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We report on coherent charge transport studies in periodic Poly(dG)-Poly(dC) and aperiodic A-phage
DNA sequences. The extent and efficiency of charge transfer is discussed as a function of sequence
dependent energetics, of temperature dependent base-base couplings, and in relation with experiments.
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The ability of DNA to convey charge carriers over
large distances has become a challenging debate, owing
to the envisioned impact of charge transfer in molecu-
lar (bio)electronics [1] as well as for the understand-
ing and engineering of biological processes (such as
damage recognition processes and nanoscale sensors for
mutations or protein binding) [2]. Actually, unlike pro-
teins, a 7r-stacked array of base pairs [made from four
different nucleotides: guanine (G), adenine (A), cyto-
sine (C), thymine (T)] provides a natural “highway”
to promote long range charge migration. However,
dynamical motions of the base pairs within the molecu-
lar stack, as well as sequence dependent inhomoge-
neities in energetics and base-base couplings are also
expected to jeopardize a ‘“‘metalliclike” molecular con-
duction. Photoexcitation experiments have demonstrated
that charge excitations could be promoted from a donor
metallointercalator to the DNA-bridge states, preferen-
tially injected through the guanine highest occupied
molecular orbitals (G-HOMO), and transmitted to a teth-
ered acceptor [2,3].

Electronic transfer has been widely investigated in
Poly(dG)-Poly(dC) and A-bacteriophage DNA sequences.
Notwithstanding, the wealth of available experimental
results does not yet yield a consensus. Indeed, the many
experiments performed with A-phage DNA have sug-
gested the material to be anything from a metallic wire
[4], superconducting [5] at low temperature to an insu-
lating medium [6]. Semiconducting [7] and insulating
behaviors [8] have also been reported for Poly(dG)-
Poly(dC). Temperature effects in DNA are important
but have so far been poorly addressed theoretically [9]

Actually, periodicity in the energetics of Poly(dG)-
Poly(dC) [10] should favor electronic delocalization
over a certain energy range. The electronic transmis-
sion coefficients, related to the Landauer resistance,
should then appear roughly length independent, contrary
to aperiodic sequences (such as the A-phage) for which
hole transport should experience an increasing contri-
bution of backscattering owing to the increasing num-
ber of C, T, A potential barriers with sequence length.
Despite such argument, little is known about the intrinsic
conduction mechanism in A-phage, especially in regards
to the energetic profile of the DNA sequence. In this
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Letter, we report on a numerical study of electronic
conduction in both Poly(dG)-Poly(dC) and A-phage se-
quences that highlights the critical effects of energetics
and fluctuating base-base couplings in understanding the
electrical transport.

Our Hamiltonian is an effective tight-binding model
that describes the site energies of a hole located at nucleo-
tide n [11-13]

j-[ = Z — IDNA Cos(en,n+1)(clcn+l + HC) + Snclcn;
n

where cI (c,) is the creation (annihilation) operator of a
hole at site n. The variables €, describe the energy of the
hole at site n, and will be given by the ionization poten-
tials of respective bases, taken as €5, = 8.24 eV, er =
9.14 eV, ec = 8.87¢eV, gg = 7.75 eV [13], while tpya
stands as the hopping integral between adjacent nucleo-
tides. Such coupling describes the m—m-stacking interac-
tion between base pairs. Ab initio calculations find that
between two interacting nucleotides, fpys are in order of
~0.1-0.4 eV [13], and it has been shown [11,12] that the
effective tight-binding Hamiltonian for the Poly(dG)-
Poly(dC) with fpya = 0.4 eV reproduces ab initio results
[13] and experiments [7]. As discussed afterwards, when
connecting the DNA chains to external leads, the case
tpna ~ t, (2, the hopping term for the metallic contacts)
will allow a better characterization of intrinsic conduc-
tion properties (such as resistivity). Finally 6, .+, is the
relative twist angle deviated from its equilibrium value
between sites n and n + 1, because of temperature [9].
Each 0,,,,+, is an independent random variable that fol-
lows a Gaussian distribution with average (6, ,+1) = 0,
whereas the variance is taken according to the equiparti-
tion law, i.e., (62, ,,) = kT /IQ?, where I is the reduced
moment of inertia for the relative rotation of the two
adjacent bases and () is the oscillator frequency of the
mode (IQ?=250K). Following [9], we take
toNa €08(0,, 1) ~ tona(l — 9%,,”1/2)

The current measured through a DNA macromole-
cule connecting two metallic electrodes results from
the injection of carriers onto the stack of bases together
with the intrinsic conduction along the DNA sequence.
At low voltage, the main contribution to the resistance
comes from the metal-DNA junction potential mismatch,
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whereas at sufficiently higher bias, once the electrode To compute the transmission coefficient, a standard
Fermi level and the G-HOMO states of the molecule are  transfer matrix formalism is used [14]. Projecting the
lined up, the resistance of the junction is controlled by the  time independent Schrodinger equation into the localized
DNA-mediated transfer rather than the injection process  basis yields
efficiency. Accordingly, the observed gap in a I(V) mea-
surement is somehow related to the energy difference Uni2\ Pne1\ U4
. . =M =MM, ... M,

between the metallic work function and the energy of <¢n +1> ”( W, ) nen <¢,0>
the G-HOMO [12]. Wy

In the following, our DNA sequences are assumed to be = ’P,,( ! )
connected to two semi-infinite electrodes described by o
another tight-binding Hamiltonian with site energies
e, = &g = 71.75 eV, whereas the hopping integral is
taken as t,, = 1 eV. Such choices for modeling the ex-
ternal leads allow us to scan the transmission profile of a Eee , |
given DNA sequence over a spectrum with width [&,, — M = <ﬁ - ﬁ) and P — l—[ M.
2t €, + 2t,,]. An important issue is then related to the ! 1 0 " l
absolute value of fpna/t,. Indeed, if tpna/f, ~ 1 the

with ¢, the component of the wave function for energy E
at site n,

i=n

potential barrier at the contact interface is small, allow- A transmission study between metallic electrodes is then
ing for a better investigation of intrinsic scattering prop-  performed to evaluate the energy-dependent transmission
erties inside the DNA, whereas for fpya/f,, << 1, strong  coefficient T(E) which gives the fraction of tunneling
backscattering at the interface might dominate the behav-  electrons transmitted through the DNA, and that is re-

ior of the transmission coefficient and screen its intrinsic ~ lated to the Landauer resistance h/2e%[1 — T(E)]/T(E)
features (such as the typical resistivity). This motivates  (h/2e? the quantum resistance). T(E) can be analytically
our choice to consider fpy, Within the range [0.4, 1] eV. | expressed as [14]

— 2
(4 = Epaly

O

2+ 3 Ph+ EE(P - Py) (P, — Pyy) — L2 (P Py + 1)

[2
ij=12 "

T(E) =

The electronic transmission properties are first studied |
for a periodic 20 nm long Poly(dG)-Poly(dC). Such kinds ' coherent transmission, while the average transmission
of sequences can be engineered artificially [10] and pro- ~ remains nearly independent of toNA/ -
vide macromolecules that should display fast charge Let us now discuss the measurement of intrinsic resis-
transfer properties. Band resonant tunneling has been  tivity of DNA molecules. Theoretically, intrinsic elec-
demonstrated using ab initio methods [15]. From our tronic resistivity should not depend on external leads
tight-binding calculation (Fig. 1, top frame), whatever and writes
the value of tpya/t,, tWO bgnd§ are found separqted by h 1= T(E) Spaa
an energy gap = 1.12 eV which is slightly underestimated p~ Z_eZW i3
in regards to ab initio calculations [16] since electronic DNA
correlations are neglected. Within the bands, a certain  with Ly, the length of the chain, Spya = 3 X 10718 m?
number of resonances [T(E) = 1] are found due to the the average cross section, and h/2e? = 12 k() the quan-
finite size of our chain. The bandwidth for transmissionis ~ tum resistance. Meaningless in the ballistic regime
proportional to fpna/t, [see Fig. 1, inset (a)] and the  [T(E) = 1], a resistivity can be deduced from transmis-
number of resonant energies at which transmission is  sion coefficient as soon as T(E) < 1. For Poly(dG)-
ballistic is length dependent. Poly(dC), whatever the value of tpna/t,,, We find that

From the calculation it appears that by using a third  the most conducting states roughly correspond to T(E) ~
gate electrode a strong switching efficiency should be 1.5107% at T = 240 K for the 20 nm long chain. From
found. Indeed, at a negative gate bias (exploring the  this, one deduces p = 0.012 () cm which turns out to be in
energy range below the Fermi level which is = 7.75eV ~ good agreement with the experimental measurement [7].

at half filling), a good conduction is expected, whereas a We now turn to A-phage sequences which present a
positive gate bias will yield full depletion of current (due  larger complexity due to an aperiodic distribution of A,
to the absence of transmitting states). This tends to sup- T, C, G bases [17], which, however, cannot be considered

port the experimental observations [7,8]. Our temperature as random, because of long range correlations [18]. The
study (Fig. 1, bottom frame) demonstrates that thermal  complete A-phage DNA contains 48 502 base pairs corre-
fluctuations of -7 interaction progressively reduces sponding to a length of =~ 16 pum.

108101-2 108101-2



REVIEW LETTERS

week ending
5 SEPTEMBER 2003

PHYSICAL
VOLUME 91, NUMBER 10
1 1
T(E) 08
0.8 0.6 (a)
0.4
0.2
0.6 o
7 8 9
1
04
sl | ®
0.2 T=0K
0
8 9
%2 6.6 7 74 7.8 8.2 8.6 9 94
1 1
T(E) T=60K T=120K
038 0.8
0.6 0.6
04 04
0.2 02
0 0
6 7 8 9 0 6 7 8 9 10
Energy(eV) Energy(eV)
FIG. 1. Energy dependent transmission coefficient for a

Poly(dG)-Poly(dC) (60 bp) sequence for several temperatures.
Top panel (main frame): results for fpya/f, = 1 at zero tem-
perature; insets: (a) fpna/f, = 0.4 at zero temperature,
(b) tpna/t, = 0.4, at T = 120 K. Bottom panel: results for
tona/tn = 1 at different temperatures.

In Fig. 2 (top and bottom left panels), we show
for tpna/tm = 1, the behaviors of T(E) for short sequen-
ces of the chain but with an increasing number of
base pairs (bp), corresponding to systems from 20
to 80 nm long. The starting sequence with 60 bp is
A-gggcggcegacctegegggttttcgetatttatgaaaattttceggtttaa-
ggcgtttccg, while larger sequences are constructed from
A, adding successively the next 60 bp of the complete
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FIG. 2. Top and bottom left panels: transmission coefficients
for A-phage sequences (fpya/fm = 1) with an increasing num-
ber of base pairs from 60 bp (20 nm) to 240 bp (80 nm). Bottom
right panel: T(E)(tpna/t, = 0.4) for chains with 10 and 30 bp
(inset).
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sequence. Different from the Poly(dG)-Poly(dC) chains,
the transmission pattern strongly depends on the chain
length. Indeed, in our situation, any A, T, C base acts as a
potential barrier that reduces coherent quantum tunnel-
ing. As the number of corresponding bases increases,
fewer states will present good transmission ability, and
for lengths above ~100 nm, almost all states are strongly
backscattered by the energetic profile. Different parts of
the A-phage sequence have also been investigated and
point out that the exact details of a given transmission
pattern substantially depend on the internal structure of
the sequence. For instance, taking the 20 nm long se-
quences corresponding to A,-ttcttcttcgtcataacttaatgtttt-
tatttaaaataccctctgaaaagaaaggaaacg, Az-acaggtgctgaaagce-
gaggctttttggectetgtegtttectttetetgtttttgtecgt, Ay-ggaatga-
acaatggaagtcaacaaaaagcagctggetgacattttcggtgegagtateeg,
As-taccattcagaactggcaggaacagggaatgeccgttctgecgaggeggt -
ggcaagggtaa (constructed by translating an integer
number of 60 bp from A; within the complete sequence),
large fluctuations in the transmission patterns are ob-
tained (Fig. 3).

The temperature dependence of the transmission coef-
ficients for the A; chain are reported on Fig. 4. In our
model, temperature yields misorientations of adjacent
bases that result in temperature dependent base-base hop-
pings. At low temperature (see the case T = 60 K), the
transmission spectrum presents a higher number of trans-
mitting states, due to a breaking of level degeneracy. At
higher temperatures, the number of transmitting states
decreases, but interestingly there persist many states with
high transmission coefficients at temperatures as high as
~140 K. We have also studied the behavior of the
Lyapunov coefficient y(E) that is directly related to the
transmission coefficient through y(E) = ﬁlnT(E) for a
DNA sequence with N sites (its inverse gives the local-
ization length in disordered systems) [19]. The Lyapunov
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FIG. 3. Energy dependent transmission coefficient

(tpna/t, = 1) for several A-phage based sequences (see text).
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FIG. 4. Top bottom left panels: Temperature dependence of
T(E) (tpxa/t, = 1) for the A, sequence. Bottom left panel,
inset: temperature dependent behavior of the averaged
Lyapunov coefficient. Bottom right panel: T(E) for A3
(tpna/t, = 0.4) at zero temperature (main frame) and 7 =
40 K (inset).

coefficient (y) is averaged over the whole spectrum and
followed as a function of temperature (displayed in Fig. 4,
bottom panel, left inset). Interestingly, the obtained be-
havior is in good agreement with previous theoretical
calculations [9] that has further elucidated the tempera-
ture dependent conductivity in the hopping regime.

On Fig. 2 (bottom right panel), the case fpyna/f, = 0.4
for chains with 10 bp ( ~ 3 nm) and 30 bp (10 nm) are
shown. The backscattering is here found to be much
stronger, and chains with lengths = 20 nm have vanish-
ingly small transmission coefficients at zero temperature.
The temperature patterns follow the same trends, as
shown for the A; chain (Fig. 4, bottom right panel).
T(E) is occasionally enhanced by temperature at some
particular energies, but a chain 20 nm long becomes
quickly transmissionless with the increase of thermal
fluctuations. Consequently, searching for the intrinsic
resistivity of the A-phage becomes more problematic.
Indeed, if the T(E) are of similar order as those of the
Poly(dG)-Poly(dC) for the case tpna/t, = 1 (that would
agree with the estimate of Fink and Schonenberger [4]),
by reducing fpyna/t, to 0.4, 20 nm long A chains are found
to be transmissionless, and such complete backscattering
points to an insulating behavior [6]. All this demonstrates
that backscattering in aperiodic A-DNA is strongly sensi-
tive to the length and temperature of the chain, but the
nature of the contact between the DNA and the substrate
or the electrodes is also likely to have a major contribu-
tion to the measured insulating behavior [8,20].

To date, although chemical or mesoscopic measure-
ments have been made on similar DNA sequences, few
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studies have compared the consistency of charge transfer
results. From a theoretical viewpoint, a relation can be
drawn between the electronic transfer rate kp, [21] be-
tween metallic intercalators tethered to the DNA and the
resistance that is measured from a mesoscopic probe
experiment. Following the arguments of Nitzan [22],
the conductance reads ~e?/mh X [107Bkps(ps™)]
from which we find that for Poly(dG)-Poly(dC)
with transmission coefficient T(E) ~ 1.51072 (Lpna =
20 nm), a corresponding electronic transfer would be
in order of kps ~ 0.2 ps~! (for tpya = 1 eV). By taking
tona = 0.4 eV closer to ab initio predictions, kpy ~
0.032 ps~! which is in the order of the transfer rate
estimated with photochemical experiments, on smaller
DNA sequences but in a water environment [23].
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