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An ab initio nonequilibrium Green'’s function study of the electron-transport properties of the adenine, thymine,
cytosine, and guanine DNA bases located between gold electrodes has been performed. One-electron
transmission spectra were calculated for both gold and sulfur-modified gold electrodes, which are model
conditions of scanning tunneling microscopy (STM) experiments with the different tips. It is shown that the
nature of chemical bonding between molecules and metal electrodes plays the most significant role in the
overall conductance of the systems. The distance between electrodes and the size of molecules are less
important, at least when both sides of the molecule form chemical contact with the electrodes. On the basis
of the obtained results, a simple two-pass DNA sequencing scheme is suggested.

Introduction

The possibility of utilization of DNA molecules as the
building elements for molecular electronics has been largely
discussed in the recent years due to the potential high density
of its components, existing experimental technigues, and its
double-strand recognition and self-assembly. Interestingly, one
of the most important applications of molecular electronics is
the sequencing of the DNA itself.

It has been believed that scanning tunneling microscopy
(STM), break-junction, and nanopore techniques have a potential
for rapid DNA sequencing by measuring the tunnel current
between different DNA basés? However, experimental and
theoretical results so far are controversial. Recent results show
that tunnel current is mostly influenced by geometrical factors,
such as the size of the DNA base and its orientation between
electrodes, rather than by the nature of the base ftsEtf.
overcome those problems, it has been suggested to use STM
tips modified by complementary DNA bases (Figure If)jwas
found that the electron tunneling between a sample nucleobase
and its complementary nucleobase molecular tip was much
facilitated compared with its noncomplementary counterpart.

Our early studies show that hydrogen bonds between comple-
mentary (A-T) base pairs indeed determine conductance at the
Fermi level, but the absolute values of conductivity of such
systems are very smdlBesides, geometrical factors still will
be very important. To use complementarity of the bases, it is
necessarily to provide precise tip positioning and proper Figure 1. Scheme of the STM tip functionalization with the comple-
orientation of tip and substrate molecules. mentary DNA base.

In this paper, we show that simple functionalization of a gold
STM tip by sulfur atoms can solve this problem. Moreover, Methods and Procedures
only two STM tips (one gold tip and one getdulfur tip, Figure STM and break-junction experiments can be considered under
2) will be necessary for sequencing the most common adeninethe term molecular nanobridge, that is, a combination of a
(A), thymine (T), cytosine (C), and guanine (G) DNA base pairs. metallic electrode, a molecule, and a metallic electrode. The
conductanceG is essentially determined by the electronic
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Figure 2. Gold and sulfur-gold tips.

Figure 3. Schematic view of the two-step process for calculating the
Green’s functior.

Figure 4. Scheme of DNA bases attached to the Au electrodes. (a)
) Adenine. (b) Cytosine. (c) Guanine. (d) Thymine.
by the chemistry of the electrodenolecule contact$.The

necessity of aligning the Fermi level of the metallic electrodes

with the “Fermi level” of the molecule forces a certain amount o curface or the molecular structure of the adsorbate.
ofhchar%e to be transferlred between an ellectrodE a;)nd a dmOIGCUIQJtiIization of first-principles total-energy calculations as the part
when they come in close proximityEarly work based on ot e theoretical STM scheme allows also for automatic

Earam:atrlzled l.t'ght'b'rt'd;?g ?r S;mlgmplrlcalt.m?o%rwherz accounting of the surface-induced atomic relaxations on the tip
ermi-level alignment has to be either entirely ignored or _ ' - |atter is scanned.

imposed with some additional criteria, has been superseded by hi . h dewhich i
ab initio Green’s functions approaches in combination with In this prOJec't,. we use t eALACANT cogenhich 1S based
on the nonequilibrium Green’s function formalism and works

Landauer formulation for the conductanc®:12 These ap- g 5 e
proaches provide, in a natural manner, the correct alignment@S an interface to GAUSSIAN program séiSitandard ab initio

between the molecular levels and the density of states of the® quantum chemical calculations are only possible for finite
metallic electrodes. or periodic systems, whereas the transport problem one typically

One of the first theoretical models of STM imaging was Wants to address requires infinitely large leads with no symmetry
proposed by Tersoff and HamaktThese authors consider the @t all. The main idea here consists of performing a density
surface and tip as two separate systems and includedifiace functional (I_DF) calculgtlon of the molecule _mcludlng part of
coupling by first-order perturbation theory using Bardeen’s the leads with the desired geometry (see Figure 3a). This can
tunneling Hamiltonian and s-like wave functions for theifip. ~ be efficiently done using the GAUSSIANO3 cotfeFor a
In this model, the STM tunnel current is proportional to the sufficiently large number of atoms describing the metallic
local density of states at the center of the tip, at the Fermi energy.€lectrodes, the energy of the highest occupied molecular orbital
The first nonperturbative treatment of STM imaging was of the whole structure sets the Fermi level. In addition, the
reported by Lan¥ in 1986. A Green’s function formalism and ~ correct charge transfer to or from the molecule is guaranteed.
jellium substrate model were employed. This simple substrate The Hamiltonian of the electrodgenolecule-electrode system,
tip model allowed significant insights into STM imaging and H as it stands, is finite, and according to the usual theoretical
the near-point-contact regime, where perturbation theory is transport schemésts Green'’s functions are unsuitable for any
totally inadequaté? In addition, the real atomic structure of current determination since they have poles. In order to
the electrodes has been usually put aside. This is not satisfactoryransform this finite system into an effectively infinite one, all
when one is trying to describe STM experiments, where the but theN atoms forming the relevant atomic structure of each
detailed atomic structure of the tip determines, to a large extent, electrode close to the molecule were removed from the
whether or not the STM images can resolve the topography of Hamiltonian (Figure 3b). The retarded Green'’s function associ-
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Figure 5. Transmission spectra of (A) adenine, (C) cytosine, (G) guanine, and (T) thymine molecules between gold electrodes. The blue color
corresponds to alpha electrons; the red color indicates beta electrons. (Right side is for treutjoictip). Note: Alpha and beta transmissions

degenerated for the gotdulfur tip because of the closed shell of the system and the absence of a sizable charge transfer between the electrodes
and molecule.

0.6

0.4 +

ated with this reduced Hamiltoniarflis now transformed into crystal band structure necessarily reflects in the final conduc-

the retarded Green'’s function of an infinite system tance of a molecule. Alternatively, jellium models are used in
methods based on a description in terms of scattering Sfags.
G'(e) = (ei - |2|r + ié)_l — [Ei — |2|r — ﬁ(e)]—l This is also a choice of convenience not free from controvérsy.

ALACANT describes the bulk electrode with a Bethe lattice-

In this expressio = 3k + 31, whereSk(31) denotes a self- parametrized tight-pinding model with the coordination angl
energy matrix that accounts for the right (Ieft) infinite electrode, Parameters appropriate for the chosen electrode (part of which
part of which has been included in the DF calculation (Figure Nas already been included in the cluster). The advantage of
3a). choosing a Bethe lattice resides in that, although it does not
When desired, the reduced Hamiltonian can be recalculatedn@ve long-range order, the short-range order is captured, and it
in a self-consistent manner. To this aim, the density matrix and reproduces fairly well the bulk density of states of most
the Fermi level can be obtained from the Green’s function as c0mmonly used metallic electrodes. Assuming that the most
usual and plugged back into GAUSSIAN to obtain the new Important structural details of the electrode are included in the
reduced Hamiltonian. central cluster, the Bethe lattices should have no other relevance
The added self-energy can only be explicitly calculated in than that of introducing_ the most gene_ric bulk electrode for a
ideal situations. A number of groups in the field have chosen given metal. Bethe lattice can be easily calculated through a
to model the bulk electrodes as perfect semi-infinite crys- computationally efficient iteration procedu##2®
tals1217.18 Since real electrodes are not monocrystals but  Assuming that the initial system is large enough and that the
polycrystalline structures with no expected long-range order reduced system still contains the relevant atomic details of the
beyond a few lattice constants, the atomic structure near theelectrode close to the contact with the molecule, effective self-
contact cannot possibly be perfect. In these models, the perfectenergy should introduce no spurious effects, and it makes the



2072 J. Phys. Chem. A, Vol. 112, No. 10, 2008 Yanov et al.

system effectively infinite. The conductance can be calculated simple rules for sequencing DNA bases:
through the expressién

) STM tip adenine cytosine guanine thymine
2
G ==2THI GTG gold +2 +2 - -
h gold—sulfur - +2 - +a

aThe “+"signs here indicates that the “t{fDNA base-gold

where Tr denotes the trace over all of the orbitals of the reduced substrate” system exhibits conductance at the Fermi level.

Hamiltonian and the matriceSs andT'. are given byi(Z; —
>3 andi(Z — =), respectively. In summary, this approach It should also be noted that performing spin-unrestricted
allows for (1) an ab initio quantum chemical description of the calculations is essential to obtain the correct splitting of the
systems consisting of part of the tipnolecule part of the original molecular levels as the orbitals get filled or emptied
substrate, including study of atomic rearrangement on the surfaceby the electrodes in the self-consistent alignment of the
in the presence of tip, (2) currentoltage spectroscopy for a  molecular levels and the Fermi energy of the métBhis is of
finite bias voltage based on the nonequilibrium Green’s function particular relevance when the molecular orbitals are weakly
formalism2* and (3) both spin-restricted and spin-unrestricted coupled to the electrodes, as is the case here, and charge
calculations® localization is strong (note that the use of hybrid functionals
The combination of the ab initio nonequilibrium Green's here like B3LYP is crucial to partially avoid self-interaction
function formalism, the ability for spin-polarized calculations, €ffect$). It is not uncommon that spin-restricted calculations

and the Computatlonal effectiveness makes the ALACANT result in a transmission peak near the Fermi level. In such a
implementation unique among available methods. case, failure in considering spin-unrestricted calculations can

lead to a highly overestimated conductance, as we recently

showed for the case of the gelgorphyrin—gold systent®
Results and Discussion

Summary

The scheme of the electrig circuit where adenine (A), thy.mine In this paper, we have discussed the electron-transport
(T), cytosine (C), and guanine (G) DNA bases are chemically properties of the adenine (A), thymine (T), cytosine (C), and
bound to the Au model contacts is shown in Figure-daWe guanine (G) DNA bases between gold contacts. Calculations
start by optimizing gold electrodeDNA base systems at the  \yere performed using DFT theory and the nonequilibrium
B3LYP/STO-3G level of theory using the GAUSSIANG3  Green's function formalism with the help of the ALACANT
program set. Unlike break-junction experiments, where the -qe.
distance between electrodes is fixed, we would like to compare |1 as revealed that one of the most important factors which

the conductivity of DNA bases in the presence of similar jyauence the overall conductance of the DNA bases is the

chemical contacts with the electrodes. Therefore, the secondspecific characteristics of chemical bonding between molecules

electrode is placed on the other side of the system at the optimalyng metal electrodes. The distance between electrodes is less

distances (2.162.17 A) from the terminal N and O atoms. No important, at least when both sides of the molecule form a

further optimization is performed. Christiansen core pseudo- chemical contact with the electrodes. Systems where the gold

potentials described in refs 227 are used for Au atoms. electrode-molecule interface involves one or two oxygen
The results of the calculations of transmission spectra for the molecules exhibit the lowest conductance.

considered systems are presented in Figure 5. It is shown (Figure The scheme of rapid DNA sequencing based on gold and

5A,C, left side) that adenine and cytosine molecules exhibit gold—sulfur tips is provided. The importance of spin-unrestricted

significant conductance at small voltage biases. (According to calculations has been shown. Spin-restricted models significantly

Landauer's formalism,G(Es) = (2¢/h)T(Es), where T(E) overestimate conductance.

denotes the total transmission of all of the conductance channels
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