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Molecular orientation of CN adsorbed on Pd  (110)

F. Bondino,® E. Vesselli,” A. Baraldi,”” G. Comelli,” A. Verdini, A. Cossaro,” L. Floreano,
and A. Morgante®
Laboratorio TASGINFM, s.s. 14 Km 163.5 in Area Science Park, 34012 Trieste, Italy

(Received 2 December 2002; accepted 25 March 003

The bonding geometry of the C—N molecule in the satura{@X 2) layer on the PA.10) surface

has been determined by combining polarization-dependent near edge x-ray absorption fine structure
and full-solid-angle x-ray photoelectron diffractioRED). The N K-edge spectra display a strong
dependence on the polar and azimuthal orientation of the light polarization with respect to the
sample surface. A strong forward scattering peak along[@8@d] direction is present in the
full-solid-angle photoelectron diffraction data of the £dore level. Both the position of the G1

PED forward scattering peak and the angular dependence of tKesihell absorption spectra
provide direct evidence that the CN molecules is oriented with the molecular axis alof@ptfe
surface direction, at variance with earlier conclusions based on angle-resolved valence level
photoemission data. The forward scattering peak in the BED data further indicates that the N
atoms lie above the C atoms, with the C—N molecular axis tilted by+25° with respect to the
surface plane. The close analogy of this geometry with the results of previous structure
determinations of CN adsorbed on Ni and RHO surfaces is discussed. @003 American
Institute of Physics.[DOI: 10.1063/1.1574794

I. INTRODUCTION the surfacg001] direction, tilted by approximately 20° from
}he surface plane. On PO, CN species, originated by

CN is an interesting molecule having a model charactecom lete dissociation of at room temperature, form an
for the surface interactions of organic and polymeric nitriles, P Al : Pe L
orderedc(2X2) layer at saturation. In this case, indirect

where the CN functional groups provide important centers . . .
for surface attachment Information on the CN adsorption geometry was previously

. L : derived from ARUPS dat. The lift of the 7 orbital degen-
Moreover, the formation of cyanide intermediates has : N . .
been detected in the catalytic redL)J/ction of NO byHg,2 in eracy in ARUPS dafa indicated that CN is bonded either

the reaction between NO and carbhin the reaction of CO parallel to the surface or with a significant tilt from the sur-
with coadsorbed nitrogénor NO i)oth on supported face normal. Previously, ARUPS was also used to determine

; ; ; 12
catalysts and single crystal@.The formation of these cya- the orientation of CN species on(lL0.™ The ARUPS data

nide intermediates is an unwanted reaction step in the reQf CN on Pd11Q and on N{110 show almost identical

moval of NO by the three-way catalyst, mostly composed Ofangular dependence of the photoemission features. In both

supported transition metal particles such as Pt, Pd, and Rh o >eS: ARUPS data were interpreted in terms of CN axis

AlLO; or SiO,, since part of the adsorbed CN hydrogenatesa”gned alqng th¢110] direction. However, this conclusion
and desorbs as poisonous HCN, while the remainder deconf@s questioned by a recent NEXAFS and PED measure-
poses, shifting the desorption of, kb higher temperatures. Ments ofc(2X2)—CN on N{110, which |n(33|cated a CN

On metal surfaces in ultra-high vacuum environment the?Xis oriented along the surfag@01] direction:
CN bonding geometry is rather peculiar. Unlike most ad- ~ Here we report on the measurement of the angular de-
sorbed diatomic moleculdge., CO, NO, N, etc)” and con- pendence of NEXAFS NK-E_:dg«_a resonance intensities _and
trary to expectations drawn from coordination chemi&top the angular dependent distribution of the photoelectron inten-

most metal-vacuum interfaces CN does not bind in the typiSity Of ¢(2X2)-CN on Pd110. The conclusions derived
cal end-on geometry, but with the molecular axis essentiallfP0th from PED and NEXAFS data are consistent and provide

parallel to the surface:® the azimuthal orientation and the tilt angle of the CN mol-

Full quantitative structural determinations of the CN ad-&cules relative to the REL0) substrate. The results of the
sorption geometry are limited to two studies, or(li0) us-  Present work co.nflrm the nearly parallel bonding configura-
ing near edge x-ray absorption fine struct(MEXAFS) and ~ tion of CN species on R@10 deduced from ARUPS data,
photoelectron diffractiofPED)® and on RK110) using dy- but |nd|ca.te 6‘{0011 a2|muthal orientation of the C—N mo-
namical low energy electron diffractio EED).!® In both ~ €cular axis, at variance with ARUPS results.
cases the C—N molecular axis was found to be aligned along

Il. EXPERIMENT
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Sample position was set automatically using a modified
VG-CTPO motorized manipulator with six degrees of free-
dom, which allows to freely select, with 0.01° accuracy, the
orientation of both the photon beam grazing angle (0°—10°)
and of the sample surface with respect to the radiation polar-
ization vector.

At the same time, the emission direction can be chosen
with high flexibility, since a wide portion of the full-solid 5 |
angle above the sample can be probed for any surface orien- [001] ¢=0° ‘:)
tation, thanks to the combined rotation of the frame hosting :
the analyzer and of the whole experimental chamber. The {04

photon beam is linearly polarized with the electric field vec- (b) ;r
C

oy

hv
Qi

[110] ¢=90°

tor in the horizontal plane.

Scanned-angle PED patterns were obtained by measur-
ing Cls, N1s, and Pd3ls,, signal at the peak energy maxi-
mum and at an additional higher kinetic energy value aside
the peak to obtain reference data for linear background sub-
traction. The photon-beam grazing angle was set to 4° with
the electric field vector parallel to the surface plane, i.e., in
transverse electridTE) polarization. Automatic angular

scans were performed by computer-controlled stepping mo- _ _ -

. . . IG. 1. (a) Experimental set up for full-solid-angle PED data acquisition at
tors rotating the detector in a pIane perpend'CUIar to the sca e ALOISA end-station. The azimuthal angjeof the analyzer was varied
tering one by varying the emission angldrom the surface by rotating the sample around its normal. The polar argé the analyzer
normal (f=0°) to the grazing emissiond& 84°) with 1° was varied by rotating the chamber hosting the analyzer around the beam

- xis in the plane highlighted in the figure. The grazing incidence afgle
constantd steps and rotating the sample around the Surfacgvas fixed and the polarization vector was parallel to the surface plane.

normal by varying the azimuthal angiewith 2° constanip  sketch of the experimental geometry used for the acquisition of the Auger
steps from—10° to 100° with respect to the Pd surfd081] Yield NEXAFS spectrad, is the angle of the polarization from the surface
direction [Fig. 1(a)] The azimuthal angleﬁ was scanned Plane.¢, is the azimuthal angle of the polarization with respect to the Pd
ver a ran f110° which includ Il the featur f th surface[001] direction. At fixed¢, =0, the angled, was varied by rotating
ove a. ange o ! c cludes a e reatures o Qhe sample byAge around the beam axis. At the same time the chamber
full-solid-angle pattern, due to th@/2 symmetry of the sur- hosting the analyzeiC) was rotated by the same amotte) around the
face. The full-solid-angle PED pattern was obtained by &eam axis, in order to have a constant emission angle for all the spectra with
symmetric extension of the measuref® portion. different 6, . At fixed 6, s b, was changed by ro_tatlng the sample around
. . the surface normal, while keeping the polarizatiorector parallel to the
During the PED scans the precession of the surface Nokace ¢.=0, TE polarizatioi In both cases, the grazing incidence angle
mal due to some residual misalignment of the crystal on theq,,) was fixed.
sample holder was automatically corrected. The required cor-
rections were preliminarily determined by measuring the
beam specular reflectivity from the sample surface using
diode detector.
The PED plot presented in the following shows the in-

tensity in a linear gray scale of GXkore level. Each point in

face normal, keeping the sample in TE polarizat{éfig.
1(b)].

The cleaning procedure of the @A0) surface involved
repeated cycles of Ar ion bombardment at room temperature
o . ) ) P&nd annealing to 1050 K, followed by oxygen treatment at
cific (6, ¢) angular position, in a polar coordinate system,gog i and reduction in hydrogen, until the surface exhibited
whered is the radial distance from the center of the plot. Thea sharp X1 reflection high energy electron diffraction
center of the plot corresponds to normal emission and th?RHEED) pattern and no traces of contaminants were de-
circumference to grazing emission. For each polar angle, th@,cteq by photoemission. The azimuthal orientation of the
PED data have been normalized to the average intensity cakiface was evaluated using RHEED.
culated over the azimuthal scan. Cyanogen (6N,) was produced by thermal decomposi-

The absorption at the nitrogdfredge was measured by tjon of AGCN in a tube attached to the gas line; the gas was
recording the intensity of the nitrogen KVV Auger electron ggsed by background exposure via a leak valve.
transition as a function of the photon energy. Auger and pho-  The saturationc(2x 2)-CN/Pd(110) adlayer was pro-
toemitted electrons were collected with a 35 mm mean radiuguced by dosing 10 L of §N, at 325 K sample temperature.
hemispherical analyzer with-1° acceptance angfé.All At this temperature §N, adsorbs dissociatively as a single
NEXAFS spectra were normalized to the photon flux, scaledCN specie$® In agreement with previous LEED investiga-
to the same intensity before the absorption and finally backtions of the saturated CN lay&rwe observed by RHEED an
ground subtracted by fitting the data in the pre-edge regiororderedc(2X% 2) periodicity.

Polarization-dependent NEXAFS experiments were per- Background pressure in the UHV chamber, during the
formed by rotating either the sample and the whole chambemeasurements, was always in the low ¥dmbar range. All
together around the beam axis or the sample around the sureasurements were collected at room temperature.
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¢ (Degrees) orientation(e along the[001] direction, fixed photon incidence (4°) and
with the analyzer kept nearly normal to sample surface. Bottom: plot of the

FIG. 2. Top: set of Auger yield NK-shell NEXAFS spectra recorded as a ¢*/#* intensity ratio as a function of the light-polarization polar angle.
function of the light-polarization azimuthal angle(), with the electric
field in the surface plan€TE polarization.

care and should be verified by single hole cross-section

measurements, in agreement with previous studies, we as-
IIl. RESULTS AND DISCUSSION sign the broad feature at 410 eV to the transition to*a
shape resonance. Notice that, in the spectrum measured with

the electric field along thgl 10] direction, the 410 eV broad
Figure 2 displays a set of K-shell NEXAFS spectra, peak is not present. The plot of te /7* intensity ratio as
measured with the electric fielel in the surface planed,  a function of the azimuthal angle of the polarization is dis-
=0°, TE polarization at different azimuthal angle®., played in the bottom panel of Fig. 2. The azimuthal depen-
whereg, is the angle betweesnand theg001] direction[Fig.  dence of the NEXAFS spectra and, in particular, the in-
1(b)]. The NEXAFS spectra were measured by recording th%quivalence of the[001] and [1E] directions, clearly

Auger KVV intensity with the electron analyzer aligned jnqicate that the C—N molecular axis is not perpendicular to
along the surface normal. The main peaks in the spectra affe syrface.

very similar to the features present in the corresponding

1N9
N K—ed%g: NEXAFS spectra of CN on {0 and CN on  geries of Auger yield N<-edge spectra measured as a func-
Pd111)." A single sharp peak close to 395 eV with a smalljon of the beam-polarization polar angle, at fixed surface

shoulder at 393 eVLs observed when the electric vector i imuthal orientation(s along the[001] direction, fixed
oriented along th¢110] direction of the surface plane. In photon incidence(4°) and with the analyzer near to the
accordance with previous studies, the sharp peak close &ample normaiFig. 3).
395 eV is assigned to ask-7* transition. The orientation of the linear light polarization was
By changing the Ezimuthal orientation of the e|ectl’iCChanged from perpendicular fo9,=90°, i.e., transverse
field vector from thg 110] to the[001] direction, the inten- magnetic(TM) polarizatior] polari nearly parallel to the sur-
sity of the#* resonance decreases and a broad feature groviace plane ¢.=5°, ~TE polarization by simultaneously
up at 15 eV higher photon energy. The energy position of theotating the sample and the chamber around the beam axis
broad feature is consistent with the location of the shape while keeping the incidence photon beam angle and the
resonance observed in gas-phase NEXAFS spectra of mabmission direction fixed with respect to the sample surface
ecules containing the CN grotfpand with the feature ob- [see Fig. 1b)].
served in the NEXAFS spectra of CN on (10 and The spectra display a strong angular dependenc®, At
Pd(111).> Although the assignment of the features above=90° only ther* resonance at 393 eV is present. By chang-
the photoionization threshold should be approached witting the polar orientation of the electric field vector from 90°

A. NEXAFS

Further evidence of this conclusion is derived from the
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R R AR reduced and the™* resonance is clearly splitted in two com-
T ponents. The component located at 2 eV higher photon en-
ergy can be assigned to resid{iahtensity. Correspondingly,
the component at 2 eV lower energy with respect to the main
peak in the spectrum measureddat=0°, ¢,.=90° is asso-
ciated with residuakr} intensity. Thus, it is clear that the
C—N molecular bond lies in a plane parallel or nearly paral-
lel to the surface approximatively oriented along f0@1]
direction, even if residuatr, and 7, intensities are present
for geometries where they should be absent according the
M, selection rules for NEXAFS resonances. In particular, the
presence of the feature assignedrgfor ¢ oriented along,
i.e., the[001] direction, could be due to a vibrational motion
/‘M of the nitrogen atom or to a twist of the CN bond from the

e =90°; 8:=0°

Intensity (Arb. Units)

[001] direction. The presence of the, for ¢ parallel to sur-
face could be either due to a static tilt of the CN bond from

e =0°; Be=5° sample plane or to the residual unpolarized light or to vibra-
tional motions of the nitrogen atom or a combination of these
factors?’

m, [Py From a simple visual inspection of the NEXAFS spectra,
I|l¢=oe=s|;o . the orientation of the CN molecular axis has been qualita-
390 400 410 420 tively determined. A quantitative analysis of the NEXAFS

Photon Energy (eV) data must be approached with care for the difficulty implied

in handling the normalization, background corrections and
deconvolution of the different effectemperfect light polar-
ization, vibrationg. A rough estimate of the orientation of
C—N bond axis has been derived from the evaluation of the
o*/7* intensity ratio with the electric vector orientation in
to 5° the 7* component intensity decreases and the  the angle-dependent near-edge spectra, by fitting the
shape resonance grows up. peaks with Gaussian functions and th& resonance with

According to the dipole selection rules governing theGaussian functions having a width linearly dependent on the
K-shell NEXAFS resonancég,the intensity associated with photon energy, as proposed by Outka an"(hS%%Neg|ecting
a specific molecular orbital is largest if the electric vector ofthe degree of linear polarization, the'/«* intensity ratio
the light points in the direction of that molecular orbital and indicates that the C—N bond lies along f@®1] direction,
it vanishes when the electric vector is perpendicular to thafiited by approximately 15*10° from the surface plane.
orbital. In our case ther* states can only be excited when Another set of NK-edge data was collected using total
the electric vector is perpendicular to the C—N molecularelectron yield(TEY) detection mode. Except for the TEY
axis, proving therefore that the molecular orientation ismode giving a much smaller signal to background ratio, the
highly tilted (~70°—-80°) from the surface normal. Further- same behavior of the* ando* resonances as a function of
more, from the azimuthal-dependent NEXAFS spectrahe electric field orientation with respect to the surface nor-
shown in Fig. 2, it can be concluded that the CN species arghal was found.
azimuthally aligned along th01] direction.

In Fig. 4 the NEXAFS spectra measured foalong the

sample normal and for along the samplg110], [001] di-  B. Full-solid-angle PED

rections are compareﬂ. The experimental full-solid-angle PED pattern, mea-
By labeling the[110], [001] and surface normal direc- gyred for C% with photon energy of 947 eV in TE polariza-
tions asx, y, andz, respectively, the single sharp resonanttion, i.e., with the photon polarization vector parallel to the
peak observed fot perpendicular to the surface is assignedsyrface plane, is reported in Fig. 5.
to the Is— 7 excitation, while the sharp resonance appear-  The most prominent feature appearing in the experimen-
ing in the spectrum recorded withalong the[110] direc-  tal PED pattern is a strong peak along the surffo@i]
tion in the surface plane is assigned tos-dm} excitation.  direction, at approximately 25° from the sample plane. Be-
The energy position of ther; resonancgobserved at cause of the high kinetic energy of the photoelectrons, this
0,=0°, ¢,=90°) and thew, excitation (visible at 6, peak can be safely attributed to forward scattering o6 C1
=90°) differs by ~2 eV. The lifting of the degeneracy of electrons due to other atoms located at a higher vertical po-
the two#* orbitals is consistent with a configuration where sition.
the C—N molecular bond is lying in a plane parallel or nearly  The possibility that the scatterer atom is a first layer Pd
parallel to the surface because the molecular orbitals in- atom can be excluded with the following considerations. A
teract directly with the substrate. We further observe that irforward scattering peak due to scattering between C and Pd
the spectrum af,=5°, ¢,=0°, the intensity ofr} is much  atoms would be present in the same azimuthal position if the

FIG. 4. Comparison of the NEXAFS spectra measuredsfatong the(a)
[110], (b) [001], (c) [110] directions of the sample.
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tions and in the symmetric mapping of thé2 angular por-

tion of experimental data. The best agreement between ex-
perimental and theoretical data, in particular concerning the
forward scattering peak position, was found far=25°
+4°. The corresponding calculated PED pattern is reported
in Fig. 5(b).

Since the measurements were collected at room tempera-
ture, we point out that anisotropic vibrations of the scatterer,
e.g., a hindered translation of CN along {f@®1] direction
and possible differences in the vibrational amplitudes in the
[001], [110], and[110] directions, which have not been ac-
counted in our analysis, could affect the value of the tilt of
’®/§ the CN molecular axis derived from PED and NEXAFS data

a

['n-e] "susju|

with the assumption of static molecules.

This determination of the C—N molecular bond orienta-
tion indicates that CN on R#l10) follows the general adsorp-
tion behavior of CN species, preferentially bonded with C—N
axis nearly parallel to the surface in metal-vacuum inter-
faces. In particular, the intramolecular orientation of CN on
FIG. 5. Full-solid-angle C4 PED pattern measured at 947 eV photon en- Pd(110) is consistent with that of CN on KNi10) determined
ergy (a) with the PED simulation obtained for a C—N tilt angle of 25° from by photoelectron diffractichand CN on RKL10) determined

the surface planéb). Each point in the displayed patterns shows the nor- 18
malized intensity in a linear gray scale of the <Cdore level measured at a by LEED-IV.™ In both cases the molecule was found to be

specific(6, ¢) angular position, in a polar coordinate system, wheiethe  located within the(110 grooves, on top of a second layer
radial distancd 110] directions, respectivelyc) Schematic representation Substrate atom, oriented along tf@1] direction, with the
of the CN adsorption geometry as derived from PED and NEXAFS meanitrogen atom bridging two first layer metal atoms and the

surements. carbon atom bound to both the first and second layer metal
atoms. Thus, CN adsorbed molecules display a general pref-
erence towards an alignment along {0@1] direction on all

C atoms were located at bridge sites on the second Pd laydh€ investigated110 transition metal surfaces. .
below the first Pd atomic layer. However, considering a  'he CN lying-down configuration has been tentatively
rough estimation based on the covalent radii of C and pattributed to strong electrostatic and polarization contribu-
(refraction effects can be neglected at these energies  tions as CN binds to metal s_urface@.The adsorption con-
polar position of this peak would be at much grazing emis-figuration found on PA10), Ni(110), and RIi110) is consis-
sion (~0°—5° from the sample planehan that observed tent with a threefold coordination and a combinednd o
(~25°). Therefore, the scatterer atom responsible for th&onding. This preferential adsorption geometry could be
forward scattering enhancement is likely to be the nitrogert!S€d as a starting point for the calculation of the electronic
atom bonded to the emitting carbon. This implies that theProperties of the adsorbed CN species to provide a better
C—N bond is oriented along the surfd@®1] direction, with physical am_j chemical insight into the intriguing nature o_f
the C—N axis inclined from the surface plane and that the €N bond with metal surfaces, whose understanding is still
atoms are closer to the surface than the N atoms. poor.
An analogous N#& full-solid-angle PED pattern col-
lected using photon energy of 810 eV in TE polarization did
not show the presence of any forward scattering features, but
it appeared uniform over all the measured region. The lack ofyz, CONCLUSIONS
forward scattering features further strengthens the conclusion
derived from Ck PED data, that the N atoms lie above the Information on azimuthal molecular orientation as well
emitting C atoms. as on the tilt of the C—N molecular axis on the (P
The azimuthal position of the peak with respect to thesurface has been derived by combining angle-dependent
substrate directions is determined accurately by recording SNEXAFS and full-solid-angle PED measuremens.
multaneously the C4 and Pd3ls, signal during PED data NEXAFS data and PED vyield independent and consis-
acquisition. tent conclusions, indicating a nearly parallel CN adsorption
To derive quantitatively the C—N bond orientation, on Pd110, with preferential azimuthal orientation of the
single scattering calculations have been performed using theé—N molecular axis along th@01] direction. Furthermore,
MscD code® at several tilt anglesa) of the C—N bond ori- the presence of a 25° tilt of the C—N axis from the surface
ented along thd001] direction. The simulations take into plane is found with the C atoms closer to the surface than N
account the symmetry of the outgoing wave, refraction at th@nes. While the near-parallel bonding geometry of CN found
surface potential step, inelastic effects and isotropic vibraby previous ARUPS datiis confirmed, the azimuthal ori-
tions of the atoms. The existence of two equally populatecntation of the bond axis contradicts the conclusions based
CN domains has been considered both in the PED calculan the interpretation of photoemission data.

[001]
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