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Using the ab initio Hartree-Fock crystal orbital method in its linear combination of atomic orbital
form, the energy band structure of the four homo-DNA-base stacks and those of poly共adenilic acid兲,
polythymidine, and polycytidine were calculated both in the absence and presence of their
surrounding water molecules. For these computations Clementi’s double  basis set was applied. To
facilitate the interpretation of the results, the calculations were supplemented by the calculations of
the six narrow bands above the conduction band of poly共guanilic acid兲 with water. Further, the
sugar-phosphate chain as well as the water structures around poly共adenilic acid兲 and polythymidine,
respectively, were computed. Three important features have emerged from these calculations. 共1兲
The nonbase-type or water-type bands in the fundamental gap are all close to the corresponding
conduction bands. 共2兲 The very broad conduction band 共1.70 eV兲 of the guanine stack is split off to
seven narrow bands in the case of poly共guanilic acid兲 共both without and with water兲 showing that
in the energy range of the originally guanine-stack-type conduction band, states belonging to the
sugar, to PO4−, to Na+, and to water mix with the guanine-type states. 共3兲 It is apparent that at the
homopolynucleotides with water in three cases the valence bands are very similar 共polycytidine,
because it has a very narrow valence band, does not fall into this category兲. We have supplemented
these calculations by the computation of correlation effects on the band structures of the base stacks
by solving the inverse Dyson equation in its diagonal approximation taken for the self-energy the
MP2 many body perturbation theory expression. In all cases the too large fundamental gap
decreased by 2 – 3 eV. In most cases the widths of the valence and conduction bands, respectively,
decreased 共but not in all cases兲. This unusual behavior is most probably due to the rather large
complexity of the systems. From all this emerges the following picture for the charge transport in
DNA: There is a possibility in short segments of the DNA helix of a Bloch-type conduction of holes
through the nucleotide base stacks of DNA combined with hopping 共and in a lesser degree with
tunneling兲. The motivation of this large scale computation was that recently in Zürich 共ETH兲 they
have performed high resolution x-ray diffraction experiments on the structure of the nucleosomes.
The 8 nucleohistones in them are wrapped around by a DNA superhelix of 147 base pairs in the
DNA B form. The most recent investigations have shown that between the DNA superhelix 共mostly
from its PO4− groups兲 there is a charge transfer to the positively charged side chains 共first of all
arginines and lysines兲 of the histones at 120 sites of the superhelix. This would cause a hole
conduction in DNA and an electronic one in the proteins. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2832860兴
INTRODUCTION

Recently there is a very large development in the determination 共using high resolution x-ray diffraction兲 of the
structure of nucleosomes 关both of the histone proteins1 and
of DNA 共Ref. 2兲 in it兴 as well as in modeling chromatins and
most recently an x-ray investigation of a tetranucleosome3
was published. Their structures obtained make very probable
that due to charge transfer 共CT兲 between DNA and the hisa兲
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tones there is a hole conduction in DNA and an electronic
one in the proteins 共for more details and references see below兲. This is the reason why we have started a detailed investigation of the electronic structure of DNA and are planning to do the same for proteins.
In a previous paper4 the band structure of poly共guanilic
acid兲 in the presence of water was described. In the present
work we also present the Hartree-Fock 共HF兲 band structures
of the other three homopolynucleotides in the presence of
water, poly共adenilic acid兲, polythymidine, and polycytidine,
respectively.
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To understand better these band structures we have also
calculated the highest occupied molecular orbital 共HOMO兲
and lowest unoccupied molecular orbital 共LUMO兲 energy
levels of the four nucleotide bases occurring in DNA and the
band structures of their stacks in a Watson-Crick-type single
helix. We have also repeated these stack calculations taking
into account correlation in the MP2 level. Further, we have
also computed the bands of the four homopolynucleotides in
the absence and presence of water. Finally, we also present
the band structures of a sugar-phosphate chain and
of the water “chains” in the cases of poly共adenilic acid兲 and
polythymidine.
Since in the band structure of polythymidine 共with H2O兲
the conduction band and in the case of polycytidine 共again
with water兲 the valence band are very narrow 共with widths
smaller than 0.1 eV兲 there cannot occur Bloch-type conduction by electrons in polythymidine and the same type of conduction by holes in polycytidine.
The main reason of these very narrow bands in the homopolynucleotides containing pyrimidine-type bases 共thymine or cytosine兲 is that their spatial overlap and with it the
overlap of the  orbitals is much smaller in a stack because
they contain only one six-membered ring. On the other hand
the overlap of the wave functions in a stack in the case of the
purine-type bases 共adenine and guanine兲 is much larger because they contain besides six-membered rings also fivemembered ones.5
To see better the occurrence of these very narrow bands
we have analyzed four bands above the conduction band of
polythymidine and one band below the valence band of polycytidine looking at the eigenvectors belonging to their band
edges. It has turned out that—in contrary to poly共guanilic
acid兲 and poly共adenilic acid兲 共containing one of the purinetype bases兲 cases—there is a much larger mixing of the states
not belonging to a base 共sugar, PO4−, Na+, water-type states兲.
We shall return to this problem in more detail at the Results
and Discussion.
It should be pointed out that we have performed these
quite extensive calculations—as it was discussed already in
our previous paper4—because in the past ten years detailed
high resolution x-ray investigations have been performed on
the nucleosomes1–3 共both on their protein parts which contain
8 nucleohistones1 and on its DNA B superhelix containing
147 nucleotide base pairs2兲. In the nucleosomes the DNA
superhelix is wrapped around the histone molecules. The
structure is held together first of all by the CT through H
bonds of the positive side chains 共arginine and lysine兲 of the
histones and the PO4− groups of DNA. There are also other
interactions between the other negative sites of the nucleotide bases and the positive sites 共for instance, dipoles兲 of the
histones.
The detailed data given in Ref. 1 indicate that the number of CTs between DNA and histones in a nucleosome can
be estimated to be roughly at 120 sites6 of the DNA superhelix.
The occurrence of this CT in a nucleosome causes a hole
current in DNA and an electronic one in the histones.
The authors of Ref. 1 also point out that if by some
external disturbances 共binding of foreign molecules to DNA,

radiations, etc.兲 the mutual positions of the negative groups
in DNA and the positive ones in the histones can change in
such a way that the charge transfer between them occurs in
much lesser degree.
In that case the hole and electron conductivities, respectively, can diminish strongly, so they become insulators. If
this happens the DNA superhelix will move away from the
histones and therefore the genetic information contained in it
becomes readable. This causes a large perturbation of the
self-regulation of the cell via the well known biochemical
mechanisms.5,7
One should mention that more recently Schalch et al.
have determined by x ray the structure of a four nucleosome
system at 0.9 Å resolution.3 The structure, which they have
obtained, fits into the chromatin fiber model 共two stacks of
nucleosomes starting in opposite directions兲 which they have
constructed previously.8
These very important developments in the determination
of the structure of the nucleosomes and modeling of chromatins have given us the impetus to perform the very large
scale DNA calculations described below. We intend to develop from these band structures a theory of charge transport
in DNA. This will be a combination of hole hopping 共sometimes tunneling兲 and for some short segments Bloch-type
hole conduction.
We plan to perform a similar theoretical development for
electron transport in proteins. In the latter case the electron
transport can occur through the infinite crystal orbitals

which are perpendicular to the main chain in the case of ␣
helices 共in the nucleohistones兲. At the same time a hopping
conduction can occur along the aperiodic main chains. It
should be mentioned that the idea of infinite crystal orbitals
perpendicular to the main chains of proteins originates from
Coulson who, however, never published this, but told to several of his acquaintances.9 The first protein band structure
calculations were based on this model.10–12
METHODS

The calculations mentioned in the Introduction were performed with the help of the ab initio HF crystal orbital 共CO兲
method in its linear combination of atomic orbital 共LCAO兲
form.13–15 The method allows an arbitrary number of basis
functions in the unit cell and a general periodicity 共for instance, helix operation in DNA B: translation
+ simultaneous rotation both of the nuclei and the basis functions in the plane perpendicular to the long axis of the double
helix兲.16 Only in this way was possible to calculate infinite
共or very long兲 polymers with a helical or zigzag structure.
For the details, see our very recent publication in Journal of
Chemical Physics in 2007 共Ref. 4兲 and a detailed review of

Downloaded 04 Apr 2008 to 131.188.123.227. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

105101-3

J. Chem. Phys. 128, 105101 共2008兲

Electronic structure of the four nucleotide bases

the CO method.17 It should be mentioned that even the latest
revision of the GAUSSIAN package18 does not contain in their
polymer programs the case of general periodicity.
We have applied again Clementi’s double  basis set.19
In this way the numbers of basis functions were 479 共poly共adenilic acid兲 with water兲, 443 共both for polythymidine and
poly共guanilic acid兲兲, and 389 共polycytidine兲. This means that
to obtain the LCAO coefficients matrices of this rank had to
be diagonalized. Since we have used 20 different k values in
the half of the first Brillouin zone these high order matrices
had to be diagonalized 20 times. The 20 different k values
are sufficient, because in a previous HF calculation of the
base stacks the results in the case of 30 and 20 k values,
respectively, were the same.20 In both cases in the iterations
of the charge-bond order matrices 共which corresponds to the
density matrix in the LCAO case兲 the integrals were calculated numerically with the aid of the Gauss-Legendre
method. In the case of the Coulomb integrals we had taken
them into account, until the distance between two centers
was smaller than 30 Å unless an integral had a value smaller
than 10−6 a.u. For the rest of the Coulomb interactions we
have applied a multipole expansion.21,22 In the case of the
exchange integrals we have kept only those which have two
orbitals with their centers apart smaller than 30 Å. It should
be mentioned that in large gap systems 共like the nucleotide
base stacks兲 the exchange integrals decay quite quickly,
while they decay much more slowly if the gap is small 共small
gap semiconductors, etc.兲.
Though we have kept only two-electron Coulomb integrals larger or equal than 10−6 a.u. 共checks with 10−8 a.u.
accuracy have hardly changed the band structure兲, the handling of the large number of integrals was a formidable task
which required rather large CPU times on the Athlon X2
6400 共2.0 Gbyte core memory and 3.2 GHz speed in Erlangen兲 and on the Intel P4 computer 共1.0 Gbyte core memory
and 2.8 GHz speed in Szeged兲.
For the determination of the water structure around the
homopolynucleotides we have applied the same procedure as
in our recent previous paper.4 For starting geometry for a
triple base pair with sugar, phosphate, and Na+ we have used
again the SYBYL program.23 共This program uses 3.36 Å as
stacking distance and 36° as rotation angle for DNA B. The
geometries of the single bases and of the sugar-phosphate
backbone were taken from Ref. 24. Originally 263 H2O molecules were placed randomly around this system, followed
by an optimization of the geometry of this system using molecular mechanics 共Amber force field included in GAUSSIAN
18
03. 兲 After that successive elimination of the upper and
lower nucleotide pairs together with the water molecules belonging to them, of the H2O molecules on the outer part of
the cylindrical mantle, and finally elimination of the complementary nucleotide together with its water molecules was
executed 共for instance, in the case of poly共adenilic acid兲 the
thymidine nucleotide with its water molecules兲. The Na+ ions
after this procedure could be located in all cases in the plane
determined by the P atom and the two O atoms, which do not
take part in the sugar-PO4− chain.
After this briefly described procedure written in more
detail in Ref. 4 there are 16 H2O molecules around A, 14

around T, 13 共see Ref. 4兲 around G, and 11 around C. The
electronic structures of these water molecules were explicitly
taken into account in the band structure calculations of the
three additional homopolynucleotides using the same basis
set.
To have an idea of the effect of correlation on the band
structures we have solved the inverse Dyson equation

l = HF
l + 关⌺共l兲兴l,l

共1兲

in the diagonal approximation following Liegener’s
suggestion.25 Here I is the quasiparticle energy, IHF the
corresponding HF energy, and 关⌺共I兲兴I,I 共the capital indices
mean here and thereafter a given state and k value: I = i , k兲
the diagonal I , I element of the self-energy matrix at the quasiparticle energy I 共for the derivation of this equation from
the Dyson equation see Ref. 17, p. 204兲.
For 关⌺共I兲兴I,I we have applied the MP2 expression26
关⌺共MP2
兲兴l,l = lim
l

→0

+

冤

* − V* 兲
VIJAB共2VIJAB
IJBA

兺

HF
HF
I + HF
J − A − B + i
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A,B苸unocc

* − V* 兲
VIJAB共2VIJAB
IJBA

兺

J苸unocc

HF
HF
l + HF
J − A − B − i

A,B苸occ

冥

,

共2兲

where
VIJAB = 具l共r1兲 j共r2兲兩A共r1兲B共r2兲典

共3兲

is the usual two-electron integral, where, for instance, I共r1兲
in its LCAO form
N

m

冋 册

1
2ikq
l共r1兲 =
兺 兺 exp 2N + 1
共2N + 1兲1/2 q=−N t=1
⫻ d共k兲l,tt兵Ŝ−q关r1 − 共RtA兲兴其.

共4兲

Here A is the nucleus on which the basis function t is centered, and the d共k兲l,t’s are the LCAO coefficients. The operator Ŝq = D̂共q␣兲 + q, where D̂共q␣兲 rotates the argument of the
basis function t by the angle q␣ and  is the elementary
translation.
This means that in the case of a helix one has to go from
one unit to the next by a translation and rotation of the nuclei
and one has to rotate simultaneously those basis functions
which have nonzero components perpendicular to the helix
axis by the angle of q␣. For further details see Refs. 4, 17,
27, and 28.
One should notice that this formalism is the ab initio and
generalized form of Toyozawa’s electronic polaron model.29
Iterating between Eqs. 共1兲 and 共2兲 one obtains the selfconsistent-field quasiparticle energies.
We have applied this formalism to the four nucleotide
base stacks using for them the same geometries as in the case
of HF.
In Figs. 1–3 we show the chemical structure of the unit
cells of the three homopolynucleotides in the presence of
water. The unit cell of poly共guanilic acid兲 with water was
shown in Fig. 1 of Ref. 4.
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FIG. 1. The unit cell of poly共adenilic
acid兲 together with the water structure
around it 共16 H2O molecules兲 and the
position of the Na+ ion.

RESULTS AND DISCUSSION

In Table I we present the highest occupied energy levels
and the lowest unoccupied ones of the four nucleotide bases.
Further we show the valence and conduction bands formed
from them in a stack of single stranded DNA B.
Looking at Table I one can observe that the highest filled
energy levels are close to each other 共within 1.0 eV, with the
exception of the highest filled level of thymine at −9.86 eV兲.
The energy differences of these levels are about 0.5 eV both
for the two purine-type and pyrimidine-type bases, respectively. The lowest unfilled levels are very close to each other
in the case of G and A and within 0.4 eV for C and T. Generally the highest filled levels of the purine-type bases are

situated lower than those of the pyrimidine-type ones. One
finds the same situation at the lowest unoccupied levels. The
gaps between the two levels are quite similar 共they are very
close for pyrimidine bases: 12.02 and 12.13 eV, respectively,
but about 0.5 eV apart from each other in the case of purinetype bases; the gap of G is the smallest: 11.78 eV兲. In Table
I we have also included the differences of the electrochemically determined electron-affinities30 and ionization
potentials.31–34
In the case of a C stack we have also calculated the gap
at the HF+ MP2 level with a double  + polarization function
basis, and with adding to it the so called ghost basis
functions.20 共The ghost basis functions mean that one puts in

FIG. 2. The unit cell of polycytidine
together with the water structure
around it 共11 H2O molecules兲 and the
position of the Na+ ion.
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FIG. 3. The unit cell of polythymidine
together with the water structure
around it 共14 H2O molecules兲 and the
position of the Na+ ion.

the middle of the stacking distance a “ghost molecule” with
no nuclear charges, but basis functions centered on the
“ghost nuclei” in the same way as in the case of real molecules兲. According to our experience this procedure strongly
decreases the still too large gap and in the case of a C stack
brings it near to the experimental value.20
Turning to the Watson-Crick-type stacks of the four
nucleotide bases one can observe that the valence bands are
shifted in all cases upward by about 0.5 eV and their widths
are over 0.20 eV 共in the case of the T stack 0.50 eV兲. The
only exception is that of the C stack, which has only a width
of 0.06 eV 共we shall see that this behavior also remains in
the case of polycytidine both in the absence and presence of
water兲.
The lower limits of the conduction bands are generally
higher by 0.1– 0.6 eV with the exception of the G stack
which has an unusually large conduction band width
共1.70 eV兲. One should mention that in a completely different
HF CO calculation with a different polymer program and
slightly different geometry the width of the conduction band
of a guanine stack was also extraordinarily large 共1.39 eV兲.20
The band widths of the conduction bands of an A stack
and of a C stack 共0.22 and 0.47 eV, respectively兲 are in the
usual range. On the other hand the width of the conduction
band of the T stack is only 0.10 eV. The width of this decreases further if the sugar and phosphate chain is coupled
with the T stack both in the absence and presence of water
共see Tables II and III below兲.
The very large width of the conduction band in a guanine stack one can try to interpret in the following way. 共1兲
The overlap of two purine-type bases 共as mentioned before兲
is always essentially larger than that of two pyrimidine-type

TABLE I. The physically interesting energy levels of guanine, adenine,
cytosine, and thymine monomers and the band structures of their stacks 共in
eV兲. For the single bases the difference of the experimental electron affinities and ionization potentials is also given. In the case of the C stack for
HF+ MP2 also results with an extended basis 共double  + polarization
functions+ “ ghost” orbitals were applied兲.
Evalence

Econduction

Gap

u.l.
l.l.d
w.f

−8.58
−7.82
−8.16
0.36

3.20
4.11
2.41
1.70

11.78a
10.23c
7.20e

u.l.
l.l.
w.

−9.12
−8.49
−8.70
0.21

3.22
3.71
3.49
0.22

12.34a
11.98c
6.87e

u.l.
l.l.
w.

−9.37
−8.71
−8.77
0.06

2.65
3.26
2.80
0.47

12.02a
11.57c
7.41e
6.60g

u.l.
l.l.
w.

−9.86
−9.40
−9.90
0.50

2.27
2.46
2.36
0.10

12.13a
11.76c
7.41e

G mon.
b

G stack

A mon.
A stack

C mon.
C stack

T mon.
T stack
a

HOMO-LUMO energy difference of the monomer.
u.l.= upper limit.
The HF gap.
d
l.l.= lower limit.
e
Difference between the experimental electron affinity30 and ionization potential. 31–34
f
w.= band width.
g
HF+ MP2 case with extended basis set 关double  + polarization functions
+ ghost orbitals at the half of the stacking distance 共see text and Ref. 20兲兴.
b
c
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TABLE II. The physically interesting bands of poly共guanilic acid兲, poly共adenilic acid兲, polycytidine, and polythymidine in the absence of water 共in
eV兲.
Evalence

Econduction

Gap

u.l.
l.l.b
w.c

−6.45
−6.81
0.36

3.81
3.54
0.27

9.99

u.l.
l.l.
w.

−7.61
−7.80
0.19

4.59
4.45
0.14

12.06

u.l.
l.l.
w

−7.97
−8.05
0.08

3.66
3.35
0.31

11.32

u.l.
l.l.
w.

−8.42
−8.93
0.51

3.27
3.22
0.05

11.64

a

Poly共guanilic acid兲

Poly共adenilic acid兲

Polycytidine

Polythymidine

a

u.l.= upper limit.
l.l.= lower limit.
w.= band width.

b
c

ones 共see Ref. 5兲. 共2兲 In the case of two overlapping guanine
molecules the NH2 groups and the N atoms in the sixmembered rings besides the C v O group belonging to the
two bases get quite close to each other. The analysis of the
corresponding eigenvectors also indicates this. In the case of
the two O atoms which are also geometrically quite close, we
have vanishingly small eigenvector components and therefore they cannot cause this very large band broadening.
The gaps are generally by 0.3– 0.4 eV smaller than the
HOMO-LUMO energy level differences. The broad band of
the G stack, however, decreases by 1.5 eV.

In Table II the conduction and the valence bands of the
four homopolynucleotides are shown 共in the absence of
water兲.
Comparing the band edges with those of the corresponding stacks one observes that the presence of the deoxyribose,
the PO4− group, and the Na+ ion pushes the valence bands
upward by 0.7– 1.0 eV. The same happens with the conduction bands 共shifts of 0.9– 1.0 eV兲. The band widths of the
valence bands remain about the same 共see again the small
value of 0.08 eV for polycytidine兲, and the conduction bands
become narrower. In the case of poly共guanilic acid兲 by
⬃1.0 eV. The very narrow conduction band of the T stack
still becomes narrower, 0.05 eV, by admixture to the eigenvector belonging to this conduction band, components from
the sugar, PO4−, and Na+ ions. The fundamental gaps going
from the base stacks to the homopolynucleotides hardly
change. The k values at the band edges are still mostly at k
= 0 or  / a, but the occurrence of deviations from these values is more frequent.
In Tables III–V the main features of the band structures
of poly共adenilic acid兲, polycytidine, and polythymidine, respectively, in the presence of water are presented 共the corresponding table for poly共guanilic acid兲 can be found in Ref.
4兲.
In Figs. 4–6 the same band structures are shown in a
diagrammatic way 共for the corresponding figure for
poly共guanilic acid兲 see again Ref. 4兲.
Looking at the tables and figures one can observe that
going from the base stacks to the polynucleotides 共without
water; Table II and Fig. 4兲 共1兲 the valence bands and with the
exception of poly共guanilic acid兲 the conduction bands are
also shifted upward by about 1 eV. 共2兲 The widths of the
valence bands are hardly changed, but the conduction bands

TABLE III. The physically interesting bands of poly共adenilic acid兲 in the presence of water. In the first column
the role of the bands is indicated; in the next three one of the positions of their upper limits 共u.l.兲 and of their
lower limits 共l.l.兲 is given with the corresponding k values and the band widths 共w.兲. In the last column the
origins of the bands are indicated 共all in eV兲.
Conduction banda

u.l.
l.l.
w.

6.15 Dominantly adenine type
6.04
0.11

11th unocc. nonadenine-type band

u.l.
l.l.
w.

6.05 Dominantly Pb type
5.75
0.30

1st unocc. nonadenine-type band

u.l.
l.l.
w.

1.35 Dominantly Na+ and P types with some Wc
0.86 contributions
0.49

Valence band

u.l.
l.l.
w.

Highest occ. nonadenine-type band

u.l.
l.l.
w.

−6.30 Dominantly adenine type
−6.51
0.21
−10.33 Dominantly W type with
some Sd, P, and adenine
contributions
0.04

−10.37

a

The fundamental gap is 12.34 eV.
P = phosphate.
c
W = water.
d
S = sugar.
b
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TABLE IV. The physically interesting bands of polycytidine in the presence of water. In the first column the
role of the bands is indicated; in the next three one of the positions of their upper limits 共u.l.兲 and of their lower
limits 共l.l.兲 is given with the corresponding k values and the band widths 共w.兲. In the last column the origins of
the bands are indicated 共all in eV兲.
Conduction banda

u.l.
l.l.
w.

4.02
3.62
0.40

Dominantly cytosine
type

Sixth unocc.noncytosine-type band

u.l.

3.49

l.l.

3.36

Dominantly Na+ and
Pb types with some Wc
and Sd contributions

w.

0.13

First unocc.noncytosine-type band

u.l.
l.l.
w.

0.25
−0.35
0.60

Dominantly Na+ and P
types

Valence band

u.l.
l.l.
w.

−7.80
−7.85
0.05

Dominantly cytosine
type

Valence band-1

u.l.

−8.60

l.l.

−8.94

Dominantly cytosine
type with some S
contributions

w.

0.34

u.l.

−11.46

l.l.

−11.50

w.

0.04

Highest occ. noncytosine-type band

Dominantly S type with
some cytosine
contributions

a

The fundamental gap is 11.42 eV.
P = phosphate.
c
W = water.
d
S = sugar.
b

become essentially narrower 共in the case of polythymidine it
decreases from 0.10 to 0.05兲. 共3兲 The values of the fundamental gaps hardly change again with the exception of
poly共guanilic acid兲. 共4兲 The cases when the edges do not lie
at the limits of the half Brillouin zone 共0 or  / a兲 due to the
more complicated unit cells are twice so frequent at the polynucleotides than at the base stacks.
The conduction band width of the G stack 共1.70 eV兲
decreases very strongly in the case of poly共guanilic acid兲
共0.27 eV兲. This can be understood on the basis of the data
given in Table VI. The originally only purely guanine-type
states in the stack are strongly mixed with sugar-phosphate
and Na+-type states in poly共guanilic acid兲 in the absence of
water. The six bands in an ⬃2 eV range over the upper limit
of the conduction band partially overlap or are quite close to
each other in poly共guanilic acid兲 共in the G stack nearly all
bands overlap兲. In the case of poly共guanilic acid兲 in the presence of water the situation is very similar 共Fig. 7兲.
Turning to the problem of the very narrow band of the
cytosine stack and polycytidine in the absence and presence
of water one can observe that with increasing complexity of
the system this band width either remains unchanged or decreases further 共0.07, 0.07, 0.05 eV兲. This means that no coherent hole conduction can take place in polycytidine.
There is a similar situation with the band width of the
conduction band of polythymidine 共0.10 eV for a T stack,
0.05 eV for polythymidine in the absence of water, and
0.11 eV in its presence; compare Tables I–III兲. Once again

we have to conclude that even in the case of a periodic thymine sequence one cannot obtain coherent electronic conduction 共only hopping兲 even in the case of n doping.
Comparing the electronic structure of the four polynucleotides in the absence and presence of water 共Tables II
and III and Figs. 4–6 as well as Table I and Fig. 3 in Ref. 4兲
one finds that their electronic structures are rather similar.
The only difference is that in the latter case states coming
from the water molecules are also mixed with the states of
the naked polynucleotides.
The positions of the valence bands of the two purinetype homopolynucleotides differ by about 1.4 eV and those
of the conduction bands by about 1.1 eV. However, the fundamental gap values are somewhat different 9.99 eV in the
case of absence and 10.66 eV in the presence of water for
poly共guanilic acid兲.4 共The corresponding numbers are 12.06
and 12.34 eV, respectively, for poly共adenilic acid兲兲.
It is interesting to notice that the upper limits of the
valence band of polythymidine in the presence of water
共−6.74 eV兲 are quite close to the corresponding quantity in
the case of poly共guanilic acid兲 关−6.81 eV 共Ref. 4兲兴 both at
k =  / a.
It should be mentioned that we have also computed the
band structures of the “water chains” around poly共adenilic
acid兲 and polythymidine 共see Table VII兲. In both cases the
corresponding valence bands lie quite deep 共−11.4 and
−12.0 eV兲 and have narrow widths 共0.11 and 0.12 eV, respectively兲. On the other hand their conduction bands 共be-
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TABLE V. The physically interesting bands of polythymidine in the presence of water. In the first column the
role of the bands is indicated; in the next three one of the positions of their upper limits 共u.l.兲 and of their lower
limits 共l.l.兲 is given with the corresponding k values and the band widths 共w.兲. In the last column the origins of
the bands are indicated 共all in eV兲.
12th unocc. thymine-type band

u.l.

5.99

l.l.

5.77

w.

0.22

Conduction band

u.l.
l.l.
w.

4.84
4.80
0.04

Dominantly thymine type
with some Sd contributions

7th unocc. nonthymine-type band

u.l.

4.74

l.l.

4.60

Dominantly Na+ type with
some P, S, and W
contributions

w.

0.14

u.l.

1.89

l.l.

1.25

w.

0.64

Valence band

u.l.
l.l.
w.

−6.74
−7.29
0.55

Dominantly thymine type

Highest occ. nonthymine-typeband

u.l.

−9.77

l.l.

−9.80

Dominantly S type with
some thymine
contributions

w.

0.03

1st unocc. nonthymine-type band

Dominantly thymine type
with some Pb and Wc
contributions

Dominantly Na+ and P
types with some W
contributions

a

The fundamental gap is 11.54 eV.
P = phosphate.
c
W = water.
d
S = sugar.
b

tween 1.8 and 2.8 eV兲 are not so far from the corresponding
bands of the homopolynucleotides 共between 3.0 and 4.5 eV,
see Table II兲. Therefore it is quite understandable that when
they surround those, there is a mixing of water states and
states belonging to the polynucleotides in the case of the
conduction bands.
The band structure of the sugar-phosphate backbone 共see
again Table VII兲 with a very narrow valence band between
−10.65 and −10.74 eV obviously does not play any role in
the case of the valence bands of the homopolynucleotides.
On the other hand their broader conduction band between 0.6
and 1.1 eV can play a role at the conduction band of a T
stack 共2.5– 2.4 eV兲 and this may cause the further narrowing
of this conduction band from 0.10 to 0.05 eV. Further the
lower limit of the very broad conduction band of the G stack
共1.70 eV, see Table I兲 at 2.41 eV could share states with the
sugar-phosphate chain which can lead to the splitting up to
several bands of this very broad band, as one can see in Table
II.
Finally, to see the effect of correlation on the band structure of these kinds of systems, we have calculated the base
stacks at the HF+ MP2 level. After performing the HF calculation, we have computed the diagonal elements of the
self-energy at the MP2 level and have solved with it the
inverse Dyson equation 共the formalism, see above兲. Keeping
Clementi’s double  basis, the same number 共20 k points兲
and geometry, we have obtained the results shown in Table
VIII.

Comparing the data given in Tables I and VIII we can
find that even this low-level correlation calculation decreases
the too large HF gap values substantially 共in the case of G
from 10.23 to 8.35 eV, for A from 11.98 to 8.60 eV, for C
from 11.51 to 8.54 eV, and finally for T from
11.76 to 9.08 eV兲 at least by 2.0 eV. The band widths show
more random behavior: in G the very broad HF conduction
band 共1.70 eV兲 decreases to 1.00 eV, while its valence band
width decreases only in a small amount. Interestingly enough
both the valence and conduction bands of A become about
double as broad as in the HF case. One should emphasize
here that the rule of thumb that correlation also narrows the
bands is established only on the basis of calculations of
simple systems, but not in the case of more complicated ones
and there is no general justification of this rule. The general
behavior of the band widths in the case of the pyrimidine
bases 共C and T兲 remains more or less the same; only the very
narrow valence band width of the C stack is nearly doubled
共from 0.06 to 0.11 eV兲. However, the latter value is still not
large enough to allow Bloch-type conduction in a C stack.
The decrease of the gaps is due as usual to the upward
shifting of the valence bands and the downward shifting of
the conduction bands. One should observe the about 1 eV
upward shift of the upper edge of the valence band of the G
stack, which is in accordance with the experiment that the p
doping in DNA happens first of all at the G sites.
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FIG. 4. The positions of the valence and conduction bands together with 11
unfilled nonadenine-type bands in the gap and the highest lying filled
nonadenine-type band in poly共adenilic acid兲 in the presence of water.

FIG. 6. The positions of the valence and conduction bands together with
seven unfilled nonthymine-type bands in the gap and the highest lying filled
nonthymine-type band in polythymidine in the presence of water.

FIG. 5. The positions of the valence and conduction bands together with six
unfilled noncytosine-type bands in the gap and the highest lying filled
noncytosine-type band in polycytidine in the presence of water.

There are a large number of theoretical calculations on
DNA constituents,35–37 on the interactions of the bases in a
base stack,38–40 and in a base pair.39–43 Further there are calculations on their spectra,43,44 on the effects of ion bindings
to the base tautomers,37 on intercalating in DNA
olygomers,45 and on the stability of the base pairs in organic
solvents46 first of all from Zendlova et al.
Shukla et al. performed similar investigations on DNA
constituents like the conformation of a G-C base pair in a
vibrationally excited state,47 on the stacking energies in Band A-DNA,48 on the interactions of stacked bases in electronically excited state,49 and on electron detachment in
H-bonded amino acid side chain-G complexes.50 The problem of the planarity of the nucleotide bases was investigated
by the Carr-Parinello method.51
In a large work, Starikov52 among other properties of
DNA gives a detailed discussion of the stability of HartreeFock solution for a nucleotide in the presence of water environment. He concludes that in the presence of strong outside
fields caused by the dipoles of the water molecules and the
K+ ions one should use instead of conventional HF theory
the time-dependent HF equations to obtain stationary solutions. In a later work he uses the Kubo formalism in Green’s
function representation53,54 to investigate the charge transport in DNA under several circumstances.55 For these calculations he has applied the extended Hückel method which
makes his results somewhat questionable.
In a subsequent paper56 Starikov has investigated
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TABLE VI. The development of the guanine-type conduction band 共comparison of the bands of a guanine stack
and poly共guanilic acid兲 in the absence and presence of water兲. The table also shows the six unfilled bands in an
⬇2 eV range above the conduction band 共all in eV兲.

Bands
Conduction band+ 6

Conduction band+ 5

Conduction band+ 4

Conduction band+ 3

Conduction band+ 2

Conduction band+ 1

Conduction band

Poly共guanilic acid兲 in
absence of water

G stack
u.l.a

6.66

5.77

l.l.b

6.06

5.55

w.g

0.60

0.22

u.l.

6.01

5.57

l.l.

5.49

5.27

w.

0.52

0.30

u.l.

5.57

5.43

l.l.

4.80

5.14

w.

0.77

0.29

u.l.

4.81

5.28

l.l.

4.29

4.51

w.

0.52

0.77

u.l.

4.54

4.94

l.l.

4.07

4.09

w.

0.47

0.85

u.l.

4.53

4.46

l.l.

3.82

3.83

w.

0.71

0.63

u.l.
l.l.
w.

4.11
2.41
1.70

3.81
3.54
0.27

Poly共guanilic acid兲 in
presence of water

Dominantly
Sc and Gd
with some Pe
and Na+

5.78

Dominantly
P and G with some S and
Na+

5.35

5.37

Dominantly
Na+, W,f of P, and G

0.41

5.25

Dominantly
Na+ and W
with some P and G

0.10
Dominantly
S and G with
some P and
Na+

5.26

Dominantly
Na+ with
some P and S

5.15

5.09

Dominantly
Na+ and W
with some P and S

0.17

4.91

Dominantly
Na+ and W
with some P

0.24
Dominantly
Na+ and P
with some S

4.96
4.81

Dominantly G
with some S

0.15
Dominantly
Na+ and P
with some S

4.78
4.12

Dominantly
Na+ and P

0.66
Dominantly G

4.43
3.84
0.59

Dominantly G

a

u.l.= upper limit.
l.l.= lower limit.
c
S = sugar.
d
G = guanine.
e
P = phosphate.
f
W = water.
g
w.= band width.
b

systematically the coupling of the 12 conformational modes
in B-DNA trimers and tetramers using a tight binding
Hamiltonian.56 The work seems to be interesting, but the
application of tight binding Hamiltonians makes—as
always—the results questionable. Further he has performed
density functional theory 共DFT兲 and ab initio HF calculations on two stacked C molecules,57 has shown that the presence of O2 molecules increases the hole conductivity on
poly共G-C兲 oligomers using a semiempirical 共PM3兲 method,58
and investigated the effect of base sequence on nucleotide
base pair dimers in their excited states using both ab initio
and semiempirical HF methods.59
Starikov has performed the only really solid state physical calculations of an infinite three dimensional poly共dA兲poly共dT兲 fiber 共though only in the tight binding approximation兲. His results indicate that the actual DNA fibers are
disordered systems. He has shown that the irregularities in
the DNA conformation are much more important for the

electronic properties of DNA 共causing strong localization兲
than the aperiodicity of the base sequences in the single
double helices.60
There is no consent on the mechanism of the charge
transport in organic crystals generally and in DNA particularly. Contrary to authors who think 共as we do兲 that in native
DNA there is a mixture of variable range hopping and electronic polaron-type coherent conduction in shorter segments
of the DNA strands, some people think that at higher temperatures 共like at room temperature兲 the effects of large thermal fluctuations on the intermolecular transfer integrals destroy the band structure as the electronic states become
localized. Troisi and Orlandi have demonstrated this in an
one dimensional semiclassical model.61
Unge and Stafström62 have come to the same results
using the transfer matrix method in the case of DNA sequences if they contain many A-T base pairs. In a poly共G-C兲
sequence the localized states which they have obtained 共es-
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FIG. 7. The dispersion curves of the physically interesting bands of the four homonucleotides: 共a兲 poly共guanilic acid兲, 共b兲 poly共adenilic acid兲, 共c兲 polycytidine,
and 共d兲 polythymidine.

pecially the G-type states兲 are rather extended 共large localization lengths兲. One should point out, however, that the
measurements of charge transport on native DNA have
shown a transport of injected charges up to 200 Å, ⬇60 base
pairs 共see below兲. One should also take into account that in

tetracyanoquinone 共TCNQ兲 and tetrathiofulvalene 共TTF兲
stacks with a stacking similar to DNA B there is a strong
charge transport.
In their paper Taniguchi and Kawai63 have performed a
DFT calculation to a ten base pairs long stack of DNA-B and
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TABLE VII. The physically interesting bands of sugar-phosphate backbone
and of the water strucutres in cases of poly共adenilic acid兲 and polythymidine
systems 共in eV兲.

TABLE VIII. The valence and conduction bands of the four nucleotide base
stacks calculated with the aid of HF+ MP2 methods 共in eV兲.
G stack

Sugar-PO−4

Water around poly共adenilic acid兲

Water around polythymidine

Eval

Econd

Gap

u.l.
l.l.b
w.c

−10.65
−10.74
0.09

1.12
0.60
0.52

11.25

u.l.a
l.l.b
w.c

−11.36
−11.47
0.11

2.26
1.82
0.44

13.18

u.l.
l.l.
w.

−12.05
−12.07
0.02

2.81
2.21
0.60

14.26

a

A stack

a

u.l.= upper limit.
l.l.= lower limit.
c
w.= band width.
b

-A obtaining approximate band structures. One should point
out, however, that the DFT methods 共with the exception of
the hybrid ones like B3LYP兲 give always too small band
gaps and band widths.
It is a general problem by all attempts to calculate the
band structures of helical base stacks that in the GAUSSIAN
program package only simple translation and no simultaneous translation and rotation of the nuclei and the basis
functions 共helix operation兲 is incorporated. Therefore, the authors cannot perform a real solid state physical band structure calculation of a large helix 共they have to take ten bases
or base pairs as unit cell with the existing programs if they
use only the translation symmetry兲.
Yu and Song64 taking a  phage sequence, which is completely disordered, performed a variable range hopping calculation for a DNA double helix. For the calculation, they
have used Mott’s expression for the hopping probability.65
For this type of calculations, the determination of the transfer
integrals between the different sites66,67 may turn out to be
very useful. Taking into account also thermal fluctuations,
they have obtained strongly localized wave functions with a
short localization length. Their temperature dependence of
the localization agrees quite well with that of the conductivity in the  phage.
Several authors68,69 argue, based on a Hubbard-type
model, that the sugar-phosphate backbone plays an important
role in the charge transfer between the bases in the base pairs
and this has an important role in the conduction properties of
polynucleotides.
Some authors point out that a DNA double helix has no
rigid structure and therefore dynamic effects can play an important role, especially in the hole transfer in DNA.70,71
Other authors have drawn the attention to the long range
correlation effects in the charge transport in aperiodic
DNA.72,73
As one can see, a large number of papers are dealing
with the mechanism of charge transport in DNA. Since, however, there are only parametrized or model Hamiltonian calculations even for a static single infinite polynucleotide in

C stack

T stack

Conduction band
u.l.
l.l.
Width
Valence band
u.l.
l.l.
Width
Conduction band
u.l.
l.l.
Width
Valence band
u.l.
l.l.
Width
Conduction band
u.l.
l.l.
Width
Valence band
u.l.
l.l.
Width
Conduction band
u.l.
l.l.
Width
Valence band
u.l.
l.l.
Width

2.45
1.45
1.00
Gap= 8.25
−6.80
−7.11
0.31

2.50
2.08
0.42
Gap= 8.60
−7.18
−7.66
0.48

1.89
1.56
0.33
Gap= 8.54
−6.98
−7.09
0.11

1.24
1.12
0.12
Gap= 9.08
−7.96
−8.43
0.47

the presence of water and counterions, we could not find any
data, which we could compare with the results of our first
principles band structure calculations.
The first dc conductivity measurements on native DNA
were performed back in 1962 by Eley and Spivey.74 From the
temperature dependence of the specific conductivity, they
have found for the activation energy of conductivity 4.8 eV.
This value lies not very far from our HF+ MP2 gap value
calculated by the extended basis set for a C stack 共6.6 eV兲.
x-ray absorption and soft x-ray emission spectroscopic measurements have provided for the HOMO-LUMO gap of the
single bases: 4.7 eV 共A兲, 5.2 eV 共T兲, 2.6 eV 共G兲, and 3.6 eV
共C兲.75
In a paper Bixon and Jortner76 have measured the electric current and conductivity for a single DNA double helix.
At high voltages and sufficiently long chains, they have
found a voltage independent conductivity. They have interpreted their results by a hopping model.
In an earlier paper Porath et al.77 have performed a two
point dc measurement of a 10.4 nm 共⬇30 base pairs兲 long
poly共G-C兲 double helix. In their theoretical analysis, they
conclude that at least in such a comparatively shorter distance the charge transfer is mediated by energy bands. In a
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subsequent paper78 they have also investigated the dc conductivity of DNA besides short periodic sequences in
bundles and networks. For the DNA double helix they have
found using a DFT method again a band-type conduction
共though the bands consist of near lying levels of localized
wave functions兲.
Xu et al.79 have performed dc conductance measurements on eight or more G-C pairs in the presence of aqueous
buffer. They have found that the conductivity increases with
the poly共G-C兲 segments and is inversely proportional to the
length of the poly共A-T兲 sequences. They were able to exclude an ionic contribution to the conductance.
Hwang et al.80 measured the electronic transport of 60
base pairs long periodic poly共G-C兲 DNA double helix. Using
a tight binding Hamiltonian they have obtained 3.0 eV for
the gap which seems somewhat too small.
You et al.81 measured dc conductivity on poly共A-T兲 and
poly共G-C兲. They interpret their results as small phonon polaron hopping. The poly共G-C兲 samples had the length
1700– 2900 nm 共5000–8600 base pairs兲 and the poly共A-T兲
samples 500– 1500 nm. They have found that poly共A-T兲 acts
as a n-type and poly共G-C兲 as a p-type semiconductor.
Cohen et al.82 have shown 共in many reproducible ways兲
that in 26 base pair long aperiodic DNA double helices there
is a coherent 共band-type兲 conduction.
Finally one should mention that O’Neil and Barton 共see,
for instance, Ref. 83兲 in numerous chemical experiments
have shown that if they dope aperiodic DNA double helices
with electron acceptors 共oxidation of DNA兲 like rhodium
complexes, there occurs a charge transport of holes at
⬃200 Å 共about 60 base pairs兲 away.
One can see that there is also no consent on the interpretation of dc conductivity measurements on periodic and aperiodic DNA 共coherent Bloch-type conduction, variable range
hopping, small phonon polaron hopping, etc.兲. What one can
conclude from all the above described experiments is that
there is a charge transport in a DNA double helix. The hole
conduction in G-C rich segment is dominant and if there is
conduction through A-T rich segment this certainly happens
via a hopping mechanism 关and occasionally, if for instance,
an A-T base pair is inserted into a poly共G-C兲-type sequence
by tunneling兴.
The seemingly contradictory theoretical and experimental results about the electronic structure and charge transport
properties of DNA are caused mainly by two factors. 共1兲
Native DNA consists of a double helix with an aperiodic
sequence, sugar-phosphate side chains, and water as well as
ions surrounding it. This very complex system is not rigid,
but the different constituents of DNA move relative to each
other. 共2兲 Further both the theoretical and experimental
works have been performed with the aid of quite different
theoretical methods and experimental techniques, respectively. This way, these investigations have been performed
on different systems with the aid of different methods. In this
situation, it is no wonder that in many cases the results are
different.

CONCLUSION

From the rather large material presented for periodic
DNA structures 共base stacks, homopolynucleotides in the absence and presence of water兲 we can come to the following
conclusions: 共1兲 Though native DNA is aperiodic, there are
several facts that indicate “pseudoperiodicity” of the DNA
sequences. As it is well known there are segments of several
共sometimes a few tens of base pairs兲 which are the same. 共2兲
Surprisingly enough, it has turned out that the valence bands
of poly共guanilic acid兲,4 of poly共adenilic acid兲, and of polythymidine are very similar 共all in the presence of water兲. The
upper limits of these bands lie at −6.81, −6.30, and
−6.74 eV, respectively, while their physically less interesting
lower limits are at −7.17, −6.51, and −7.29 eV. Only polycytidine with its very narrow valence band does not fit into
this picture. 共3兲 The G-C and A-T base pairs are quite similar
共both consist of a purine- and a pyrimidine-type base and
each has 24  electrons if we take into account the hyperconjugation of the methyl group of thymine兲. 共4兲 The
H2O-type or non-nucleotide base-type bands in the gap are
all in the neighborhood of the conduction bands so they cannot produce holes in the valence bands. Therefore if CT occurs between DNA and proteins this will cause hole conduction through the base stacks. 共5兲 One can observe the rather
large effect of the sugar-phosphate side chains and of Na+
ions as well as of water on the band structure of the base
stacks. They cause a mixture of their states with the basetype ones. This can be observed first of all in the case of the
very broad conduction band of a G stack 共1.70 eV兲. They
split it up to a much narrower conduction band and into six
further narrow bands in the same energy region. Most of
them partially overlap and some are very near to each other.
To work out a theory of charge transport in DNA one has
to build up a combination of Bloch-type conduction in short
segments with hopping and more rarely tunneling. In this
way the mobility and the conductivity, respectively, will be
sequence dependent.
If still larger computational power will become available
one could repeat the same kind of computations described
here for a DNA double helix.
ACKNOWLEDGMENTS

We would like to express our gratitude to Professor F.
Beleznay for the very fruitful discussions. Further we are
very grateful to the High Performance Computing Group of
the University of Szeged 共Hungary兲.
1

K. Luger, W. Mäder, R. K. Richmond, D. F. Sargent, and T. J. Richmond,
Nature 共London兲 389, 251 共1997兲.
2
T. J. Richmond and C. A. Davey, Nature 共London兲 423, 145 共2003兲.
3
T. Schalch, S. Duda, D. F. Sargent, and T. J. Richmond, Nature 共London兲
436, 138 共2005兲.
4
J. Ladik, A. Bende, and F. Bogár, J. Chem. Phys. 127, 055102 共2007兲.
5
J. Ladik and W. Förner, The Beginnings of Cancer in the Cell: An Interdisciplinary Approach 共Springer, Berlin, 1994兲, p. 88.
6
U. M. Muthurajan, Y. Bao, L. J. Forsberg, R. S. Edayathumangalam, P. N.
Dyer, C. L. White, and K. Luger, EMBO J. 23, 260 共2004兲.
7
See, for instance, J. Ladik, Int. J. Quantum Chem. 78, 450 共2000兲.
8
B. Dorigo, T. Schalch, A. Kulangara, S. Duda, R. R. Schroeder, and T. J.
Richmond, Science 306, 1571 共2004兲.
9
C. A. Coulson, personal communication.

Downloaded 04 Apr 2008 to 131.188.123.227. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

105101-14

M. G. Evans and J. Gergely, Biochim. Biophys. Acta 3, 188 共1949兲.
J. Ladik, Acta Phys. Hung 15, 287 共1963兲.
12
J. Ladik, Nature 共London兲 202, 1208 共1964兲.
13
P.-O. Löwdin, Adv. Phys. 5, 1 共1956兲.
14
G. Del Re, J. Ladik, and G. Biczo, Phys. Rev. 155, 997 共1967兲.
15
J.-M. André, L. Gouverneur, and G. Leroy, Int. J. Quantum Chem. 11,
427 共1967兲; 11, 451 共1967兲.
16
A. Blumen and C. Merkel, Phys. Status Solidi 383, 425 共1977兲.
17
J. Ladik, Phys. Rep. 313, 171 共1999兲.
18
M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSSIAN 03, Revision
C.02, Gaussian Inc., Wallingford, CT, 2004.
19
L. Gianolo and E. Clementi, Gazz. Chim. Ital. 110, 79 共1980兲.
20
F. Bogár and J. Ladik, Chem. Phys. 237, 273 共1998兲.
21
J. Delhalle, L. Piella, J.-L. Bredas, and J.-M. André, Phys. Rev. B 22,
6254 共1980兲.
22
L. Piella, J.-M. André, J.-L. Bredas, and J. Delhalle, Int. J. Quantum
Chem. 914, 405 共1980兲.
23
SYBYL 7.2 program, Tripos Ass., St Louis, MO, 2006.
24
G. Parkinson, J. Kojtechovsky, L. Clonely, A. T. Brunger, and H. M.
Berman, Acta Crystallogr., Sect. D: Biol. Crystallogr. D52, 57 共1996兲.
25
C. M. Liegener, J. Phys. C 18, 6011 共1983兲.
26
A. Szabo and N. S. Ostlund, Modern Quantum Chemistry 共McGraw-Hill,
New York, 1982兲, p. 398.
27
J. Ladik, Quantum Theory of Polymers as Solids 共Plenum, New York,
1988兲, Chaps. 1 and 5.
28
S. Suhai, Phys. Rev. B 27, 3506 共1983兲.
29
Y. Toyozawa, Prog. Theor. Phys. 12, 422 共1954兲.
30
R. Wiley, J. M. Robinson, S. Ehdale, E. C. M. Chen, E. S. D. Chen, and
W. E. Wentworth, Biochem. Biophys. Res. Commun. 180, 841 共1991兲.
31
A. Sygula and A. Buda, THEOCHEM 92, 267 共1983兲.
32
V. Norinder, THEOCHEM 151, 259 共1983兲.
33
J. R. Gould, N. A. Burton, J. Hall, and L. H. Hiller, THEOCHEM 331,
147 共1995兲.
34
M. J. Nowak, L. Lapainsky, J. S. Kviatkowski, and J. Leszczynski, J.
Phys. Chem. 100, 3527 共1996兲.
35
M. Kabeláč, E. C. Scherer, C. J. Cramer, and P. Hobza, Chem.-Eur. J. 13,
2067 共2007兲.
36
J. Rejnek and P. Hobza, J. Phys. Chem. B 111, 641 共2007兲.
37
M. Kabeláč and P. Hobza, J. Phys. Chem. B 110, 14515 共2006兲.
38
K. E. Riley, J. Vondrášek, and P. Hobza, Phys. Chem. Chem. Phys. 9,
5555 共2007兲.
39
M. Kabeláč, H. Valdes, E. C. Sherer, C. J. Cramer, and P. Hobza, Phys.
Chem. Chem. Phys. 9, 5000 共2007兲.
40
J. Šponer, P. Jurečka, I. Marchau, F. J. Luque, M. Orozco, and P. Hobza,
Chem.-Eur. J. 12, 2854 共2006兲.
41
L. Zendlová, P. Hobza, and M. Kabeláč, Phys. Chem. Chem. Phys. 7,
439 共2006兲.
42
R. Sedlák, I. Jurečka, and P. Hobza, J. Chem. Phys. 127, 075104 共2007兲.
43
A. Abo-Rizig, B. O. Crews, L. Compagnon, J. Oomens, G. Meijer, G.
Van Helden, M. Kabeláč, P. Hobza, and M. S. De Vries, J. Phys. Chem.
A 111, 7529 共2007兲.
44
B. Brauer, R. B. Gerber, M. Kabeláč, P. Hobza, J. M. Bakker, A. G.
Abo-Rizig, and M. S. De Vries, J. Phys. Chem. A 109, 6974 共2005兲.
45
E. T. Kubař, M. Hanus, F. Ryjáček, and P. Hobza, Chem.-Eur. J. 12, 280
共2005兲.
10
11

J. Chem. Phys. 128, 105101 共2008兲

Ladik, Bende, and Bogár
46

L. Zendlová, P. Hobza, and M. Kabeláč, J. Phys. Chem. B 111, 2591
共2007兲.
47
M. K. Shukla, G. N. Kuramshina, and G. M. Leszczyski, Chem. Phys.
Lett. 447, 330 共2007兲.
48
K. M. Langner, W. A. Sokolski, and J. Leszczynski, J. Chem. Phys. 127,
111102 共2007兲.
49
M. K. Shukla and J. Leszczynski, J. Biomol. Struct. Dyn. 23, 93 共2007兲.
50
J. Wang, J. Gu, and J. Leszczynski, Chem. Phys. Lett. 442, 124 共2007兲.
51
O. Isayev, A. Furmanchuk, O. V. Shishkin, L. Gorban, and J. Leszczynski, J. Phys. Chem. B 111, 3476 共2007兲.
52
E. B. Starikov, Phys. Rep. 284, 1 共1997兲.
53
P. A. Lee and D. S. Fisher, Phys. Rev. Lett. 47, 882 共1981兲.
54
J. A. Verges, Comput. Phys. Commun. 118, 71 共1999兲.
55
E. B. Starikov, S. Tanaka, N. Kurita, Y. Sengoku, T. Natsuma, and W.
Wenzel, Eur. Phys. J. E 18, 437 共2005兲.
56
E. B. Starikov, Philos. Mag. 85, 3435 共2005兲.
57
E. B. Starikov, J. Photochem. and Photobiol. 1, 142 共2002兲.
58
E. B. Starikov, Mod. Phys. Lett. B 18, 785 共2004兲.
59
E. B. Starikov, J. P. Lewis, and O. P. Sankey, Int. J. Mod. Phys. B 19,
4331 共2005兲.
60
E. B. Starikov, Phys. Chem. Chem. Phys. 4, 4523 共2002兲.
61
A. Troisi and G. Orlandi, Phys. Rev. Lett. 96, 086601 共2006兲.
62
M. Unge and S. Stafström, Nano Lett. 3, 1417 共2003兲.
63
M. Taniguchi and T. Kawai, Phys. Rev. E 70, 011913 共2004兲.
64
Z. G. Yu and X. Song, Phys. Rev. Lett. 86, 6018 共2001兲.
65
N. F. Mott and E. A. Davis, Electronic Processes in Non-Crystalline
Solids 共Oxford University Press, London, 1971兲.
66
J. Jortner, M. Bixon, T. Langenbacher, and M. E. Michel-Beyerle, Proc.
Natl. Acad. Sci. U.S.A. 95, 12759 共1998兲.
67
M. Ratner, Nature 共London兲 397, 480 共1999兲 and references therein.
68
G. Cuniberti, L. Craco, D. Porath, and C. Dekker, Phys. Rev. B 65,
241314 共2002兲.
69
E. Macia and S. Roche, Nanotechnology 17, 3002 共2006兲.
70
A. Sadowska-Aleksijeva, J. Rokard, and A. Voityuk, Chem. Phys. Lett.
429, 546 共2006兲.
71
A. Voityuk, Chem. Phys. Lett. 422, 15 共2006兲.
72
S. Roche, D. Bicout, E. Macia, and E. Kats, Phys. Rev. Lett. 91, 228101
共2003兲.
73
A.-M. Guo, Physica B 391, 292 共2007兲.
74
D. D. Eley and D. I. Spivey, Trans. Faraday Soc. 58, 411 共1962兲.
75
J. McNaughton, A. Moewes, and E. Z. Kurmaev, J. Phys. Chem. B 109,
7749 共2005兲.
76
M. Bixon and J. Jortner, Chem. Phys. 319, 273 共2005兲.
77
D. Porath, A. Bezradin, and S. de Vries, Nature 共London兲 403, 635
共2000兲.
78
D. Porath, G. Cuniberti, and R. Di Felice, Top. Curr. Chem. 237, 183
共2004兲.
79
B. Xu, P. Zhang, X. Lin, and N. Tao, Nano Lett. 4, 1105 共2004兲.
80
J. S. Hwang, K. J. Kong, D. Ahn, G. S. Lee, D. J. Ahn, and S. W. Hwang,
Appl. Phys. Lett. 81, 1134 共2002兲.
81
K. H. You, D. H. Ha, J.-O. Lee, J. W. Park, J. Kim, H.-Y. Lee, T. Kawai,
and H. Y. Choi, Phys. Rev. Lett. 87, 198102 共2001兲.
82
H. Cohen, C. Nogues, R. Naaman, and D. Porath, Proc. Natl. Acad. Sci.
U.S.A. 102, 11589 共2005兲.
83
J. M. O’Neil and J. Barton, Top. Curr. Chem. 236, 67 共2004兲.

Downloaded 04 Apr 2008 to 131.188.123.227. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

