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The adsorption of alanine dipeptide on a Si(100)-2 × 1 asymmetric surface is studied by
using pseudopotential plane wave approach based on Density Functional Theory (DFT).
Adsorption energies for different surface sites of various conformations are calculated
and the groove site is found to be energetically most favorable. We observed that the
molecule-surface interactions might modify surface reconstruction: asymmetric surface
dimers reconstruct to asymmetric dimers in opposite directions doubling the surface
periodicity, which in turn gives the surface metallic properties.
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1. Introduction
Recent developments in nanotechnology have made it possible to control the arrangement of biomaterials over semiconductor surfaces and opened a new stage
of biotechnology combined with advanced electronics. Increasing efforts are currently being devoted to tailoring the structural and chemical properties of peptide adsorption on metal and semiconductor surfaces. Applications in a number
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of emerging technological fields, from heterogeneous catalysis to microelectronic
devices and sensor developments, e.g. “DNA biochips,” pose novel specific requirements in terms of surface geometry, which may be produced by bare surfaces via
appropriate functionalization with organic molecules. Although a detailed knowledge of the adsorption scenario is essential to develop controlled functionalization, the atomic scale features of peptides on inorganic surfaces is still a relatively young field of research. Recent experiments of the adsorption of short peptides at semiconductor surfaces have been reported that surface structure as well
as different amino acid sequences strongly affect the binding properties of these
peptides at surfaces.1–3 The theoretical treatment of the adsorption of peptides
at surfaces has been also a long standing problem that still gains a lot of interest.4,5
Considerable number of experimental and theoretical investigation so as to elucidate the structural properties of such systems appeared in the literature. Early
studies were performed on small molecules such as acetylene,6 ethylene7 and propylene.8 Later on, ethylene hydrogen co-adsorption was investigated as a contribution
on the debate on dimer breakage upon adsorption.9 More recently, larger molecules
as well as clusters have been employed in such studies. This gave rise to investigation of methanol, cyclopentene and ethanol adsorption on silicon.10–12 Those
studies give a wider picture of the adsorption process, for instance, the energetics
of the process as a function of the reaction coordinates.13,14 The simple amino acid
glycine adsorption was investigated on several surfaces Cu, TiO2 , Si, NiAl, Au,
Pt and single-walled carbon nanotubes.15–26 Cysteine adsorption on Si(001) and
Au(110) surface were investigated by Cucinotta27 and Kühnle.28 The adsorption of
small peptides, for example dipeptides on Si(100)-2 × 1 asymmetric surface has not
been thoroughly investigated by using density functional theory.
The experimental equipment has reached to such high resolutions allowing for
precise identification of single molecule shapes at the surface, and the available
computational capacities with sophisticated algorithms makes it possible to examine
the problem, step by step, of a hybrid interface between biological molecule and
semiconductor surface.
The aim of the present work is to provide a detailed description of the structural
and energetic features of the adsorption of alanine dipeptide, a protein which consists of two alanine amino acids connected by a peptide bond, on the Si(100)-2 × 1
asymmetric surface from ab initio calculations within the pseudopotential plane
wave method based on the Density Functional Theory (DFT). A complete picture
of the surface interaction with the peptide can be obtained by defining the possible adsorption sites. Depending on the adsorption energy, the adsorption of the
dipeptide might be selective towards one or more of these sites. The present work
also aims at calculating the adsorption energy for different sites in order to establish the existence of a preferential adsorption site and the possibility of geometrical
distortion or reconstruction of surface as a result of the adsorption.
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The structure of this paper is as follows. Section 2 presents the computational
details, Sec. 3 displays the findings and their analysis, and Sec. 4 presents concluding
remarks.
2. Computational Details
The process of adsorption of alanine dipeptide on Si(100)-2×1 has been investigated
by means of first-principle calculations within the Local Density Approach (LDA)
to density functional theory, using plane wave basis with the “PWSCF” code.29 For
all calculations, we have used Perdew–Zunger LDA exch-corr Vanderbilt ultrasoft
pseudopotentials.30 The electronic wave functions were expanded in terms of plane
waves with kinetic energy cut-off up to 340 eV. The Brillouin-zone summation was
sampled by 1 × 1 × 1 and 2 × 4 × 1 k-point of Monkhorst grid. Atomic relaxation
was taken into account via the calculations of the forces acting on the atoms in
the plane wave formalism. In this calculation, the system was fully relaxed until
Hellmann–Feynman forces were smaller than 0.001 Ry/bohr. The Si(100)-2 × 1
asymmetric surface was modeled by a slab geometry which is periodically repeated
in [100] and [010] direction, with a (4 × 4) surface unit cell. The supercell included
an atomic slab with six layers of Si atoms, with vacuum level about 10Å in the
(001) direction. The lower layer atoms in the slab were saturated with hydrogen
atoms. Finally, the initial stable conformation of alanine dipeptide was obtained
using the multicanonical algorithm.31
3. Results and Discussions
To investigate the dipeptide adsorption on the Si(100)-2 × 1 asymmetric surface,
various adsorption sites are considered. There are four different high symmetry
adsorption sites: top, bridge, groove and groove-bridge. All these sites, as well as
the other minimum energy positions that resulted from the scanning of the surface
by the molecule without geometry optimization at first try, are checked for different
molecule orientations over the surface. Surface structure is described by six layers of
slab with asymmetric dimer reconstruction. Bottom two layers of the slab are kept
fixed and all the other Si atoms as well as all the atoms of the adsorbate molecule
are relaxed for geometry optimization.
It is well known that the clean Si(001) surface exhibits c(4 × 2) and p(2 ×
2) reconstructions at low temperatures and the (2 × 1)-reconstruction at room
temperature.32 On the other hand, the adsorption of molecules on surface and
the vibrational properties of molecules were always investigated by using several
experimental methods at room temperature33 while the available theoretical results
are at zero temperature. To reveal the effects of dipeptide adsorption on silicon
surface at room temperature, (2 × 1)-reconstruction is the starting point for our
calculations.
In this work, we demonstrate that DFT may unravel the bonding of amino acids
on Si(100)-2 × 1 asymmetric surface and provides a clear discernment between the
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reconstruction of surface dimers and their preservation upon amino acids adsorption.
The adsorption energy Eads is calculated as:
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Eads = Esurf+mol − Esurf − Emol

(1)

where Esurf is the total energy of the Si96 H16 surface (in their optimal geometry),
Emol is the total energy of alanine dipeptide, and Esurf+mol is the total energy of
alanine dipeptide and Si96 H16 surface together. We calculated all the energies by
substituting the system to relax by having all atoms reach into their minimum energy positions at temperature T = 0 K. The adsorption energies are calculated for
several orientations of the molecule and for different sites. The most favorable six
chemical adsorption configurations are shown in Fig. 1 and the calculated adsorption energies are presented in Table 1. As it can be seen from Table 1, the groove
site was found to be the most energetically favorable adsorption site for the adsorption of alanine dipeptide on Si(100)-2 × 1 surface. The most stable equilibrium
configuration, which is obtained after geometrical optimization, is represented in
Fig. 1(a). The adsorption energy of this site is (Eads = −2.23 eV), which is characterized by the formation of a covalent bond between Si and O atoms, and the
calculated length of Si-O bond is 1.78 Å. These values can be compared with the
tabulated one: 1.63 Å (Si-O, in SiO2 ). The Si-O bond is slightly elongated with
respect to that of bulk silica, as could be expected for a surface bond. In another
study dealing with the adsorption of methanol molecule on Si(100)-2 × 1 surface,
the calculated Si-O bond is 1.76 Å.10 These results are also in good agreement with
our values.
The second energetically favorable state is the groove-180◦ which is obtained by
rotating around the CH3 axis by 180◦ [shown in Fig. 1(b)]. In this case, the other
oxygen atom is bonded to the other Si atom of the considered surface site. The
calculated binding energy of this configuration is −2.04 eV and the calculated Si-O
bond length is 1.80 Å. Comparing with the groove site, the Si-O bond length is a
little extended. As shown in Fig. 1(c), the system can also assume a configuration
characterized by a bond between the surface and the oxygen atom. In this case, the
occurrence of unsaturated dangling bonds giving rise to partially filled bands leads
Table 1. Calculated adsorption energies for
the alanine dipeptide on Si(100)-2 × 1 surface.
Conformation
groove site
groove-180◦
y-bridge
plane1
plane2
plane3

Adsorption energy (eV)
−2.23
−2.04
−1.66
−1.67
−1.93
−1.33
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Fig. 1. (Color online) Panels (a)–(f) show the chemical bonding configurations and corresponding
binding energies for chemisorption of a alanine dipeptide on a silicon substrate. (a) Calculated
alanine dipeptide adsorbed on groove, (b) groove-180◦ , (c) y-bridge, (d) plane1, (e) plane2, and
(f) plane3 site of Si(100) surface.

Table 2. Summary of obtained Si-O bond length and to compar with
experimental value.
Si-O bond length
Conformation
groove [see Fig. 1(a)]
groove-180 Å [see Fig. 1(b)]
y-bridge [see Fig. 1(c)]
plane1 [see in Fig. 1(d)]
plane2 [see in Fig. 1(e)]

Calculated

Experimental (SiO2 )

1.78
1.80
1.80
1.82
1.81

1.63

to a new reconstruction of a surface. Hence, the dangling bonds are saturated when
the amino acid is adsorbed. The adsorption energy (Eads = −1.66 eV) is smaller
than for the groove and groove-180◦ cases and the bond length is same as for the
groove-180◦ site (see Table 2).
The other two configurations which are called plane1 and plane2 are also forming
Si-O bonds. The bond lengths are 1.82 and 1.81 Å, respectively. They are longer
than the corresponding Si-O bond for the adsorption on a groove site (a difference
of 0.4 and 0.3 Å). The adsorption energies are Eads = −1.67 eV and −1.93 eV for
these configurations, respectively. One can conclude from these results, with the
energy value of Eads = −2.23 eV, the groove site is the most probable adsorption
site.

January 27, 2010 14:13 WSPC/141-IJMPC

Int. J. Mod. Phys. C 2010.21:97-106. Downloaded from www.worldscientific.com
by BILKENT UNIVERSITY on 01/25/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

102

S0129183110015026

E. Aktürk et al.

The last equilibrium configuration is depicted in Fig. 1(f) (plane3), which results from chemisorption reactions involving the alanine dipeptide. In this case, the
chemisorption energy is −1.33 eV and a Si-O bond is not formed. Consequently, all
the Si-O bond lengths obtained for different adsorption sites are listed in Table 2.
The results for the Si-O bond lengths are in good agreement with the previous experimental and theoretical results for other systems which also form Si-O bonds.10
To support our results given above that the interaction of alanine dipeptide with
Si(100)-2 × 1 surface cause to bonding between Si and O atoms, we have depicted
the electron density map for one of the adsorption sites (for the most probable
adsorption site) in Fig. 2. The accumulation of the charge in the Si-O bonding
region can be seen from the charge density difference
∆n(r) = npeptide/surface(r) − [nsurface (r) + npeptide(r)] ,

(2)

where npeptide/surface(r), nsurface(r) and npeptide are the electron charge density distributions of the peptide on surface, clean surface and peptide, respectively. In the
small insert picture of Fig. 2, the isolines at the middle correspond to the region
where the difference is negative, indicating there is lowering in the electron density. The isolines at the bottom part of the picture are positive showing the regions
where there is an increment of electron density. The analysis leads us to realize that
there is an electron density increment in the Si-O interatomic region indicating the
formation of a covalent bond.
In order to see the influence of dipeptide adsorption on surface, we have
calculated the surface electronic band structure for the surface and for the
dipeptide-surface system for different adsorption sites. In Fig. 3 we show the results in reciprocal space. The band structure of the asymmetric dimer structures
of the surface are depicted in Fig. 3(a). The asymmetric surface is semiconducting, and our results are in good agreement with previous calculations.34–36 The
separation of the occupied and unoccupied bands associated with the asymmetric dimer is found as 0.17 eV. Further, we focus on the electronic band structures
of the dipeptide/Si(100)-2 × 1 system given in Fig. 3(b) for groove site, (c) for
groove-180◦ and (d) for y-bridge site. As seen in Fig. 3, the adsorption of the
dipeptide on different sites gives rise to dramatic changes on the electronic structure. Therefore, the adsorption can be conformation-selective. Firstly, when the
adsorption of dipeptide on the surface occurred at groove site, because of the
localization of band within the bulk valence band, the electron transferred from
surface to molecule. As a result of this, the electron transfer decreases the ionicity and increases the covalency of the asymmetric dimer. Therefore, the band
structure of groove site is similar to clean surface. Secondly, the calculated band
structures of the dipeptide adsorption on semiconductor surface in the groove-180 ◦
site are depicted in Fig. 3(c). The surface of this structure includes many quantum confinement states or localized states resulting from occupied surface states.
On the other hand, the rotation of dipeptide molecule also reduces the molecular interaction and, consequently, dispersion is developed in the surface band
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∆n+(r)
∆n-(r)

(a)

(b)
Fig. 2. (Color online) (a) Isosurfaces of the different electron charge density. ∆n + (r) with pink
and ∆n− (r) blue isosurface showing charge accumulation and charge depletion regions respectively. Isosurface charge density is taken to be 0.003 electrons/ Å3 . (b) The electron density maps
for alanine dipeptide adsorbed on groove of Si surface atoms obtained from periodic LDA DFT
calculation.

when compared with the clean surface band structure [Fig. 3(a)]. When we compare the adsorption energies, the difference between the energies associated with
groove and groove-180◦ is relatively small, although the electronic structures are
very different from each other. In groove-180◦ case, a distortion occurs and consequently the energy level of surface state shows a splitting due to Jahn–Teller
effect. In groove case the π dimer states interactions are not strong enough to
cause a splitting of surface states and to open up a surface gap. The difference
in electronic structure is also explained by using Chadi’s37 predictions that the
bonding and antibonding π dimer states have separated in energy when dimer
buckles occur at groove-180◦. Although the bare surface has indirect band gap,
the surface band gap was reduced by 0.1 eV at groove-180◦ and system becomes direct band gap. In addition, the formation of antisymmetric dimer at the
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Fig. 3. (a) The energy band structure of bare Si surface folded to the (4 × 4) unit cell, (b) energy
band structure of groove, (c) groove-180◦ and y-bridge site. The zero band energy is set to Fermi
Energy of EF . The points Γ, J, K, and J 0 are described as in Ref. 34.

interaction region results in a charge transfer from down atom to up atom at groove180◦ .
Finally, the band structure of the dipeptide adsorption in the y-bridge site are
calculated and presented in Fig. 3(d). An interesting situation comes out when one
examines the band structure. The O-terminated dimer is tilded due to the interaction between the molecules and topmost atoms of surface and thus dimer becomes
asymmetric due to the charge transfer from down to up dimer atom. As a result of
this, the surface bands differ from the bulk bands at the middle of the band gap, π
and π ∗ bands overlap which in turn makes the surface gain metallic property. These
electronic band structure changes are also reflected in structural modifications of
the Si surface dimers. In short, the adsorption of dipeptide on semiconductor surface
in y-bridge site changes the electronic properties of the surface upon adsorption.
4. Conclusions
A theoretical investigation using the DFT method has been carried out in the study
of alanine dipeptide adsorption process on Si(100)-2 × 1 asymmetric surface. All
probable adsorption sites over the surface and all probable molecule orientations are
searched in detail. The geometrical optimization of the alanine dipeptide adsorbed
on various sites was found to lead different adsorption energies (being measures
of the stability of the adsorbate-substrate system). There are different favorable
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adsorption sites, of which the groove site is found to be the energetically most favorable. Our results have shown that the adsorption of dipeptide is undissociative
and new Si-O bond is created upon adsorption. Previous experimental and theoretical studies of methanol adsorption on the same surface also shows that after the
process new Si-O bonds are formed. Our calculated Si-O bond lengths for different sites are also in good agreement with previous works.10 Finally, an interesting
situation comes out when we examine the band structure. The adsorption of the
dipeptide on Si(100)-2 × 1 asymmetric surface in y-bridge site changes the surface
electronic properties, where the surface bands overlap with the bulk conduction
bands. This in turn gives the surface metallic character. This is an important result, since it is generally expected that selective synthetic peptides may play an
essential role in future nanotechnological applications.
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