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The present work is a comparative study of possible adsorption structures of the conjugated molecule acryloni-
trile on Si(001) employing the state of the art pseudopotential method, within a generalized gradient approx-
imation to the density functional theory. In the recent literature it is proposed the interaction of acrylonitrile
with Si(001) through a cycloaddition reaction of the cyano group, in competition with the bounding of the two
outer atoms of the molecule skeleton with the Si dimer in cross-dimer and cross-trench geometries; between
other geometries like which correspond the reaction of theC = C bond with a Si dimer. Starting from a large
number of configurations our calculations favor the planar cycloaddition through the terminal N and C atoms
on the Si dimer. In this way we explain the electronic and vibrational features obtained experimentally.

1 Introduction

The adsorption of organic molecules on semiconductor sur-
faces, in particular small hydrocarbons on Si(001), deserved
in the past few years a great deal of effort towards the sur-
face modification and functionalization for potential appli-
cations in semiconductor and microelectronic technologies.
Acrylonitrile (CH2 = CH − C ≡ N ) is a molecule with
two of the most important building blocks for many or-
ganic molecules: the vinyl and cyano groups, and has a rich
chemistry (for an extensive discussion see [1] and references
therein). The absorption of acrylonitrile on Si(001) has been
recently studied both from the experimental [1, 2] and theo-
retical points of view [1]. While Taoet al [1], from a High-
Resolution Electron Energy Loss (HREEL) study of Si(001)
exposed to acrylonitrile at 110 K and first-principles calcula-
tions of two possible absorption geometries, concluded that
the absence of theC ≡ N peak with the concurrent emer-
gence of theC = N peak is the direct evidence for the par-
ticipation of the cyano group in the interaction with surface
silicon dimers; Bournelet al [2], from a synchroton Pho-
toemission Spectroscopy (PES) study and their Near Edge
X-ray Absorption Fine Structure (NEXAFS)N andC K-
edges spectra, showed that their results are not in agreement
with the above proposed mechanism. They observed fea-
tures corresponding to both fragments of the molecule and
to the presence of Si-C and Si-N bonds, and also concluded
that a large fraction of this molecule (ofCs symmetry in the
gas phase) is absorbed with the molecular plane parallel to
the substrate plane. They suggested that only aCN axis
”tilted” with respect to the silicon surface could explain the
unpolarized nature of the observedπ∗(2) transition [2].

In order to determine the most probable atomic geome-
try, we modeled the Si(001) surface in a supercell geometry,
with an atomic slab of six Si layers and a vacuum region
equivalent to eight atomic layers. On the top side of the

slab we placed the acrylonitrile molecule in different con-
figurations. The numerical computations are performed in
the framework of density functional theory. The valence-
electron-ion interaction is treated byab initio normconserv-
ing pseudopotentials. In particular, the pseudopotentials
for Si, H, C, and N were derived by using the scheme of
Troullier and Martins [3]. The electron-electron exchange-
correlation interactions were considered by using the gener-
alized gradient approximation (GGA) [4] of density func-
tional theory. As for the surface calculations, the single
particle orbitals were expressed in a plane-wave basis up to
the kinetic energy of 35 Ry. For the Brillouin-zone sum-
mation, four specialk points were used for surface calcula-
tions. The atoms were assumed to be in their fully relaxed
positions when the forces acting on the ions were smaller
than 0.005 eV/̊A. The relaxed adsorption geometries were
used to calculate the zone-center vibrational modes within
the frozen-phonon scheme [5]. For setting up the dynamical
problem we considered only the adsorbed system (acryloni-
trile molecule) and the Si dimer atoms.

2 Results

For bulk silicon our first-principles calculations produced
5.42 Å for the equilibrium lattice constant (a0), in good
agreement with the experimental value (5.43Å) presented
in Ref. [6]. The calculated theoretical lattice constant ob-
tained for the bulk silicon is used in surface calculations.
The clean Si(001)-(2×1) surface is characterized by a tilted
Si-Si dimer, i.e. one dimer component is at higher position
than the other. The tilting of the dimer allows charge transfer
from the ”down” atom (which becomes more planar orsp2

bonded) to the ”up” atom (which becomes nearly pyramidal
ors2p3 bonded). Thus, the ”down” Si atom dimer is electron
deficient, while the ”up” Si atom is electron rich. Our calcu-
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lations support this model: the Si-Si dimer is found to have a
bond length of 2.34̊A and a vertical buckling of 0.73̊A, indi-
cating a tilt angle of 17.80. The calculated bond lengths and
angles for the acrylonitrile molecule (we label the atoms ac-
cording to Ref. [7]) areC1−C2 = 1.34 Å, C2−C3 = 1.42
Å, C3−N = 1.166 Å, C1−H1 = 1.09 Å, C1−H2 = 1.10
Å, C2 − H3 = 1.10 Å, C1 − C2 − C3 = 120.19o,
C1 − C2 − H3 = 122.44o, C2 − C3 − N = 178.57o,
H1 − C1 − C2 = 121.61o, H2 − C1 − C2 = 120.58o,
H3 −C2−C3 = 117.37o, andH1 −C1−H2 = 117.81o.
All values are in good agreement with available experimen-
tal data [7].

The calculated vibrational frequencies for acrylonitrile
molecule are given in Table I. Experimental values are also
shown for comparison. The largest relative deviation is 5.5
% for the CH2 asymmetric stretch mode, in good agree-
ment with the known accuracy of frozen phonon calcula-
tions (< 10%). For the sake of clarity we limit ourself to the
modes relevant for the present study (the topmost modes).

Figure 1. Schematic view of the planar cycloaddition through the
two terminal N and C atoms of the acrylonitrile molecule on the
Si(001)-(2× 2) surface.

Our first-principles calculations indicate that the most
favorable geometry for absorption is the cycloaddition
through the two terminals C and N atoms in the configura-
tion that the plane of the molecule is parallel to the substrate
plane (see Fig. 1). The relative stability of this mode is 0.12,
0.29, 0.34, and 1.08 eV per (2× 2) unit cell when compared
to the diagonal cross-dimer, vertical cycloaddition of the two
terminal C and N atoms, cycloaddition through the two car-
bon atoms of the vinyl group, and cycloaddition through the
cyano group structures, respectively. That agrees with the
experimental findings of Bournelet al relating planar ab-
sorption geometry and the presence ofSi − C andSi −N
bonds. In the most stable structure both Si dimers are no
more buckled but almost planar, and with a relative elon-
gation of about 1.8% and -0.3% for the absorption dimer
and the next nearest dimer respectively. An interaction to
the next nearest neighbour dimer is found (C3 − Si(up)=
2.01Å and theC3−Si(down)=2.13Å), and in this case the
coverage tends to 1. The cycloaddition through both theN
atom of the cyano and theC3 of the vinyl group with the
molecular plane perpendicular to the substrate could also be
possible after complete dissociation, for an activation bar-

rier of 0.29 eV corresponding to a thermal activation in the
range 97-145 K (theses values are estimated from the phe-
nomenological Arrhenius approach). That corresponds to
the experimental situation setup by Taoet al [1]. In this case
a coverage of 0.5 obtained by these authors (unfortunately
Bournelet al could not report a coverage value) is possible.
On the other hand, the cycloaddition through the two carbon
atoms of the vinyl group (activation barrier of 0.34 eV and
related thermal activation in the range 114-171 K) shows a
tilted C = N bond, expected from the results of Bournel
and co-workers, obtained at room temperature.

The vibrational eigenvalues for two structures of interest
are found in Table I. Related to the isolated molecule, both
the planar and vertical cycloaddition through the terminals
C and N atoms structures ((c)[v] and (c)[p] in Table I) retain
theCH2 asymmetric stretch and symmetric stretch modes,
and theCH stretch mode (though in the vertical (c) case the
CH2 asymmetric stretch and theCH stretch mode inter-
change each other). Note that through the rehybridization of
the atoms of the vinyl group these modes remain almost con-
stant, in contradiction with the opinion of Taoet al [1]. But
theC ≡ N andC = C symmetric stretch modes behave in
a different way in both structures. For planar (c) absorption
theC ≡ N mode led to aC = N mode close to theC = C
mode of the isolate molecule. That is similar to the results
of [1] though in our case it was not necessary a cycloaddi-
tion of the cyano group to explain this feature. On the other
hand, theC = C symmetric stretch mode disappears (con-
trary to [1] where this mode remains unchanged, or at least
the spectral peak positions are the same). For the vertical
(c) absorption both modes remain with about the same char-
acter of the isolated molecule. In the diagonal cross-dimer
structure (not shown in Table I) a situation similar to (c)[v] is
found. Neither any individual absorption geometry nor the
simultaneous presence of different structures agree with all
the asignements given by Taoet al in their HREEL spectra,
though we explain the main results of their experiment.

Table I. Acrylonitrile vibrational modes (frequencies in cm−1) for
both the isolated molecule and the molecule absorbed both verti-
cal and planar through the terminal atoms C and N on the Si(001)
surface (vertical(c)[v] and planar (c)[p] modes, respectively). Only
the modes relevant to this work are reported. Experimental results
for the isolated molecule are taken from [8].

structure Molecule Si(001)
modes this work exp (c)[v] (c)[p]
= CH2 asym. stretch 3296 3125 3163 3211
= CH stretch 3157 3078 3254 3102
= CH2 sym. stretch 3104 3042 2996 3037
C ≡ N stretch 2354 2239 2244 1751
C = C sym. stretch 1570 1615 1335

The most striking feature comparing with the results of
Taoet al is that, in our calculations, the total energy for the
cycloaddition of the cyano group is about 18 kcal·mol−1

(1.08 eV) above the total energy of vertical cycloaddition
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by the two terminal atoms, while in [1] the former total en-
ergy is∼3-6 kcal·mol−1 below the second one. Unfortu-
nately these authors did not report the parameter values of
their structures for comparison. They only commented that
the C2C1N angle is nearly 180o while in our calculations
this angle decreases to 163o, and theC1C2C3 angle reduces
to 111o in order to diminish the strain in the molecule (we
obtain for the isolated molecule the values 179o and 120o

respectively). Finally, its worthy pointing out that the differ-
ences between the bindig energies of both structures suggest
that the cycloaddition via the cyano group is unlikely to be
observed at room temperature.

3 Conclusion

Using a first-principles pseudopotential technique we have
investigated 10 possible structures for the absorption of
acrylonitrile on the Si(001) surface. At low temperatures,
the cycloaddition of the two terminal C and N atoms is
found to be the most stable structure. The relative stabil-
ity of this mode is 0.12, 0.29, 0.34, and 1.08 eV per (2× 2)
unit cell when compared to the diagonal cross-dimer, ver-
tical cycloaddition of the two terminal C and N atoms, cy-
cloaddition through the two carbon atoms of the group, and
cycloaddition through the cyano group structures, respec-
tively. The absorbed system is locally (i.e. at the absorbed
site) characterized by symmetric and slightly elongated Si-
Si dimers. Our total energy calculations further suggest
that other metastable configurations, like the diagonal cross-
dimer and the vertical cycloaddition of the two terminal C
and N atoms, are also possible. Recent experimental studies

are explained with our theoretical model.
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