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We present the results of first-principles calculations for the electron tunnel current through hydrogen-
bonded DNA base pairs and for �deoxy�nucleoside-nucleobase pairs. Electron current signals either through a
base pair or through a deoxynucleoside-nucleobase pair are a potential mechanism for recognition or identifi-
cation of the DNA base on a single-stranded DNA polymer. Four hydrogen-bonded complexes are considered:
guanine-cytosine, diaminoadenine-thymine, adenine-thymine, and guanine-thymine. First, the electron tunnel-
ing properties are examined through their complex band structure �CBS� and the metal contact’s Fermi-level
alignment. For gold contacts, the metal Fermi level lies near the highest occupied molecular orbital for all
DNA base pairs. The decay constant determined by the complex band structure at the gold Fermi level shows
that tunnel current decays more slowly for base pairs with three hydrogen bonds �guanine-cytosine and
diaminoadenine-thymine� than for base pairs with two hydrogen bonds �adenine-thymine and guanine-
thymine�. The decay length and its dependence on hydrogen-bond length are examined. Second, the conduc-
tance is computed using density functional theory Green’s-function scattering methods and these results agree
with estimates made from the tunneling decay constant obtained from the CBS. Changing from a base pair to
a deoxynucleoside-nucleobase complex shows a significant decrease in conductance. It also becomes difficult
to distinguish the current signal by only the number of hydrogen bonds.
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I. INTRODUCTION

There has been much research on charge transfer in DNA
due to potential applications such as a molecular wire in a
mesoscopic electronic device �1� or in sequencing technol-
ogy �2�. Most studies on conduction have been focused on �
stacking where charge transfer occurs along the DNA strand.
Charge transfer in DNA along the backbone axis occurs as
either oxidative hole transfer or reductive electron transfer.
Fink and Schönenberger �3� measured directly the electrical
current across a few DNA molecules, and argued that DNA
is ideally suited for the construction of mesoscopic electronic
devices. Porath et al. �4� measured the current through the
double-stranded polyguanine-polycytosine �poly�G�-
poly�C�� DNA molecules connected to the two metal elec-
trodes, and showed that DNA conducts charge and behaves
in the same way as the silicon-based semiconductor. Spec-
troscopic measurements of photoinduced electron transfer in
synthetic DNA were performed by Lewis et al. �5�. Xu et al.
�6� measured conductance of single DNA molecules in aque-
ous solutions, and showed that the tunneling decay along
DNA is much less rapid than in alkanes. A theoretical hop-
ping model for charge migration in DNA was proposed by
Berlin et al. �7� and Grozema et al. �8�.

There is recent interest in sequencing DNA by a charge-
transfer mechanism, and a variety of schemes have been pro-
posed. It has been proposed to identify the DNA base by
measuring the ionic current when the DNA translocates a
nanopore �9–12�. Direct charge transfer within DNA but
across the backbone axis has attracted attention for the pur-
pose of DNA sequencing. An initial theoretical study carried
out by Zwolak and Di Ventra �13� where tunneling occurred
across DNA showed that each nucleotide has a unique elec-
trical signature, providing the possibility of sequencing DNA
by measuring the transverse current when single-stranded

DNA translocates a nanopore. However, Zikic et al. �14�
reported that the geometrical fluctuations of the bases within
the nanoelectrodes dominate the current signature, suggest-
ing that it is impossible to sequence DNA by just measuring
the transverse current.

The coupling interaction between a base pair is the hydro-
gen bond. Ohshiro and Umezawa �15� showed that electron
tunneling is much facilitated when the hydrogen bond is
formed between a Watson-Crick complementary base pair
compared to a noncomplementary base pair. He et al. �16�
took this idea further and demonstrated the feasibility of
electrically reading a DNA base pair. They measured the
tunnel current when the nucleobase-functionalized scanning
tunneling microscope �STM� tip is pulled away from a
deoxynucleoside monolayer. It was shown that the tunnel
current decays more slowly in a complementary Watson-
Crick base pair �G-C� compared to the G-T wobble base pair
�16�. Furthermore they proposed a new sequencing scheme
of native DNA with hydrogen-bond-mediated molecular rec-
ognition �17�.

In this paper we report the electron-tunneling properties
of hydrogen-bonded DNA base pairs in the transverse direc-
tion by first-principles calculation. Our work is motivated by
the experimental work which observes an enhanced tunnel
current for a complementary DNA base pair �15–17�. We
explore the possibility of distinguishing the DNA base pairs
using the tunnel current across a DNA base pair in the direc-
tion perpendicular to the backbone axis with the goal of �i�
obtaining a better understanding of the DNA recognition and
sequencing studies, �ii� determining whether complementary
base pairs �G-C and adenine-thymine �A-T�� conduct better
than wobble base pair �G-T�, and �iii� whether the number of
hydrogen bonds involved in base pairing produces significant
differences in conductance. We also examine the effect of
adding deoxyribose to one nucleobase, which is explored in
recent STM experiments by He et al. �16�.
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Key to the tunneling signature in base pairing is the hy-
drogen bond. A-T base pairs have two hydrogen bonds,
while G-C base pair has three hydrogen bonds. We investi-
gate the role of the hydrogen bond on electronic transport
through DNA base pairs in several different ways. First, we
study the effect of the number of hydrogen bonds in the base
pair by artificially modifying the bases. We also study the
2-aminoadenine–thymine �2AA-T� base pair. 2AA is a de-
rivative of adenine and is able to form three hydrogen bonds
with thymine �18,19�. Second, we obtain a quantitative glo-
bal view of electron tunneling through base pairs by explor-
ing their complex band structure �CBS�. We also determine
the current-voltage �I-V� curve for each base pair using
Green’s-function scattering theory. Finally, the effect of the
deoxyribose and the effect of lengthening the hydrogen
bonds are determined.

Previous theoretical studies have been reported on the
electron-transport properties through some DNA base pairs.
The current-voltage dependence and conductance spectrum
were calculated using semiempirical nonequilibrium Green’s
function for adenine-thymine DNA base pair sandwiched be-
tween Au contacts, and significant conductance at small volt-
age biases was reported �20�. Effect of protonation on the
electronic properties of the DNA base pairs �G-C, A-T, and
A-A base pairs� was found to be different for different base
pairs by computing the transmission function of each DNA
base pair at different bias voltages �21�. Jauregui and Semi-
nario �22� calculated the electrical characteristics of Watson-
Crick and non-Watson-Crick base pairs using a density-
functional theory �DFT� and Green’s function. They found
that the C-G base pair is a better electron conductor than the
A-T in the range of −1 to 1 V bias and different base pairs
exhibit distinct I-V characteristics which can be used for de-
tecting or sequencing DNA.

An outline of this paper follows. The DNA base pairs
explored in this paper are three Watson-Crick complemen-
tary base pairs of G-C, A-T, and 2AA-T and one wobble base
pair of G-T. In Sec. II we describe the structures of the DNA
base pairs. In Sec. III we determine the exponential decay
constant as an electron tunnels through the DNA base pair by
computing the CBS. The CBS gives a global view, for all
energy electrons, of the conduction properties inherent to the
molecular system �23�. The complex band structure however
does not include the effects of metal-molecule interaction at
the contact interface. An estimate of tunnel conductance of
each DNA base pair is made using the maximum decay con-
stant, and so gives the “worst-case scenario” possible for any
metal contact. In Sec. IV we determine the alignment of the
Fermi level relative to the highest occupied molecular orbital
�HOMO� for gold contacts. Coupling this electron energy
with the CBS tunneling decay allows a simple estimate of
conductance to be determined specifically for gold contacts.
Gold contacts were used in the experiments of He et al.
�16,17�. In Sec. V we perform scattering theory calculations
of I-V characteristics and independently check conductances
and the Fermi-level alignment, and determine the transmis-
sion function through base pairs. In Sec. VI we determine the
I-V curve for hydrogen-bonded deoxynucleoside-nucleobase
complex. In Sec. VII, the effect of the number of hydrogen
bonds on the conductance is examined. The relationship be-

tween hydrogen-bond distance and conductance decay rate is
discussed in Sec. VIII. In Sec. IX, we summarize our con-
clusions.

II. GEOMETRY OF BASE PAIRS

All the DNA bases �C, G, A, and T� and base pairs �G-C,
A-T, G-T, and 2AA-T� were relaxed to have a minimum
energy in vacuum using a quantum chemistry code �GAMESS�
�24� with the 6-31+G�d,p� basis using density-functional
theory. The “best” exchange-correlation functional for
weakly bound systems �van der Waals or hydrogen-bond in-
teractions� is an issue. Tsuzuki and Lüthi �25� showed that
PW91 performs best in terms of interaction energies. Studies
on the hydrogen-bond length and bond energy of DNA base
pairs �26–33� show that A-T Watson-Crick base pair shows
good agreement with experiment, while G-C base pair is not
as good �28,31,32�. However, B3LYP �35� shows less mean
absolute deviation in hydrogen-bond length from experiment
�34�. van der Wijst et al. �32� showed the mean deviations to
be 0.067 Å for B3LYP and 0.087 Å for PW91. However,
they also showed that BP86 �57� and PW91 �58� perform
better for both the hydrogen-bond length and bond energy of

FIG. 1. �Color online� Relaxed structures of G-C, A-T, G-T, and
2AA-T base pairs. A derivative of adenine �2AA or diaminoad-
enine� is used to make three hydrogen bonds with thymine. The
hydrogen-bond distances �H-X or X-H� were 1.745, 1.891, and
1.911 Å from top to bottom for G-C; 1.886 and 1.837 Å for A-T;
1.763 and 1.816 Å for G-T; and 1.937, 1.892, and 1.939 Å for
2AA-T. All the base pairs are aligned in plane after optimization.
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A-T and G-C base-pair systems with water molecules and
counterions. Our model of electron transport does not in-
clude water or counterions. Here we choose B3LYP for ge-
ometry optimization because the hydrogen-bond length is the
more relevant issue concerning tunneling.

All the base pairs are aligned in plane after optimization.
The optimized structures are shown in Fig. 1. The hydrogen-
bond lengths are shown in Tables I and II. Results from
others are also shown for A-T and G-C. The hydrogen-bond
distance that we obtained shows good agreement with simi-
lar calculations from others. Note that the three-hydrogen-
bonded 2AA-T complex has slightly increased hydrogen-
bond lengths compared to the two-hydrogen-bonded A-T
base pair �1.89 Å→1.94 Å, 1.84 Å→1.89 Å�. The
hydrogen-bond length for the third hydrogen bond is 1.94 Å.

The electron energy levels for each nucleobase obtained
using the same quantum chemistry code �24� using B3LYP
show that all the nucleobases have similar band gaps
��5 eV� between HOMO and lowest unoccupied molecular
orbital �LUMO� �Fig. 2�a��. Experimentally, the nucleobases
have band gaps ranging from 4.3 to 4.7 eV �36–39�. Stan-
dard density-functional theory is a ground-state theory and
there are errors in predicting band gaps since they involve
excited states. In some cases simpler models can give better
results �40�. Guanine has the highest energy level for the
HOMO and LUMO. Figure 2�b� illustrates how the band gap

changes when two isolated nucleobases �C and G� are
brought together to form hydrogen bonds. The band gap de-
creases compared to the isolated nucleobases—the HOMO
and the LUMO for G-C base pair are dominated by the or-
bitals from guanine and cytosine, respectively.

TABLE I. Hydrogen-bond lengths in Å for A-T and G-C. The last row lists the values obtained in this
work. The results from others and from experiment are also shown.

Method

A-T G-C

NH¯O N¯HN O¯HN NH¯N NH¯O

X raya 2.95 2.82 2.91 2.95 2.86

RI-MP2/cc-pVTZb 2.86 2.83 2.75 2.90 2.89

MP2 /6-31G� c 2.99 2.88 2.84 2.97 2.95

MP2 /6-31G�� c 2.97 2.84 2.81 2.94 2.93

HF/cc-pVTZ�-f�d 3.06 2.92 2.83 2.95 2.92

HF /6-31G�� e 3.09 2.99 2.92 3.04 3.02

BP86/TZ2Pf 2.85 2.81 2.73 2.88 2.87

BP86/cc-pVTZg 2.87 2.83 2.73 2.90 2.89

PBE/TZ2Pg 2.87 2.80 2.73 2.89 2.87

PW91/TZ2Pg 2.85 2.79 2.72 2.88 2.86

B3LYP/cc-pVTZg 2.93 2.88 2.79 2.94 2.93

B3LYP /6-31G�� �this work� 2.90 2.89 2.78 2.93 2.93

aSaenger �34�.
bŠponer et al. �29�.
cMo �31�.
dBrameld et al. �26�.

eŠponer et al. �30�.
fGuerra et al. �27�.
gvan der Wijst et al. �32�.

TABLE II. Hydrogen-bond lengths in Å for 2AA-T and G-T.

Method

2AA-T G-T

NH¯O N¯HN NH¯O O¯HN NH¯O

B3LYP /6-31G�� 2.95 2.94 2.96 2.80 2.84
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FIG. 2. Energy-level diagrams for �a� DNA bases �T, C, A, and
G� and �b� the base pair �C-G�. Guanine has the highest energy
levels for the HOMO and LUMO, and thymine has the lowest en-
ergy levels for the HOMO and LUMO. The band gap between
HOMO and LUMO levels decreases as the two bases �C and G�
form a base pair �C-G�.
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III. COMPLEX BAND STRUCTURE
AND DECAY CONSTANT

The complex band structure is the extension of the con-
ventional real band structure to complex Bloch k vectors. It
gives the insight into the inherent conduction properties of
the molecule without reference to which metal contact is
used. The tunneling properties at all energies are determined
in this way rather than just at the energy of the metal’s Fermi
level. To accomplish this an artificial periodic system must
be formed. A periodic system has electron Bloch energy
eigenstates, ��x�=eikxu�x�, where u�x� has the lattice period-
icity. For an infinitely long periodic system, only real Bloch
wave vectors k are allowed since the wave function will
blow up at x= ��. Complex k vectors are solutions to
Schrödinger’s equation and are allowable when the system
has finite size as in a molecule. The imaginary part of the
wave vector describes the evanescent tunneling states. The
electron-tunneling probability decreases as e−�L, where
�=2� Im�k� and L is the length of the molecule. This evalu-
ation of ��E� is the molecular replacement of an electron of
energy E tunneling through a square well of height V0 given
by ��E�=2�2m�V0−E� /�2. The square well is an analogy,
and no value of V0 is needed in the present theory. Informa-
tion on the potential-energy function is contained in the
Hamiltonian and � in the complex-band-structure formalism
takes this into account naturally. A simple estimate of the
conductance �41� G follows from ��E�, G=G0e−��E�L, where
G0 is the quantum of conductance �G0=77 	S�.

The complex band structure was computed within DFT in
the local-density approximation �LDA� with ultrasoft
pseudopotentials �42� using a plane-wave basis set �43�. The
plane-wave basis set and LDA �Slater/PZ� exchange-
correlation functional were used. The allowed values of com-
plex k are determined for a given energy E �rather than k
determining E�. We construct an artificial periodic base-pair
polymer to perform the analysis. Hydrogen atoms on either
end of a base pair are removed and each unit is connected to
neighbors on either side using a linker �-NH-�. Figure 3
shows the schematic diagram of periodic structure for the
G-C base pair with two unit cells shown.

Figures 4�a�–4�d� show the complex band structures of �a�
G-C, �b� A-T, �c� G-T, and �d� 2AA-T base pairs. The energy
levels are adjusted so that the HOMO is zero energy. The
real-k bands �left panel� are very flat because there is little
interaction between the neighboring unit cells. The decay
parameter ��E� �related to the imaginary part of the k vector�

is shown on the right panel. We focus primarily on the en-
ergy region between the HOMO and the LUMO since the
metal Fermi level typically lies between them. �As we will
see later, for gold it lies just above the HOMO.�

The real band structure �Fig. 4�a�� of the G-C base pair
shows that the band gap EG of G-C is 2.70 eV at k=0. This
band gap is smaller than that obtained in Sec. II for the
isolated G-C base pair �EG=3.80 eV; Fig. 2�b��. The main
reason for this is the difference in the exchange/correlation
potential, although there is a small effect due to periodicity.
The � branch within the band-gap region appears as a
semielliptical curve �shown in red in Fig. 4�a��. The maxi-
mum value of � ��max� on the semielliptical curve gives the
maximum spatial decay rate of the tunneling probability and
the minimum electrical conductivity of the molecule. This
occurs when the Fermi level of the metal lies at the energy of
�max. An estimate of the minimum conductance of the base
pair of length L �the length of the periodic unit cell is used
here� can be estimated as Gmin=G0e−�maxL.

A summary of the complex-band-structure results for
G-C, A-T, G-T, and 2AA-T base pairs is shown in Table III.
Listed are the band gaps �EG�, the unit-cell lengths �L�, and
the maximum values of the decay constant ��max�. Of prime
importance are the electrical conductances. Listed are the
minimum estimated conductances �G��max�� using �max, an
estimated conductance for gold contacts by using the energy
of the computed gold/molecule Fermi-level alignment �Sec.
IV�, and using ��EF�, and finally the results from an inde-
pendent Green’s-function I-V calculation �Sec. V� which
does not rely on complex band structures.

There are several features to notice from the complex-
band-structure calculation results. First, the decay constant of

FIG. 3. Schematic diagram of a periodic structure for the G-C
base pair. Two unit cells are shown. Hydrogen atoms at either end
are removed and replaced with a linker -NH- to connect each unit
cell.
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FIG. 4. �Color online� Complex band structures of �a� G-C, �b�
A-T, �c� G-T, and �d� 2AA-T base pairs. The conventional band
structure with real k is shown in left panel, and the decay constant
� �defined as 2� Im�k�� is plotted in the right panel. The semiellip-
tical curve connecting the HOMO and LUMO levels of the conven-
tional band structure �shown in red� is the most penetrating state in
the band-gap region. The decay constant �max occurs when the
Fermi level lies near the middle of the band gap.
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the hydrogen-bonded base pair in the midgap region ��max�
is about 0.70 Å−1 for all but the wobble base pair G-T,
which is 0.79 Å−1. These values are comparable to decay in
a 
-bonded system �e.g., 0.79 Å−1 for alkane chain �41,44��.
The value of �max is considerably higher than typical values
of � for �-bonded linked-ring system ��0.2–0.5 Å−1� �45�.
Not unexpectedly, this result shows that the hydrogen bond
connecting the base pair contributes to an increase in �, the
base-pair decay constant is a some quantum-mechanical “av-
erage” of a small decay through �-bonded bases and the
more rapid decay through the weak hydrogen bond.

A second feature is that the decay constant ��max� shows
only a slight difference between the base pairs even between
pairs with different numbers of hydrogen bonds. The
complementary base pairs �G-C and 2AA-T� with three hy-
drogen bonds have the smallest value of �max �0.70 and
0.71 Å−1 respectively�. Note that A-T with two hydrogen
bonds has a very similar value of �max of 0.72 Å−1. How-
ever, the two-hydrogen-bonded wobble base pair �G-T� has a
significantly larger value of 0.79 Å−1. This approximately
10% increase in the decay constant reduces its estimated
maximum conductance by a factor of �2–3 compared to the
others.

An interesting comparison occurs with 2AA-T �3HB� and
A-T �2HB�. Figure 4�d� shows that the band gap of 2AA-T
decreases by 15% ��EG=0.45 eV� compared to A-T, while
the decay constant decreases only by 1.5% ���max
=0.01 Å−1� �Table III�. A partial explanation why �max de-
creases so little with the increased number of hydrogen
bonds in 2AA-T is because the hydrogen-bond distances in-
crease in 2AA-T compared to A-T.

IV. FERMI-LEVEL ALIGNMENT

The tunneling conductance of a molecule of length L is
controlled by the exponential decay constant ��E� �G
�G0e−��E�L�. It is important to know the energy E of the
tunneling electrons. Electrons that contribute to the current
are those with energy near the Fermi level of the metal.
Therefore it is important to know how the Fermi level of the
metal is aligned relative to the molecular energy levels. If the
Fermi level is aligned in the middle of the band gap, the
decay constant becomes maximum, which yields a low con-

ductance. If the Fermi level lies near the HOMO or the
LUMO, the decay constant decreases dramatically with a
resulting conductance increase.

We perform plane-wave �46� DFT-LDA pseudopotential
calculations of the electronic structure to determine the
Fermi-level alignment. The Fermi-level alignment is deter-
mined from the electronic density of states �DOS� projected
onto base-pair atoms. A supercell is used which is periodic
both in the direction of the molecular axis and in the perpen-
dicular directions. The systems constructed are gold/
molecule/gold constructs with the molecule being G-C, A-T,
G-T, or 2AA-T base pairs. The gold slabs are �111�, six lay-
ers thick, and 3�3 in plane. The Au-Au bond length is
2.885 Å. The base pair is thiolated after removing a hydro-
gen atom on both ends. The sulfur atom is positioned at the
on-top site of the �111� gold slabs with Au-S distance of
2.42 Å �47�. The on-top site contact �rather than the hollow
site� was used to prevent base-pair hydrogen atoms from
being too close to the Au plane. The molecular axis of base
pair is inclined rather than directly perpendicular to the Au
plane �48�. For example, G-C base pair is oriented to have
Au-S-C angles at either end of 120° and 140°.

Figure 5 shows the DOS projected onto elements �C, N,
and O� on each nucleobase for G-C, A-T, G-T, and 2AA-T
base pairs and the sulfur atom. The Fermi level of the metal
is adjusted to be zero energy in the figure. The band gap of
the G-C base pair appears to be about 3.34 eV, which is
larger by 0.64 eV than the band gap obtained in Sec. III �Fig.
4�a�� using a different code �43� for a periodic molecule with
no metal contacts �Fig. 3�. We have checked that the differ-
ence is due to the metal contacts and not the plane-wave
code used. The band gaps for G-C, A-T, G-T, and 2AA-T
base pairs are all similar ��3.2–3.4 eV�.

The projected DOS shows that the HOMO broadens due
to coupling with the metal levels. The Fermi level is found to
be aligned very close to the peak of the HOMO level for all
base pairs. It is particularly close for the 2AA-T base pair
�only 0.04 eV above the HOMO�. Alignment of the Fermi
level of gold to be near the HOMO indicates that the con-
ductance of base pairs will be much higher than the mini-
mum conductance estimated in Sec. III using �max. From
these Fermi-level alignments, the complex band structure
�Fig. 4� can be used to roughly determine the decay constant
at the Fermi level, ��EF�. The estimate becomes less accu-

TABLE III. The band gaps �EG�, unit-cell lengths �L�, and the maximum decay constants near midgap
��max� for GC, A-T, G-T, and 2AA-T. The systems with two hydrogen bonds and three hydrogen bonds are
denoted as 2H and 3H, respectively. The estimated minimum conductance �Gmin��max�� is obtained by using
the maximum �. For the special case of gold contacts, the estimate �GEst(��EF�)� uses the decay constant at
the gold Fermi level. The estimated conductances are compared with Green’s-function I-V calculation of the
conductance �GI-V� of a base pair sandwiched between gold slab electrodes.

Base pair
EG

�eV�
L

�Å�
�max

�Å−1�
Gmin��max�

�nS�
��EF�
�Å−1�

GEst(��EF�)
�nS�

GI-V

�nS�

G-C �3H� 2.70 12.8 0.70 9.82 0.35 870 83.8

A-T �2H� 3.01 12.8 0.72 7.83 0.47 180 22.2

G-T �2H� 2.91 12.5 0.79 3.70 0.48 190 23.7

2AA-T �3H� 2.56 12.8 0.71 8.87 0.30 1770 119
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rate because the broadening of the HOMO level is not taken
into account, which becomes more important as the Fermi
level approaches the HOMO. These estimates are listed in
Table III. The sensitive dependence of � on energy when the
energy is not near the midgap gives rise to significant differ-
ences in � between base pairs �0.30–0.48 Å−1�. The reduc-
tion in � increases the conductance G; the conductance in-
creases by a factor of �20 �for A-T� to �200 �for 2AA-T�
compared to the minimum computed conductance. This
clearly shows the importance of Fermi-level alignment and
its dependence on metal contact.

There is a difference in ��EF� between base pairs with
three hydrogen bonds �G-C and 2AA-T� and two-hydrogen-
bonded base pairs �A-T and G-T�. For example, ��EF� of
G-T is higher than ��EF� of 2AA-T by 0.18 Å−1, which
results in the lower conductance for G-T by a factor of 9
compared to 2AA-T. On the other hand, whether the base
pair is the Watson-Crick complementary base pair �A-T� or
the wobble base pair �G-T� does not seem to affect the
conductance—we obtained almost the same conductance for
A-T as G-T. These results are confirmed from the I-V calcu-
lation as we will explain in Sec. V.

The projected density of states shows that the HOMO and
the LUMO are localized onto different nucleobases in all
four base pairs. For G-C, the HOMO is dominated by the
orbitals on guanine, while the LUMO is dominated by the
orbitals from cytosine. For A-T and 2AA-T, the HOMO is
localized onto adenine or 2AA, while the LUMO is localized
onto thymine. For G-T, the HOMO and the LUMO are lo-
calized onto guanine and thymine, respectively. These find-
ings are in line with the findings in Fig. 2�a�. Similar local-
ization was obtained for the periodic base pairs of G-C, A-T,
G-T, and 2AA-T without the metal contact.

Yanov and Leszczynski �20� found some similarity with
these results for the A-T base pair sandwiched between the
metal electrodes. They showed that the HOMO is localized
onto adenine and the LUMO onto thymine. However, the
Fermi-level alignment was significantly different from what

is obtained here. Their calculation, using semiempirical non-
equilibrium Green’s function, showed that the Fermi level is
aligned near the LUMO rather than the HOMO. Presumably,
this difference occurs because of charge redistribution at the
interface not captured due to a lack of self-consistency in the
semiempirical calculations.

V. I-V CALCULATION

Ballistic transport theory is used to determine the I-V
characteristics, specifically the conductance of each base
pair. Electron conductance is viewed as a quantum-
mechanical transmission of electrons through a barrier
�41,49–53�. Our implementation is Green’s function based,
and the current is given by the integration of the transmission
function over the energy within the Fermi level of the left
and the right metal electrodes under the bias,

I =
2e

h
�

	R

	L

T�E�dE . �1�

The heart of the matter is the transmission function T�E�, and
	L and 	R are the Fermi energies of the left and right elec-
trodes under the applied bias. The transmission function is
given by

T�E� = tr��LGM�RGM
† � , �2�

where �L�R� is the spectral density of states of the left and the
right electrodes,

�L = i�L − L
†� , �3�

and  is the “self-energy,”

L�E� = �ESLM − HLM�†GL
0�E��ESLM − HLM� . �4�

Here GM is Green’s function for the molecule, and SLM and
HLM are the overlap and Hamiltonian coupling matrix ele-
ments between the left contact and the molecule.

Complete details of our computational and theoretical
strategy are described in Refs. �41,54�. The method uses su-
percells containing metallic �gold� slabs and the molecule. A
block recursion method �41,55� is used to transform the finite
gold slabs into semi-infinite bulk electrodes. All interactions
such as molecule-metal and molecule-molecule are obtained
self-consistently at zero bias. The bias is applied by assum-
ing a symmetric drop across each of two metal/molecule
interfaces.

The electronic structure is determined by a local-orbital
description. The SIESTA code �56� uses localized pseudo-
atomic orbitals �PAOs� as the basis in the DFT local-density
approximation with pseudopotentials. In this work, double-
zeta basis plus polarization orbitals �DZP� was used for all
atoms except Au �single-zeta basis plus polarization orbitals
�SZP��. The supercell system is exactly the same as the one
used in the projected-density-of-states calculation in Sec. IV.

Figure 6 shows the transmission functions for G-C, A-T,
G-T, and 2AA-T base pairs. All the curves are adjusted so
that the Fermi energy is defined to be zero energy. The Fermi
level is aligned very close to the HOMO in all cases in agree-
ment with plane-wave results described earlier. The band gap
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FIG. 5. �Color online� Averaged projected DOS per atom for
G-C, A-T, G-T, and 2AA-T. The projected DOSs onto carbon, ni-
trogen, oxygen, and sulfur atoms are represented in black, blue, red,
and orange colors. Solid and broken lines are the projected DOSs
onto atoms on purines �G, A, and 2AA� and pyrimidines �C and T�,
respectively. The HOMO is dominated by the orbitals on purine
�guanine for G-C and G-T, adenine for A-T, and diaminoadenine for
2AA-T�, and the LUMO is dominated by the orbitals on pyrimidine
�cytosine for G-C and thymine for G-T, A-T, and 2AA-T�.
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also shows good agreement with the plane-wave basis-set
calculation �e.g., EG=3.2 eV using local orbitals and 3.3 eV
using plane-wave basis set for G-C�. The transmission func-
tion for the four base pairs clearly shows how complex the
situation is. Near the metal Fermi level, the base pairs with
three hydrogen bonds �G-C and 2AA-T� have higher trans-
mission probability than those with two hydrogen bonds
�A-T and G-T�. This agrees with the conductance estimate
obtained using ��EF� in Sec. IV. At the Fermi energy, A-T
and G-T show almost the same transmission probability, and
2AA-T has slightly higher T�E� than G-C, which is also con-
sistent with the results in Sec. IV.

The situation in the midgap region yields different results.
Here G-T has the smallest transmission function, again in
agreement with the CBS results �Fig. 4�. What does not agree
is that the transmission function for G-C base pair is signifi-
cantly enhanced compared to 2AA-T and A-T. We have no
simple explanation for this enhancement.

The current-voltage �I-V� curves for G-C, A-T, G-T, and
2AA-T are all linear for small voltage region between −0.1
and +0.1 V. We focus only on small voltages—in a DNA
recognition or sequencing device in water, small voltages are
necessary to ensure that electrochemistry does not take place.
As we can expect from the transmission function, G-C and
2AA-T have higher conductance than A-T and G-T. The cur-
rent is higher for 2AA-T than G-C, and is almost the same
for A-T and G-T, which agrees with result of the estimated
conductance using ��EF� in Sec. IV. The conductance for
each base pair was obtained from the slope of linear part of
I-V curve, and is listed in Table III. Although the conduction
trends among base pairs shows agreement between the I-V
calculation and the complex-band-structure estimates, the ab-
solute value of the conductance shows discrepancy. The con-
ductance estimate from ��EF� predicts a higher conductance
by about an order of magnitude. As discussed above, most of
this discrepancy is due to the sharp drop in � as EF ap-
proaches the HOMO �energy zero in the CBS curves�, while
the effective � contained in the transmission function is not
reduced as dramatically because of the HOMO level broad-
ening. Additionally, the CBS conductance estimate does not
consider the effect of metal-molecule contact interaction, or
on details of the contact geometry.

From the information of transmission probability we ob-
tain the approximate decay function ��E� ��=−ln T�E� /L�.

For L we used the distance between the two sulfur atoms.
The ��E� curve shown in Fig. 7 for G-C gives the maximum
value of about 0.71 Å−1. It is remarkable that this is the
same value as obtained from the CBS in Sec. III ��max
=0.70 Å−1�. Figure 7 also shows ��EF� using the Fermi-
level alignment from the transmission function and it is
0.51 Å−1. This value of ��EF� is higher than the value ob-
tained using the CBS and explains the difference in conduc-
tances between the I-V results and the CBS �Table III�
���EF�=0.35 Å−1�. The origin of this difference is clear. The
complex band structure has a well-defined “HOMO band” at
which � goes to zero. For the metal/molecule/metal sand-
wich, the HOMO level is broadened out in energy, mixing
with many gold levels and becomes ill defined. Therefore �
is not allowed to drop to zero, making the metal/molecule/
metal conductance far less than the simple CBS result. In
some sense, the significant difference between the conduc-
tance values from the CBS and the metal/molecule/metal
system is because of the “accidental” closeness of the Fermi-
level alignment with the HOMO. Additionally, it may seem
peculiar that the metal/molecule/metal I-V method produces
such a low conductance �compared to G0� as the Fermi level
approaches the HOMO. We believe that the origin of this is
that the HOMO wave function is inhomogeneously distrib-
uted over the base pair.

VI. CONDUCTANCE OF DEOXYNUCLEOSIDE-
NUCLEOBASE COMPLEX

The complex band structure and I-V calculation for DNA
base pairs suggest that the number of hydrogen bonds plays
a role in determining the conductance of base pairs—more
hydrogen bonds lead to noticeably higher conductance. This
result suggests the feasibility of identifying DNA bases by
reading the electrical signal of hydrogen-bonded base pairs.
Recently He et al. �16� measured the decay of current with
distance when a nucleobase-functionalized STM probe is
pulled away from nucleoside monolayers. They found that
the current decays slowly when the hydrogen bond is formed
between G-C base pair �guanine-functionalized STM tip is
used on a deoxycytidine monolayer� compared to G-T base
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FIG. 6. �Color online� Transmission function as a function of
energy for G-C, A-T, G-T, and 2AA-T base pairs. The Fermi level is
defined to be zero energy in the figure. The transmission probability
at the Fermi level is higher for G-C and 2AA-T than for A-T and
G-T. The Fermi level is aligned near the HOMO in all cases.
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pair �guanine-functionalized tip on deoxythymidine
monolayer�. We performed I-V calculation for hydrogen-
bonded base pairs with deoxyribose attached to one nucleo-
base �nucleoside-base complex�. The four nucleoside-base
systems are deoxycytidine-guanine, deoxythymidine-
diaminoadenine, deoxythymidine-adenine, and
deoxythymidine-guanine. Figure 8 shows the schematic dia-
gram of the thiolated deoxycytidine-guanine used in an I-V
calculation where the two S atoms are attached to gold and
are similar to the recent STM experiment by He et al. �16�.

First we obtained the optimized structure of deoxynucleo-
side by energy minimization using DFT with B3LYP. It then
was aligned with the nucleobase �optimized using the same
method� in a way that two nucleobases become coplanar and
have proper hydrogen-bond lengths determined by geometry
optimization of base pairs.

The I-V calculations were performed with small bias
��0.1 V�. It was found that deoxyribose reduces the con-
ductance substantially. In fact, the conductance is no longer
roughly proportional to the number of hydrogen bonds. Table
IV shows a summary of the I-V determined conductances of
base pairs and nucleoside-base complexes. There is a signifi-
cant decrease in the conductance when the deoxyribose is
attached to the base, which is expected because the deoxyri-
bose and base lies almost perpendicular to each other rather
than being in plane after geometry optimization. More im-
portantly, it clearly shows that the number of hydrogen bonds
in base pairing of a nucleoside-nucleobase pair is not a de-
cisive factor that determines the conductance. The slight

shifts of the Fermi-level alignment relative to the HOMO is
just as important as the number of hydrogen bonds when the
electrical resistance becomes high. This result indicates that
it becomes more difficult to identify DNA for sequencing
from only the transverse conductance of DNA tethered to the
metal electrode via hydrogen bonding with a probe nucleo-
base attached to a second contact.

VII. EFFECT OF THE NUMBER OF HYDROGEN BONDS
ON CONDUCTANCE

The conductance is affected by the relative alignment of
the HOMO and metal Fermi level, and also by the number of
hydrogen bonds within the base pair. We seek a direct deter-
mination of just the dependence of the conductance on the
number of hydrogen bonds connecting a base pair. To do
this, we computed the complex band structure for modified
base pairs where the modification involves removing hydro-
gen bonds. Hydrogen bonds are removed by rotating the NH2
out of the bonding plane. For the G-C base pair, the -NH2
donor groups in cytosine and guanine are rotated by 90°
about C-N axis. This moves the H atom far away �e.g.,
1.7–1.9 Å→2.7–2.8 Å� from the acceptor on the other
base. We assume that this causes the hydrogen bond between
NH¯O to be broken.

As a measure of the effectiveness of hydrogen-bond tun-
neling, we inspect the decay constant � for the G-C base pair
at its maximum value in the band-gap region ��max�, and
estimate the conductance using G=G0e−�maxL. Table V shows
how the decay constant and the conductance vary when both
of the -NH2 groups in cytosine and guanine were rotated.
Thus three hydrogen bonds are reduced to just one. There is
only a modest change in �max and it increases by only 8%
when two hydrogen bonds are removed. However, since the
conductance depends exponentially on �, the conductance
decreases by a factor of 2.0. We also changed the number of
hydrogen bonds in A-T base pair by rotating the -NH2 group
in adenine. The conductance decreased by a factor of 1.6
when only one hydrogen bond remains compared to when
there are two hydrogen bonds in base pair. Of course, it is
expected that the base pair becomes less conductive as the
number of hydrogen bonds is reduced, but the conductance
reduction is much smaller than linear.

VIII. ISOLATING � OF A HYDROGEN BOND

The decay constant obtained from the complex band
structure is the overall decay constant for a unit cell, which
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FIG. 8. Schematic diagram of deoxycytidine-guanine. The hy-
drogen atoms on both ends are replaced by sulfur to make contacts
with the gold electrodes for I-V calculation.

TABLE IV. The conductances in nS for the base pairs �GB-B�
and the nucleoside-base complex �GNS-B� determined by an I-V cal-
culation �Eq. �1��. Four base pairs are considered, and the number
of hydrogen bonds for each base pair is indicated in parenthesis. For
base pairs three-hydrogen-bonded base pairs �G-C and 2AA-T�
have higher conductance by a factor of 4–5 than two-hydrogen-
bonded base pairs �A-T and G-T�. Attaching deoxyribose reduces
the conductance significantly, and conductances do not correlate
well with the number of hydrogen bonds.

GB-B

�nS�
GNS-B

�nS�

G-C �3HB� 83.8 0.96

2AA-T �3HB� 119 1.43

A-T �2HB� 22.2 1.62

G-T �2HB� 23.7 0.54

TABLE V. The decay constants near midgap ��max� and the
estimated conductances �G� for different numbers of hydrogen
bonds �NHB� within the DNA base pair. The conductance decreases
as the number of hydrogen bonds decreases but the decrease is less
than linear.

G-C G-C A-T A-T G-T

NHB 3 1 2 1 2

�max �Å−1� 0.70 0.76 0.72 0.76 0.79

Gmin �nS� 9.82 4.83 7.83 5.00 3.70
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includes both the covalent bond and the hydrogen bond. We
have found that this “global decay” has a maximum of
0.7–0.8 Å−1 for base pairs. How can we isolate the contri-
bution from the hydrogen bond itself? There is no simple
solution to this, but a “differential �” gives a partial answer.
Here we change the hydrogen bond-length between a base
pair to obtain insight into the decay constant of the hydrogen
bond itself. The simplest assumption for the relationship be-
tween the overall decay constant ��overall� of the whole sys-
tem with length L and the decay constant of each component
��i� with length Li would be the linear relationship, �
=e−�overallL=exp�−	i�iLi�=e−�HLHe−�CLC �the subscripts H
and C indicate the hydrogen bond and the covalent bond,
respectively�. Here � is the decay factor from cell to cell
determined by the complex k vector that is the output from
CBS method, �= 
eikL
2. By taking the natural logarithm and
differential with respect to LH, we define �H as
d�ln �� /dLH=−�H. This simple, but approximate, result
means that the decay constant for just the hydrogen bond
itself can be obtained by from � by varying the hydrogen-
bond distance �LH� while keeping all the other bond lengths
the same.

Figure 9 shows the result of � versus hydrogen-bond dis-
tance. We extend all hydrogen-bond lengths uniformly by
rigidly moving the two bases away or toward each other. The
hydrogen-bond length in the Fig. 9 is the central N-H-N
bond length. It is seen that ln � decreases linearly as the
hydrogen-bond distance increases for the G-C base pair. It

gives �H= 
slope
=3.3 Å−1, which is far higher than �overall
�=0.70 Å−1�. The higher value of �H compared to �overall
indicates that the hydrogen-bond tunneling is less conductive
than the “through-bond” tunneling within the molecule as we
expect. Since �H is so large, fluctuations around the equilib-
rium hydrogen-bond lengths that occur in solution will pro-
duce larger current variations than those expected from
�overall. The analysis was repeated for the A-T base pair,
which contains two hydrogen bonds. The value of �H ob-
tained from the 
slope
 of ln � vs LH plot was lower in the
A-T base pair �2.6 Å−1� than in G-C base pair �3.3 Å−1�.

IX. CONCLUSION

In this paper we investigated the electron-tunneling prop-
erty of different base pairs �G-C, A-T, G-T, and 2AA-T�
using the methods of complex band structure and of Green’s-
function scattering theory for I-V characteristics. The pro-
jected density of states using both plane-wave basis set and
local orbitals shows that the Fermi level is aligned very close
to the HOMO in all cases, and the HOMO and the LUMO
are localized onto orbitals on purine and pyrimidine, respec-
tively. Conductances estimated from the decay constant of
tunnel current at the Fermi level and from the I-V calculation
indicate that three-hydrogen-bonded base pairs �G-C and
2AA-T� are more conductive than two-hydrogen-bonded
base pairs �A-T and G-T� by a factor of 4–10. However, the
conductance of nucleoside-base complex decreases signifi-
cantly compared to the conductance of base pairs, and it
becomes difficult to distinguish the base pairing by measur-
ing the conductance of nucleoside-base complex.

As more hydrogen bonds are formed between the DNA
bases, higher conductance for the same base pair was ob-
served. The decay constant � for a unit cell of base pair
increases as the hydrogen-bond distance increases, resulting
in a linear relationship between the logarithm of the decay
rate ��� of the tunneling probability and the hydrogen-bond
distance.
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