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The adsorption of isocyanate (−NCO) species on Cu(100) was studied using the density functional theory
(DFT) and the periodic slab model. The calculations indicate that at low and intermediate coverages NCO
adsorbs preferentially on bridge and hollow sites. Work function and dipole moment changes show a
significant negative charge transfer from Cu to NCO. The resulting charged NCO species interact repulsively
among themselves being these dipole–dipole interactions particularly intensive when they are adsorbed in
adjacent sites. Consequently, isocyanates tend to be separated from each other generating the vacant sites
required for the dissociation to N and CO. This condition for NCO dissociation has been suggested in the past
from experimental observations. A comparison was also performed with the NCO adsorption on Pd(100). In
particular, the calculatedminimal energy barrier for NCO dissociation was found to be higher on Cu(100) than
on Pd(100) in accord with the well known higher NCO stability on Cu(100).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Isocyanate species (−NCO) is formed during the catalytic
reduction of nitrogen oxides in the presence of CO or hydrocarbons.
Infrared spectroscopy (IR) measurements performed on metal-
supported catalysts show that NCO is produced on the metal and
thenmigrates onto the support where it is accumulated and stabilized
[1–3]. Besides, it can be the source for the formation of undesirable
contaminants such as HCN, C2N2, NH3 and HNCO [4,5].

The adsorption of NCO over well-defined metal faces has been
used to understand its surface chemistry at a fundamental level. Since
it is very difficult to produce NCO over pure metals via NO+CO
reaction, the dissociative adsorption of isocyanic acid (HNCO) has
been used as a source of surface NCO. In particular, it was observed
that HNCO interacts in a very different way on the (111) and (100)
faces of Cu. Solymosi and Kiss found that HNCO does not adsorb at
300 K on Cu(111) but readily reacts with preadsorbed oxygen to give
surface NCO [6], which is stable up to 400 K. More recently, Celio et al.
investigated NCO adsorption on Cu(100) from thermal decomposition
of HNCO at 300 K and from the reaction of cyanogen (C2N2) with
preadsorbed oxygen [7]. The NCO obtained from both methods was
stable on this surface up to 500 K. On Pd(100), NCO (also generated

from HNCO) totally decomposes at lower temperatures (about 300 K)
[8]. On Pt(111) and Pt(110) [9,10], HNCO adsorbs molecularly at very
low temperatures and decomposes at about 250 K to form CO and
atomic N without forming stable isocyanate species.

In the available published literature there are only a few theoretical
studies about NCO adsorption on well-defined transition-metal
surfaces [11–15]. The NCO decomposition toward atomic N and CO
was found to be about 1 eV on Pd(111) using a semi-empirical
molecular orbital method [12]. Moreover, the adsorption of NCO
species on Ni(100) [11] and on Cu(100) [13,14] was studied by cluster
models and ab initio calculations. The results showed that for both
surfaces, hollow and bridge sites are the most favored. When NCO
adsorbs onCu(100), an asymmetricmode at 2187 cm−1was predicted
for the fourfold site [13] and the calculated symmetric and asymmetric
NCO stretching frequencies are all blue-shifted compared to the values
of free NCO [14], in agreement with the experimental evidence. In a
previouswork, the preference to adsorb at high coordination sites was
also found on Pd(100) [15] using a periodic slab model. Besides, work
function and dipole moment calculations evidence an important
charge transfer from the metal surface to NCO [14,15]. Theoretical
approaches predict that the isocyanate complex adopts a lineal and
perpendicular configuration with respect to the surface, linking
through the N atom [11,14]. In addition, other molecular orbital
studies concerning NCO adsorption on Cu aggregates [16] and on
silica-supported Cu particles showed a large charge transfer from the
metal to NCO [17].
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It was established that NCO adsorbed on Pt(100) requires vicinal
vacant sites for its decomposition to surface CO and N:

NCO adsð Þ + site→CO adsð Þ + N adsð Þ:

This conclusion was attained because the stability of NCO is
enhanced at high CO coverage on Pt(100); besides, when a small
amount of CO desorbs by heating, a few vacant sites are created
triggering immediately the dissociation of NCO. On Rh(111), pread-
sorbed oxygen enhances theNCO stability region at least by 60 K [18]. In
this latter case, it was suggested that O preadsorbed atoms could block
sites for the formationof thedissociationproducts, CO(ads) andN(ads).
Similar effect of preadsorbed O was recently observed on Pd(100) [8].

In our previous work performed on NCO/Pd(100) we observed
that at high coverage the bond strength between NCO and the surface
was relatively weak owing to strong lateral repulsion among
isocyanates. This intermolecular interaction is in turn produced by a
substantial electronic charge transfer from the surface to NCO yielding
intensive dipole–dipole repulsive interactions. Therefore, as a general
tendency, NCO prefers to be separated from each other to minimize
lateral repulsions. This behavior could have a direct relation with the
abovementioned requirement of free vicinal sites to facilitate surface
dissociation. In this work we investigate the adsorbate–substrate
charge transfer for the NCO/Cu(100) interface, its dependence with
the coverage and adsorption site, the nature of the NCO–NCO
interactions and the possible correlation between the intermolecular
interactions and the NCO dissociation.

2. Computational details

The calculations performed in this work were carried out in the
framework of DFT using the Vienna Ab initio Simulation Package
(VASP) [19–21]. Plane wave basis sets were used to solve the Kohn–
Sham equations. The electron–ion interactions were described by the
projector-augmented wave method (PAW). The PAW method is a
frozen core all-electron method that uses the exact shape of the
valence wave functions instead of pseudo-wave functions [22,23].
Electron exchange and correlation effects were described by the
generalized gradient approximation (GGA), using the functional
described by Perdew and Wang (PW91) [24,25].

The fixed convergence of the plane-wave expansion was obtained
with a cutoff energy of 311 eV. Previously, it was checked that the
increasing of the cutoff up to 600 eV does not change the total
energies by more than 0.009 eV/atom. The two dimensional Brillouin
integrations were performed on a grid of 7×7×1 Monkhorst–Pack
special k-points for the 1×1 and 2×2 cells, and of 3×3×1 k-points for
the 3×3 supercell [26]. In all the cases, a Methfessel–Paxton smearing
of width σ=0.2 eV was used and the reported total energies were
then extrapolated to σ→0 eV [27]. Optimized geometries were found
when the forces on atoms were smaller than 0.01 eV/Å.

The Cu(100) surface was represented with a slab containing four
atomic metal layers. The effect of the slab thickness was tested
considering slabs including up to 6 atomic layers. The results showed
that a slab with four layers provides converged results, with accuracy
of about 0.04 eV. Therefore, a slab with four atomic layers should be
appropriate to the present study. A three dimensional periodic cell
was constructed including a vacuum gap of ~13 Å in the perpendic-
ular direction to the metallic surface. The thickness of this vacuum
regionwas found to be adequate to eliminate any interaction between
adsorbed molecules on adjacent metal slabs.

The lattice constant for the fcc Cu crystal cell parameter was
optimized for the bulk structure, givinga valueof 3.636 Å,which is about
0.7% larger than the experimental value (3.61 Å [28]). Thus, the Cu\Cu
interatomic distance was 2.574 Å for bulk structure. The bulk modulus
was calculated by varying the cell volume around the equilibrium value
and fitting theMurnaghan equation of state. The valuewas estimated to

be 136 GPa, in excellent agreement with the experimental value
(137 GPa) [28] and with DFT calculations performed by Da Silva et al.
(138 GPa) [29].

In the Cu(100) surface, the two uppermost layers were allowed to
relax completely together with the NCO species. The other two metal
layers were maintained fixed at the bulk geometry. For the bare copper
surface, a contraction of −3.3% and a slight expansion of +0.3% were
observed for the Δd12 and Δd23 interlayer distances, respectively, in
comparison with the bulk interlayer distances. These results are in
agreement with several computational and experimental results that
showed the same trend, namely, a contraction of Δd12 and an expansion
ofΔd23with agreater change in the surface contraction.While theoretical
values vary in the rangeof−6.2 to−2.1% forΔd12 and+1.0 to+0.7% for
Δd23[29–32], the corresponding intervals obtained from experimental
measurements are −3.0 to −1.0% and +2.0 to +0.1%, respectively
[33,34].

There are three possible high-symmetry binding sites for NCO
species on the Cu(100) surface: on-top, twofold bridge and fourfold
hollow. Each adsorption site was evaluated on the (1×1), c(2×2), p
(2×2) and p(3×3) cells, which correspond to the coverages of 1.0,
0.5, 0.25 and 0.11 ML (monolayer), respectively (see Fig. 1). The
adsorption energy (Eads) was calculated as the difference between the
energy of the adsorbed system (ENCO/Cu) and the sum of the free
surface (ECu) and the gas-phase molecule (ENCO) energies accordingly
to the following equation:

Eads = ENCO=Cu–ECu–ENCO

Negative values indicate exothermic chemisorption processes.
Given the large separation between two nearby NCO at the lowest

coverage, θ=0.11 (about 7.7 Å), the mutual effect among NCO can be
considered insignificant, and therefore the magnitude of adsorption
energy (Eads) measures the interaction between NCO and the Cu(100)
surface. We thus define the difference between Eads at the higher
coverages and that corresponding to the lowest coverage:

ΔEads = Eads site; θ≥0:25ð Þ–Eads site; θ = 0:11ð Þ:

Therefore,ΔEads can be considered as a direct measure of the effect
of approaching surface NCO species on the NCO–metal interaction.

The vibrational frequencies were performed to validate the true
potential energy minima and they were calculated considering a
harmonic approach. The corresponding Hessian dynamical matrix
was calculated by a finite difference method where the atoms in the
NCO molecule were independently displaced by ±0.015 Å along each
Cartesian coordinate direction. Afterwards, the harmonic molecular
frequencies were obtained by a diagonalization of the Hessian
dynamical matrix. Finally, the stretching frequencies were corrected
with a scaling factor of 0.9823. This value was calculated through a
least-squares procedure [35], considering the calculated and exper-
imental stretching frequencies of free NCO species [36].

The electronic structure of the NCO/Cu interactionwas analyzed by
calculating the local density of states (LDOS) at selected atoms. The
change of the work function (ΔΦ) was obtained as the difference
between the work function of the surface with and without adsorbed
NCO. The work function itself was obtained by computing the
electrostatic potential of the corresponding surface. The calculated
work function of the clean surface was 4.58 eV, in very good
agreement with the experimental result (4.59 eV, [37]). The dipole
moment (μ) was also evaluated by numerical integration of charge
densities over the entire cell from a single point energy calculations
on relaxed structures, as implemented in VASP. The dipole moment
values and their changes were reported per one NCO species. This
vector was considered as positive from the positive to the negative
charge. In our case, by symmetry only the component normal to the
surface is not null.
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3. Results and discussion

The values of adsorption energies presented in Table 1 showa strong
interaction between NCO and Cu(100). Excepting for complete
coverage, the adsorption energies are in the range of −2.9 to
−3.4 eV. NCO adsorbs in all the cases perpendicular to the surface
with N-metal distances between 1.82 and 2.22 Å, depending on the
adsorption site. The N\Cu distance increases as the site coordination
number increases, and its variation is more pronounced than that
corresponding to the NCO intramolecular distances. Besides, at each
coverage, N\C and C\O distances present an opposite tendency; while
the N\C distance increases the C\O bond decreases by going from the
top to the hollow site. The explanation of this behavior was thoroughly
developed in our previous work concerning the NCO adsorption on Pd
(100) [15]. The 2π MO of NCO (occupied by one electron at free state),
has a N\C bonding character and a C\O antibonding character. Upon
adsorption, this MO mixes strongly with the metal band gaining
electronic charge and hence producing opposite effects on the N\C and
C\Obonds. Thus, this behavior shouldbe consistentwith the amount of
electronic charge taken by NCO according to the adsorption sites. The
NCO charge should vary following the sequence topNbridgeNhollow
that is precisely the order obtained using Cu clusters according to the
Hirshfeld population analysis [13]. Considering all the studied situa-
tions, the N\C and C\O distances vary in the ranges of 1.210–1.240 Å
and 1.180–1.197 Å, i.e., around the corresponding values at the free
isocyanate species (d(N\C)=1.231 Å and d(C\O)=1.194 Å). Com-

paring these results with those previously obtained on Pd(100), we
observe that the N\Cu distances are approximately 0.1 Å shorter than
the N\Pd ones [15].

In Fig. 2 the variation of NCO adsorption energies for the different
sites as a function of the coverage is presented. For each site, the
adsorption energy values have a nearly constant value up to 0.5ML. The
values corresponding to the on-top sites are significantly lower than on
the other sites. NCO adsorbs preferentially on high coordination sites
(bridge andhollow) irrespective of the coverage, excepting at θ=1.0. At
complete coverage, the destabilization on bridge and hollow adsorption
sites increases abruptly reaching ΔEads values of about 2 eV (Table 1)
indicatingvery strong intermolecular interactions. The topsite is the less
affected by the NCO–NCO repulsionwith aΔEads value of approximately
1.7 eV. For θ=1.0 the bridge adsorption site is still the most stable one,
with an energy differencewith respect to the hollow site of 0.16 eV. The
energy values indicate a stronger adsorption of NCOon Cu(100) than on
Pd(100) [15]. Indeed, on Cu(100) the adsorption is around 0.5 eV
stronger at coverages lower than 0.5 ML; yet at complete coverage the
adsorption is slightly more stable on Pd(100) possibly due to its more
open structure.

The effect of the metal surface on the NCO–NCO interaction was
evaluated considering the energy difference between the non-adsorbed
NCO layers at the N\N distance of 2.57 Å (equivalent to the N\N
distance when the NCO is adsorbed on Cu surface at a coverage of
θ=1.0) and at the N\N distance of 7.72 Å (equivalent to the N\N
distance when the NCO is adsorbed on Cu surface at coverage of

θ = 0.11 θ = 0.25 θ = 0.50 θ = 1.0

Top

Bridge

Hollow

Fig. 1. Schematic representation of the different coverages for adsorbed NCO on the Cu(100) surface.

Table 1
Adsorption energies (Eads, eV), adsorption energy differences (ΔEads, eV), work function (ΔΦ, eV), optimized distances (Å), and NCO frequencies (ν, cm−1) for NCO chemisorption on
Cu(100) at different coverages.

Coverage θ=0.11 θ=0.25 θ=0.5 θ=1.0

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

Eadsa −3.01 −3.40 −3.35 −2.91 −3.37 −3.31 −2.78 −3.25 −3.23 −1.32 −1.47 −1.31
ΔEadsb 0.00 0.00 0.00 0.10 0.03 0.04 0.23 0.15 0.12 1.69 1.93 2.04
ΔΦ 1.70 1.00 0.51 2.73 1.75 1.02 3.78 2.87 1.88 3.36 3.10 2.92
d(N–C) 1.210 1.222 1.239 1.214 1.225 1.240 1.216 1.227 1.240 1.212 1.218 1.229
d(C–O) 1.197 1.188 1.183 1.192 1.185 1.181 1.187 1.183 1.181 1.189 1.183 1.180
d(N–Cu) 1.854 1.983 2.223 1.845 1.970 2.212 1.822 1.964 2.215 1.881 1.978 2.207
ν(N–C–O)c 2172 2155 2115 2189 2182 2140 2230 2226 2179 2114 2171 2171
ν(N–C–O)d 1312 1279 1222 1321 1282 1221 1338 1284 1225 1309 1286 1246

a Eads=ENCO/Cu100−ECu100−ENCO.
b ΔEads=Eads(site, θ≥0.25)−Eads(site, θ=0.11).
c Asymmetric stretching mode.
d Symmetric stretching mode.
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θ=0.11). This energy difference is very small (−0.02 eV) showing that
essentially there is no interaction among free parallel NCO even when
they are very close. However, the situation is very differentwhenNCO is
adsorbed on Cu(100) as we have already observed from ΔEads values
(see Table 1). This behavior can be associated with the repulsive
interaction among isocyanates due to the significant electron charge
gained by the NCO species when they are adsorbed on Cu, as it will be
explained in the following paragraphs.

The dipole moment change, Δμ, was calculated as the difference
between μ of the NCO/Cu(100) system and that of the bare Cu(100)
surface. In Fig. 3 the values for the different sites and NCO coverages are
shown, together with the results for the adsorption on Pd(100)
previously reported [15]. Although different effects contribute to the
dipolemoment change, theΔμ values evaluated by this single difference
can be considered as a direct measure of the adsorbate–substrate
electronic charge transfer, as itwasdiscussed indetailed in Ref. [15]. The
positive values of Δμ indicate the direction of the electronic transfer:
from Cu to NCO. For each value of coverage (excepting the complete
saturation)Δμ values follow the order topNbridgeNhollow, in linewith
the tendency in theNCOchargespreviously deduced from the variations
in the internal distances. On the other hand, for each site the coverage
dependence is different. While for the hollow site the values are
practically the same over all the range of coverage, for bridge and top
sites a continuous decreasing of Δμ is observed as the NCO\NCO
distance decreases. With increasing coverage, an intermolecular
repulsion occurs among charged NCO species. To reduce this repulsion,
on top and bridge sites some partial electron charge is transferred back
to the surface resulting in a depolarization. At θ=1.0 ML, Δμ have
practically the same values. The general behavior is similar on Pd(100)

but, for each type of site, Δμ values are larger on this metal surface
indicating a higher electronic charge transfer than on Cu.

Taking into account that the work function (Φ) is a sensitive
property of the surface, we evaluate its change (ΔΦ) with respect to
the bare Cu(100) surface for different adsorption sites and NCO
coverages. Positive values of ΔΦ indicate the presence of negative
charged adsorbates; in this case, a positive image charge is formed
into the metal giving rise to a dipole layer which the emitted electron
must pass through. The values of ΔΦ are presented in Table 1 and
Fig. 4. In general, for each value of coverage, the magnitude of ΔΦ
follows the order: topNbridgeNhollow, i.e., the expected tendency
taking into account the calculated Δμ values. For the three adsorption
sites, ΔΦ values show an increasing behavior from θ=0.11 to 0.5. In
particular for the hollow site, a linear dependence along the whole
range is observed. In this case, the successive incorporation of NCO
increases the density of the induced dipoles and consequently ΔΦ
becomes a linear function of the coverage. On the other hand, the non-
linear behavior for top and bridge sites can be explained by the
coverage dependent charge transfer between Cu and NCO. In these
cases, the dipole–dipole interaction produces an increasing depolar-
ization effect as the coverage increases. Particularly in going from 0.5
to 1.0 ML the more compact dipole layer is counterbalanced by the
depolarization and as a consequence ΔΦ does not change. The same
general behavior was previously reported for NCO/Pd(100) [15] and,
for comparison their ΔΦ values are included in Fig. 4. For each site, the
ΔΦ are lower on Cu(100) indicating a minor effort to extract an
electron from the NCO/Cu(100) system, in agreement with the lower
charge transfer from Cu to NCO predicted from the reportedΔμ values.

On the other hand, the NCO/Cu(100) electronic structure was
analyzed bymeans of the local density of states (LDOS) for Cu (d-orbitals)
and N (p-orbitals). In Fig. 5 the LDOS for the NCO adsorbed on top,
bridge and hollow on Cu(100) at θ=0.11 are plotted. The energies are
referred to the Fermi level. Four different set of features appear for N
orbitals at low, medium and high energies, corresponding to different
MOs of NCO. The inner peak between −17 and −19 eV corresponds to
the N-p contribution of 6σMOof NCO. A displacement to higher energies
is observed as the coordination number decreases owing to a greater
electronic charge transfer taken by NCO when it is adsorbed on top site.
This site-dependence of charge transfer is supported by the analysis of the
work function change and the dipolar moments discussed above. The
samedisplacementwas observed in the bands associatedwith 7σ, 1π and
2π MOs of NCO [13]. The 7σ MO appears as a double peak at −7.4
and −6.2 eV for top site, and moves to lower energies at −9.0
and −7.7 eV for hollow site. The 1π MO is located at −5.4 eV for top
and−7.1 eV for hollow site. The 2πMO (as a double peak) overlaps with
the upper part of the d-band on top, andwith the bottompart of the band
on hollow.
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Fig. 2. Adsorption energies (in eV) of NCO species on Cu(100) at different adsorption
sites as a function of the NCO coverage.

0

1

2

3

4

5

6

0 0.5 1
coverage

Pd Top Pd Bridge Pd Hollow
Cu Top Cu Bridge Cu Hollow

Δμ
 (D

eb
ye

)

Fig. 3. Dipolemoment changes (inDebye) as a functionofNCOcoverage for:NCO/Cu(100)
(solid lines) and NCO/Pd(100) (dashed lines).

0

1

2

3

4

5

6

0 0.5 1
coverage

Pd Top Pd Bridge Pd Hollow
Cu Top Cu Bridge Cu Hollow

Δφ
 (e

V
)

Fig. 4. Work function changes (in eV) as a function of NCO coverage for: NCO/Cu(100)
(solid lines) and NCO/Pd(100) (dashed lines).

1205P.G. Belelli et al. / Surface Science 605 (2011) 1202–1208



Author's personal copy

A vibrational frequency analysis was done for all the coverages and
adsorption sites (Table 1). Two characteristic bands at about 2200 and
1300 cm−1 are observed, corresponding to the asymmetric and
symmetric stretching modes of NCO, respectively. For θ≤0.5 both
NCO stretching frequencies decrease in the order: νtopNνbridgeNνhollow.
The same order was obtained in a previous work using cluster models
[13]. Besides, for each site and also for θ≤0.5, the frequency values
increase as the NCO coverage increases. The calculated shift resulted to
be in the range of 60–70 cm−1, very similar than the displacement
experimentally measured from low HNCO exposure to the one
corresponding to the saturated limit [7]. However, the calculated
asymmetric NCO frequency values present a general drop at θ=1.0, not
observed by Celio et al. This fact could be interpreted that the complete
coverage, i.e., havingoneNCOper Cuatom, is not possible to achievedue
to the strong intermolecular interactions. On the other hand, for each
value of coverage, as the frequency values increase, the N\C distances
decrease, i.e., d(N\C) topbd(N\C) bridgebd(N\C) hollow and, at the
same time, the C\O distances increase. Moreover, the changes in the

N\C bonds are greater than in the C\O bonds, namely, about 0.03 Å
and 0.01 Å, respectively. Thus, the variation of the N\C bond seems to
be the main factor that governs the asymmetric vibrational frequency
values of NCO.

The experimental results obtained by Celio et al. [7] showed that NCO
species can be formed fromHNCOexposure onCu(100), and by exposing
cyanogen on oxygen precovered Cu(100). An interesting fact was the
different relationship between NCO asymmetric frequency values and
NCOcoveragewith (HNCOor C2N2) exposure. For both cases, the limiting
values of coverage (obtained from the peak area) were reached at about
150 L, but the NCO coverage formed from HNCO was higher than twice
that obtained from C2N2/O. Besides, at the corresponding high coverage
limit, the frequency was 2227 cm−1 from HNCO and 2199 cm−1 from
C2N2/O. As it was discussed in that article, the difference in the
frequencies could not be explained only assuming that a higher NCO
coverage was achieved fromHNCO exposure [7]. This situation is clearer
by comparing the frequencies for a same value of NCO coverage. For
example, for a HNCO exposure that gives the same peak area as the
highest peak area achievable from C2N2/O reaction, the value is about
2180 cm−1 from HNCO and about 2201 cm−1 from C2N2/O. Thus, the
authors suggest that unreacted adsorbed oxygen should remain on the
surface along with the NCO produced by the cyanogen reaction, and this
unreacted oxygen could influence the frequency dependence on
coverage. To add some support to these observations, we performed a
theoreticalmodelingas follows, considering twosituationswith the same
NCO coverage. At the experimental conditions followed by Celio et al. the
oxygen precovered surface yields a c(2×2) pattern corresponding to a
coverage of 0.5ML. If we assume that half of theO reacts to formNCO,we
have a final situation with θ(O)=0.25 and θ(NCO)=0.25. We modeled
this surface structure with NCO at bridge sites and O at hollow sites (the
distance between the N of NCO and the O is about 2.9 Å). The calculated
NCO stretching frequency resulted to be 2190 cm−1, a higher value than
that for θ(NCO)=0.25 ML in a p(2×2) array on bridge site but without
adsorbed oxygen (2182 cm−1, Table 1). Therefore, the calculations
indicate that the presence of the unreacted oxygen adsorbed near the
NCO produces a displacement of the stretching frequencies to higher
values, in qualitative agreement with observations. It is interesting to
mention thatwhile the internal geometryof theNCOspecies is essentially
the same with or without preadsorbed O, the N\Cu distance is about
0.01 Å longer.

As we have already discussed, it is unlikely that the complete
saturation of NCO can be reached because of the very strong inter-
molecular interaction. For this reason, apart from the extreme case of
complete coverage, we consider another hypothetical situation wherein
isocyanates are interacting among themselves, having at the same time
the possibility to move to adjacent vacant sites

We thus evaluate the adsorption of four NCO on bridge sites on a
large (4×4) supercell of Cu(100), giving a global coverage of 0.25 ML
(Fig. 6). These NCO species form tiny islands wherein each NCO has
two nearby NCO at 2.574 Å (the optimized Cu\Cu distance) as initial
geometry. After geometrical optimization, the N\N distance increases
up to 3.384 Å. Besides, due to intensive dipole–dipole interactions, the
isocyanate ends in a tilted position with respect to the surface and
bonded on pseudo-bridge sites. This process, from the initial (non-
minimum) to the final relaxed geometry, is accompanied by an energy
decrease of 0.84 eV per NCO. The final adsorption energy resulted to
be−3.18 eV, which is only 0.19 eV less stable than the NCO adsorbed
on bridge site at θ=0.25 ML according to the p(2×2) array (Table 1).
On Pd(100), the d(N\N) changes from 2.800 Å (NCO fixed on bridge
sites) to 3.281 Å, with an energy diminution of 0.32 eV per NCO.
However, in this case NCO species retain the perpendicularity with
respect to the surface owing to the more open structure of Pd(100).
The binding energy was −2.71 eV, which is 0.19 eV less stable with
respect to the same coverage (θ=0.25 ML according to the p(2×2)
structure). Therefore, when NCO is located on first vicinal sites, they
undergo a very strong dipole–dipole repulsive interaction on both Cu
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Fig. 5. LDOS localized on N and Cu atoms for NCO/Cu(100) at θ=0.11 on: (a) top;
(b) bridge and (c) hollow.
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(100) and Pd(100) surfaces and they tend to separate to diminish this
repulsion.

As previously mentioned, NCO is stable up to 500 K on the Cu(100)
surface [7]. On Pd(100), the decomposition temperature is much lower
[8–10]. At a first sight, according to our calculations, an easier
dissociation is expected for Cu(100) than on Pd(100) because in the
latter case the N\C bond is stronger owingmainly to the larger amount
of charge taking by the 2πMO (with N-C bonding character). However,
the experimental evidence indicates the opposite situation. With the
purpose to clarify this point, we computed the energy changes
associated to the NCO dissociation toward N and CO on both Cu(100)
and Pd(100). For that, we calculated the energy of the final geometry
after dissociation, i.e., with N and CO adsorbed on hollow sites as
independent species at θ=0.5 (Fig. 7) and 0.25 ML. Afterwards, we
compare the energy of these final structures with the total energies of
the NCO adsorption on hollow (the initial geometries before dissocia-
tion). We found that for Cu(100), the NCO dissociation corresponds to
an endothermic process and hence this energy difference is theminimal
energy barrier. At 0.5ML of NCO on Cu(100) theminimal energy barrier
resulted to be 1.58 eV.We interestingly found that the final dissociative
geometry has the N adatom hardly above the metal face (about 0.2 Å

above the Cu surface, with a short N\Cu distance of 1.831 Å), while the
CO is physisorbed with a long C\Cu distance of 3.607 Å (Fig. 7). In
agreement with our result, previous theoretical calculations show that
the nitrogen atom was adsorbed on Cu(100) according to the c(2×2)
array with a short N\Cu bond length of 1.83 Å [31]. On the other hand,
the same situationwasevaluated at 0.25MLofNCOonCu(100) as initial
structure. In the final state, N and CO are independently adsorbed
covering both species half of the surface. In this case theminimal energy
barrier is somewhat lower, 1.42 eV. At the dissociative state, the N\Cu
distance is similar as before, 1.890 Å, but the CO is now adsorbed with a
shorter C\Cu distance of 2.041 Å. Comparing both situations at these
two coverages,we can note that the adsorbedN is always close to the Cu
surface but the position of CO changes notably; however, the minimal
barrier are similar in both cases probably due to the relatively weak
interactionbetweenCOandCu [38]. In the caseof Pd(100), starting from
a NCO coverage of 0.5 ML the dissociation is also endothermic with a
minimal barrier of 0.92 eV. Conversely to the case of Cu(100), the CO
molecule is close to the surface in the final dissociative state (C and
Pd atoms are separated by about 2.34 Å). At 0.25ML of NCO on Pd(100),
the process becomes exothermic in −0.37 eV with a C\Pd distance
of 2.225 Å. In conclusion, the calculated minimal energy barriers
indicate a higher tendency to dissociate on Pd(100) than on Cu(100),
in agreement with experiments.

4. Conclusion

Our DFT calculations show that NCO adsorbs preferentially on high
coordination sites (bridge and hollow) irrespective of the coverage,
excepting at θ=1.0. For each site, the adsorption energy values have a
nearly constant value up to 0.5 ML. The calculated positive values of Δμ
indicate thedirection of theelectronic transfer: fromCu toNCO. For each
value of coverage (excepting the complete saturation) both Δμ and ΔΦ
values indicate that the magnitude of negative charge follows the order
topNbridgeNhollow.

For the three adsorption sites, ΔΦ values show an increasing
behavior from θ=0.11 to 0.5. For the hollow site, a linear dependence
along the whole studied range is observed. In this case, the successive
incorporation of NCO increases the density of the induced dipoles and
consequently ΔΦ becomes a linear function of the coverage. For top and
bridge sites, the dipole–dipole interaction produces an increasing
depolarization effect as the coverage increases. The same general
behavior was previously reported for NCO/Pd(100) but in this case the
adsorbate–substrate electronic charge transfer is larger than onCu(100).

At complete coverage, the Cu(100)–NCO interaction undergoes a
destabilization in the range of 1.7–2.0 eVwith respect to the adsorption
at low coverage owing to intensive dipole–dipole interaction among
surface NCO. The resulting general tendency of the NCO species is to be
separated from each other generating the vacant sites required for the
dissociation toward N and CO. This vacant site requirement for NCO
dissociation has been suggested in the past from experiments
performed on Pd(100), Pt(100) and Rh(111).

We finally found that, from a thermodynamic point of view, the
NCO is more stable on Cu(100) than on Pd(100), in accord with the
experimental evidences. Indeed, starting from NCO coverages of 0.25
or 0.5 ML on Cu(100) and ending with N and CO independently
adsorbed, the process resulted to be endothermic with a calculated
minimal barrier of about 1.5 eV. Conversely, on Pd(100) the minimal
barrier decreases to about 0.9 eV at higher coverages and becomes
slightly exothermic at lower ones.
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Fig. 6. Optimized geometry of four NCO species forming islands on a (4×4) supercell of
Cu(100).

Fig. 7. (a) Top and side views of NCO adsorption on Cu(100) at hollow sites (θ=0.5).
(b) Top and side views of the dissociated structure with N and CO both at hollow sites.
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