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Structural investigation of the Rh„110…-c„2Ã2…-CN phase
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The Rh(110)-c(232)-CN phase has been examined by means of scanning tunneling microscopy~STM!
and full dynamical low-energy electron diffraction~LEED!. From STM largec(232) domains are observed.
The detailed LEED-IV structural analysis indicates that CN is located in the grooves of the~110! surface,
approximately atop second layer rhodium atoms. The CN molecules lie almost flat with their bond axes
oriented perpendicular to the rhodium troughs. An outward relaxation of the first substrate interlayer distance
and a strong buckling of the second Rh layer are induced by CN adsorption. Calculated and experimental
intensity curves are in good agreement. An exhaustive set of other possible adsorption sites and configurations
was tested and excluded on the basis of reliability-factor analysis.
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I. INTRODUCTION

The understanding of CN adsorption properties on Rh
of interest both for large-scale industrial processes, catal
and fundamental science. The formation of considera
amounts of cyanide intermediates has been reported in m
catalytic reactions such as the reduction of NO by ethyl
on Rh~111! ~Ref. 1! and by propylene on Rh/Al2O3.2 Forma-
tion of these cyanide intermediates is an unwanted reac
step in the removal of NO by the three-way catalyst sin
part of the adsorbed CN hydrogenates and desorbs as po
ous HCN and the remainder decomposes, delaying the
sorption of N2 to higher temperatures. Cyanide species h
also been detected during the reaction between NO and
bon on Rh~331! ~Ref. 3! and during the interaction of CO
and NO on ceria-supported Rh model catalysts (Rh/CeOx).

4

Understanding the way CN bonds to the surface is a
important in order to provide a detailed description of t
microscopic mechanism of industrial processes such as
synthesis of HCN from CH4, NH3, and O2 over Rh-Pt
gauzes. CN groups on metal surfaces can also be consid
as simple model systems to understand the surface chem
of organic nitriles.5 However, an atomistic picture of thes
reactions cannot be drawn, due to the lack of detailed st
tural information. To our knowledge, there is only one p
vious detailed experimental structural study of CN adso
tion on a single crystal metal surface@Ni(110)-c(2
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32)-CN by photoelectron diffraction.6#
From ultraviolet photoelectron spectroscopy~UPS! and

penning ionization spectroscopy studies of CN on Pd~111!,7

Pd~110!,8 Ni~110!,9 and Pd~100! ~Ref. 10! and CN2 in NaCN
~Ref. 11! it was found that CN groups and CN2 have the
same order of binding energy levels 4s.1p.5s. Since
CN2 and CO are isoelectronic, they were expected to disp
a similar bonding configuration. However, a wide range
experimental studies of CN adsorption on metal surface
ultrahigh vacuum~UHV! environment found that CN doe
not bind in the typical end-on geometry observed for ma
other diatomic molecules~e.g., CO, NO, N2, etc.! both in
coordination chemistry and on adsorption.12 Angle resolved
UPS~ARUPS!, near edge x-ray absorption spectroscopy a
photoelectron diffraction measurements6–10,13 indeed pro-
vided clear evidence that in most of the metal-vacuum in
faces the C-N molecular axis lies essentially parallel to
surface. The explanation of the CN lying-down configur
tion, unexpected also from coordination chemistry, has b
tentatively attributed to prevailing electrostatic and polariz
tion contributions as CN2 bonds to metal surfaces.

Thec(232)-CN phase on Rh~110! was previously inves-
tigated using qualitative LEED, spot profile analysis-LEE
~SPA-LEED!, x-ray photoemission spectroscopy~XPS!, and
thermal desorption spectroscopy~TDS!.14 The formation of a
sharpc(232) pattern was observed after 1 L of C2N2 expo-
sure at 373 K. XPS data showed that at 373 K, comp
©2001 The American Physical Society22-1
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dissociation of C2N2 into CN groups occurs upon adsorptio
and thisc(232) ordered structure consists of a pure C
overlayer, containing a single CN adsorption state. The
width at half maximum of the~1/2, 1/2! spots, measured b
SPA-LEED, indicates that domains of'200 Å along@11̄0#
and '100 Å along@001# are present on the surface whe
the c(232) is fully developed. In this paper we report on
detailed structural characterization of this phase by dyna
cal LEED and STM.

II. EXPERIMENTAL

The LEED-IV experiment was carried out in the UH
chamber of the SuperESCA beamline at ELETTR
equipped with a Fisons rear-view LEED and a 5-degrees
freedom manipulator. The LEED-IV curves were collected a
180 K and at normal electron beam incidence by usin
CCD camera. The STM data were collected at room te
perature in a different UHV system by means of a Omicr
variable temperature STM. The Rh sample was cleaned
repeated cycles of Ar1 sputtering and annealing, combine
with oxygen and hydrogen treatment. C2N2 was produced in
situ by thermal decomposition at 570 K of AgCN in a Pyr
tube. Thec(232)-CN structure was prepared by dosin
C2N2 at 373 K until a sharpc(232) LEED pattern was
observed.

III. RESULTS

A. STM data

STM images of thec(232) structure show a regular an
well-ordered pattern with large domains~Fig. 1!. A careful
analysis of the images reveals that thec(232) structure is
present up to the edge of the steps. The size of the dom
is consistent with SPA-LEED measurements.14 In order to
determine the registry of the admolecules, line profiles h
been measured along@001# and @11̄0# directions. The aver-
age distance between the STM bright protrusions al

@11̄0# and @001# is twice a Rh~110!-131 unit cell. All fea-

FIG. 1. STM image ofc(232)-CN on Rh~110! showing the
internal structure of this phase. Frame size 70 Å342 Å, gap Volt-
age :20.1 V, tunneling current: 1.0 nA. In this image the drift o
the STM scanning stage has been corrected, using softwar

make the@001# and@11̄0# directions orthogonal. The overlayer un
cell has been outlined.
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tures have about the same shape and brightness and a
ranged in ac(232) structure. However, it is not possible t
make a precise attribution of these features to nitrogen
carbon, to CN groups or to Rh atoms. Therefore we h
performed a structural LEED-IV analysis in order to obtain
an accurate description of the molecular arrangement.

B. LEED-IV structural analysis

The quantitative evaluation of LEED-IV curves was per-
formed using the full-dynamical LEED program develop
by Moritz15 with an automated search method based o
nonlinear least-squares optimization scheme16 for the deter-
mination of the best fit geometry. The degree of agreem
between calculated and experimental intensity data
evaluated using both Pendry (RP) ~Ref. 17! and discrete en-
ergies (r De) ~Ref. 18! reliability factors. Error bars were es
timated from the statistical standard deviation ofRP , calcu-
lated according to Pendry.17 We used up to 9 phase shifts p
element. Phase shifts for Rh were the same as those suc
fully employed in other LEED-IV determinations,19 while for
N and C phase shifts were computed from Moruzzi and
Tong potentials, respectively.

The real and the imaginary part of the inner potential w
first evaluated by a preliminary test calculation of the cle
surface LEED-IV curves, then fitted during the refineme
procedure of the CN-covered surface. The calculation for
clean surface confirmed the presence of a 6.3% contrac
of the first (d1,251.26 Å60.03 Å) and a 4.1% expansio
of the second (d2,351.40 Å60.03 Å) Rh interlayer dis-
tance, in agreement with previous structural studies.19,21

As fractional-order beams are known to be more sensi
to the configuration of superstructure atoms,20 we used in the
LEED analysis an experimental data set dominated by fr
tional order beams. More specifically, we used all s
fractional-order beams and only two of the seven integ
order measured beams~total energy range of 1401 eV! to
determine the adsorption geometry of thec(232) phase.
After the final optimization the LEED-IV curves relative to
the remaining five integral order beams have been evalu
too. More than 20 different model structures were explo
separately and automatically optimized, starting with str
tures having one of the two atoms in a high-symmetry s
and progressively including the possibility of low-symmet
adsorption sites for both atoms and some relaxation of t
most substrate layers.

Specifically, all possible lying-down structural mode
with CN oriented along@001# @Fig. 2~a!# or @11̄0# @Fig.
2~b!#, adsorbed either on the first or on the second layer
atoms were tested. We also considered structural models
CN perpendicularly adsorbed either through C or N in brid
or on-top sites of both the first and the second rhodium la
including also possible bending of the CN molecular axis
static or dynamic nature@Fig. 2~c!#. The latter was simulated
using the method of ‘‘split positions’’ in the lattice sum mix
ing approach.23 The resulting reliability factors are summa
rized in Table I. The favored adsorption geometry and
associated structure parameters are shown in Fig. 3.

to
2-2
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comparison between the experimental and the best-fit ca
latedIV curves for all measured integer and fractional bea
is shown in Fig. 4.

IV. DISCUSSION

In the best-fit configuration~see Fig. 3! CN adsorbs in a
nearly flat geometry in the grooves of the Rh~110! surface,
with the CN molecular axis aligned along the@001# direc-
tion, tilted by 72.4°65.9° from the surface normal. The mo
ecule is positioned in an asymmetric site, within the groo
of the ~110! surface, atop the second layer rhodium atom
The carbon atom has a threefold coordination, with sim
distances from the two nearest neighbor Rh atoms of
top-layer (RhI) and the second-layer Rh atom (RhII) (RhI-C
distance 1.9860.10 Å, RhII-C distance 2.1860.08 Å). The
nitrogen atom is placed in an asymmetric off-atop positi
From our analysis we obtain a C-N bond distance of 1

FIG. 2. Adsorption configurations tested in the structural ana
sis. ~a! CN groups lying flat along@001# direction; ~b! CN groups

lying along @11̄0# direction; ~c! CN groups adsorbed perpendic
larly to the surface through C or N atom.
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60.15 Å. We observe that this value is shorter than
expected C-N distance, but it should be also noted that
our determination, the precision of this parameter is parti
lary poor. The large error bar is mainly due to the uncertai
in the determination of the atomic coordinates parallel to
surface. For reference, the length of a formal C-N triple bo
is 1.16 Å,24 corresponding to the C-N bond length in th
C2N2 free molecule. The C-N bond length obtained fro
total energy calculations on Pt25 clusters25 and on Ni28
clusters26 is 1.18–1.19 Å, while the value found for CN o
Ni~110! ~Ref. 6! was 1.2560.12 Å. CN adsorbed specie
lead to a mean expansion of the first substrate layer, if co
pared to the bulk interlayer distance, as frequently repor
for adsorption of electronegative species.12 The outward re-
laxation induced by CN is even larger when compared to
clean rhodium surface which presents a contraction of
first layer distance. CN has also a particularly strong lo
effect: the molecule induces a significant periodic buckli
of the second Rh layer, by pushing the Rh atom of the sec
layer on which it sits by 0.0960.02 Å relative to the Rh

-

TABLE I. Best-fit reliability factors of models displayed in Fig
2. The values without brackets are the best-fitR factors obtained
keeping at least one of the two atoms fixed at a high symmetry
~top or bridge!. The values within the brackets are the bestR factors
obtained by relaxing the position of both atoms in the lying-do
models~1–16!, but keeping C-N molecular axis either along@001#

or @11̄0#. Models 17–20 are configurations with CN bonded p
pendicular to the surface either through C~Rh-C-N! or N ~Rh-N-C!
and the values in the brackets are obtained by allowing a tilt of
C-N axis.

Model ~see Fig. 2! RP rDe

1 0.35~0.26! 0.30 ~0.26!
2 0.39~0.29! 0.47 ~0.33!
3 0.62~0.61! 0.51 ~0.49!
4 0.61~0.60! 0.51 ~0.52!
5 0.56~0.58! 0.61 ~0.51!
6 0.56~0.55! 0.52 ~0.52!
7 0.43~0.42! 0.39 ~0.37!
8 0.37~0.37! 0.39 ~0.39!
9 0.40~0.40! 0.48 ~0.48!
10 0.41~0.38! 0.46 ~0.38!
11 0.40~0.38! 0.48 ~0.47!
12 0.42~0.41! 0.48 ~0.48!
13 0.66~0.61! 0.63 ~0.58!
14 0.64~0.64! 0.59 ~0.59!
15 0.63~0.61! 0.58 ~0.58!
16 0.65~0.65! 0.55 ~0.55!
17 ~Rh-N-C! 0.67 ~0.61! 0.46 ~0.52!
18 ~Rh-N-C! 0.62 ~0.62! 0.63 ~0.63!
19 ~Rh-N-C! 0.63 ~0.62! 0.45 ~0.45!
20 ~Rh-N-C! 0.50 ~0.36! 0.48 ~0.38!
17 ~Rh-C-N! 0.66 ~0.60! 0.48 ~0.53!
18 ~Rh-C-N! 0.63 ~0.69! 0.62 ~0.59!
19 ~Rh-C-N! 0.64 ~0.64! 0.47 ~0.46!
20 ~Rh-C-N! 0.48 ~0.37! 0.51 ~0.41!
2-3
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FEDERICA BONDINOet al. PHYSICAL REVIEW B 64 085422
FIG. 3. Best-fit surface arrangement for the Rh~110!-c~232!-CN
phase with associated structure parameters and error bars;~a! top
view; ~b! side view.

FIG. 4. Experimental~full line! and calculated~dotted line! IV
curves for the optimum structure depicted in Fig. 2 (RP50.26,r De

50.26).
08542
atoms of the same layer which are not covered by CN. T
periodic rumpling of the second Rh layer could explain t
observed particularly intense fractional order beams of
c(232) LEED pattern. Both CN-induced global~outward
relaxation of the top layer! and local~buckling of the second
layer! changes in the substrate contribute to increase the
tance between the first and the second Rh layer.

The best-fit adsorption configuration yieldedRP5r De

50.26, which are quite low for a molecular adsorption sy
tem and therefore support the proposed geometry. In part
lar, all configurations with CN adsorbed on the first Rh lay
with C-N molecular axis perpendicular to the surface

along @11̄0# can be safely excluded because they alwa
give aRP higher than 0.60, diverging significantly from th
best-fit adsorption structure. A better agreement is gener
achieved for CN sitting approximately atop a second la
Rh atom with C-N molecular axis either perpendicular to t
surface or along@11̄0#. Also these two models can be rule
out, though in their best-fit Pendry reliability factors we
0.36 and 0.38, respectively, because these values are ou
our estimated standard deviation ofRP ~0.04!; furthermore
optimized metal-carbon and metal-nitrogen distances w
too short for these configurations, compared to typical val
reported in literature. Another low value of theR factor is
achieved for CN on the first Rh layer, with N located at
bridge site with C-N molecular axis oriented along@001#
direction. But also this geometry can be excluded beca
the associatedR factor ~0.37!, which does not improve for
nitrogen low-symmetry site position, is out of the limits o
our estimated confidence interval.

This full dynamical LEED study confirms that CN o
Rh~110! follows the general adsorption behavior of CN sp
cies, preferentially bonded with C-N axis nearly parallel
the surface in metal-vacuum interfaces. In particular, the
cal adsorption geometry of CN on Rh~110! agrees nicely
with that of thec(232)-CN on Ni~110! determined by pho-
toelectron diffraction.6 In the latter case the molecule wa
found to be located within the Ni~110! grooves, on top a
second layer Ni atom, oriented along the@001# direction,
with nitrogen atom bridging two first layer Ni atoms an
carbon bonded both to the first and second layer Ni atom

Interesting similarities, probably correlated to the almo
identical adsorption configuration betweenc(232)-CN ad-
layers on Ni~110! and Rh~110!, are also observed in the the
mal evolution of these structures. From bothc(232)-CN
adlayers no C2N2 desorption has been detected. On both s
faces CN decomposes via C-N bond scission
'500–550 K, with nitrogen desorbing at 800 K, leavin
carbon on the surface.27 Differently, on Pd~110! no CN dis-
sociation occurs but, when the surface is heated, C2N2
desorbs with the recombination of CN groups on t
surface.22,28 Previous polarization dependent ARUP
studies8 have indicated that in the Pd(110)-c(232)-CN
phase the CN species are also flat-lying in-groove spec
but oriented along the@11̄0# direction. This different ther-
mal behavior can be due to the lower reactivity of Pd
wards CN dissociation, but it can also be linked to the d
ferent starting CN adsorption geometry. Alignment of t
2-4
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adsorbed CN molecules in the@11̄0# direction can influence
their thermal evolution both by determining a lower barr
for surface diffusion and by favoring the formation of th
linear C2N2 molecule when two CN fragments meet in th
head-to-head configuration. When oriented along the@11̄0#
direction, into the grooves of the~110! surface, CN species
can diffuse more easily and thus recombine and leave
surface as C2N2. In the case of Ni~110! and Rh~110! the
diffusion is hindered and the energy barrier for diffusion
likely to be higher than the energy barrier for C-N bon
scission, so that decomposition occurs prior to CN recom
nation.

V. CONCLUSIONS

By means of LEED-IV calculations and STM images w
have determined the detailed atomic-scale structure of
c(232)-CN phase on Rh~110!, formed by the dissociative
adsorption of C2N2 at 373 K. An exhaustive set of differen
models was explored and automatically optimized by
08542
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LEED-IV structural analysis. The result indicates that the C
adsorption configuration on Rh~110! is almost identical to
that of thec(232)-CN on Ni~110!. In the best-fit configu-
ration CN molecules lie almost flat and are located in
grooves of the~110! surface, perpendicular to the rhodiu
troughs, approximately atop second layer atoms. CN ads
tion induces an outward relaxation of the first substrate
terlayer distance and a strong buckling of the second
layer.
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