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ABSTRACT: In this paper, we characterize amino acids and nucleic acid bases (nucleobases), such as glutamine, histidine,
tyrosine, adenine, guanine, cytosine, and thymine, and examine their interaction with bare, as well as with gold cluster and Ti
adatom covered, black phosphorene (�-P) monolayers using density functional theory. The binding of these amino acids and
nucleobases to the bare �-P monolayer is realized generally through weak van der Waals interaction and comprises only a small
amount of charge exchange. Accordingly, the electronic energy structures of adsorbates and underlying substrate are not
a�ected signi�cantly. However, the electronic structure of bare �-P is signi�cantly a�ected upon adsorption of a gold cluster and
a single Ti adatom; depending on the size of the adsorbate and the symmetry of their coverage, the energy band gap can be
tuned and permanent magnetic moments can be attained. Additionally, the adsorption of amino acids or nucleobases to these
adsorbates on an �-P monolayer results in enhanced binding and hence makes their sustainable �xation on �-P monolayer
possible. In particular, a semiconducting Au decorated �-P monolayer undergoes a metal�insulator transition upon the
adsorption of tyrosine. This and similar e�ects favor the �-P monolayer in biosensor applications. In contrast to the situation
with adsorbates, the binding of amino acid is not enhanced when it adsorb to patterned vacancy or divacancy sites of the �-P
monolayer. Our study shows that the absorbance of the bare �-P monolayer can be enhanced by coating with amino acid and
nucleobases. The absorbance spectrum can be further modi�ed by the adsorption of these molecules to gold atoms on the �-P
monolayer.

� INTRODUCTION
Interfaces between biological molecules and two-dimensional
(2D) inorganic nanostructures have been a subject of active
research.1�5 Through these interfaces, 2D materials can be
functionalized for biointegrated electronics and biomedical
applications like biosensors and smart drugs.6�9 Organic
molecules that cover the surfaces of monolayers or multilayers
of 2D materials can modify the electronic and optical
properties of surfaces.10,11 Atomically thin 2D nanostructures
like graphene can be utilized also as bare and �at templates for
organic molecules to synthesize larger molecules.12,13 On the
inorganic side, the interfaces with carbon nanotubes and

graphene have been investigated actively owing to the chemical
inertness, mechanical stability, and high surface�volume ratio.
For cases requiring the �xation of organic molecules on the
surface, patterned defects and adspecies can be created to
ensure active sites to bind organic molecules to the
surface.14�16 On the biological side, in particular, amino
acids, which are basic elements of peptides, and deoxyribonu-
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cleic or ribonucleic acid (DNA/RNA) nucleobases are
attracting growing interest.

DNA and polynucleotides are of vital importance due to
genomics and diagnosis and treatment of diseases, particularly
diverse cancers. DNA and organic molecule biosensors, which
can be a biological recognition mechanism, play critical roles in
detection of microorganisms or in diagnostics.17,18 In recent
years, 2D materials have become crucial for biosensing devices.
For example, graphene, silicene, monolayer MoS2, WS2, h-BN,
graphene nanoribbons, and silicon nanowires19�24 are found to
be used for DNA base and larger amino acid detection.
Therefore, studies on 2D materials for development of
biosensing applications and DNA sequencing technology
have become more popular in the last decades.

Amino acids have been analyzed by various experimental
and theoretical techniques.25�28 Glycine has been investigated
actively because it acts as an inhibitory neurotransmitter in the
central nervous system in the brain.29 More recently, metal�
insulator transition and heterostructure formation by glycine
self-assembled on defect patterned graphene have been
demonstrated.30 Beyond biological applications, it has been
also predicted that the coverage of graphene by self-assembled
glycine enhances solar spectrum absorbance signi�cantly for
photovoltaic applications.31 The interaction of some amino
acids with a black phosphorene monolayer (i.e., a suspended
monolayer of phosphorus in symmetric washboard structure,
which is speci�ed as �-P) surface have been investigated3,4 and
compared with that with the surface of graphene in
honeycomb structure. It has been demonstrated that studies
based on ab initio density functional theory (DFT) are
powerful and, at the same time, accurate to unveil the details of
interaction between an organic molecule and a 2D �at surface
of inorganic materials, which can a�ect electronic and optical
properties.

In this work, we analyzed the interface of di�erent types of
amino acids and nucleic acid bases (nucleobases), glutamine,
histidine, tyrosine, adenine, guanine, cytosine, and thymine,
with the 2D bare black phosphorene monolayer, which will be
named as �-P in the rest of text. Each of these amino acids and
nucleobases treated here gained importance and attracted
considerable research interest as outlined in the forthcoming
sections. Tyrosine, in particular, became well-known due to
signal transduction mechanisms in the cell within phosphor-
ylation by tyrosine kinase.32�34 This process a�ects immune,
neuronal, cardiovascular, and metabolic systems of the body.
Tyrosine is also an essential amino acid for production of basic
neurotransmitters like dopamine, epinephrine, and norepi-
nephrine.35,36 Therefore, we placed much emphasis on tyrosine
adsorption on �-P.

As for black phosphorene, it is used as a template for the
self-assembly of DNA/RNA constituents. As compared to
graphene, organic molecules on �-P undergo relatively less
deterioration. Hence, �-P o�ers more biofriendly behaviors as
compared to graphene and is expected to o�er a variety of
functions through the adsorption of these organic molecules.
Additionally, to enhance the binding we also considered
adsorption of these organic molecules to gold clusters attached
to the surface of �-P. Gold nanoparticles by themselves o�er
uniquely easy functionalization; they display colors depending
on their size, shape, and state of aggregation, and they are
known excellent tools in the �eld of nanobiotechnology and
medicine. They are generally capped by organic molecules or
amino acids to enhance structural stability and photo-

luminescence characteristics.37�41 It is found that DNA
molecules attached to Au nanoparticles acquire enhanced
sensitivity and more capability for the hybridization process.42

Au nanoparticles allow also fast and direct electron transfer
between a wide range of electroactive species and electrode
materials. Additionally, light-scattering properties and ex-
tremely large enhancement ability of the local electromagnetic
�eld enables Au nanoparticles to be used as signal ampli�cation
tags in diverse biosensors.43 In view of the fact that the binding
of glycine was signi�cantly enhanced on a template consisting
of the defect patterned graphene to attain self-assembly
behavior,44 we also explored the adsorption of one of the
best known amino acids, that is, tyrosine at the vacancy and
divacancy sites of �-P.

Our study starts with the characterization of the amino acid
and nucleobase molecules (glutamine, histidine, tyrosine,
adenine, guanine, cytosine, and thymine) and the bare �-P
monolayer. Then, we determined the equilibrium binding
con�gurations with highest binding energies and the
corresponding electronic structures of seven di�erent individ-
ual amino acids and nucleobases on bare �-P based on an
extensive search of possible binding geometries. To achieve
relatively stronger binding interactions and hence to attain
their �xation, we also explored their equilibrium binding
con�gurations and energies to gold atom clusters (Aux, x = 1�
5) and also a single Ti atom attached to the �-P monolayer, as
well as single-vacancy and divacancy sites in the �-P
monolayer. It should be noted that this exploration of the
equilibrium binding structures to bare and adatom (cluster)
and vacancy covered phosphorene monolayers involved
extensive optimization studies. Critical e�ects of the coverage
of bare �-P monolayer with gold clusters and Ti adatom have
been unveiled from this study. Amino acid and nucleobase
molecules adsorbed to these adsorbates on the bare �-P
monolayer acquired strong binding and led to functionalization
of the substrate. In addition to the changes of electronic
structure, we examined the e�ect of amino acid or nucleobase
coating on the optical properties, in particular the absorbance
of the substrate.

Computational Details. Density functional theory calcu-
lations were performed using the VASP package45,46 within the
generalized gradient approximation (GGA). Exchange-correla-
tion potential47 is represented by Perdew�Burke�Ernzerhof
(PBE) functionals with the PAW pseudopotentials.48,49 The
van der Waals (vdW) interaction was included by D2-Grimme
correction (DFT-D2)50 in all calculations. Plane-wave basis
sets with the kinetic energy cuto� value of 600 eV were
employed. The k-point mesh of 3 × 3 × 1 was used for the
Brillouin zone (BZ) integration according to the Monkhorst�
Pack method.51 The energy convergence criteria of the
electronic self-consistency was taken as 10�5 eV between two
successive iterations. The optimized structures were obtained
when Hellman�Feynman forces on each atom became smaller
than 0.02 eV/Å. In order to mimic the interaction between an
isolated, individual amino acid or nucleobase and the �-P
monolayer, calculations were carried out using (4 × 5)
supercells of �-P, where the spacing between �-P planes was
taken to be 20 Å to avoid interactions between images. Since
PBE calculations underestimate the HOMO�LUMO gap of
amino acid (AA) and nucleobase (NB) molecules, as well as
the band gap of the bare �-P, we applied Heyd�Scuseria�
Ernzerhof hybrid functional correction (HSE)52 to PBE results
with a default (standard) mixing parameter of 0.25. This way,
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the energy gap values signi�cantly improved. However, owing
to the nature of the screened Coulomb interaction approach,53

the HSE correction is not a�ordable for large systems
comprising several atoms in the supercell of AA/NB + �-P
systems.

The binding energy, which measures the strength of the
interaction between an amino acid or nucleobase and the �-P
monolayer was calculated from the following expression:

� �= [ � ] + [ ] � [ � + ]E E E EP AA/NB P AA/NBb T T T (1)

in terms of the total energy of bare �-P per supercell, ET[�-P],
of free amino acid or nucleobase, ET[AA/NB], and of �-P
supercell having one AA/NB adsorbed, ET[�-P+AA/NB],
respectively. Positive values of Eb indicate binding. The binding
energy of free gold clusters, Aux, with x = 1�5, per Au atom is
calculated in terms of the total energy of a single Au atom and
the total energy of a free gold cluster Aux, using the expression
Eb = ET[Au] � ET[Aux]/x, where AA/NB is replaced by Aux.
The binding energy of a bare gold cluster to �-P monolayer
(per supercell) is calculated as Eb = ET[Aux] � ET[Aux+�-P].
The binding energy of an AA or a NB to the gold cluster
already adsorbed to the �-P supercell is calculated as Eb =
ET[�-P+Aux] + ET[AA/NB] � ET[�-P+AA/NB+Aux], where
ET[�-P+AA/NB+Aux] is the total energy of an AA or a NB
molecule adsorbed to a gold cluster that is already adsorbed to
the �-P supercell. The formation energies of vacancy defects
[D] are calculated by the expression Ef = ET[D] � ET[�-P] +
n�[P] in terms of the total energy of defect-containing �-P
having either a single vacancy or a divacancy with n missing P
atoms in the �-P supercell, the total energy of the bare �-P
supercell and the atomic chemical potential, �, of a P atom.
Here n = 1 for a single vacancy per supercell and n = 2 for a
divacancy.

The analysis of the charge density and exchange of charge
between AA or NB and �-P is carried out by using the
calculated total charge density, �T, and the di�erence charge
density, �� = �T � �AA/NB � ���P, in terms of the charge
density of free AA or NB molecules, �AA/NB, and the charge
density of the bare phosphorene monolayer, ���P. The nature
of the bonding between an AA or a NB molecule and �-P is
clari�ed by this charge density analysis. Bader analysis is used
for calculating the charge on atoms.54

� FREE AA OR NB MOLECULES AND BARE �-P
MONOLAYER

In this section, we present a brief background about each AA
or NB molecule concerning its signi�cance and calculated
values related to its atomic and electronic structure. For the
sake of completeness, we also discuss the structural parameters,
cohesive energy, and electronic band structure of the bare �-P
monolayer calculated with the same method as that for AA and
NB molecules. Starting from the amino acids and nucleobases:

(i) Adenine is one of the nucleobases of both deoxy-
ribonucleic acid (DNA) and ribonucleic acid (RNA) and has
the chemical formula C5H5N5. It is a planar molecule
consisting of adjacent hexagonal and pentagonal rings with a
HOMO�LUMO gap (HLG) calculated by PBE of EHLG =
3.81 eV as shown in Figure 1. The HLG of adenine increases
to 4.93 eV upon HSE correction. Adenine helps to stabilize the
nucleic acid portion of DNA and RNA molecules. It is the
fundamental component of adenosine triphosphate, which
carries energy needed for all physiological processes in the cell.

(ii) Glutamine with its chemical formula C5H10N2O3 does
not constitute a ring structure. Its HOMO�LUMO gap is
EHLG = 4.70 eV, which increases to EHLG = 6.24 eV after HSE
correction; it is widest among the AA molecules considered in
this study. This AA molecule is a key ingredient necessary for
anabolic growth of cells and provides nitrogen for protein and
nucleotide synthesis.55

(iii) Guanine has a planar geometry consisting of one
pentagonal ring adjacent to a hexagonal ring. It has chemical
formula C5H5N5O with EHLG = 3.86 eV, which increases to
EHLG = 4.88 eV after HSE correction. Guanine forms
guanosine triphosphate, which mediates the transport of
signals within the cell.

(iv) Cytosine is one of the four main bases found in DNA
and RNA, along with adenine, guanine, and thymine (uracil in
RNA). Cytosine is used in storing and transporting genetic
information within a cell in the nucleic acids DNA and RNA
like adenine and guanine. Its chemical formula is C4H5N3O,
and it can pair with guanine. It forms cytidine triphosphate
(CTP); it can act as a cofactor to enzymes and can transfer a
phosphate to convert ATP.

(v) Histidine is one of the most essential AAs for growth of
the human body and serves as a regulator of metal transmission

Figure 1. Optimized geometric structures with relevant bond lengths and electronic energy level structure with HOMO�LUMO gaps (HLGs)
calculated by PBE and corrected by HSE of seven amino acid or nucleobase molecules. Calculated cohesive energies, Ec, relative to free constituent
atoms are also given.
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in biological systems. It has only one pentagonal ring with
chemical formula C6H9N3O2. Its PBE calculated HLG, EHLG =
4.65 eV, increases to 5.77 eV after HSE correction.

(vi) Thymine with chemical formula C5H6N2O2 is one of
four nucleobases that form the basic building blocks of DNA
and consists of one single hexagonal ring. Its gap, EHLG = 3.76
eV, increases to 4.99 eV after HSE correction.

(vii) Finally, tyrosine is a vital constituent of protein. Its
chemical formula C9H11NO3 has only one hexagonal ring. The
gap is calculated to be EHLG = 4.01 eV, which increases to 5.18
eV after HSE correction.

The black phosphorene monolayer, which is used as a
substrate to �x AA and NB molecules, is stable in suspended
2D symmetric washboard structure and is obtained from black
phosphorus. It has a rectangular unit cell with four P atoms,

Figure 2. (a) Top and side views of the (4 × 5) supercell of �-P (black phosphorene in symmetric washboard structure) used in the adsorption of
the AA or NB molecules. The buckling and the cohesive energy per atom are also indicated. The rectangular primitive unit cell is shaded. (b)
Energy band structure and the total and orbital projected partial densities of states calculated by PBE. Bands at the edges of conduction and valence
bands corrected by HSE are shown by dashed lines.

Figure 3. (top, left) Top and side views of the isosurfaces of the di�erence charge density, ��(r), of a tyrosine molecule physisorbed to an �-P
monolayer. Charge depletion and charge accumulation zones are shown by green and light red colors, respectively. � is the charge transfer from �-P
to tyrosine. Other panels show top and side views of equilibrium binding structures and binding energies, Eb, of amino acid and nucleobase
molecules on the �-P monolayer. The physisorption of individual molecules on �-P is mimicked within the supercell geometry, where one molecule
physisorbed to each supercell is periodically repeated. The lattice constants of the (4 × 5) supercell are a = 18.21 Å, b = 16.53 Å, and c = 20 Å.
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and a direct fundamental band gap of Eg = 0.82 eV, which is
increased to 1.56 eV upon the HSE correction. These values
are comparable to the values predicted in previous studies of
0.90 eV56,57 and 1.66 eV respectively,56 but still 0.64 eV
smaller than the experimental value. Nonetheless, one can
attain the measured value of Eg = 2.23 eV using HSE
correction with a mixing parameter of 0.5. However, this would
be a �tting to an experimental energy gap, rather than the
prediction of it. We note that the underestimation of HLG of
AA and NB molecules or the energy band gap of �-P have only
a minute e�ect on the strength of the binding, which is a
ground state property. Also, the binding interaction of an AA
or a NB molecule with the �-P monolayer is predominantly
weak vdW attraction, which is not a�ected signi�cantly by the
underestimated excited states.

Few-layer black phosphorene �eld e�ect transistors
(FETs)58,59 have a high �eld-e�ect mobility up to 286 cm2/
(V s) at room temperature. Transport properties like carrier
mobilities60,61 and thermal conductivity62,63 have been
reported to be highly anisotropic on a �-P monolayer. As
compared to graphene, organic molecules on �-P undergo
relatively less deterioration. Additionally, �-P is accepted as a
template for the self-assembly of DNA/RNA constituents and
is better than graphene. These properties together with
favorable electronic properties of �-P summarized above
make the �-P monolayer superior to graphene in biological
applications. In Figure 2 optimized structural parameters,
energy band structure, and corresponding density of states of
the �-P monolayer are presented for the sake of completeness.

� BINDING OF AA AND NB MOLECULES TO BARE
�-P MONOLAYER

The equilibrium con�guration of an amino acid or a
nucleobase molecule attached to a bare �-P monolayer is
determined using a supercell geometry. Following the full
relaxations of all free (isolated) AA or NB molecules and of the
free, bare �-P monolayer, each AA or NB molecule is initially
placed above speci�c sites of the (4 × 5) supercell (see Figure
2 a), over C, N, and O ends, which is periodically repeated.
Then, the atomic structure of the AA or NB molecule��-P
monolayer system is further optimized within the supercell
geometry. Among all binding con�gurations taken into
account, the maximum binding energy (or minimum total
energy) con�guration is considered to be an equilibrium
geometry. The binding of an individual (or isolated) AA or NB
molecule on bare �-P monolayer is ensured by taking large
supercell size (a = 18.21 Å, b = 16.53 Å, and c = 20 Å) and
large spacing (c = 20 Å) between periodically stacked
monolayers, whereby the coupling between adjacent AA or
NB molecules is minimized.

Upon relaxation of all atoms in the system, most of the
molecules preferred to orient themselves parallel to the
monolayer, as shown in Figure 3. The binding energies, Eb,
of these molecules on �-P are calculated to be in the range of
0.65�0.84 eV. The binding energies of some AA molecules
calculated in earlier studies4,64 are close to the values predicted
in this study. These energies indicate that the binding is
stronger than pure vdW interaction and includes small
chemical interactions by minute charge exchange between
the AA or NB molecule and �-P. Accordingly, small variations
of predicted binding energies among AA and NB molecules
treated here are attributed to the di�erences in their sizes and

Figure 4. (top, left) Top and side views of isosurfaces of the di�erence charge density, ��(r), of a single Au atom adsorbed to the �-P monolayer.
Charge depletion and charge accumulation zones are shown by green and light red colors, respectively. Other top row panels show top and side
views of optimized structures of free gold Aux with x = 1�5 clusters and their binding energy per atom. Bottom row panels show top and side views
of the optimized atomic structure of gold clusters adsorbed to the �-P monolayer and calculated binding energies per cluster, Eb.
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atomic structures and equilibrium binding geometries. Isosur-
faces of the di�erence charge density, ��(r), and the charge
transfer of � = 0.012e from �-P to AA molecule calculated for
tyrosine + �-P monolayer in the �rst panel of Figure 3
describes the character of the binding, which is typical for the
amino acid molecules we studied here. As a consequence of the
weak binding, no signi�cant changes in the energy band
structure of AA/NB + �-P monolayer are seen in Figure S1.

� BINDING OF AA AND NB MOLECULES TO GOLD
CLUSTER COADSORBED TO �-P MONOLAYER

The binding energy and hence the �xation of an AA or a NB
molecule can be enhanced by binding at a defect site, like a
vacancy,44 or adatom or cluster. Motivated by earlier works
�nding gold to be a potential element in biosensor applications
of graphene,65�67 we consider �rst gold clusters on the �-P
monolayer as adspecies to promote the binding of AA or NB
molecules. To this end, we �rst determined the structure of
optimized free gold clusters, Aux with x = 1�5, and their
binding energies per atom in Figure 4. These equilibrium
structures are planar and consistent with earlier studies.68,69

Gold clusters with odd numbers of Au atoms acquire also a
permanent magnetic moment of 1.0�B. Then, the equilibrium
geometries of the gold clusters on the �-P monolayer were
determined by placing a single Au atom on possible adsorption
sites, such as hollow site, top site, bridge site, etc. Using this
information we next investigated the adsorption of other
nanoclusters, Aux with x = 1�5, to �-P; their equilibrium
con�gurations were determined following a structure opti-
mization process by testing all possible adsorption sites. The
equilibrium atomic structures of these gold clusters adsorbed
to the �-P monolayer are also shown in Figure 4. Notably, in
spite of the fact that the ground state optimal structures of
these gold clusters are planar (up to x = 7),69 some of them
underwent structural changes after the adsorption to the �-P

monolayer. For example, the free Au3 cluster has an
equilibrium structure like a isosceles triangle shape with a
base of 2.82 Å, which increases to 3.58 Å upon the adsorption
of the Au3 cluster on the �-P monolayer. While a free Au4
cluster has a rhomboid shape, it undergoes a signi�cant
structural modi�cation upon adsorption to the �-P monolayer
and attains the shape of a zigzag chain. Similarly, the free Au5
cluster has a symmetric shape like two collateral triangles, in
other words it has an extra atom next to the rhomboid
structure. However, it is stretched out like a zigzag chain after
relaxation on the �-P monolayer. Brie�y, free Aux clusters in
equilibrium are transformed to generate zigzag chains on the �-
P monolayer.

The binding energy of an adsorbed single Au atom, Eb =
2.23 eV, is rather high and indicates the usual chemical bond
pertaining to chemisorption. The binding energy of clusters to
�-P monolayer increases with increasing number of Au atoms
in the cluster, which form a few chemical bonds with the
underlying P atoms of the substrate. According to the Bader
charge analysis, electronic charge tends to transfer from the
bare �-P monolayer to the Aux cluster. This behavior is in
compliance with the electronegativity of Au (�Au = 2.4), which
is higher than that of P (�P = 2.1). The amount of charge
transferred to the adsorbed Au cluster increases with the
increasing number of Au atoms in the range of 0.14�0.66
electrons. In addition, we performed also an analysis based on
orbital projected density of states to reveal the bonding
mechanism of Aux clusters on the �-P monolayer as shown in
Figure S2. It is clear that contributions around Fermi level are
mainly due to Au s-orbital. Moreover sp-hybridization can be
arise from overlapping of Au s- and P p-orbitals in the same
energy ranges.

The single Au atom adsorbed to the �-P monolayer is spin
polarized with a magnetic moment of � = 1�B. In the case of an
individual isolated Au impurity, two magnetic impurity

Figure 5. Electronic energy band structures of gold clusters, Aux (x = 1�5) adsorbed to the bare �-P monolayer are calculated within the (4 × 5)
supercell geometry.
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localized states, one fully occupied above the midgap and one
empty spin polarized one, are introduced. In the band pictures
corresponding to uniform coverage of Au atom, these localized
states construct one occupied and one empty spin polarized,
�at band in the band gap and open a small band gap of 0.19
eV. This way, the band gap of the bare �-P monolayer can be
modi�ed depending on the decoration of adsorbed Au atoms.
The clusters Au3 and Au5 have minute magnetic moments due
to small spin-split of Au localized states at the Fermi level and
are in metallic state. The clusters with even numbers of Au
atoms maintain the semiconducting property of �-P.
Incidentally, while Au2 + �-P is a semiconductor with a band
gap of 0.85 eV, the band gap of Au4 + �-P is reduced to 0.54
eV. As seen, one can attain interesting functionalization of the
�-P monolayer through its decorations with single Au atoms or
clusters of diverse sizes. For example, dramatic changes of the
energy band structure of �-P as a result of its decoration with
Aux (x = 1�5) within the supercell geometry are depicted in
Figure 5.

We next analyze the interaction between Aux clusters
adsorbed to �-P and AA or NB molecules. The determination
of the equilibrium binding structure and related binding energy
for each AA or NB molecule in di�erent Au clusters required
the optimization of several con�gurations starting from diverse
possible initial con�gurations and is rather tedious. We
considered di�erent types of end atoms in each AA or NB
molecule and placed the AA or NB molecule on Aux clusters in
parallel and vertical con�guration over these di�erent types of
end atoms. For example, adenine has three types of atoms,
carbon, nitrogen, and hydrogen. We placed the adenine
molecule on the Aux adsorbed to �-P in parallel and vertical
con�guration with its carbon, nitrogen, and hydrogen atoms

being close to the cluster. In this way, we determined the
minimum energy con�guration for each AA or NB adsorbed to
the Aux cluster after extensive structure optimizations of these
several initial positions. Upon checking the binding energy
values of these di�erent adsorption geometries of adenine, the
di�erence of the binding energies between the most stable and
other binding con�gurations to Au1 + �-P range between 0.1
and 0.7 eV. This di�erence is about 0.4 eV for Au2 + �-P
substrate. The binding energy of the most stable con�guration
for adenine adsorbed to Au3 + �-P substrate is about 0.4 eV
higher than the other adsorption con�gurations. This di�er-
ence ranges between 0.15 and 0.51 eV for Au4 + �-P substrate.
Similarly, the energy di�erence between the most stable
con�guration and the other relatively smaller energy
con�gurations for adenine adsorbed to Au5 + �-P substrate
is about 0.15 eV. We obtained also energy di�erences for the
other AA or NB molecule + �-P systems like those of adenine.
In Figure 6, we just present the results for 35 equilibrium states
and their binding energies obtained after the optimization of a
large number of di�erent possible adsorption con�gurations for
AA/NB+Aux+�-P with x = 1�5. The calculated binding
energies of AA or NB molecules to various Au clusters are
generally higher than those to bare �-P monolayer; but they
change depending on the type of the molecule and Au cluster.
It should be noted that each Aux + �-P system has di�erent
selectivity toward AA and NB molecules due to increasing
number of Au atoms. Also, the variation of binding of AA or
NB molecules with the size of Au clusters is attributed to
change of the active sites of Aux clusters. Eb as high as 1.63 eV
indicates a rather strong chemical bond formed between an AA
or a NB molecule and Au atom. Except for the thymine
molecule, which forms weak bonds with all gold clusters, the

Figure 6. Perspective view of optimized atomic structures of AA and NB molecules adsorbed to �-P (�rst row) and to the gold clusters (Aux with x
= 1�5), which were already adsorbed to �-P monolayer. The binding energies of AA and NB molecules to gold clusters are also given. Each
equilibrium con�guration presented here is determined by optimizing a number of possible adsorption geometries to �nd the lowest energy
con�guration.
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