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a b s t r a c t

The co-adsorption of carbon monoxide and benzene on Rh(1 1 1) has been studied using density functional
calculations. We used the ordered p(3 × 30) surface unit cell for the study. Besides, a comparison of the co-
adsorption with CO and benzene two-dimensional networks is also given. The hydrogen of the benzene
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vailable online 15 March 2010
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ring presents a bonding angle of 26◦. The electronic structure reveals that the CO does not interact with
benzene. Regarding the bonding, the Rh–Rh overlap population decreases 36.7% after co-adsorption,
which is almost, the same decrease after CO adsorption. The CO–benzene interaction is very weak and a
small Hbenzene–CCO OP of 0.001 is detected.

© 2010 Elsevier B.V. All rights reserved.
o-adsorption
lectronic structure

. Introduction

The adsorption of aromatic molecules on metals is of relevance
n several fields of chemical sciences and technology [1,2]. The cat-
lytic conversion of aromatic molecules is an important process in
he chemical and petrochemical industries, both for environmental
nd economical reasons [3,4].

The chemisorption of benzene was studied both experimen-
ally and theoretically at low coverage. On close-packed transition

etals bonded benzene lies parallel to the surface through the �
lectron system [5,6]. The co-adsorption with CO presents ordered
tructures of benzene on transition metals surfaces and has been
xperimentally studied on Ru(0 0 0 1) [7,8], Pd(1 1 1) [9,10], Pt(1 1 1)
11,12], Ni(1 0 0) and Ni(1 1 1) [13–16] and Rh(1 1 1) [11,17–19]. In
he case of Rh(1 1 1) [11,20], several surface science techniques sug-
ested a 3-fold hollow site for the benzene molecule in presence of
O as an impurity. Theoretical semiempirical methods were used
o study the adsorption of benzene on TMS [12,21–23]. On the other
and, ab-initio calculations were performed for benzene on Pt on
i surfaces [3,24–26].

The co-adsorption of benzene and CO, the subject of this study,
rovides two additional aspects: mutual structural effects between
he different molecules, and contrasting effects on the substrate due

o the different adsorbates [27].

Witte et al. studied the low frequency phonon dispersion curves
or clear Rh(1 1 1) and ordered monolayers of CO and benzene
28]. HREELS determined that the adsorption is in one config-
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uration instead of a mixture of bridge and hcp structures [11].
STM studies shown that the mobility of benzene decreases in
presence of CO observing two ordered domains [29,30]. Rh pre-
covered with CO present a 3 × 3 benzene overlayer with two CO
molecules per unit cell [29,30]. LEED experiments examined in
detail the co-adsorption either in c(2

√
3 × 3)Rect or (3 × 3) struc-

tures [18,19,31,32]. Morin et al. calculated that the adsorption of
benzene with CO-preadsorbed Rh(1 1 1) is more stable on hcp than
in bridge location (�E = 0.23 eV). This difference is bigger to that
obtained in the case of pure benzene adsorption. This can explain
the fact that benzene is experimentally found in hcp sites when CO
is preadsorbed [33].

Morin et al. have calculated that the adsorption sites for ben-
zene are bridge positions in Pt(1 1 1), while in Pd(1 1 1) and Rh(1 1 1)
bridge and hollow position have similar energies values. For the co-
adsorption with CO they found the hcp sites as slightly more stable
[33].

In this paper, we present a bonding study of the chemisorption
of benzene on Rh(1 1 1) based on density functional calculations.

2. Theoretical method

All calculations described herein were performed within the
framework of density functional theory (DFT) as implemented
in the Amsterdam Density Functional 2000 package (ADF2000)
[34]. The molecular orbitals were represented as linear combina-

tions of Slater functions. The gradient correction the Becke [35]
approximation for the exchange energy functional and the B3LYP
[36] approximation for the correlation functional were employed.
In order to increase the computational efficiency, the innermost
atomic shells of electrons are kept frozen for every atom except

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:cajuan@uns.edu.ar
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Fig. 1. Schematic top (up) and lateral (

ydrogen, since the internal electrons do not contribute signifi-
antly to the bonding. We have used a triple-zeta basis set (this
eans three Slater-type functions for each atomic valence orbital

ccupied) with polarization functions to express the atomic orbitals
f Rh. The basis set of Rh consisted of 4d and 5s orbitals.

Rh is face cubic centered (fcc) metal, and the (1 1 1) surface is
he close-packed surface. We used the experimental adsorption
eometry determined by Barbieri et al. [27]. The carbon monox-
de molecules were taken to stand perpendicular to the surface
n hcp sites ring and buckling distortions were also considered.
ur computed out-of-plane angle was 26.0◦. Morin et al. deter-
ined the hcp and bridge adsorption sites have almost the same

dsorption energy. Minot et al. showed the hcp is the best config-

ration on an Rh6 cluster [23]. Using theoretical calculation Sautet
nd Joachim proposed the hcp adsorption for benzene [37]. The
omputed out-of-plane C–H angle was 15◦ or 32◦ [33] and 20◦ [23].

able 1
lectron density, overlap population (OP), charge and distances for a Rh, a (C6H6) and a (C

Structure Electron orbital occupation

s p d

Rh
Rh1 0.45 0.29 8.06

(C6H6)4 ideal latticea

H1 0.68 0.00 0.00
C1 0.94 1.33 0.00

(CO)6 ideal latticea

C3 0.43 0.36 0.00
O1 1.63 3.58 0.00

a The ideal lattice is an hypothetical network considered only benzene or CO in the sam
view of the (C6H6)4–(CO)6/Rh system.

The average perpendicular distance between the aromatic ring
and the first Rh layer is 2.070 Å. The shortest Rh–Rh bond distance
was 2.689 Å. Carbon–hydrogen bond distances are almost the same
to that in the gas phase benzene. The CO distance remains similar
(+4.6%) to the vacuum value [38]. The supercell chosen corresponds
to a p(3 × 3) superstructure of the adsorbed benzene molecule + 2
CO molecule on Rh36 (see Fig. 1) [27]. A slab consisting of four lay-
ers of metal atoms for the surface was used with the two upper
most layers allowed to relax. The vacuum space was set to an
equivalent of five layers of metal. The molecules were adsorbed
on one side of the slab. In fact, the literature reports the accuracy of
this methodology [39,40]. The adsorption energies were calculated
taking the difference between the total adsorbate/surface system

and the individual surface and individual adsorbate. The calculated
lattice constant in bulk Rh a = 3.845 Å compare well with the exper-
imental values (3.803 Å).

O) clusters.

Bond type OP Distance (Å)

Rh1–Rh2 0.199 2.689

C1–C2 0.611 1.367
C1–H1 0.580 1.090

C3–O1 0.815 1.180

e arrangement as in the adsorbed state without the metal layers.
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Fig. 3. Total DOS curves for (CO)6 in an ideal lattice (a), a (CO)6/Rh (b), and a
(C6H6)4–(CO)6/Rh (c) projected DOS on carbon monoxides.

T
E

ig. 2. Total DOS curves for (C6H6)4–(CO)6/Rh (a), (C6H6)4/Rh (b), and (CO)6/Rh (c).

To understand the Rh–C6H6–CO interactions we used the con-
ept of density of states (DOS) and overlap population density of
tates (OPDOS). The DOS curve is a plot of the number of orbitals as a
unction of the energy. The integral of the DOS curve over an energy
nterval gives the number of one-electron states in that interval;
he integral up to the Fermi level (EF) gives the total number of
ccupied molecular orbitals. If the DOS is weighed with the over-
ap population between two atoms the overlap population density
f states OPDOS is obtained. The integration of the OPDOS curve
p to EF gives the total overlap population of the specified bond
rbital and it is a measure of the bond strength. If an orbital at
ertain energy is strongly bonding between two atoms, the over-
ap population is strongly positive and OPDOS curve will be large
nd positive around that energy. Similarly, OPDOS negative around
ertain energy corresponds to antibonding interactions. The OPDOS
urves were computed using the YAeHMOP code [41].

. Results and discussion

In order to determine the effect of CO and benzene on the
h(1 1 1) surface structure we first investigated the bare metal
urface. We obtained a calculated bulk lattice of a0 = 3.845 Å. The
alculated cohesive energy is −6.15 eV and the Bulk modulus
.60 Mbar. The experimental values for this are 3.803 Å, −5.80 eV
nd 2.69 Mbar. These calculated results are in line with previous
heoretical calculations [42]. For the clean Rh surface, we com-
uted a contraction of the two outer interlayer spacing of about
–1%. These values are in good agreement with those determined

y LEED [27]. The results for a clean Rh surface are presented in
able 1. The Rh–Rh distance is 2.689 Å, which is very close to 2.72
omputed by Morin et al. [33]. The computed Rh electron orbital
ccupation is s0.45 p0.29 d8.06 with an overlap population (OP) of
.199. The width of the d band is approximately 7.20 eV. This value

able 2
lectron density, overlap population (OP), charge and distances for a (C6H6)4/Rh and a (C

Structure Electron orbital occupation

s p d

Rh–(C6H6)4

Rh 0.38 0.27 7.42
H 0.93 0.00 0.00
C 0.95 2.87 0.00

Rh–(CO)6

Rh 0.48 0.35 7.56
C 1.01 2.51 0.00
O 1.63 5.75 0.00
Fig. 4. Total DOS curves for (C6H6)4 in an ideal lattice (a), a (C6H6)4/Rh (b), and a
(C6H6)5–(CO)6/Rh (c) projected DOS on benzene.

is in good agreement with previous calculations [42,43]. The dis-
persion of the s and p band is much larger than that of the d band,
reflecting the more contracted nature of d orbitals. The adsorption
energy for benzene in presence of CO is −1.42 eV for the bridge site,
which is very close to that computed by Morin et al. [33].

The total DOS of the co-adsorbed system in Fig. 2 presents
a series of peaks below −5 eV that belongs to benzene and CO
molecules as can be seen by comparison with Fig. 3 (CO) and Fig. 4
(benzene).
To study the CO and benzene contribution to the DOS, we sim-
ulated a CO (or benzene) network in vacuum (Figs. 3 and 4a) and
an adsorbed CO (benzene) on Rh alone, in the same location as in
the co-adsorbed system. It should be mentioned that the EF for ideal

O)6/Rh clusters.

Bond type OP Distance (Å)

Rh3–Rh2 0.189 2.690
C1–C2 0.959 1.367
C1–H1 0.832 1.090
Rh3–C1 0.200 2.199

Rh1–Rh2 0.120 2.689
C3–O1 0.731 1.180
Rh1–C3 0.529 2.104
Rh1–O1 0.000 3.028
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Table 3
Electron density, overlap population (OP), charge and distances for a (C6H6)5–(CO)7/Rh cluster.

Structure Electron orbital occupation Bond type OP Distance (Å)

s p d

Rh–(C6H6)4–(CO)6

Rh1 0.46 0.33 7.41 Rh1–Rh2 0.126 2.689
Rh3 0.38 0.27 7.31 Rh3–Rh2 0.188 2.690
Hbenzene 0.92 0.00 0.00 C1–C2 0.961 1.367
Cbenzene 0.95 2.85 0.00 C1–H1 0.827 1.090
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benzene
over the substrate (see Fig. 5), which can be interpreted as a very
low CO–benzene electronic interaction.

For the adsorbed benzene, the C–C bond increases its OP from
0.611 to 0.959 (+56.9%) and finally to 0.961 (+57.3%). The empty
CCO 1.00 2.43 0.00
OCO 1.63 5.75 0.00

CO)6 network present discrete molecular states because no CO–CO
nteraction is developed and the corresponding EF is similar to the
OMO state of the CO molecule in vacuum (see Fig. 3a). In the case
f the ideal (C6H6)4 network, the difference in the EF is 3.47 eV (see
ig. 4a). The (C6H6)4 network behave similar to benzene molecular
tates due to a very low molecular interaction. When CO or C6H6 is
onsidered on the Rh surface, the EF changes are very small because
he weight of the Rh metal states is bigger than the contribution
rom the adsorbate (�EF ∼= 0.19 eV, see Fig. 1). By examining the
uantum states in CO/Rh(1 1 1), we found that the first peak in Fig. 3
ainly contains a CO 4� character with a weak metal d-character.

he second peak was found to consist of two types of states: (1)
ixing states with strong CO 1� and weak metal d-character; (2)
ixing states with strong CO 5� and quite strong metal d-character.

he quantum states dispersed above Fermi level (EF) mainly con-
ain a strong 2� character of CO and metal d-character. The peak
t −10 eV (CO 2�) becomes hybridized with the metal orbitals in
he range (−8, −15) eV while the peak at −13.6 eV (CO 1� + 5�) is
hifted to −16.1 eV.

The benzene network interacts with the metal orbitals above
15.6 eV and with CO in a small peak at −17.18 eV. Similar results
ere reported by Zhang et al. [44]. The almost no-broadening in

he CO peaks supports the idea of a low CO–benzene interaction.
able 1 also shows the bond distances. The Rh–Cbenzene distance of
.199 Å agrees with the reported bond length of (2.30 ± 0.15) Å [19]
nd those computed by Morin et al. [33].

Compared to the free CO molecule, the C–O bond on Rh(1 1 1) is
longated from 1.128 to 1.180 Å, which is consistent with the gener-
lly accepted explanation that when CO adsorbs on metal surfaces,
he C–O bond is weakened. Therefore, our calculated results are in
ood agreement with experiments.

The C–C distance for the benzene molecule also changes from
.40 to 1.367 Å (short bond) and 1.506 (long bond) in the adsorbed
tate in agreement with LEED measurement [27].

Table 2 presents the electron orbital occupation and OP when
enzene or CO is adsorbed alone on Rh(1 1 1). The Rh atoms
epopulated while benzene and CO atoms increase the electron
ccupation. The Rh–Rh OP decreases from 0.199 to 0.189, and the
–Cbenzene increase from 0.611 to 0.959 in both the short and long
onds. As mentioned before the CO bond OP change from 0.815 to
.731 showing the population of antibonding orbital of CO with an
lectron transference from Rh. The Rh–Rh OP decreases to 0.120.
he Rh–CCO OP is 0.529 at 2.104 Å.

Regarding the bonding, the metal–metal bond OP decreases
rom 0.199 in the clean Rh surface (see Table 1) to 0.120 when
CO)6 is adsorbed alone on Rh (see Table 2) and 0.126 in the case
f Rh–(C6H6)4–(CO)6 system (see Table 3). These two mentioned

ystem present a similar reduction in the Rh–Rh OP. In the case
f the Rh–(C6H6)4. The Rh–Rh OP remains almost the same as in
he clean metal (less than 5%). The OPDOS curves are very similar
fter adsorption, increasing the antibonding contribution near the
F. In the case of Rh–C bond interaction with both benzene and CO
Rh3–C3 0.196 2.199
C3–O1 0.740 1.180
Rh1–C3 0.523 2.104
Rh1–O1 0.000 3.028

are almost bonding. For the co-adsorbed system, the Rh–CCO and
Rh–C seem similar to that for CO or benzene alone adsorbed
Fig. 5. OPDOS curves for: C1–C2 bond in an ideal lattice (a), in (C6H6)4/Rh (b) and
in (C6H6)4–(CO)6/Rh (c); C1–H1 bond in an ideal lattice (d), in (C6H6)4/Rh (e) and
in (C6H6)4–(CO)6/Rh (f); C3–O1 bond in an ideal lattice (g), in (CO)6/Rh (h) and in
(C6H6)4–(CO)6/Rh (i).
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ig. 6. OPDOS curves for: Rh–Rh bond in pure metal (a), in (CO)6/Rh (b) and in
C6H6)4–(CO)6/Rh (c); Rh3–C1 bond in (C6H6)4/Rh (d); Rh1–C3 bond in (CO)6/Rh (e);
h3–C1 (right line) and Rh1–C3 (dashed line) bonds in (C6H6)4–(CO)6/Rh (f).

rbital for the C–C in vacuum are bonding (up to −10 eV), the shift
n the Fermi level due to electron states and then the OP increases.

hen CO is considered, the situation is similar and some of the
mall bonding peaks also appear (see Fig. 6). A similar explanation
an be given for the increase in the C–H bond OP from 0.580 to
.832. A small decrease in C–H bond OP (−0.6%) is due to a very
mall Hbenzene–CCO interaction which is only 0.001. In the case of
–H interaction coming from different benzene molecules changes

rom 0.002 to 0.001, which do not suffer further changes with CO.

. Conclusions

We analyzed the CO–benzene co-adsorption on Rh(1 1 1). Start-
ng from experimental information, we have computed a C–H ring

ngle of 26.0◦. The DOS plots shows that the CO–benzene interac-
ion is very weak; however, it is more important than those in the
solated adsorbed system. The metal–metal bond overlap popula-
ion (OP) decreases 36.7% in the co-adsorbed system. The C–C bond
P within the benzene ring increases with or without CO on Rh.

[

[
[
[

lysis A: Chemical 323 (2010) 23–27 27

On the other hand, CO changes in its orbitals on the Rh(1 1 1) layer.
Our calculations are in agreement with previous experimental data
of Barbieri et al. [27] and theoretical calculation of Morin et al.
[33].
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