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Electronic properties of O,-doped DNA
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Based on recent experimental transport measurements, it has been suggested that DNA electronic properties
can be modified by molecular oxygen hole doping. To explore the possibility of controlling the electronic
properties of DNA by oxygen doping, we have carried out ab initio electronic structure calculations of
O,-doped DNA systems. We have found that O, is weakly bonded to DNA with negligible charge transfer. The
highest occupied molecular orbital-lowest unoccupied molecular orbital gap is much larger than the room
temperature energy scale, kg7, making it unlikely that O, can dope DNA. To explain the experimental results
we suggest other possible underlying mechanisms and further experiments to test their validity.
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I. INTRODUCTION

The ability to engineer arbitrary sequences of DNA and
place them between electrodes has given rise to the possibil-
ity of DNA based electronic devices. This has resulted in
intensive efforts in experimental? and theoretical*”® work
exploring the electronic properties of these systems. As DNA
is at best semiconducting, due to a fully filled valence band,
doping is essential from a device application point of view. A
significant recent experiment showed that the conductance of
DNA can be drastically modified upon exposure to molecular
oxygen.'? The conductance of PolyG-PolyC (G-C) increased
by orders of magnitude while that of PolyA-PolyT (A-T)
decreased by a smaller factor. These results were interpreted
in terms of oxygen hole doping in which electrons are trans-
ferred from DNA to O,. However, interpreting experimental
measurements at the nanoscale level is difficult and can even
be controversial.! This is because ambient conditions, intrin-
sic effects, and the location of the Fermi energy are notori-
ously difficult to determine. As a result there can be many
possible explanations for the same experiment. It is the aim
of this work to perform first principle analysis and investi-
gate for the first time if oxygen can intrinsically dope DNA.
We address the following questions: Can O, bind to DNA?
How can O, affect the electronic properties of DNA? Where
are the O, eigenstates with respect to the highest occupied
molecular orbital lowest unoccupied molecular orbital
(HOMO)-(LUMO) states of DNA? Can the results depend
on the DNA-counterion environment?

To answer these questions we have performed structural,
electronic, and transport calculations of an oxygen-doped
DNA system. We have optimized the geometry of O, and
counterions in the vicinity of B-DNA at the MP2 level. Fol-
lowing this we have simulated short double stranded DNA,
1-3 base pairs (BP), within B3LYP!?> density functional
theory (DFT) to investigate the electronic properties of O,
doped DNA. These calculations are performed within the
GAUSSIAN9S (G98) framework,'? and the 6-31G basis set was
employed. Using DFT calculations, as a starting point, trans-
port properties through longer strands consisting of ten BP,
as well as 500 BP, were studied within the Landauer-Biittiker
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formalism.'* Our results are presented in the rest of the pa-
per, which is organized as follows: Initially we describe our
model in Sec. II. In Sec. III we present our results for hydro-
gen terminated DNA as well as for full DNA system with
Back-Bone (B-B) and counterions. Following this, we dis-
cuss our results and their relevance to the experiment in Sec.
IV, and finally we give a brief conclusion.

II. METHODOLOGY

We have carried out simulations on O,-doped dry DNA in
the B-configuration. Our calculations are performed on both
hydrogen terminated DNA as well as full DNA with counte-
rions. At first, we present our methodology for a
H-terminated system in detail. Calculations on full DNA fol-
low a similar approach and will be briefly described.

Coordinates for double strand B-DNA are generated using
the Nucleic Acid Builder (NAB) software package.!>!® The
B-B of the structure generated by NAB is replaced by hy-
drogen atoms [see Figs. 1(a) and 1(b)]. The position of the H
atom terminating each basis at N5 is optimized at the MP2
level within GAUSSIAN98 framework.'? Using this atomic
configuration of DNA basis, we have optimized the position
of the O, dimer in the triplet state while in close contact with
DNA. To determine an initial configuration for the O, dimer
in the vicinity of DNA, we have calculated the electrostatic
potential due to bare DNA bases. We find low electrostatic
potential near oxygen and N5 atoms of the DNA bases
shown in Figs. 1(a) and 1(b). Since O, is electrophilic, it is
expected to bond to electron dense regions, such as nitrogen
lone pairs. Hence we choose the initial O, position to be
close to the N5 atom of either purine and then search for the
configuration with minimum energy at the MP2 level. Fol-
lowing this we have simulated short double stranded DNA
(1-3 BP) within B3LYP'? DFT to investigate the electronic
properties of O,-doped DNA. Our results presented in this
paper are derived from calculations performed on two BP
systems.

The self-consistent Hamiltonian of oxygen-doped two
DNA BP, along with the overlap matrix, are determined us-
ing B3LYP DFT in the quintet state. To describe the two O,
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FIG. 1. (Color online) Atoms are either la-
(b) beled or represented with a light gray color for H,

(c)

dark gray for C, and black (or red) for oxygen. (a)
and (b) show optimized structures of O, (Ol,
02)-doped G-C and A-T base pairs with hydro-
gen termination, respectively. The nitrogen atom
closest to O, dimer is labeled as N5. (c) The
structure of the Na counterion near B-B (bases
are removed) before optimization and (d) its
Na equilibrium configuration.

(d)

dimers correctly, we use the unrestricted open shell scheme.
This results in fwo Hamiltonians to describe electrons in the
up (T spin) and down (] spin) states, referred to as H, and
HB’ where the « spin state has four extra electrons. The ab
initio self-consistent Hamiltonians and overlap matrices are
used to construct a fen BP system, in the B-DNA configura-
tion, assuming nearest neighbor interaction between bases.!”
These results are further used to carry out transport calcula-
tions through O,-doped DNA within the Landauer-Biittiker
formalism.'* However, we note that DNA-contact coupling
is crucial and difficult to determine. Experimentally, it is also
difficult to control this interaction. Hence we have param-
eterized the coupling strength, I', of the DNA bases at the
ends to the contact.!® We have simulated conductance calcu-
lations for different strengths ranging from 0.05 to 2.0 eV. In
this regime, the results are qualitatively identical and we
present results corresponding to I'=0.5 eV.

Extensive calculations have also been carried out on a full
DNA system to take into account the effect of B-B. Since the
PO, group of DNA B-B is negatively charged, counterions
are expected to be present in the vicinity of the phosphorus
group. To model this system, we have considered H and Na
as counterions. However, in this paper we focus on the Na
results. Initially, we optimize the counterion positions by
considering a single strand B-B structure with the sugar mol-
ecule terminated by a H atom, instead of being connected to
a DNA basis. The initial configuration of such a system is
shown in Fig. 1(c), and we fully relax the counterion at the
MP2 level. Using the equilibrium configuration for the coun-
terions with respect to the B-B and the position of O, dimers
with respect to DNA bases, we generate a two BP structure
of full DNA. The electronic and conductance calculations on

this system are carried out following the same procedure
described earlier for the H-terminated DNA. Now we present
our results in detail and discuss the possibility of doping
DNA with oxygen.

III. RESULTS
A. Results for H-terminated DNA

The final optimized structure of O, dimer in the triplet
state, while in close contact to DNA bases, is shown in Figs.
1(a) and 1(b). The separation distance between O, and N5 on
the DNA bases is 3.2—3.8 A. This configuration indicates
that O, is weakly bonded (physisorbed) to the DNA. Charge
transfer between O, and DNA is also found to be insignifi-
cant (<0.0le). This has resulted in small binding energy at
the MP2 level, which is ~50 and ~70 meV for O, in the
vicinity of G-C and A-T, respectively.

To search for other possible minimum energy configura-
tions for O, in the vicinity of DNA and to confirm that in-
deed this is the “global” minimum, we have relaxed various
structures of O, dimer surrounding a two BP of G-C and
A-T DNA with B-B and H as a counterion at the PM3
level.!® Starting from 14 different initial conditions: six in the
major groove, six in the minor groove, and fwo outside the
DNA and close to B-B, O, is fully relaxed. Following this,
single point energy calculations at the DFT level are carried
out on the lowest energy configuration of each path. These
results indicated that indeed the O, configuration, close to
N5 and presented in Figs. 1(a) and 1(b), has the lowest total
energy.

Using this optimized geometry of DNA with O,, we have
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FIG. 2. (Color online) Conductance (calculated at 300 K) and
DOS (arbitrary units) of ren base pairs of oxygen-doped G-C [(a)
and (c)] and A-T [(b) and (d)]. (¢) and (f) are conductance results
for 500 base pairs (~169 nm long) of oxygen-doped G-C and
A-T, respectively. Transport through HOMO (LUMO+ 1) is carried
along G (C) in (a), (c), and (e) and A (7) in (b), (d), and (f) bases of
DNA. Transport through O, is magnified by a factor of 10 in (a),
(b), (e), and (f) for clarity. The essential point here is that the O,
level is separated from the valence band (residing on G and A) by
more than 10kg7, and hence cannot dope DNA at room
temperature.

constructed a two BP system and determined the self-
consistent Hamiltonian and the overlap matrix within the un-
restricted open shell scheme. Analysis of the eigenvalues (or-
bital energies) of H, and Hj show that the HOMO (valence
band) and LUMO (conduction band) levels lie on purine and
O, in the B configuration, respectively. The HOMO level and
the lowest unoccupied level primarily residing on the DNA
are approximately the same in both « and 8 matrices. Hence
we will present our results for Hg and they are almost indis-
tinguishable from H,,, except for O, LUMO level. In Fig. 2
we show the conductance and density of states (DOS) of
0,-doped G-C and A-T systems at energies in the HOMO-
LUMO vicinity. The HOMO (LUMO+1) level is pure
G (C) for G-C and A (T) for A-T. Doped DNA has a new
transport state due to O, dimers, at ~-3.5 eV for G-C and
~—4.0 eV for A-T. The band width of this state is only
~35 meV because of weak coupling between O, on subse-
quent base pairs. We have also found that the rotational bar-
rier for O, bonded to DNA is smaller than kz7, which will
introduce further scattering to charge transport. Hence we
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expect transport along O, to be unimportant. DNA length
effect on transport results has also been verified by repeating
the same calculations on a DNA system consisting of 500 BP
(~169 nm in length) and conductance is presented in Figs.
2(e) and 2(f). It is clear that these calculations are in quali-
tative as well as quantitative agreement with Figs. 2(a) and
2(b).

Now we would like to address the possibility of p-type/
n-type doped G-C/A-T DNA in an O, environment. Can the
new O, state act as a dopant level? Our analysis showed
clearly that O, is weakly coupled to DNA and that charge
transfer between O, and DNA is negligible, suggesting that
doping is unlikely to occur in these systems. In addition to
this, in the semiconductor picture,?’ dopant levels should be
within a few kzT away from the valence (conduction) band
for p-type (n-type) semiconductors. In our calculations, the
O, state is found at ~1.0 and ~1.5 eV (~2.2 and ~2.7 eV),
above (below) the HOMO (LUMO) level of bare G-C and
A-T, respectively. This energy difference is much larger than
the room temperature energy scale, kzT~26 meV. This
again strongly suggests the absence of intrinsic doping of
DNA by O,.

We note that these results are based on a hydrogen termi-
nated DNA model, where B-B and counterions are neglected.
To overcome this issue, we present in the following section
our calculations on the full DNA model, which take into
account the B-B and counterions effects.

B. Results for full DNA system

Counterion effect has been investigated for both H and
Na. However, in this paper we focus on the Na results. The
initial configuration of Na in the vicinity of a PO, group is
shown in Fig. 1(c). We fully relax the counterion at the MP2
level. The final equilibrium configuration of the Na counter-
ion is roughly symmetric with respect to oxygen atoms (OA
and OB), as shown in Fig. 1(d). However, we note that for
the H counterion, we find two equilibrium configurations.
They correspond to one local minimum and one global mini-
mum in which H is close to OA and to OB, respectively.

Using the equilibrium configuration of Na counterions in
the vicinity of B-B and the same positions of O, dimers with
respect to DNA bases, we generate rwo BP structures of the
oxygen-doped full DNA system and determine its electronic
properties. Our conductance calculations, performed for
these systems, follow the same procedure described earlier
for the H-terminated DNA structure. Conductance results for
G-C and A-T, with Na counterions are shown in Fig. 3. We
first note that in the full DNA system, B-B and Na counteri-
ons introduce new states whose band width is ~200 meV in
the HOMO-LUMO gap of the corresponding H-terminated
DNA. These results are consistent with earlier
calculations.”17 We have also checked that these states have
NaPO, character. Hence the corresponding current carrying
state is formed along the DNA helix and its path is substan-
tially different from states extended over purines and/or py-
rimidines. However, the consequence of oxygen doping on
the full DNA system is similar to its effect on the
H-terminated DNA model. The O, dimers introduce new
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FIG. 3. (Color online) Conductance (calculated at 300 K) and
DOS of G-C and A-T DNA with Na counterions. We use the same
representation as Fig. 2. The new states occurring at £~-2.0 eV
and indicated by B-B have NaPO, character. While the counterions
decrease the energy separation between the O, levels and the va-
lence band, the energy separation with counterions is still too large
to dope DNA.

states in the HOMO-LUMO gap. These states are ~0.8 eV
(~1.1 eV) above the HOMO state of G-C (A-T). While this
is smaller than the gap found in the H terminated case, the
energy scale is still too large to enable doping of DNA at
room temperature.

IV. DISCUSSION

Our structural relaxation of O, at the MP2 level shows
very weak bonding between O, and DNA. In addition to this,
electronic properties calculations within B3LYP DFT indi-
cate that the HOMO-LUMO gap of the O,-doped DNA sys-
tem is much larger than k7. The energy gaps for various
systems are summarized in Table I. Although this gap de-
pends on the counterion, it is always greater than 800 meV.
Due to this large energy gap and small charge transfer, aris-
ing from the weak bond between DNA and O,, intrinsic oxy-
gen doping of DNA is impossible within our model. How-
ever, before describing the possible underlying mechanisms
for the experimental results we will discuss the limitations of
our model and possible effects on our results.

We first note that we have disregarded the presence of
hydration shells while determining the effect of oxygen dop-
ing of DNA. Such a model simplification is performed be-
cause: (i) the orientation and optimum number of water mol-
ecules on dry DNA is still an unresolved topic and needs
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TABLE 1. Energy gap, AE (eV), between the O, LUMO state
and HOMO state localized on nearest purine. Tvo-bases results are
obtained from G98 and ten-bases gap is calculated from the con-
structed Hamiltonian of the system, as described in the text. H term,
Full+H, and Full+Na stand for hydrogen terminated, full DNA
with H counterion, and full DNA with Na counterion. Note that AE
is environment dependent but always much larger than kgT.

System AE (two bases) AE (ten bases)
G-C (H term) 1.24 1.02
G-C (Full+H) 1.38 1.18
G-C (Full+Na) 1.05 0.82
A-T (H term) 1.59 1.54
A-T (Full+H) 1.59 1.42
A-T (Full+Na) 121 1.13

further attention, (ii) water molecules do not interact strongly
with either DNA and/or O,, hence water is not expected to
influence doping effects, and (iii) our calculations are per-
formed at the MP2 level with an open shell scheme to accu-
rately model the interaction of DNA and O,, as a result we
cannot simulate large system sizes that include water mol-
ecules. The second limitation of our first principles approach
is due to kinetic effects and long range van der Waals inter-
actions, which cannot be fully incorporated. To overcome
this limitation, we have displaced the O, dimer from its equi-
librium position and performed single point energy calcula-
tions at different configurations, such that total energy in-
creases by <100 meV. The smallest HOMO-LUMO gap,
found from various higher energy configurations of O, in the
vicinity of DNA, is 689 (968) meV for G-C(A-T), which is
still much larger than room temperature thermal energy.

Our analysis indicates clearly that O, cannot intrinsically
dope DNA. Determining the exact underlying mechanism for
the experimental behavior is not possible at this stage, due to
lack of information on the experimental details. Hence we
attempt to give possible explanations and suggest further ex-
periments to pin down the origin of this behavior.

Impurities, doping, and defects surrounding and/or within
DNA can result in completely different electronic properties
and hence would change the O, binding energy to DNA and
its charge transfer. Doping DNA with iodine molecules, for
example, is found by the same group of this experimental
work!® to substantially effect its electronic transport
characteristics.2! However, it is possible to eliminate these
effects from the experiment and transport measurement
could be carried out through an ideal system. The experimen-
tal results of Ref. 10 can also be related to contact
doping.?>?? In this regime, O, increases the work function of
gold by more than 0.1 eV and hence changes the alignment
of Fermi energy (Ep) with respect to valence-conduction
bands. Such a possible scenario to interpret the experimental
measurements is the focus of the rest of our paper.

In the experiment of Ref. 10, the distance between the
contacts (100-200 nm) is smaller than DNA screening
length,”* and Ej of the unoxygenated Au contact is closer to
the valence and conduction bands for G-C and A-T, respec-
tively, consistent with the experimental work of Ref. 2. The
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origin of this Ey alignment can be due to impurity effects
and/or the ionization potential (IP) difference. While the
former effect is an extrinsic property and can be controlled
by the dopant properties, the IP difference between G-C and
A-T is an intrinsic character of DNA.? Theoretical
calculations®?%?7 performed on short DNA strands, using dif-
ferent models, have determined the IP of G-C to be at least
500 meV smaller than the IP of A-T. Based on these assump-
tions, a band diagram could be deduced for both G-C and
A-T sandwiched between Au contacts. Upon contact oxygen-
ation, the hole barrier (¢®,) for G-C decreases and hence
current is enhanced. However, the electron barrier (¢®,) for
A-T increases and conductance decreases. Although this
model describes the experimental results of Ref. 10, the bar-
rier can either be bulk-type for IPpys<IP,, or Schottky
barrier’>?? at the DNA-Au contact region for IPpya > IPa,.
To test our interpretation experimentally, transport measure-
ments need to be carried out when the distance between the
electrodes is longer than DNA screening length. The bulk-
type barrier height remains unchanged upon oxygenation for
long strands (a direct result of charge neutrality in the bulk),
and so the conductance does not change. However, if the
barrier is Schottky-type, its height decreases for g®, (and
increases for ¢®,) upon oxygenation and is independent
from length. In this regime, a further experiment needs to be
performed. Negative gate voltage could be applied to deplete
the Schottky barrier and hence current through this gated
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device will not be modified upon oxygenation.

Finally we note that these suggested experiments serve as
an important test to validate our interpretations. However,
they can also be used as a tool to determine the IP of DNA
with respect to contacts, IPpya<(>)IP.onue for bulk
(Schottky) barrier.

V. CONCLUSION

We find that O, cannot intrinsically dope DNA. This re-
sult is based on the extensive ab initio calculations pre-
sented, which show that the HOMO-LUMO gap is much
larger than room temperature energy scale, kz7. Further, we
also find that O, is weakly bonded to DNA with negligible
charge transfer. While intrinsic doping of DNA with oxygen
is impossible, we presented other possible explanations for
the experiment of Ref. 10, which observed a large change in
DNA conductance upon oxygenation.
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