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Dynamics of N2 sticking on W(100): the decisive
role of van der Waals interactions†

Alejandro Peña-Torres, *ab H. Fabio Busnengo, c J. Iñaki Juaristi, bde

Pascal Larregarayaf and Cédric Cresposaf

The reactive dynamics of N2 on W(100) has been investigated by

means of quasi-classical trajectory calculations using an interpolated

six-dimensional potential energy surface (PES) based on density

functional theory energies obtained employing the vdW-DF2 func-

tional. The dynamics are compared to those obtained using the PW91

functional and to experimental data. The results show that the new

PES provides a significant improvement in the description of the

reactivity in this system. We show that the long standing problem that

constituted the large qualitative disagreement between the simula-

tions performed with the PW91-PES and the experiments was due

to the presence of energy barriers in the entrance channel that

disappear when vdW forces are accounted for.

Over the last decades, the interaction of diatomic molecules
with metallic surfaces has been thoroughly studied, seeking a
fundamental understanding of the simplest type of molecule–
metal reactions in light of their important role in heterogeneous
chemistry.1–5 Molecular beams experiments6–11 and theoretical
studies12–17 have been working together to analyze in details the
gas–surface reactions at molecular level.

Most of the theoretical simulations are done within the
Born–Oppenheimer approximation, making use of potential
energy surfaces (PES) based on density functional theory
(DFT) and the generalized gradient approximation (GGA) for

the exchange–correlation (EXC) functional. Within this level of
theory different phenomena including reactivity18–23 and also
scattering properties such as diffraction peak positions18,24 and
angular,21,25 internal state26–29 and energy distributions25,30 of
the scattered particles, have been reasonably well described for
a variety of molecule–surface combinations.

In this respect, one of the long-lasting problems has been
the description of the dissociative adsorption of N2 on the
W(100) surface, which is known to be significantly more
reactive at low initial kinetic energies than the W(110) face.31

The prominent crystallographic anisotropy effect on the N2

dissociation probability has been studied in the past32 by
means of dynamics simulations performed under normal
incidence on a DFT PES obtained using the PW91 exchange–
correlation potential.33 The results were subsequently compared
to molecular beams experimental data.34–37 The simulations were
successful in reproducing the nonactivated character of dissocia-
tive adsorption in the W(100) surface, which manifests in the
high adsorption probability S0 at incidence energies below
Ei C 10 meV. However, theory greatly overestimates the mea-
sured S0 for Ei 4 200 meV and shows a non-monotonic
dependency of S0 below Ei = 500 meV incident energy, including
a steep decrease up to Ei C 40 meV, an increase in the 40 meV o
Ei o 200 meV range with a peak at the latest energy, and a
monotonic decrease for Ei 4 200 meV. No such intricate behavior
was observed in the experiments in which S0 decreases steeply up
to a value of Ei C 500 meV that depends slightly on the surface
temperature, and increases slowly with Ei further on.35,36 It is
worth noting that dynamics simulations accounting for electronic
excitations within the local density friction approximation
(LDFA)38 showed that S0 is not much affected by nonadiabatic
effects in this system,39 therefore, could not resolve the dis-
agreement between theory and experiments.

The central approximation in the construction of a DFT-PES
relies on the choice of the EXC functional. For this reason,
when discrepancies are found between the simulations and the
experiments, the performance of the chosen EXC functional for
the specific system should be put into question. For instance,
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though for the N2/W(110) the deviations between theory and
experiment were not as severe as in the present case,31,40,41 this
argument led to the use of different GGA-EXC functionals for
this system.26,42 These studies showed that, certainly, the
dynamics were sensitive to the choice of the functional, but
no clear conclusions were made about the better functional
since, for instance, the RPBE43 seemed to work better for
normal incidence conditions whereas the PW9133 exhibited
better agreement with the experiments at off-normal incidence.
More recently, and also for N2/W(110), using Ab Initio Molecular
Dynamics (AIMD) simulations, the performance of non-local
functionals that account for long range van der Waals (vdW)
interactions44,45 has been tested. Though the dynamics were
indeed affected by the use of vdW functionals, no clear
improvement over the results obtained with the GGAs was
observed when comparing with the experimental data. How-
ever, a recent study has shown that the dynamics performed in
a DFT-PES based on a vdW EXC functional for the CO/Ru(0001)
system achieve excellent agreement with experiments for the
adsorption probabilities and for the angular and energy distri-
butions of the scattered particles.46–49

Motivated by these results, we have built a new DFT-PES
based on the vdW-DF250 EXC functional for the N2/W(100)
system, for which we have performed molecular dynamics
simulations. The results for S0 are compared to those obtained
by Volpilhac et al.32 with the PW91-PES using the Born–Oppenhei-
mer static surface approximation (BOSS), in order to confirm that
the above discussed intricate dependency with energy of S0 not
observed in the experiments is a result of the neglect of long range
vdW forces by the semi-local GGA functional. For a better compar-
ison with experiments, energy exchange between the molecules and
the surface phonons has been taken into account through the use
of the generalized Langevin oscillator model (GLO).51–53 The results
show that by using the new vdW-DF2-PES a semi-quantitative
agreement with experiments is obtained for the dependency of S0

on both the incident energy of the molecule and the temperature of
the surface.

A brief description of the theoretical methodology follows.
To obtain the six-dimensional PES for the N2 + W(100) system,
we have performed a set of DFT calculations using the vdW-DF2
functional as implemented in the VASP code.54 A periodic
supercell was used where the metallic surface is represented
by a 5-layer slab, and the calculations were done using a 8� 8� 1
Monkhorst–Pack grid of k points for a (2 � 2) structure with a
lattice constant a = 3.24 Å. Considering that the experiments to
which our results are here compared were performed at tem-
peratures above 200 K, the structural phase transition leading
to a c(2 � 2) zigzag surface atom rearrangement at lower
temperatures55,56 has been ignored. A total number of 11 870
DFT energies were calculated for the construction of the multi-
dimensional PES, corresponding to 35 configurations of the N2

molecule over the surface. Each configuration is defined by the
position of the center of mass of the molecule in cartesian
coordinates (X,Y,Z), the N–N distance (r) and the orientation
with respect to the surface in terms of the polar (y) and
azimuthal (f) angles (see Fig. 1(a)). For each configuration,

we have calculated an 11-point grid in r space (0.7–2.3 Å) and a
17-point grid in Z space (0.5–7.5 Å) while keeping fixed the
other degrees of freedom (i.e. X, Y, y, f). The evaluation of any
point on the 6D PES is achieved through interpolation using
the Corrugation Reducing Procedure (CRP)57–59 assuming that
surface atoms are kept at their equilibrium positions. As stated
before, dynamics of N2 on the W(100) surface were studied
performing quasi-classical trajectory calculations on the single
adiabatic 6D-PES.

First of all we proceed to perform a static analysis of the
main features of the new vdW-DF2-PES as compared to the
PW91-PES of Volpilhac et al.32 In particular, we focus on the two
distinct nonactivated paths to dissociation identified in that
reference. At distances from the surface of around 3 Å o Z o 4 Å
the PW91-PES presents energy barriers for most of the molecular
configurations. At these distances, the only barrierless configura-
tions in which the molecules can approach the surface are those
corresponding to the center of mass (CM) located around the
top site with an orientation of the molecular axis close to vertical
(X = 0; Y = 0; y = 01). Afterwards the nonactivated path leads to
configurations with the CM over the bridge site and the molecular
axis parallel to the surface (X = a/2; Y = 0; y = 901). At this point, the
two mentioned dissociation paths separate. If the molecule axis is
perpendicular to the W–W bond (f = 901) they found that the
molecules can dissociate without barriers in this configuration.
If the molecular axis is parallel to the W–W bond (f = 01) a
second nonactivated path to dissociation existed in which the
molecules first travel to the hollow site (X = a/2; Y = a/2) where
they subsequently dissociate. Interestingly, whereas in our
vdW-DF2-PES this second path is still nonactivated, this is
not longer the case in the former path with f = 901 for which
energy barriers to dissociation of the order of C650 meV
appear. The reduction of the number of nonactivated pathways
to dissociation that the N2 molecules can follow in the vdW-
DF2-PES is expected to lower the reaction probabilities. The
more repulsive character at short distances from the surface of
the vdW-DF2-PES as compared to the PW91-PES can be also
viewed in Table 1. In this table, potential energies of local
minima along the minimum energy reaction path have been
compared.‡ At any given high symmetry site, potential minima
are lower in the PW91-PES case. It is also noteworthy that the

Fig. 1 (a) Coordinate system used for the calculations, nitrogen atoms are
in blue and surface W atoms are in gray. The Cartesian frame origin is
located on a W atom. Z is the direction normal to the surface [100], and
X and Y are the directions parallel to the surface [010] and [001], respectively.
(b) Top-view of the W(100) unit cell, high symmetry points are marked.
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there is no significant displacement in the position of minima
from one functional to the other, since only a shift of less than
0.1 Å in Z and r is observed.

To understand better the impact of these changes in the
PESs on the adsorption of N2, results of quasi-classical
dynamics calculations under normal incidence are reported
on Fig. 2. First, a comparison of the sticking coefficient S0 as a
function of the N2 initial kinetic energy Ei for both PESs is
plotted (see left panel of Fig. 2), the results are obtained under
the BOSS approximation employing a Monte Carlo sampling for
the initial conditions of the 10 000 trajectories for each value of
impact energy. Sticking coefficient is defined as the probability
for the molecules to remain at the surface without being
reflected (if Pref is defined as the reflection probability,

S0 = 1 � Pref). Thus, sticking involves both dissociated and
molecularly adsorbed molecules on the surface, however, for
the case of BOSS calculations it accounts almost entirely for
dissociated molecules, given that virtually no molecular trap-
ping (r1% when Ei C 10 meV) is observed after the integration
time (50 ps). As our static analysis suggested, we observe that
the vdW-DF2-PES is much less reactive than the PW91-PES.
Common to the two PESs, a high value of the sticking coeffi-
cient is observed at almost zero collision energy (Ei C 10 meV),
followed by a steep decrease of S0 at very low collision energy
(10 meV o Ei o 40 meV). Beyond 40 meV the shape of S0 is
rather different from one PES to the other. As pointed out
before, the PW91-PES exhibits an increase in the sticking
probability with a peak at about 200 meV, whereas the
vdW-DF2-PES is characterized by a monotonic decay of S0 with
energy, result that agrees quite well with experiments.

In order to study further the non-monotonic behavior of S0

with energy when the PW91-PES is used, we focus on the case
close to 40 meV collision energy for which the minimum of S0

is found (see the ESI,† Fig. S2). On the right side of Fig. 2 we
have plotted the distribution in X and Y of the molecular center
of mass for the trajectories reaching an altitude of 2.5 Å over
the surface out of a set of 10 000 trajectories for both PESs.
The upper panel corresponds to the results obtained with the
PW91-PES, for which 67.6% of the trajectories are able to reach
this distance. For the case of the vdW-DF2-PES (bottom panel)
this number is much larger and amounts up to 92.9%. Moreover,
and looking at the plots, we find that the molecules reaching this
distance for the PW91-PES are located in a far more confined
region around the top site than for the vdW-DF2-PES, for which
this region extends towards the bridge sites. This behavior is
related to the long range attractive vdW interaction accounted by
the vdW-DF2-PES. As can be inferred from the figure, the repulsive
area at distances around 3 Å o Z o 4 Å covers the hollow and
bridge sites for both the PW91-PES and the vdW-DF2-PES with a
reduction of surface area in the latter case. The analysis of the
dynamics at different energies has shown that it is, in fact, this
long distance repulsive area the responsible for the non-
monotonic behavior at low values of Ei in the case of the
PW91-PES. At collision energies around and below 10 meV,
forces in X and Y contribute to drive efficiently molecules towards
the top site, where the potential barrier is not present. When
increasing the collision energy the available time for this lateral
movement is reduced. In this way, as shown in the figure, for an
incident energy of 40 meV a significant amount of molecules are
not able to move towards the top site and, as a consequence, they
are reflected far from the surface resulting in a relatively low total
sticking probability. Finally, for higher energies the molecules can
overcome all the long distance barriers, and the reactivity, ruled by
short distance region, is high. On the contrary, in the case of the
vdW-DF2-PES, due to the long range attractive vdW forces, most
of the molecules can get close to the surface irrespectively of the
incident energy and, therefore, dynamics at large distances
become unimportant. Due to this, reactivity decreases mono-
tonically with energy and its low values are related to the more
repulsive character of this PES at short distances.

Table 1 Comparison of the potential minima for both PESs at a given
configuration of the N2 molecule over the high symmetry sites of the unit
cell (see the ESI, Fig. S1). For each site, the distance to the surface (Z) and
the internuclear distance (r) corresponding to the minimum are presented

PMa (eV)

PW91-PES vdW-DF2-PES

Top �1.09 Z = 2.60 Å �0.746 Z = 2.68 Å
r = 1.14 Å r = 1.13 Å

Bridge �1.397 Z = 1.72 Å �0.654 Z = 1.82 Å
r = 1.23 Å r = 1.20 Å

Hollow �2.15 Z = 0.97 Å �0.766 Z = 1.04 Å
r = 1.42 Å r = 1.43 Å

a Potential minima: for the top site, y = 01, for the bridge and hollow
sites, y = 901 and f = 01.

Fig. 2 Total sticking probability for N2 molecules on W(100) under
normal incidence as a function of the collision energy (Ei) obtained with
functionals PW91 (dashed red) and vdW-DF2 (solid blue) within the BOSS
approximation (left panel). Location of the molecular center of mass for
10 000 trajectories over the unit cell when the molecule reaches a
distance of Z = 2.5 Å to the surface with an impact energy of 40 meV.
X and Y coordinates are given in units of the lattice constant a for the
PW91-PES (upper right panel) and vdW-DF2-PES (bottom right panel).
The W atoms are located at the corners of the plots.
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As stated before, we have employed a GLO model that has
showed to be a quite reasonable approximation in a variety
of situations25,30,46,60 in order to reach a better comparison of
sticking probabilities between theoretical simulations and
experimental measurements. In Fig. 3 we show the experimental
results for S0 as a function of energy for normal incidence
conditions35 together with the results of our GLO simulations
using both the PW91-PES and the vdW-DF2-PES. Results are
shown for three different temperatures, namely 300, 800, and
1000 K. The total adsorption probability includes both disso-
ciative adsorption and nondissociative adsorption. However, as
the surface temperature increases and for both functionals,
nondissociative adsorption becomes negligible for all energies.
Therefore, the most interesting case is when T = 300 K, where,
in the case of PW91, nondissociative adsorption amounts up to
one half of the total adsorption at the lowest energies and it
decreases monotonously reaching values below 2% at 200 meV.
For the vdW-DF2 at the same temperature, all the adsorption is
nondissociative at low energies, and it decreases as the energy
and the dissociative adsorption increase, reaching a point
where adsorption is equally shared by both contributions at
around 800 meV.

Clearly, Fig. 3 shows that the results obtained with the
vdW-DF2-PES are in much better agreement with experiments,
both qualitatively and quantitatively, than the ones obtained
with the PW91-PES. Apart from the already extensively discussed
non-monotonic behavior of S0 at low collision energies obtained
with the PW91-PES and not observed in the experiments, the
adsorption probabilities are greatly overestimated by this
functional. Moreover, the measured reduction of the adsorp-
tion probability with temperature at the lowest energies is well
captured by the vdW-DF2-PES, whereas for the PW91-PES the
adsorption probability hardly depends on the surface temperature.
In spite of the unquestionable improvement achieved by the vdW-
DF2-PES, the obtained results still overestimate the experimental

adsorption probabilities. In this respect, a fact that should be
considered in future works is that although the GLO has
showed to be a quite reasonable approximation, in some cases,
by performing ab initio molecular dynamics simulations it has
been demonstrated that to account for independent atom
movement can have an impact in the adsorption dynamics.60–62

In summary, we have constructed a new PES using the
vdW-DF2 EXC functional for the N2 + W(100) system and we
have tested it by performing quasiclassical molecular dynamics
simulations. We have shown that the main shortcomings of
the previously used PW91-PES are solved by this new PES.
In particular, we have demonstrated that the non-monotonic
dependency of the sticking probability as a function of the
incident energy when Ei o 500 meV, not observed in experi-
ments, was due to the lack of long range vdW forces in the old
PES. In particular, we found that this behavior was due to the
presence of energy barriers at around 3 Å o Z o 4 Å in the
PW91-PES that prevent a significant number of molecules from
approaching the surface at energies of around 40 meV. Since
these barriers disappear when vdW forces are considered, the
vdW-DF2-PES does not generate the non-monotonic behavior.
Additionally, we have shown that being the vdW-DF2-PES more
repulsive at short distances than the PW91-PES, the large
overestimation of the sticking probability by the previous PES
is much reduced. In this respect, it is worth to mention that
from the two nonactivated paths to dissociation identified
when using the PW91-PES, only one remains nonactivated
when using the vdW-DF2-PES. We want to emphasize that
these differences between the two PESs at short distances from
the surface, that are important to achieve a better quantitative
agreement with the experiments, are due to the fact that the
elementary components in these two functionals are different,
and are not related to the presence of vdW forces in the vdW-DF2
functional. All in all, we have shown that the vdW-DF2-PES
provides a significant improvement in the description of the N2

adsorption dynamics on W(100), and that the inclusion of vdW
forces solves the long standing problem that constituted the
large qualitative and quantitative disagreement that existed
between previous theoretical calculations and molecular beam
experiments.
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Fig. 3 (a) Experimental sticking probability at 300, 800, and 1000 K under
normal incidence as a function of the impact energy Ei. Data are extracted
from ref. 35. (b) Probabilities obtained with the vdW-DF2 (dashed lines) and
PW91 (solid lines) functionals within the GLO model for the same
temperatures.
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Notes and references
‡ We note that these local minima of the PES located along the minimum
energy path to dissociation are minima in 2 dimensions (r, Z) except the
configuration at the top site which is a real minimum in the 6 dimensional
configurational space. It is worth to mention that there exists another 6D
minimum that corresponds to the molecule on the hollow site parallel to
the surface and with f = 451 (see ESI†) which is, actually, the minimum
energy configuration for the non-dissociated molecule but that is not
located in the minimum energy path to dissociation.
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