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Electronic structure of overstretched DNA
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Minuscule molecular forces can transform DNA into a structure that is elongated by more than half its
original length. We demonstrate that this pronounced conformational transition is of relevance to ongoing
experimental and theoretical efforts to characterize the conducting properties of DNA wires. We present
quantum-mechanical calculations for acidic, dry, poly(CG)-poly(CG) DNA that has undergone elongation of
up to 90% relative to its natural length, along with a method for visualizing the effects of stretching on the
electronic eigenstates. We find that overstretching leads to a drastic drop of the hopping matrix elements
between localized occupied electronic states, suggesting a dramatic decrease in the conductivity through holes.
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The possibility of efficient charge transfer along t
stackedp orbitals in DNA was proposed 40 years ago.1 In
recent years its conducting properties were tested in sev
contexts: DNA has been used as a template on top of w
nanowires are built2 and there is hope that self-assembl
DNA junctions between conductors will function soon. The
has also been renewed interest in building and characteri
molecular wires of plain DNA between two metal leads,3–7

possibly combined with changes of the major constituent
the molecule to improve its properties.8 There is ongoing
debate as to whether DNA is conducting, semiconduct
insulating, or all of the above.9 There are several reasons f
this controversy. There is great diversity of the DNA form
in terms of its composition, length, and structure. Counte
ons and impurities that can attach to the phosphate gro
and the grooves of the molecule need to be taken into
count. Finally, environmental factors such as tempera
and contact resistance can play a major role.

Experiments done 50 years ago by Wilkinset al.,10 sug-
gested that overstretched DNA~that is, substantially longe
than its natural length! undergoes a transition to a structu
that can accommodate elongation up to twice the length
relaxed DNA. A major breakthrough in understanding t
mechanical properties of DNA was achieved through sin
molecule stretching experiments.11–13 It was shown that by
gradually increasing the axial stretching forceF along the
DNA helix, the molecule first uncoils, then, at aF of 5 pN, it
reaches its natural length, and then exhibits a stiff ela
response for forces of up to 50 pN. AtF between 50 to 80
pN, DNA undergoes a pronounced and abrupt structu
transformation to a yet unknown structure that is elonga
by more than 50%. Further increase in force leads to bre
ing after it has stretched to twice its natural length. In t
Rapid Communication we argue that these overstretc
forms of DNA are relevant in the quest for novel devi
components, We develop a visualization method for und
standing the nature of electronic states in these forms,
we present a detailed discussion of their electronic prop
ties.

We use an efficient quantum-mechanical electronic str
ture method14 that treats all the valence electrons and
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counts for the charge transfer involved in biological mo
ecules and semiconducting surfaces. This approach, ca
self-consistent-charge density-functional tight-bindi
method, is based on an expansion of the Kohn-Sham en
functional15,16 in terms of the charge density. The zerot
order term results in a tight-binding Hamiltonian, and t
second-order term incorporates the charge redistribution.
method is able to deal with the very large numbers of ato
involved in biologically relevant systems. As a test, we p
formed calculations on a periodic homopolymer of po
(C)-poly(G) with ten base pairs per turn and reproduced
results of de Pabloet al.,5 which to our knowledge is the
only ab initio electronic structure calculation of a period
DNA structure.17 Our results are in excellent agreement w
their calculations: we find a 2.1-eV band gap between
highest occupied and lowest unoccupied eigenstates, c
pared to 2.0 eV reported in Ref. 5. The wave functions of
highest occupied valence band are located on the guan
while the wave functions of the lowest unoccupied band
located on the cytosines, also in agreement with Ref. 5.

For the purpose of the present study, calculations w
performed on a variety of DNA polymers with different com
positions employing both infinite periodic and finite stru
tures. We limit our discussion to poly(CG)-poly(CG) as a
representative structure for which well-established ov
stretched configurations have been published.18 Our results
on finite DNA polymers show the existence of states loc
ized at the opposite ends of the molecule. The energy le
of these states lie between the regular bands that appe
the periodic structures. We removed these states before
lyzing the electronic properties, and will refer to the rema
ing states as the ‘‘restricted band structure’’ of the nonpe
odic configuration. As a test, we compared a 18-base-
restricted band sturcture with periodic structures with
base pairs per unit cell and found the band structures vi
ally indistinguishable. A boundary region of three base-p
layers at each end of the molecule was sufficient to con
the spurious end states. Figure 1 displays the band struc
of a periodic sequence with a unit cell consisting of ten b
pairs. The sharp features of the density of states are du
the one-dimensional nature of DNA. In all periodic s
©2002 The American Physical Society04-1
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quences there is an extra symmetry, which for the p
(CG)-poly(CG) structure is the translation by two bas
pairs along the stack, together with a rotation of 72° arou
the helical axis: this symmetry is generated by the sc
operator that is isomorphic to a pure translation opera
Structures obtained by short~50 ps! molecular dynamics
runs at 50 K using classical force fields,19 indicate that minor
deformations of the ideal configuration destroy the sharp
tures in the electronic structure.

We now move on to a discussion of overstretched DN
First we elaborate on how this is relevant in the construct
of DNA nanowires. One way to attach DNA molecules
substrates is the technique of ‘‘molecular combing.’’20 This
method uses the meniscus forces that develop between
solution surface and the device surface template to uncoi
DNA and stretch it between two electrodes as the devic
pulled out of the solution. A description of recent expe
ments estimates that the forces that are exerted on the D
molecules are of the order of 100 pN,21 more than enough to
stretch them past their natural length. This is indicated
recently built devices22 where the distance between the ele
trodes was about 30% longer than the natural length of
DNA molecules. The overstretching can have a variety
consequences on the electronic states.

Elongated DNA structures have been determined in
pioneering study of Lebrun and Lavery,18 which models the
adiabatic elongation of selected DNA molecules. There
two distinct modes of overstretching corresponding to p
ing the opposite 38-38 ends and 58-58 ends. The former
mode leads to DNA unwinding, consistent with a recent
timate of the helicity of overstretched DNA,23 whereas the
latter leads to a contraction of the diameter of the helix. B
overstretching modes can accommodate elongations of u
90% without breaking the molecule.

We next present the inherent electronic states of the o
stretched structures and then consider electron transpor
pects. For all the calculations we used acidic, dry, 18-ba
pair strings of DNA, and we performed the projection of t
end states in the manner stated before. The quasi-
dimensional structure of all the forms leads to the format
of clear minibands in the energy spectrum, similar to tho
shown in Fig. 1. The band structure of the overstretch
forms has an overall resemblance to the band structure o
original unstretched form, and many of the minibands n

FIG. 1. ~Color! The band structure around the Fermi ener
~left! with the corresponding density of states~right! for the peri-
odic poly(CG)-poly(CG) form. The inset shows a detail of th
density of states at the highest occupied valence band. We de
the band-gap around the Fermi energy (gF), the widths of the high-
est valence (w1

v) and lowest conduction (w1
c) minibands, and the

gaps between these and the neighboring minibands (g1
v andg1

c).
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the Fermi energy can be continuously mapped to their co
terpart in the unstretched configuration. This is mostly b
cause of the molecular structure of the overstretched fo
as will become clear in the following discussion. For some
the most deformed structures, especially the 90% ov
stretching in the 58-58 mode, several of the minibands ar
mixed and small but clear gaps present in less deform
structures disappear.

We have devised a scheme for visualizing the electro
states of DNA, which naturally accounts for the symmetry
this molecule. The basic concept of this scheme is to unf
contour plots of the band electron density evaluated at cy
drical surfaces centered on the helical axis, as shown in
2. In this figure we show the structure at its natural leng
together with one that is elongated by 30% in the 38-38
overstretching mode. With the help of these plots we c
understand most of the band-structure features of
stretched forms. The elongation to the overstretched form
achieved by changing the dihedral angle configuration of
backbone of the molecule, thus leaving the local part of
orbitals essentially intact.

In Fig. 3~a! we present the valence-band electron dens
of selected stretched poly(CG)-poly(CG) structures using
our visualization scheme. We choose the radii of the cyl
ders to follow the atom with the largest electron density f
the band that we present. In the unstretched structure, thp
band is along the guanines. Upon elongation, orbitals fr
the picture frame are removed while the remaining ones
tate partially as dictated by the new orientation of base pa
The poly(CG)-poly(CG) structure contains pairs of gua
nines that are closer to each other. These guanines displa
overlap of the electronic densities as seen in the top
frame of Fig. 3~b!. Elongation in the 38-38 mode keeps such
paired guanines close to each other which is reflected in
overlap in their electronic densities. The overlap of the el
tronic densities between guanines from different pairs
creases with elongation. In Fig. 3~b! we show the
conduction-band electron density. Note again how the or
als rotate as the structure is being overstretched, follow

ote

FIG. 2. ~Color! The left panel shows a piece of poly(CG)-poly
(CG) B-DNA. Along its helical axis is a cylinder on which we plo
the contours of the valence-band electron density. The right pa
shows the same region for a 30% stretched structure.
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FIG. 3. ~Color! Cylindrical contour map of the highest valence~a! and the lowest conduction~b! band electron density, for the pol
(CG)-poly(CG) DNA ~top left! and the 30%, 60%, and 90% overstretched forms~right!. The bottom left panel of each part shows a drawi
of theCG base pairs along the cylinder; the arrows indicate bases with the largest couplings. In~a! the 90% overstretched 58-58 form is not
shown because the highest valence band mixes with the lower bands. The vertical axis covers a fixed region corresponding to ten
in the unstretched form. The horizontal axis runs from 0 to 2p. The radius of the cylinder follows the guanine C5 atom in~a!, and the
cytosine C6 in~b!. The cylinder surface unit element is kept fixed: this results in a variation of the length of the horizontal axis, propo
to the cylinder radius. The color coding~shown in the color bar between the unstretched and stretched graphs! is fixed between different
structures and covers five orders of magnitude.
0%
h

r
n

le
ita
e
he
on
en
te

b-

ta

or
d
rix
clo
%
le

t,
c

ne-
the
lues
igh-

be a
g,
n
en
rest-

re

the
to

er
the rotation of the bases. Note that in the extreme 9
stretching case, the orbitals become perpendicular to the
lical axis.

The changes in the structural features should be of p
found consequence to any model dealing with electron tra
fer since, to a first approximation, the overlap matrix e
ments depend exponentially on the distance between orb
Because of thep character of the states near the Fermi lev
a nonparallel alignment will strongly affect the values of t
overlap integrals. In order to quantify these effects, we c
sidered the nearly degenerate eigenstates in the first val
miniband. We used the linear combination of these sta
which gives normalized, orthogonal statesuC i& that are
maximally localized along the helical axis within the su
space spanned by the delocalized states. The resulting
lence states are localized on guanine bases. With these s
we calculated the hopping matrix elements,t i j , between
nearest-neighbor sites. Note that for the poly(CG)-poly
(CG) structure every guanine has two guanine neighb
one above and one below, as indicated in Fig. 3, separate
distances of 5.3 Å and 4.2 Å. The larger of the two mat
elements corresponds to hopping between sites that are
together; its value remains roughly constant for the 30
overstretched structures. The smaller of the two matrix e
ments, which corresponds to sites that are further apar
dramatically reduced for all the overstretched forms. Sin
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the two different hopping terms are connected in a o
dimensional series, the smallest term will determine
bottleneck for electron transport. The absolute square va
of these small hopping matrix elements between these ne
bors are given in Fig. 4~a!. We infer from this figure that if
the conduction mechanism is through holes there should
dramatic drop in conductivity with 30% overstretchin
which in the 38-38 mode drops further with elongation. I
Fig. 4~b! we give the hopping matrix elements betwe
states in the conduction band. In the cases where the nea

FIG. 4. ~Color! The values of the hopping matrix elementsut i j u2

for ~a! the valence and~b! the conduction band. The values a
given eV2 multiplied by a factor of 1012 to facilitate relative com-
parisons, for overstretching of 0, 30, 60, and 90% relative to
natural length. The blue~left! column at each entry corresponds
the 38-38 stretching mode and the red~right! column to the 58-58
mode. In~a!, the entry at the 90% stretching of the 58-58 mode is
missing because of the mixing of the valence band with low
bands.
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neighbor pairs have very different matrix elements we o
list the one that would be the bottleneck for this chann
Due to the stronger localization of the conduction band a
because of the rather large distance between the occu
sites, the hopping matrix elements are substantially sma
than the ones between the valence states in the structu
natural length. In fact, it is the site that is two bases aw
which has the strongest overlap in this structure: the C6
oms between these bases are actually closer to each
~9.0 Å! than the C6 atoms between consecutive base p
~10.0 versus 10.3 Å!. The first and second neighbor hoppin
terms are indicated in Fig. 3~b!. Since these terms are con
nected in parallel, this time it is the maximum of the two th
will play the dominant role in the conduction mechanism a
it is this one that is included in Fig. 4~b!. We note that if
conduction takes place by electrons the conductivity dr
with overstretching in the 38-38 mode but not necessarily i
the 58-58 mode.

The concept of overstretched DNA in relation to ele
tronic device components appears relevant to a variety
experimental and theoretical issues. Experimentally it is p
sible, and sometimes even unavoidable, to create o
stretched DNA molecules. The window of allowable forc
that can be applied to stretch DNA to its natural length,
not overstretch, is small~from 5 pN to 50 pN! compared to
the forces applied during molecular combing. Another i
portant aspect is owed to the nature of the extreme stretc
forms, it seems possible to expose the bases to the exteri
re
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the molecule allowing impurities to enter the crucial bas
pair stack region. This could result in controlling the ele
tronic properties with doping. This might also enable dire
visualization of parts of the electronic wave functions, whi
was is not possible in the natural DNA forms because of
insulating backbone layer. On the theoretical level, the ma
existing models~superexchange,24 hopping,24 and polaron25!,
of pure DNA conductivity will be drastically affected by th
consequences of overstretching, including changes in
hopping matrix elements and in the low-energy vibration
modes. For long fibers of homogeneous DNA~either a ho-
mopolymer, or a short repeated sequence! we expect stretch-
ing to appear homogeneously. Regions of varying richnes
AT or GC mixture would induce different lengthenings
different parts of the molecule, permitting conductio
mechanisms to change along the molecule.
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