectral components—which we
have termed elsewhere32,33 ‘‘chemical shift’’ photoelectron
diffraction—is not possible at the moment. This problem can
be overcome in future by utilizing third generation synchro-
tron radiation sources which will provide higher spectral
resolution at equivalent, or even higher, sensitivity.

A second point to address is the coupling in the analysis
of the parameters defining the amplitude of the vibrations of
the emitter to the lateral shift away from the exact atop po-
sition. As mentioned above, the isotropic vibrational ampli-
tude of the N atom was optimized in parallel with all other
parameters. On the other hand, if the N atom is fixed exactly
atop but allowed to vibrate anisotropically, the lateral vibra-
tional amplitude turns out to be much larger than the perpen-
dicular one. The optimumR-factor for this situation is 0.20
and lies within the variance of the geometry shown in Fig. 6.
This coupling of the dynamic and static shifts away from
high symmetry sites has been observed for other systems
involving atop sites, such as NH3 on Cu$110%,29 and also for
an imide species~NH! which occupies a bridge site on the
same surface.34 It may be possible to draw a clear distinction
between the two cases, i.e., between a low symmetry adsorp-
tion site and the strict atop geometry with high lateral vibra-
tional amplitudes, by performing temperature-dependent
measurements down to cryogenic temperatures where dy-
namic effects are eliminated. Studies at lower coverage—a
point we return to below—would also be interesting in this
context, particularly if an atop adsorption site with strongly
anisotropic emitter vibrations were to be found for this puta-
tively higher symmetry geometry (C2v) ~Ref. 16!.

B. Pyridine surface chemistry

As we have remarked in the Introduction, the adsorption
behavior of pyridine depends on both coverage and tempera-
ture as well as on the particular metal surface. Thus, at low
coverage and low temperature, adsorption on Ag$111%,6,7

Ni$100%,8 Ni$111%,9–11 Ru$001%,12,13 and Pd$110% ~Ref. 14!
gives rise to a parallel, or nearly parallel, species. On Ir$111%
~Ref. 17! the ring plane was found with ESDIAD to be
nearly perpendicular to the surface~angle of inclination
'20° in three equivalent azimuths!, but there appears to be

no data for low coverage. The behavior on Pt$111% ~Refs. 12,
16, 18, 19! is complicated in that there is evidence for a
substantial angle of inclination of the molecular plane or,
alternatively, for a mixture of parallel and perpendicular spe-
cies. Moreover, at room temperature on Pt$111% the C–H
bond adjacent to the N atom breaks and a bidentatea-pyridyl
species (C5H4N) is formed.12,16,18,19The latter could bond
either perpendicular to the surface, as shown in Fig. 1~d! or
with the molecular plane inclined@Fig. 1~e!# if the p-system
is sufficiently strongly involved in bonding. Thea-pyridyl
species has also been observed on Ru$001% ~Refs. 12, 13!
and Ni$100%.8 Changes in orientation from parallel to upright
as a function of increasing coverage, which has aptly been
referred to as a crowding effect,12 are well documented for
pyridine on Ag$111% ~Refs. 6, 7! and Ni$100%.8 Thus, Bader
et al.7 showed in their NEXAFS study on Ag$111% that the
mean angle of inclination relative to the surface normal
changes from about 45° to 70° as a function of increasing
coverage. Although the accuracy of such angle determina-
tions in NEXAFS is not particularly great, these and other,
similar data have demonstrated dramatically the presence of
such effects. Vibrational spectroscopy, photoemission, and
NEXAFS indicate, however, that for pyridine on Cu$110% the
ring plane is perpendicular to the surface at low
coverage.12,15,16 ~The NEXAFS study of Baderet al.15 was
presumably carried out on a layer of relatively low coverage;
an exposure of 1 langmuir is given.! The ring plane was
found to be oriented perpendicular to the surface within
610°; interestingly, it was also found to be strongly aligned
in the ^100& azimuth, i.e., perpendicular to the close-packed
rows. As expected, the perpendicular geometry still pertains
at higher coverage, although the appearance of an additional
band in the vibrational spectrum has been interpreted in
terms of symmetry lowering due to a ‘‘tilting back’’ toward
the surface plane.16

The present results indicate that on Cu$110% the extent of
the tilt ~'20°! is still relatively small at high coverage and
comparable to that measured for pyridine on Ir$111% with
ESDIAD ~Ref. 17! and~considering the estimated precision!
significantly smaller than that measured on Ag$111% with
NEXAFS.7 Haq and King16 interpret the appearance of a ring
mode at 1436 cm21 ~which belongs toB2 under C2v! in
terms of theC2 axis of the~free! molecule being no longer
perpendicular to the surface plane. We confirm that theC2

axis is indeed not perpendicular to the surface at high cov-
erage. Unfortunately, due to lack of sensitivity~something
which will also be remedied by third generation sources!, we
were unable to perform measurements at lower coverages.
The possibility remains, however, that the angle of inclina-
tion at low surface concentration is the same, but that the
symmetry lowering is actually due to the adoption of the
off-atop site. The strong adsorbate–adsorbate interaction is
consistent with the fact that the distance between neighbor-
ing molecules must be of the order of 5 Å and thus similar to
the nearest neighbor separation in the molecular crystal.35

Finally, we note that the perpendicular geometry of py-
ridine on Cu$110% over the whole range from zero coverage
to a saturated layer is probably due to the fact that bonding
via the N lone pair is more important than the interaction
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with the p electrons of the aromatic ring. The interaction is
weak with considerable desorption having occurred by 250
K ~Ref. 16! and there is no report ofa-pyridyl formation.
This is similar to the situation encountered in CO adsorption
on copper surfaces; adsorption is weak and 5s donation is
considered to provide a less important contribution to the
bond than d–p* backdonation.36 ~A synergic bonding
mechanism, similar to that in the corresponding organome-
tallic complexes, is thought to occur for benzene and other
aromatics on metal surfaces.2,3! This analogy does not work
for silver, however, where CO appears only to physisorb;37

on this surface pyridine adopts a near-parallel configuration
at low coverages.

VI. SUMMARY

The adsorption site as well as the ring orientation of
pyridine on Cu~110! have been determined with scanned-
energy mode photoelectron diffraction. At a coverage of ap-
proximately u50.4 the molecule adsorbs near atop a Cu
atom in the close-packed Cu rows with a N–Cu bond length
of 2.00 ~60.02! Å. The N atom is tilted away from the atop
site by 8 ~65!° in approximately thê 112& direction. The
molecular plane is turned by 60~115/228!° away from the
^110& direction and the molecule is tilted by 20~615!° with
respect to the surface normal. The adsorption geometry con-
firms that the pyridine molecule stays intact upon adsorption
and does not form ana-pyridyl species. The ring orientation
could be determined with surprisingly high precision, even
though only N 1s PhD modulation functions have been used
for the structure determination. Multiple scattering events in-
volving a substrate Cu atom and a C atom in the ring, and
not forward scattering, provide the sensitivity to ring orien-
tation. The existence of a molecular tilt, albeit a relatively
small one, at these high coverages confirms the result of a
recent study with vibrational spectroscopy. It is not clear,
however, whether the observed symmetry lowering in that
experiment results from this effect.
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