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The chemisorption of isocyanate (NCO) species on Pd(1 0 0) was studied within the density functional
formalism (DFT) using a periodic slab model. The NCO was adsorbed on top, bridge and hollow sites of
the metal surface at different coverages. At low coverages, the adsorption energies are in the range of
�2.5/�3.0 eV, indicating an important adsorbate–substrate interaction for the three sites studied. The
lateral repulsive interaction between neighboring NCO species is almost negligible or weak at lower
and intermediate coverages, and very strong at complete monolayer. At low coverages, both bridge
and hollow sites are energetically preferred; yet the bridge site becomes the only favoured site at inter-
mediate and complete coverages. Work function and dipole moment calculations can be interpreted by
an important charge transfer from the metal surface to NCO. Interestingly, while on hollow site the
charge taken by NCO is essentially the same over all the range of coverage, an increasing depolarization
is observed on bridge and top sites as the coverage increases. Symmetric and asymmetric NCO stretching
modes were also calculated and compared with recent infrared spectroscopy measurements.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The improvement of the catalytic converter technology for
decreasing automobile exhaust emissions is one of the most
important issues of controlling environmental pollution, due par-
ticularly to its direct impact in human health. Modern legislations
demand the transformation of hazardous gases like NO, CO and
hydrocarbons to N2, N2O, CO2 and H2O [1]. The inherent chemical
reactions generate some intermediate products such as isocyanate
(NCO), which in turns can be the source for the formation of dan-
gerous gases such as HCN and C2N2 [2]. The more useful catalysts
are composed by transition metal particles (Pt, Pd, Rh and Cu) as
active phases supported on oxides (Al2O3, SiO2, TiO2, MgO).

The most practical way of removing NO and CO is the catalytic
reduction of NO with CO or hydrocarbons. For this reason, the
NO + CO reaction has been extensively studied [1,3–8]. The NCO
species was detected during this reaction on Pt, Pd, Rh, Ir and Ru
supported catalysts [3–8]. Infrared spectroscopy (IR) results show
that NCO is formed on the metal and then migrates onto the sup-
port where it is accumulated and stabilized [3–5]. IR measure-
ments showed that it is bonded to the metal surface through the
nitrogen atom [3,9–11].
ll rights reserved.

: +54 291 4595142.
lli).
The NO + CO reaction was also studied on well-defined metal
surfaces. On Pd(1 1 1), it was analyzed under high pressure condi-
tions using in situ polarization modulation infrared reflection–
absorption spectroscopy (PM–IRAS) [12]. The formation of sur-
face-bound NCO was observed, presenting stability within the
300–625 K range. The authors pointed out that the observation of
this intermediate provides a valuable information on the mecha-
nism of the CO + NO reaction because its presence indicates the
dissociation of N and O, a crucial step in this surface reaction.

On the other hand, to determine the nature and stability of NCO
on metal surfaces, isocyanic acid (HNCO) has been studied as an
alternative way to obtain metal-adsorbed NCO. For instance, on
Pt(1 1 0) electron energy loss (EELS) and temperature-programmed
desorption (TPD) spectra indicate that this acid is molecularly ad-
sorbed at very low temperature and it decomposes at 250 K to
form CO and N without forming stable NCO species [13]. Similar
results were obtained on the Pt(1 1 0) surface by Solymosi and Kiss
[14]. The existence of adsorbed NCO on Pt(1 0 0), characterized by
its asymmetric stretching mode at 2180 cm�1, was demonstrated
by Miners et al. [15] during the NO + CO reaction at about 400 K.

In a recent work, the adsorption of HNCO on Pd(1 0 0) was stud-
ied with reflection–absorption infrared spectroscopy (RAIR) [16]. It
adsorbs dissociatively above 120–140 K yielding NCO and atomic
H. The significant blue-shift of the asymmetric stretching band ob-
served in the RAIR spectra with increasing NCO coverage suggests a
strong repulsive interaction between adsorbed NCO species. NCO
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totally decomposes to CO and N at about 300 K. The authors have
not found evidence for NCO formation from NO + CO gas mixture
even using high pressure.

Metal-bound NCO was also detected in other surface chemical
reactions. For instance, Paul and Marten reported the NCO forma-
tion on the metallic surface during the reaction of CO with NH3

on Rh/Al2O3, and its later migration to the support, according to
the IR bands obtained at 2172 cm�1 (Rh–NCO) and 2256 cm�1

(Al3+–NCO) [17]. NCO was also detected by IR measurements in
the NOx reduction by propene. These experiments were performed
in the presence of air under oxidizing conditions using a Cu/c-
Al2O3 catalyst with different copper loadings [18].

In the available published literature there are only a few the-
oretical studies about NCO adsorption on well-defined transi-
tion-metal surfaces [19–22]. The NO + CO reaction on Pd(1 1 1)
and Rh(1 1 1) was studied using a semi-empirical molecular
orbital method, showing that an activation barrier of roughly
2 eV is required for the NCO formation from atomic N and CO.
This value is intermediate between the barriers corresponding
to CO (3.5 eV) and NO (1.5 eV) dissociations [20]. Moreover,
the adsorption of NCO species on Ni(1 0 0) [19] and on
Cu(1 0 0) [21,22] was studied by cluster models and ab initio cal-
culations. The results showed that for both surfaces the fourfold
site is the most favoured. Isocyanate complex adopts a lineal and
perpendicular configuration with respect to the surface, linking
through the N atom. In other molecular orbital studies of NCO
adsorption on silica-supported Cu, a high charge transfer from
the metal to NCO was observed producing a strong Cu–NCO
bonding [23].

In this work we study the fundamental chemical and physical
phenomena that govern the adsorption of isocyanate species
(NCO) on an extended Pd(1 0 0) surface. The main goal is to make
a contribution to the understanding of the NCO–metal and NCO–
NCO interactions at the molecular level using a quantum-chemical
approach.
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Fig. 1. Schematic representation of the different coverages for adsorbed NCO on the
Pd(1 0 0) surface.
2. Computational details

The Vienna Ab-initio Simulation Package (VASP) [24–26] was
used to perform the periodic generalized gradient approximation
(GGA) calculations for NCO adsorption on slab models representing
the Pd(1 0 0) surface. It solves the Kohn–Sham equation of density
functional theory (DFT), using a plane wave basis set. A good con-
vergence was achieved with a cut-off energy of 400 eV for the ki-
netic energy. The projector augmented wave (PAW) method was
used to describe the effect of the core electrons on the valence
states [27,28]. It is a frozen core method which considers the exact
shape of the valence wave functions instead of pseudo-wave func-
tions. The exchange and correlation effects were calculated by the
GGA functionals as expressed by Perdew and Wang (PW91)
[29,30]. The two-dimensional Brillouin integrations were per-
formed on a grid of 6 � 6 � 1 Monkhorst–Pack special k-points
[31]. The Methfessel–Paxton smearing of width r = 0.2 eV was ap-
plied and the reported total energies were then extrapolated to
r ? 0 eV [32]. All the calculations were performed at the spin-
polarized level.

The Pd(1 0 0) surface was modeled with a slab of four layers.
Previous tests with slab models containing up to seven atomic lay-
ers have shown that a slab with four layers provides converged re-
sults; for instance, the difference in the surface energy between
four and five layer-slabs was about 0.005 eV. The adsorption ener-
gies and optimized geometries were also tested for the different
slab models; the observed discrepancies were lower than 0.03 eV
and 0.003 Å, respectively. The slab was repeated periodically in
the direction perpendicular to the surface and the vacuum space
between neighboring slabs was set to �14 Å, corresponding to five
ideal bulk metallic layers. This vacuum gap is large enough to avoid
interaction between the adsorbed molecule and the periodic
images of the slab. The Pd–Pd interatomic distances were opti-
mized for the bulk structure, giving a value of 2.800 Å. The NCO
species was placed in one side of the slab and its geometry was al-
lowed to relax completely together with the Pd atom positions of
the two uppermost layers of the surface; the other two layers of
metal were fixed at the bulk geometry. A large box of
20 � 20 � 20 Å3 was used to obtain the gas-phase NCO energy.
The calculations predict NCO bond distances and bond angles in
agreement with previous experimental and theoretical results
[22,33].

In the case of the bare Pd surface a contraction of �1.3% and
�0.9% was obtained for the Dd12 and Dd23 interlayer distances,
respectively, in comparison with the bulk geometry. This behavior
is in agreement with previous theoretical results obtained with a
greater thickness for the slab [34]. Theoretical predictions of the
interlayer spacing do not match with experimental measurements;
in particular, an expansion was observed for the first interlayer
spacing using Low-Energy Electron Diffraction (LEED) [35,36]. This
discrepancy was attributed to an extremely susceptible contami-
nation with H [37]. The residual H2 molecules can be easily disso-
ciated on the reactive Pd(1 0 0) surface and the H–Pd chemical
interaction, mediated by strong s–d hybridization, can reduce the
strength of the Pd–Pd back-bonding.

At our best knowledge, there are not surface science studies on
NCO superstructures over well-defined metal surfaces. In this
work, we have examined simple surface structures which corre-
spond to adlayers formed by two-dimensional squared meshes of
different size. Various types of adsorption sites are considered:
top, bridge and hollow positions on the Pd(1 0 0) surface. The
1 � 1,

p
2 � p2, 2 � 2 and 3 � 3 cells were used, corresponding

to coverages of 1.0, 0.5, 0.25 and 0.11 ML, respectively (see Fig. 1).
The adsorption energy (Eads) was calculated as the difference

between the energy of the adsorbed molecule (ENCO/Pd100) and
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the sum of the free surface (EPd100) and the gas-phase molecule
(ENCO) energies accordingly to the following equation:

Eads ¼ ENCO=Pd100 � EPd100 � ENCO

A negative value indicates an exothermic chemisorption
process.

Vibrational frequencies were calculated considering a harmonic
approach for the potential energy minima. The corresponding Hes-
sian dynamical matrix was calculated by a finite difference method
where the atoms in the NCO molecule were independently dis-
placed by ±0.015 Å along each Cartesian coordinate direction.
Afterwards, the harmonic molecular frequencies were obtained
by a diagonalization of the Hessian dynamical matrix. The inherent
numerical error of this procedure was tested by changing the sam-
pling of the Cartesian coordinates [38] taking care that anharmonic
terms were negligible, attaining an error of about 10 cm�1. Finally,
the stretching frequencies were corrected with a scaling factor of
0.9823. This value was calculated through a least-squares proce-
dure [39], considering the calculated and experimental stretching
frequencies of free NCO species [40]. In general, the three adsorp-
tion modes on top, bridge and hollow sites for the different cover-
ages are true potential energy minima. The only exception was the
hollow site for h = 1.0 where an imaginary frequency was obtained,
indicating a saddle point. Nevertheless, we report its correspond-
ing results as a reference (see later).

The electronic structure of the Pd–NCO interaction was ana-
lyzed by calculating the local density of states (LDOS) and the
change of the work function (DU). DU was calculated as the differ-
ence between the work function of the surface with and without
adsorbed molecules. The work function itself was obtained by
computing the electrostatic potential of the corresponding surface.
The calculated work function of the clean surface was 5.14 eV, in
very good agreement with the experimental result of 5.12 eV
[41]. The dipole moment was also evaluated by integration over
the entire cell. This vector is considered as positive going from
the positive charge towards the negative charge. In our system,
by symmetry only the component normal to the surface is not null.
The calculation were performed including a dipole layer in the vac-
uum region in order to compensate the artificial electric field be-
tween adjacent slabs caused by the asymmetry of the system [42].
3. Results and discussion

In Table 1, different equilibrium interatomic distances, adsorp-
tion energies, stretching frequencies and work function variations
for NCO species adsorbed on mono-coordinated (top), di-coordi-
nated (bridge) and tetra-coordinated (hollow) sites of Pd(1 0 0)
are summarized for h = 0.11, 0.25, 0.5 and 1.0. In all the cases,
the NCO species adsorbs perpendicularly to the surface maintain-
ing its linearity (see Fig. 2). The Pd–N distance changes from 1.9
to 2.4 Å, which can be compared with the range 1.9–2.2 Å reported
Table 1
Adsorption energies (Eads, in eV), interatomic distances (in Å), antisymetric (ma) and symme
for NCO adsorbed on Pd(1 0 0).

Coverage h = 0.11 h = 0.25

Sites Top Bridge Hollow Top Bridge Hollo

Eads �2.46 �2.98 �2.95 �2.36 �2.90 �2.89
d(Pd–N) 1.953 2.074 2.300 1.947 2.072 2.282
d(N–C) 1.202 1.219 1.241 1.204 1.216 1.238
d(C–O) 1.196 1.185 1.178 1.193 1.193 1.180
ma 2230 2192 2136 2240 2190 2156
ms 1350 1293 1221 1355 1284 1225
DU 1.97 1.08 0.47 3.55 1.94 0.91

a This case corresponds to a saddle point with an imaginary frequency.
earlier for NO adsorbed on Pd(1 0 0) [43]. Regarding the internal
geometry of adsorbed NCO species, we observe that it undergoes
a slight modification with respect to the free isocyanate group
(d(N–C) = 1.231 Å and d(C–O) = 1.194 Å); the N–C and C–O dis-
tances modify at most 0.029 Å and 0.016 Å, respectively.

For all the coverages, the variation of N–C and C–O distances
present opposite trends as the coordination number increases:
while d(N–C) increases, d(C–O) decreases by going from top to hol-
low sites. This behavior can be rationalized as follows. The isolated
NCO species is a radical with the valence electronic configuration
4r25r26r21p47r22p33p0. These molecular orbitals (MO) can
interact with a metallic surface through the 7r (completely occu-
pied), 2p (partially occupied) and 3p (completely unoccupied) (see
Fig. 3). When NCO species adsorbs on Pd surface, its different
molecular orbitals will mix with the appropriate hybridized orbi-
tals of Pd atoms. This is particularly true for the 2p MO, which
mixes strongly with the metal band [21]. The spatial distribution
of 2p MO presents a nodal plane through the C–O bond that shows
an antibonding character, whereas the N–C bond has a bonding
character. Therefore, any modification of the NCO electronic charge
and naturally of the 2p MO population will produce opposite ef-
fects on N–C and C–O distances. The above-mentioned trend in
the internal distances can be attributed to the different amount
of electronic charge of NCO according to the adsorption site. Thus,
the electronic NCO charge should vary following the sequence (in
magnitude): top > bridge > hollow. Calculated dipolar moments
for the different adsorption sites at different coverages will support
all this interpretation, as it will be shown later.

On the other hand, the Pd–N distance increases when the coor-
dination number increases for each value of coverage. The varia-
tion is more important than N–C and C–O distances; the Pd–N
bond stretches 0.3–0.4 Å by going from the on-top to the hollow
geometry. It shows the same behavior as diatomic molecules and
atoms adsorbed on transition metals, a fact that can be explained
by the faster variation with the coordination number of the repul-
sive component of the adsorption energy in comparison with the
attractive one [44].

In case of the same adsorption site, the variation of N–C and C–
O distances as a function of the coverage is minimal (less than
0.01 Å). On the other hand, the Pd–N bond modifies more signifi-
cantly: while d(Pd–N) for top and bridge sites undergoes non-
monotonous changes at different coverages, hollow site show
two successive enlargements by 0.05 Å and 0.04 Å by passing from
h = 0.25 to 0.5, and from the last value to h = 1.0, respectively.

In Table 2, the effect of NCO adsorption on the Dd12 and Dd23

interlayer distances of Pd(1 0 0) in comparison with the clean sur-
face was summarized. For low coverages (h = 0.11 and h = 0.25), an
expansion for Dd12 and a contraction for Dd23 is produced. These
effects are more pronounced for the hollow site with h = 0.25. In
particular, this site shows a contraction of �0.7% for Dd12 when
the coverage increases to h = 0.5; finally, when the coverage in-
tric (ms) NCO stretching frequencies (in cm�1) and work function changes (DU, in eV)

h = 0.5 h = 1.0

w Top Bridge Hollow Top Bridge Hollowa

�2.24 �2.83 �2.67 �1.52 �1.91 �1.44
1.941 2.078 2.330 1.978 2.052 2.372
1.209 1.222 1.235 1.211 1.222 1.230
1.189 1.184 1.181 1.189 1.185 1.183
2243 2229 2193 2158 2225 2175
1358 1295 1238 1332 1290 1244
5.29 3.32 2.18 5.35 3.76 3.73



Fig. 2. Optimized geometry for NCO adsorbed on bridge and hollow sites at h = 0.5. Light blue spheres: N atom; yellow spheres: C atoms; red spheres: O atoms; grey spheres:
Pd atoms.

Fig. 3. Representation of the 7r, 2p and 3p MOs of free NCO.

Table 2
Interlayer distances variation upon NCO adsorption on Pd(1 0 0) surface in comparison with the clean metal surface.

Coverage h = 0.11 h = 0.25 h = 0.5 h = 1.0

Sites Top Bridge Hollow Top Bridge Hollow Top Bridge Hollow Top Bridge Hollow

Dd12
a 2.0% 1.8% 2.0% 1.8% 1.6% 3.1% 1.8% 2.0% �0.7% 1.3% �0.1% �3.6%

Dd23
b �0.15% �0.2% �2.0% �1.5% �1.9% �4.0% �0.9% �1.5% �1.4% �2.4% �2.4% �6.6%

a d12 = [(d12 � d12 Pd clean)/d12 Pd clean] � 100.
b d23 = [(d23 � d23 Pd clean)/d23 Pd clean] � 100.
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creases to h = 1.0, a noticeably contraction of both Dd12 and Dd23

interlayer distances can be observed.
From Table 1, we observe that at low coverage, h = 0.11 and

0.25, very similar NCO adsorption energies were obtained with val-
ues in the range of �2.5/�3.0 eV, attributed to a relatively strong
adsorbate–substrate interaction for the three adsorption geome-
tries. Up to 0.25, bridge and hollow sites are the preferred adsorp-
tion sites with practically the same adsorption energies. For
coverages higher than 0.25 ML, the magnitude of the adsorption
energy shows a systematic decrease due to the repulsive interac-
tion of the adsorbed NCO species. Moreover, the bridge site be-
comes clearly the most favored site for coverages greater or
equal to 0.5 ML. The magnitude of Eads decreases by nearly 7%
when the coverage changes from 0.25 to 0.5 ML. The variation is
higher when the coverage changes from 0.5 to 1.0 ML: 32% for
top and bridge, and 46% for hollow. By going from 0.25 to 1.0 ML,
the magnitude of Eads drastically decreases almost 50% for top
and bridge and 100% for hollow adsorption sites. These results
indicate a significantly repulsive effect between adsorbed NCO spe-
cies when the coverage changes from low to complete coverage.
This fact can be clearly visualized in Fig. 4. For all the sites, the
destabilization follows the same trend; yet the higher destabiliza-
tion at 1.0 ML is produced for the hollow site due to the no mini-
mum condition.

With the purpose to analyze the effect of the metallic surface on
the NCO–NCO interaction, the energy difference between the non-
adsorbed isocyanate groups with the N–N distance of 2.800 Å
(equivalent to the N–N distance for NCO adsorbed at a coverage
of h = 1.0) and the same species but with N–N = 8.400 Å (equivalent
to the N–N distance at a coverage of h = 0.11) was calculated. The
result of �0.22 eV indicates a slightly attractive NCO–NCO interac-
tion due to the overlapping between 2p molecular orbital of NCO.
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On the other hand, when these NCO layers are adsorbed on bridge
sites of Pd(1 0 0) this energy difference becomes +1.07 eV, showing
a repulsive interaction between NCO. As it will be explained later,
this result can be ascribed to the significant electron charge gained
by the isocyanate groups when they are adsorbed on the metallic
surface.

The three adsorption modes for the evaluated coverages are
true potential energy minima verified with no imaginary frequen-
cies. The exception was the hollow site for h = 1.0 where an imag-
inary frequency was obtained, indicating a saddle point. The
analysis of the atomic displacements shows a molecular move-
ment towards the bridge site, which is the most favorable adsorp-
tion geometry. From Table 1, we notice that for h 6 0.5 the values
of both symmetric and asymmetric NCO stretching frequencies are
an decreasing function of the coordination number of the adsorp-
tion site: mtop > mbridge > mhollow. A similar behavior was obtained
theoretically for the NO stretching mode in the case of the NO/
Pd(1 1 1) system [45]. The corresponding order is precisely the
opposite one of the N–C bond distance: d(N–C)top < d(N–
C)bridge < d(N–C)hollow. Conversely, as the C–O bond distance in-
creases as the coordination number increases, it can be stated that
the effect of the N–C bond on the NCO stretching modes is domi-
nant. For h = 1.0, while the symmetric NCO stretching frequencies
follow the same trend, for the asymmetric ones mtop escapes to this
rule, showing the smallest value.

For very low coverages, one should have one value for each
stretching frequency owing to the absence of NCO–NCO interac-
tions. In the periodic approximation, if one NCO per cell is used,
the calculation predicts only the in-phase couple vibration for
any value of coverage. The situation is different if more than one
NCO per cell is considered. For example, if we use a cell of two
NCO on a (2 � 2) cell for h = 0.5, we obtain two asymmetric and
two symmetric frequency modes, which are related to the forma-
tion of in-phase and anti-phase coupled vibrations of the two ad-
sorbed NCO species. For the adsorption on bridge site, the values
are 2229 and 2131 cm�1 for ma, and 1295 and 1291 cm�1 for ms.
For the asymmetric stretching mode, the feature at 2229 cm�1 is
very intensive and the one at 2131 cm�1 extremely weak. So, this
coupling produces a significant splitting of the asymmetric modes
of nearly 100 cm�1, which can be considered as a crude estimation
of the bandwidth. A similar calculation for h = 1.0 gives 2225 and
2077 cm�1, with a splitting of about 150 cm�1. If four NCO species
per cell is used, at h = 1.0, two additional modes are obtained in be-
tween: 2118 and 2109 cm�1. Experimentally, the observed band-
width is about 150 cm�1 for 70%, or higher, of saturation
coverage [16].
Now we compare the changes of the very intense in-phase cou-
pled asymmetric mode with the IR measurements [16]. In our cal-
culations, for the bridge site, ma increases about 40 cm�1 from low
to half coverage. For the hollow site, this change is about 60 cm�1.
Experimentally, a continuous increasing of about 60–70 cm�1 was
observed from low to near saturation coverage (from 2134 to about
2200 cm�1). However, our calculations for the asymmetric mode
predict a general drop from half to saturation coverage. This could
indicate that experimentally the conditions corresponding to
h = 1.0 are not fully reached (i.e., to having one NCO per Pd atom)
due to the very strong NCO–NCO repulsive interactions that lowers
substantially the magnitude of the NCO adsorption energy.

The electronic structure of NCO/metal interaction was analyzed
by calculating the LDOS for the nitrogen atom and the surface pal-
ladium atoms interacting with it. In Fig. 5, the LDOS curves for NCO
adsorbed on top, bridge and hollow sites at h = 0.11 are shown. The
LDOS of the clean Pd surface was also shown for comparison.
Moreover, only those orbitals of N and Pd which present maximum
mixing between them have been considered. Specifically, these
orbitals are: N-py and Pd-dyz for top and bridge sites, and N-py

(or N-px) and Pd-dx2�y2 for the hollow site. Regarding the LDOS
curves for N orbitals, three different features can be visualized.
First, a set of sharp peaks appear at the lowest energies (at about
�4.5 eV for top, and �7 eV for bridge and hollow). From the results
of projected-LDOS in [21] we can infer that they correspond to the
position of the 1p MO of NCO. On the other hand, the wide band at
intermediate energies corresponds mainly to the 2p MO, while the
features at higher energies (in the range from 4 to 8 eV) are related
to the 3p MO. Notice that the coupling between N and Pd-d orbitals
is more significant in the band for the 2p MO orbitals. Furthermore,
it is noticeable that the three N bands become less stable as the
coordination number decreases, being this observation more evi-
dent for the top site. This result can be explained as a consequence
of a greater negative electronic charge taken by NCO as it adsorbs
on sites of lower coordination, making that the inter-electronic
repulsion becomes larger and the N bands destabilize. This charge
transfer will be supported later by considering the calculation of
the dipolar moments for the different adsorption sites. Since the
N-pz contribution is not plotted, the band associated with the 7r
MO of NCO does not appear in Fig. 5; by symmetry, only the inter-
action of p-type MOs is shown. The N-pz bands (not shown) are lo-
cated as a double peak at 6.5 and 5 eV for top, and at 7.5 and 8.8 eV
for bridge and hollow.

In Fig. 6, the LDOS curves for NCO adsorbed on bridge sites at
h = 0.11, 0.5 and 1.0 are compared. We notice that a more impor-
tant band splitting takes place for lower coverages (h = 0.11) with
a larger participation of the states near to the bottom of the Pd-d
band. For intermediate coverages (h = 0.5), the states near to the
top of the Pd-d band have a greater coupling with N-p states. On
the other hand, for higher coverages (h = 1.0), N-p states couple
with Pd-d band resulting in a wide N-p band. It is noteworthy that
the inner levels of N, corresponding to the contribution to the 1p
MO (and also the 7r MO, not shown) undergo an important desta-
bilization particularly when h changes from 0.5 to 1.0 due to the
lateral NCO–NCO interaction.

The work function of a certain adsorbate/substrate system con-
stitutes a very sensitive surface property. As it is the energy re-
quired to extract a valence electron from the Fermi level, it
depends mainly on the electronic structure at the surface, particu-
larly on both the coverage and the adsorbate–substrate interaction
itself. In Table 1, the value of the work function change DU with
respect to the bare Pd(1 0 0) surface for different sites and NCO
coverages are reported. In Fig. 7, the variation of DU as a function
of the coverage h is shown. In all cases, DU increases monotoni-
cally as h increases. The top site exhibits the largest DU values,
while the hollow site the smallest ones. The work function changes
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Fig. 5. LDOS localized on N and Pd atoms for NCO/Pd(1 0 0) at h = 0.11 on: (a) top; (b) bridge and (c) hollow.

P.G. Belelli et al. / Surface Science 604 (2010) 442–450 447
are significant, but they are reasonable taking into account the
chemical nature of the NCO species, with an unpaired electron
and a high capacity to take electronic charge from the metal sur-
face. The present values of DU for the most favorable sites are sim-
ilar to those reported in open literature for other chemisorbed
systems [46–49]. Concerning the dependence on h, a lineal behav-
ior along the whole studied range was obtained for the hollow site.
For top and bridge sites, we have initially a lineal behavior, but the
slope of the corresponding curves diminishes progressively arriv-
ing to a plateau for coverages greater than 0.5 ML. Similar results
were obtained by Ganduglia-Pirovano and Scheffler for O/
Rh(1 1 1) [50]. The non-linear behavior for top and bridge can be
explained by the coverage dependent interaction between neigh-
boring NCO species. In order to rationalize these results, the dipole
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Fig. 6. LDOS localized on N and Pd for NCO adsorbed on bridge site on Pd(1 0 0) at different coverages: (a) h = 0.11; (b) h = 0.50 and (c) h = 1.0.
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moment change, Dl, of the NCO/Pd system was calculated for dif-
ferent sites and NCO coverages and exhibited in Fig. 8. As DU, Dl is
calculated as the difference between l of the surface with and
without adsorbed NCO. There are three main sources for the dipole
moment change: the permanent dipole of the adsorbed molecule,
the dipole induced by a charge transfer between molecule and sub-
strate and the Pauli repulsion in weakly adsorbed molecules [51].
In our case we can discard the last effect taking into account that
NCO presents a relatively strong chemical bonding with Pd. Hence,
if we want to obtain a quantitative measure of the NCO induced di-
pole due to the charge transfer from Pd to NCO, we must subtract
from Dl only the intrinsic NCO dipole moment. A calculation of the
latter, performed for free NCO monolayers corresponding to
h = 0.11 and h = 1.0, gives values of �0.68 and �0.27 D, respec-
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tively. If that calculation is carried out, the trend obtained for the
dipole moment due to the charge transfer is practically the same
than the one shown in Fig. 8 for Dl; approximately, the corre-
sponding curves can be acquired by shifting upwards +0.5 Debye
the curves of Fig. 8. A first observation is that the sign of this in-
duced dipole moment is positive, i.e., pointing outwards the sur-
face, indicating a transfer from Pd to NCO. Moreover, the
magnitude of this induced dipole moment is large: at least twice
the value of the intrinsic molecular dipole. On the other hand,
we observe that the charge transfer for low NCO coverages de-
pends strongly on the coordination number of the adsorption site,
following the order: top > bridge > hollow, i.e., the isocyanate
group takes more electronic charge from the substrate when the
coordination of the site is lower. This result is in agreement with
previous theoretical results of NCO species adsorbed on Cu(1 0 0)
[21]. Nevertheless, this effect becomes less important as h in-
creases. In particular, the hollow site shows the same charge trans-
fer for all the studied range of coverage. As a consequence, in this
case the incorporation of each NCO group increases the surface
density of the induced dipoles in the same amount and DU be-
comes a linear function of the coverage. On the other hand, for
bridge sites and more noticeably for top sites, the coverage depen-
dence of the induced dipole moment is a consequence of the di-
pole–dipole interaction producing a depolarization with
decreasing NCO–NCO distance. On these sites, particularly in going
from 0.5 to 1.0 ML, the more compact induced dipole layer is coun-
terbalanced by the depolarization and as a consequence DU does
not change.
The fact that the charge transferred from Pd to NCO is the same
over all the coverage on hollow sites can explain the noticeably de-
crease in the magnitude of the adsorption energy by passing from
0.5 to 1.0 ML (Fig. 4). In this change of coverage an abruptly
decreasing of NCO–NCO distance takes place and, as a conse-
quence, the intermolecular repulsion interaction increases dramat-
ically owing to the relative high electronic charge of NCO.
Conversely, at top and bridge sites, this repulsion is also present
but in a lesser extent due to the depolarization.

The free NCO group has an open shell structure, with an un-
paired spin localized fundamentally on the N atom. This electronic
structure can undergo a modification as a consequence of adsorp-
tion of the NCO species on Pd and, therefore, it is pertinent to ana-
lyze the atomic magnetic moments (l) of the NCO/Pd system. The
calculations, for all range of coverages, show that the adsorbed
NCO species practically lost its spin, as indicated by the negligible
magnetic moment of the nitrogen atom with respect to the
�0.4 lB/at value for N in the free NCO group (the C and O atoms
have null magnetic moments). The spin is preferentially distrib-
uted into the surface palladium atoms where the isocyanate ad-
sorbs. This result is compatible with the above commented
electronic charge transfer from Pd to NCO.

Finally, based on the presented results, we can make an obser-
vation concerning to the NCO dissociation. For a similar radical
molecule, NO, it was established that a pair of these molecules
can couple through the N atoms to form (NO)2 dimers on oxide
and metal surfaces, being these species intermediates to produce
N2 or N2O as final products [52–54]. For NCO, its high tendency
to be isolated on the surface and its strong interaction with the me-
tal indicate that the existence of a similar complex, (NCO)2, is
rather improbable. In fact, the strong lateral repulsion interaction
between surface NCO assures the presence of free metal adsorption
sites at its neighborhood to dissociate directly to adsorbed N and
CO species.
4. Conclusions

In all the cases analyzed, NCO species adsorbs perpendicularly
to the surface maintaining its linearity. At coverage of 0.11, 0.25
and 0.5 ML, the adsorption energies are in the range of �2.5/
�3.0 eV, and reaches to �1.4/�1.9 eV at complete saturation; thus,
the lateral repulsive interaction between neighboring NCO species
becomes very strong at complete monolayer. At low coverages,
both bridge and hollow sites are energetically preferred. The bridge
site appears as the only favoured site at intermediate and complete
coverages.

For h 6 0.5, the values of both symmetric and asymmetric NCO
stretching frequencies are an increasing function of the coordina-
tion number of the adsorption site: mtop > mbridge > mhollow. The N–C
distances seem to govern the frequency variations because they
show precisely the opposite behavior.

If the changes of the very intense in-phase coupled asymmetric
mode are compared with the available IR measurements, similar
trends were observed: an increasing of about 40 cm�1 and
60 cm�1 was calculated for bridge and hollow sites, respectively,
by going from h = 0.11 to h = 0.5. Experimentally, the increasing is
of about 60–70 cm�1 from low to coverage near saturation. How-
ever, the calculations predict a general drop of the asymmetric
mode at h = 1.0. This would indicate that the NCO saturation exper-
imentally obtained does not correspond to h = 1.0 (i.e., to having
one NCO per Pd atom) due to the very strong NCO–NCO repulsive
interaction.

Work function changes, DU, show different dependence with
the coverage according to the adsorption site. On hollow, a lineal
behavior along the whole studied range was obtained; top and
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bridge sites, however, present an initial lineal behavior, but arrive
to a plateau for coverages greater than 0.5 ML. Dipole moment cal-
culations indicate that a charge transfer is produced from Pd to
NCO. This charge transfer for low and intermediate coverages fol-
low the sequence: top > bridge > hollow, i.e., NCO takes more elec-
tronic charge from the metal when the coordination of the site is
lower. The hollow site in particular shows the same charge transfer
for all of coverages; in this case, the incorporation of each NCO
group increases the density of the molecular dipoles in the same
amount and DU becomes a linear function of h. On the other hand,
for the bridge and top sites, the coverage dependence of the in-
duced dipole moment is a consequence of the dipole–dipole inter-
action producing a depolarization effect with decreasing NCO–NCO
distance. In these cases, particularly in the range h = 0.5–1.0, the
more compact dipole layer is counterbalanced by the depolariza-
tion and as a consequence DU undergoes only a slight change.
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