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We develop a new approach to derive the DNA tight binding parameters from first principles.
These parameters are used to model charge transport through finite length G-C and A-T DNA.
We investigate the rigor of reducing the full DNA Hamiltonian to a single HOMO-LUMO state
to represent charge transport in the vicinity of valence-conduction band. While the transmission
coefficient spectrum is preserved, its position shifts in energy. Thymine is poorly represented and
its peak height is substantially reduced. This is attributed to the abstraction of the HOMO-LUMO
coupling to other eigen-states in the nearest neighbor DNA bases, and can be corrected within 2™¢
order time independent perturbation theory. Inter-strand charge transport has also been analyzed
and it is found to be strongly asymmetric in PolyG-PolyC in the vicinity of the HOMO state. In
the 3'G — C3’ configuration, current is carried through the second nearest neighbor DNA basis and

it is ~ 100% larger than current from 5'G — C5'.

The growing interest in DNA as a molecular device'2

has led to a wide range of experimental as well as the-
oretical work in the field. However, transport results
through DNA are still controversial®> 6. The disagree-
ment in the interpretation of DNA results is due to inter-
base coupling. It is weak and hence it is easily modified
by environment effects which include counter-ions, im-
purities, defects as well as hydration. Recently, ab ini-
tio calculations have focused on determining inter-base
coupling from first principles®**16 so that DNA can be
represented within a single-state tight binding model.
However, these derivations suffer from the limitations
that they either cannot be extended to describe inter-
action between different basis!® or can only find inter-
actions between HOMO states (valence bands) of each
DNA basis'!. In addition, the rigor of reducing the full
Hamiltonian to single-state tight binding model in de-
scribing electronic transport through finite length DNA,
has not been addressed before.

It is the aim of this work to develop a general approach
to obtain tight binding parameters to describe intra- and
inter-strand interactions from first principles. This for-
malism will be applied to PolyG-PolyC ( G-C) and PolyA-
PolyT (A-T) DNA structures.

Model: We describe in detail our model to determine
tight binding parameters for G-C system and we follow
the same approach for A-T. Initially one base-pair G-
C is constructed using NAB program!?. The back-bone
is replaced by a hydrogen atom. The positions of these H
atoms are relaxed at the MP2 level. The optimized struc-
ture of the Hydrogen terminated DNA bases are shown
in Fig. 1-a. Using this configuration, a double strand
B-DNA structure'® of either four, siz or eight G-C base-
pairs (BP) is constructed. The self consistent Hamil-
tonian Hgp and the overlap matrix S are constructed
within BBLYP DFT. These calculation are performed us-
ing Gaussian 98 (G98) program!?, and the 6 — 31G basis
set is used.

To work in an orthogonal basis set, we initially transform
Ho to H; such that, Hy = So~/?HoSe /2. Every di-
agonal sub-block of Hy, which corresponds to a DNA

basis, is diagonalized and its eigenvectors are used to con-
struct a block-diagonal matrix U. Following this, Hj is
transformed to, Hy = U'H;U. In this representation
of Hs, diagonal elements represent the localized energy
eigen-states of DNA bases and off-diagonal sub-blocks
correspond to inter-base interactions. Independent from
the simulated DNA system size, being either four, siz or
eight BP, we find the interaction between HOMO/LUMO
states and the second nearest neighbor basis to be small
and and have been neglected. Hence the Hamiltonian is
written as
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In Eq. 1, €,,(n,), is the i"" on-site energy on the DNA
basis ng(ne); bng (ne),isnd, (nl),j is the hopping parameter
between two eigenstates; CT and C are the creation and
annihilation operators and c.c. is the hermitian conju-
gate. < ... > and < ... > represent interactions up to
1%t and 2"¢ nearest neighbor, respectively.

All interaction parameters of full DNA model, presented
in Eq. 1, are derived from the fwo BP at the center of
the simulated system so that edge effects are removed.
In Table I, we show our results for the on-site energy and
intra-strand coupling of the HOMO and LUMO states,
derived from four and eight BP system. Here we note
that the on-site energy is scaled so that HOMO eigen-
states of G and A match for both calculations. In G-C,
the HOMO (LUMO) state is localized on Guanine (Cyto-
sine) and coupling between consecutive Gs (Cs) is found
to be 115meV (61meV). These values are much larger
than the ones corresponding to A-T where the HOMO
(LUMO) state is localized on A (T) and the correspond-



ing hopping parameter is 21meV (23meV). We have
also determined inter-strand hopping parameters which
are also shown in Table I. <G-C> and <A-T> corre-
spond to nearest DNA basis with hydrogen bonding, and
the rest are second nearest neighbor basis interactions.
Since DNA basis pitch angle breaks symmetry along
the helix!'®, inter-base hopping parameter can depend
on the direction. For G-C HOMO state, in particular,
t(3'— G—C—3') is 50meV while t(5' — G — C — ')
is only 7meV. This difference can result in asymmetry
in the inter-strand charge transport and is investigated
later. Finally we note that the difference between param-
eters obtained from four and eight BP system is negligi-
ble. The HOMO-LUMO gap has changed by less than 40
meV while the hopping parameters undergo a less than
3meV variation.

Transport Results: Transport analysis through

DNA can be carried out for two different experimen-
tal configuration. Current measurement experimen‘u3
where metal /DNA contact is fabricated and charge is car-
ried between both contacts. The other experiment cor-
responds to placing Donor/Acceptor at different DNA
sites?® and charge is transported through DNA. Both
of these experiments, can be analyzed within our pa-
rameters derived in Eq. 1. However, we will focus on
the former experimental configuration and consider zero-
bias analysis so that the Hamiltonian matrix elements
are unperturbed. We will compare transport results in
the vicinity of HOMO-LUMO states for full DNA model
(Eq. 1) and single state tight binding representation with
the parameters shown in Table I. However, to keep the
same injection rate from the leads to the device, DNA
bases which are in contact with the leads are represented
with all eigenstates.
Transport calculations are carried out within Landauer-
Biittiker formalism?'. The transmission coefficient is,
T = tr[l*G'TEG?], where G"(@ is the retarded (ad-
vanced) Green’s function of DNA with the contacts and
L) s the device coupling to the left (right) contact.
The coupling of the device to the outside is crucial, but
difficult to determine. Experimentally, it is also dif-
ficult to control this coupling and hence we parame-
terize the external lead effect. In our model, we con-
sider the case where only DNA basis at the edges to
be coupled to the leads®®, and we thoroughly investi-
gate the weakly 'Y = I'® = 10 meV and the strongly
'Y = I'" = 500 meV coupling regimes?2. However, we
present results for the latter configuration.

Intra-strand transport: In this regime both com-
plementary strands are coupled to the contact. Our con-
ductance calculations are shown in Fig. 1. Results for
full DNA model are displayed as solid lines, while cal-
culations which incorporate a single state, either HOMO
or LUMO, are presented as dashed lines. Clearly, single
state tight binding model typifies transport characteris-
tics through G-C. However, the spectrum of the trans-
mission coefficient shifts to higher energy. This is due to
the abstraction of the HOMO-LUMO coupling to other

eigen-states in the nearest neighbor DNA bases. This en-
ergy shift can be approximated within time-independent

perturbation theory and the second order correction for
the HOMO (H) or LUMO (L) state is
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We find that the energy shift for G (C) bases at the center
to be —49 (—69) meV, while bases at the left and right
edges are shifted by —20 and —29 (—29 and —40) meV,
respectively. When this shift is included, the eigenvalues
of single eigen-state model match the full DNA represen-
tation. Transport calculations, which incorporate this
correction, are shown as open circles in Fig. 1-c,d, and
result in better transport representation

Transport calculations along A-T are presented in Fig. 1-
ef. It is clear from Fig. 1-f that Thymine spectrum for
the transmission coefficient undergoes a large energy shift
and substantial peak height reduction. This poor repre-
sentation is due to weak inter-base coupling and large
energy shift due to strong interactions with other en-
ergy eigen-states. Following the same perturbation the-
ory analysis of Eq. 2, the 2"¢ order energy correction to
the LUMO eigenstate is found to be —100 meV while
that of Adenine is only —41 meV for bases at the center.
However T (A) bases at the left and right edges undergo
energy correction of —48 and —52 (—16 and —25) meV,
respectively. If this is taken into account, as in the case
for G-C, single state model for A-T improves the results
as shown by open circles in Fig. 1-ef.

Finally we note that in this regime, I'* = I''* = 500meV,
the states with energy eigenvalues not residing in the
valence-conduction band can still have a finite density of
states in this energy range. Hence, they contribute to a
finite transmission probability. We define transmission
through these states as the “tail effect” and has substan-
tial contribution. In Fig. 1 we present transmission spec-
trum between HOMO (Fig. 1-c,e) and LUMO (Fig. 1-
d,f) states at the contact as triangle symbols. Clearly,
this corresponds to ~ 90% and 25% of the total trans-
mission for G-C and A-T, respectively. It indicates that
the “tail effect” is important and must be included by
representing the contact with all modes.

Inter-strand charge transport: To investigate the
inter-strand transport, donors and acceptors must be
placed at complementary strands as performed in recent
experiments2®. Another approach, requires that either
5'—ends or 3'—ends!'®(Fig. 1-b) have Ohmic contact and
inter-strand current measurement is carried out?®. How-
ever, inter-strand charge transport has not been inves-
tigated in the latter configuration. The analysis of this
inter-strand current transport in which charge is injected
from one Ohmic contact of one strand and collected at
the opposite end of DNA at the complementary strand,
is the focus of the rest of the paper.

In Fig. 2 we show the inter-strand charge transport re-



sults through G-C. Calculations that include all inter-
actions are presented as triangle down symbols. The
left (right) panel of each graph corresponds to trans-
port through HOMO (LUMO) state. It is clear from the
left panels of Fig. 2-a,b that transport through G-C is
asymmetric in the vicinity of HOMO state. To deter-
mine the underlying mechanism for this behavior, we set
specific Hamiltonian elements to zero, as indicated in the
schematic diagram in Fig. 2-c. Since DNA bases in each
strand have different energy eigenstates, charge is carried
through a single strand and inter-strand hopping occurs
only at bases close to contact. Hence, an important inter-
strand path would be the hydrogen-bond between bases
at the 3’ — 5'— ends. This bond is set to zero for calcula-
tions shown as solid lines. Indeed, Fig. 2-a,b shows that
eliminating this path would drastically decrease inter-
strand G-C current flow, except for the left panel of Fig.2-
b. However, as can be seen in this figure with dashed
lines, eliminating interaction between DNA basis hav-
ing Ohmic contact with the second nearest neighbor in
the complementary strand results in a secondary effect.
Therefore, for G-C, charge transport occurs through a
single strand and inter-strand hopping occurs through
hydrogen-bond at the DNA basis at the contact. The
exception occurs for G-C with 3'— ends having Ohmic
contact and at an injection energy close to the HOMO
eigenstate. This result can also be revealed from inter-
strand hopping parameters shown in Table I. It indicates
that 1°* nearest neighbor (< ... >) basis coupling is the
strongest except for the G-C'system at the HOMO state,
where 2" nearest neighbor (< ... ) is more significant.
An important consequence of this inter-strand hopping
parameter difference is that 3’ — 3’ current is more than
100% larger than 5" — 5’ current (see Fig. 1-b) . We have
also confirmed that this asymmetric inter-strand current
is persistent even for 100 BP ( 33.8 nm long ) G-C'system.
This is a strong motivation to perform such inter-strand
transport experiment. However, we note that these re-
sults are sensitive to the DNA basis conformation. Hence
thermal effects can substantially reduce the asymmetric
coupling along the DNA. Therefore, these experiments
should be performed at low temperature with ambient
conditions that lead to B-DNA conformation.
Inter-strand calculations through A-T have also been car-
ried out and showed symmetric behavior. Inter-strand
hopping occurs at nearest neighbor basis closest to the
contact region.

Conclusion: We have developed a simple and general
approach to determine the DNA tight binding param-
eters from first principles. We used these parameters
to model of charge transport in the vicinity of valence-
conduction band through a finite length DNA. We have
investigated the rigor of reducing the full Hamiltonian to
single-state tight binding representation. We find that
the transmission coefficient shifts to higher energy and re-
sults in a poor description of transport through thymine.
The shift is due to the abstraction of HOMO-LUMO cou-
pling to other states and is corrected within second order

time independent perturbation theory. We have also in-
vestigated inter-strand charge transport and found strong
asymmetric inter-strand current in the G-C'system in the
vicinity of HOMO state. Current flowing between Ohmic
contacts at the 3’-ends of G-C'is found to be twice as large
compared to current measured between Ohmic contacts
at the 5-ends.
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TABLE I: Upper table, on-site energy and intra-strand DNA

electronic coupling (meV) for states near the HOMO-LUMO System tr ta

(H-L) states. Lower table, inter-strand DNA electronic cou- <G-C> 63 (63) 2 (5)

pling (meV) for L and H states. < ... > and < ... > corre-

spond to inter-strand hydrogen bond and 2"¢ nearest neigh- <A-T> 34 (34) 26 (26)

bor inter-strand bond, respectively. These values are obtained <5y -G-C-5> -12 (-12) -7 (-8)

from four (eight) BP system. <3 -G-C-3> -16 (-15) 50 (48)

’ /

Base en L tBB tBB < 5/ —A-T- 5/ > -10 (-10) -11 (-11)
G 4278 (-4278) 1137 (1148) 19 (20) -115 (-114)] 13 -A4-T-3> 13 (-13) 9(9)
C  -6519 (-6533) -1065 (-1072) -61 (-60) -24 (-21)

A -5245 (-5245) 259 (258) 24 (25) 21 (21)
T  -6298 (-6346) -931 (-972) -23 (-23) -98 (-98)
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FIG. 1: (a) Atomic structure of hydrogen terminated DNA
bases where arrows indicate H atom which replaces the back-
bone and its position is fully relaxed. (b) 4 BP G-C arranged
in B-DNA configuration'®. 5, 3’-ends of DNA are shown and
the solid (dotted) arrow correspond to < 5 — G — C — 5" >
(< 3 — G — C — 3" >) directional coupling. The rest of pan-
els show intra-strand conductance of G-C (c,¢’,d,d’) and A-
T (e, £f7). ¢c,c’\e,e’ (d,d’,f,f) panels correspond to transport
through HOMO (LUMO) states. Conductance calculated at
300K and 50K for c,d,e,f and ¢’,d’,e’,f’, respectively; where
temperature has only broadening effect in our model. The
solid lines are calculations performed using all eigenstates.
Dashed lines correspond to calculations with a single mode
included inside DNA and all modes at contact. Open cir-
cles are with a single mode inside DNA with energy shift of
HOMO-LUMO states to take into account interaction with all
other modes. Triangle down depicts the transmission of full
DNA model from HOMO [LUMO] to HOMO [LUMO)] state
at the contacts in (c,e) [(d,f)].

FIG. 2: Inter-strand conductance (calculated at 300K) for
G-C (a,b). In (a) only 5 ends have Ohmic contact while in
(b) 3’ ends have Ohmic contact. Left (Right) panels corre-
spond to transport through HOMO (LUMO) states. Triangle
down symbols correspond to results when all the Hamiltonian
is used and continuous as well as dashed lines represent cal-
culations when specific interactions are turned off. In (c), up-
arrow (1) corresponds to the Ohmic contact where charge is
being injected/collected. Each diagram represents the inter-
actions that are set to zero (solid and dashed lines) to obtain
the corresponding graphs in (a) and (b).



