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Intermediate tunnelling–hopping regime
in DNA charge transport
Limin Xiang1,2, Julio L. Palma1,2, Christopher Bruot1, Vladimiro Mujica2, Mark A. Ratner3

and Nongjian Tao1,4*

Charge transport in molecular systems, including DNA, is involved in many basic chemical and biological processes, and its
understanding is critical if they are to be used in electronic devices. This important phenomenon is often described as either
coherent tunnelling over a short distance or incoherent hopping over a long distance. Here, we show evidence of an
intermediate regime where coherent and incoherent processes coexist in double-stranded DNA. We measure charge transport
in single DNA molecules bridged to two electrodes as a function of DNA sequence and length. In general, the resistance of
DNA increases linearly with length, as expected for incoherent hopping. However, for DNA sequences with stacked guanine–
cytosine (GC) base pairs, a periodic oscillation is superimposed on the linear length dependence, indicating partial coherent
transport. This result is supported by the !nding of strong delocalization of the highest occupied molecular orbitals of GC by
theoretical simulation and by modelling based on the Büttiker theory of partial coherent charge transport.

Charge transport and related charge transfer processes in
double helical DNA have received ongoing interest over
recent decades because of their relevance to the oxidative

damage to DNA, which is critical to the viability of all living
organisms1,2. The observation of long-range charge transport in
DNA3,4 and advances in synthesizing DNA with de!ned nano-
structures5 have further stimulated research interest in exploring
DNA as a building block for nanoelectronic applications. Both
unravelling the oxidative damage seen in DNA and building func-
tional electronic devices with DNA require a better understanding
of the charge transport mechanism in DNA.

Charge transport and transfer processes in DNA have been studied
using a range of experimental methods3,6–14, theoretical models15–17

and computer simulations18–20. Coherent tunnelling and incoherent
hopping have emerged as the mainstream theories to explain short-
range and long-range charge transport in DNA21, respectively. In
the tunnelling regime, the resistance increases exponentially with
molecular length15, whereas in the hopping regime the resistance
increases linearly with length16. In the model of incoherent hopping
in DNA, each purine base is treated as a hopping site for a hole.
However, a recent simulation has shown that strong electronic coup-
ling between the !-electrons of neighbouring base pairs can lead to
delocalization of the holes over several base pairs in DNA hairpins18,
suggesting a role of coherence in the hopping regime.

Here, we report direct experimental evidence for an intermediate
regime—distinctly different from the simple coherent tunnelling
and incoherent hopping mechanisms alone—by studying charge
transport in double-helical DNA bridged between two electrodes
in an aqueous solution (Fig. 1a). Unlike previous work10 we con-
nected the electrodes directly to the DNA bases, thereby providing
ef!cient electronic coupling between the electrodes and DNA. To
maximize the electronic coupling between the !-electrons of neigh-
bouring base pairs22,23, we selected DNA sequences with guanine
(G) bases stacked on top of one another. Although the overall resist-
ance increased linearly with molecular length, as expected for
hopping transport, we observed a periodic oscillation superimposed

on the linear dependence. This has been found to be a signature of
electron (or hole) delocalization in metallic wires24 or other conju-
gate systems25, originating from quantum con!nement and scatter-
ing by the two ends of the wires. As a control experiment, we also
measured DNA sequences with alternating G (in which the G
bases do not stack on top of one another), and found that the resist-
ance increases linearly with molecular length, in agreement with the
hopping model. We attribute the observed resistance oscillation to
delocalization of holes induced by the strong electronic coupling
between stacked G bases. We further describe the experimental
results with a model based on the concept introduced by
Büttiker26, which allows the coexistence of a partial coherence
mechanism and incoherent hopping transport.

Results and discussions
We focus on DNA sequences with stacked G bases because G has the
lowest ionization potential of the four DNA bases (A, T, G and C)27, so
the highest occupied molecular orbital (HOMO) levels are closest to
the electrode Fermi level28. More importantly, both theoretical and
experimental results have shown that G doublets (GG) and triplets
(GGG) have lower ionization potentials than a single G29,30, indicating
strong coupling between the ! orbitals of the G, leading to strong delo-
calization of holes11,17,18. The stacked-G DNA sequences studied here
are denoted 5!-ACnGnT-3! (n = 3, 4, 5, 6, 7, 8), and the alternating G
sequences are denoted 5!-A(CG)nT-3! (n = 3, 4, 5, 6, 7), where A, G,
C and T indicate adenine, guanine, cytosine and thymine, respectively.
Both sets of DNA are double-stranded and self-complementary, so the
complementary sequences also include alternating and stacked G
bases respectively.

Direct electrical measurement of DNA requires a good contact
between the molecule and the probing electrodes. In our previous
work10 we connected the electrodes to the sugar group of the
DNA. However, because charge transport in DNA is dominated
by the overlap of the ! orbitals of the stacked base pairs31, the
present work introduces a linker (amine32) on T (Fig. 1a) to
minimize the contact resistance between the electrodes and DNA.
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Charge transport measurements were performed using a scan-
ning tunnelling microscope (STM) break-junction technique33,34.
A gold tip was coated with a wax insulation layer, thereby reducing
the ionic leakage current to below 1 pA (ref. 10). The tip was repeat-
edly brought into and out of contact with a gold substrate covered
with DNA molecules to create Au–DNA–Au junctions (Fig. 1a).
During the pulling process the current was recorded versus distance,
and a step in the current indicated the formation of a DNAmolecule
bridged between the substrate and tip electrodes (Fig. 1b).
Thousands of current–distance traces were collected for each
DNA sample, from which a conductance histogram was con-
structed. Figure 1c presents the conductance histograms of
5!-A(CG)5T-3! and 5!-AC5G5T-3!. From the peak positions of the
histograms, the most probable conductance values of the two
DNA sequences were obtained.

Figure 2a plots the resistance (inverse of conductance) as a func-
tion of DNA length for both the stacked G (blue triangles) and the
alternating G (black squares) DNA sequences (Table 1). The stacked

and alternating G DNA molecules differ only in their sequence
order, but their charge transport behaviours are signi!cantly differ-
ent. First, for the same length, the stacked G sequence is more con-
ductive (or less resistive) than the corresponding alternating
sequence. Second, the overall resistance of both the stacked and
alternating G sequences increases linearly with length, which is
expected for hopping35,36, but the slope of the resistance versus
length plot for the stacked G DNA is smaller than the alternating
G DNA. In other words, the conductance of the stacked G DNA
sequences depends on the length more weakly. The most striking
observation is a distinct oscillation of resistance superimposed on
the linear increase of resistance with length for the stacked G
DNA sequences. Finally, we compared the conductance of the
DNA when the electrode is connected to the base with the conduc-
tance when the electrode is connected to the sugar group (Fig. 1a).
We discuss each of the above observations in the following.

Linear dependence of DNA resistance with length in alternating
sequences. Let us !rst examine the relative conductivities of the
alternating and stacked G sequences by analysing the relative energy
level alignment and delocalization of holes in both sequences.
Figure 2b presents three-dimensional structures of alternating and
stacked G sequences of the canonical B-DNA double helix, clearly
showing the dramatic difference in the stacking of G bases in the
two DNA sequences. In the alternating case, nearest-neighbour G
bases do not overlap with each other directly, in contrast to the
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Figure 1 | Direct measurement of charge transport in dsDNA attached to
two electrodes. a, DNA molecules connected to two electrodes via the
sugar10 (left) and directly via the thymine base (T, right). The red part of the
chemical scheme is the original T base, and the blue part is the amine
modi!cation. Note that A(CG)nT and ACnGnT denote alternating and
stacked G sequences, respectively. b, Representative current–distance traces
(current has been converted to conductance) of A(CG)5T (red lines) in
aqueous solution, showing plateau features in the traces, and control
experiments performed in the absence of DNA molecules showing perfect
exponential decay (black lines). c, Conductance histograms of A(CG)5T and
AC5G5T constructed from thousands of individual traces, then !tted by a
Gaussian distribution function; peak positions (red and blue lines) indicate
conductance values for the molecules.
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Figure 2 | Resistance and structure of alternating (A(CG)nT) and stacked
(ACnGnT) G DNA sequences. a, Resistance of alternating (black squares)
and stacked (blue triangles) G DNA sequences versus the number of CG in
the sequences. The stacked sequences have smaller resistance values than
alternating sequences, and an oscillation is superimposed on the linear
trend. Error bars are standard deviations calculated from three to four sets
of experiments for each individual sequence (Supplementary Table 1).
b, Three-dimensional structures of alternating ((CG)4, left) and stacked
(C4G4, right) G dsDNA, showing a better overlap between adjacent G bases
for stacked G sequences than alternating sequences. This is also supported
by the calculated electronic couplings at the INDO/S level between adjacent
base pairs, indicated as VG–C for the alternating sequence and VG–G for the
stacked sequence.
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stacked case, where the nearest-neighbour G bases stack on top of one
another, leading to a stronger electronic coupling between the
adjacent G bases22,23. This is validated by our electronic coupling
calculations based on the INDO/S Hamiltonian, which show that
the coupling coef!cients between neighbouring G bases are 0.10 eV
and 0.14 eV for alternating and stacked sequences, respectively. The
strong electronic coupling in the stacked G DNA molecules also
indicates that holes can delocalize over several neighbouring G
bases, thus creating a higher HOMO level28.

We also calculated the HOMO levels or ionization potentials of
the stacked G DNA sequences (Supplementary Fig. 10), and found
that they vary as follows: G (!7.75 eV), GC (!7.24 eV), G2C2 (!6.61 eV),
G3C3 (!6.30 eV), G4C4 (!6.15 eV), G5C5 (!6.07 eV) and G6C6
(!6.01 eV). These values are consistent with results reported in
the literature. For example, Saito and colleagues29 concluded that
the GGG moiety was easier to oxidize than G, based on a photoin-
duced DNA cleavage measurement, while Ratner and co-workers30

reported that the ionization potentials of GG and GGG were lower
than G by 0.5 and 0.7 eV, respectively. These experimental and
theoretical studies all show that the HOMO energy levels of
stacked G sequences are closer to the Fermi energy level of the elec-
trode due to delocalization.

The linear increase in the DNA resistance with length is a signa-
ture of hopping transport35,36. When applying the hopping model to
DNA, it is often assumed implicitly that each G is a hopping site, and
holes hop along the individual hopping sites from the left electrode to
the right electrode16 (Fig. 3, top). In alternating G DNA molecules,
the molecular orbitals near the Fermi levels are localized mainly on
a single G base (Fig. 3, bottom; Supplementary Fig. 7), which

supports the notion that eachG base acts as a hopping site. The resist-
ance of theDNAmolecule is proportional to the inverse of the charge
transport rate kCT, and is given by R = [e2kCT!(EF)]

!1 (ref. 37), where
e is the elementary charge and !(EF) is the density of states at
the Fermi level. According to a sequential hopping model based on
the steady-state "ux method, the resistance is described by37,38

R =
k!1L + k!1R
e2!(EF)

eEa/kBT +
N ! 1
e2!(EF)

k!1eEa/kBT (1)

where kL, kR and k are the hole transfer rate constants from the left
electrode to the !rst G of the DNA, from the last G of the DNA to
the right electrode and between adjacent hopping sites, respectively,
Ea is the activation energy, kB is the Boltzmann constant, and T is
temperature. The !rst term in equation (1) represents the elec-
trode–molecule contact resistance, and the second term describes
the ef!ciency of hole hopping along the DNA. By !tting the length
dependence of resistance with equation (1), the slopes for the alter-
nating and stacked G DNA sequences are 0.56 ± 0.05 M! and 0.31
± 0.01 M!, respectively, corresponding to a ratio of 1.8 between the
two slopes. According toMarcus theory, the charge transfer rate is pro-
portional to the square of the coupling. The square of the calculated
ratio of the electronic coupling strengths between the stacked and alter-
nating G DNA sequences is !1.42 = 1.96, which is consistent with the
observed ratio of the slopes.

Periodic oscillation of DNA resistance with length in stacked
sequences. The puzzling observation is the periodic oscillation in
the resistance versus length plot for the stacked G DNA
sequences, which cannot be described by the hopping model.
Periodic oscillations in the length dependence of resistance have
been observed previously in coherent transport in systems such as
one-dimensional atomic wires24, and are predicted for one-
dimensional conjugated molecular systems involving strong
overlap of ! electrons25. By assuming coherent resonant
tunnelling, periodic oscillation in the resistance of DNA
molecules has also been predicted19. However, in those coherent
transport systems the overall resistance varies little with length, in
contrast with the present observation in stacked G DNA
sequences. Another observation that is not predicted by the
simple coherent transport model is that the oscillation amplitude
decreases with molecular length.

The origin of the resistance oscillation in one-dimensional met-
allic wires and conjugated molecular systems is delocalization of
electrons in such systems. The electrons are re"ected by boundaries
and form standing waves24. In stacked G DNA molecules, the occu-
pied molecular orbitals are delocalized over two to three base pairs,
and their energy levels are close to the Fermi level of the electrodes
(Fig. 4 and Supplementary Fig. 8). In other words, in contrast to the
alternating G DNA sequences, where each hopping site is a G base,
the hopping site in the stacked G sequences consists of two to three
base pairs (Fig. 4a). This delocalization domain has been reported
previously by Barton and colleagues39 for charge transfer through
stacked A domains, and by Majima and colleagues11 for charge

Au
AuLinker

barrier

k1

kL

k kR

Alternating sequences: A(CG)4T

51 2 3 6 7 8

G G G G G G G G
eVbias

4

Figure 3 | Hopping transport in alternating G DNA sequences. Holes from
the left electrode migrate through each of the hopping sites and !nally reach
the right electrode, generating a current when a small bias Vbias is applied
between the left and right electrodes. kL, k1, kR and k are the hole transfer
rate constants from the left electrode to the !rst G of the DNA, from the
!rst G back to the left electrode, from the last G of the DNA to the right
electrode, and between adjacent hopping sites, respectively. The HOMOs of
the G bases, which are responsible for hole hopping, are strongly localized in
single G bases, and the corresponding energy levels are degenerate, which
indicates that each of the G bases in the dsDNA is a hopping site. Note that
(CG)4 is shown here as an example.

Table 1 | Conductance values and peak width for alternating A(CG)nT and stacked ACnGnT sequences obtained by !tting the
peaks in the histograms.

Alternating sequences Peak position* log(G/G0) Peak width Stacked sequences Peak position log(G/G0) Peak width
A(CG)3T !2.17 ± 0.03 0.22 AC3G3T !2.00 ± 0.03 0.36
A(CG)4T !2.27 ± 0.02 0.20 AC4G4T !2.20 ± 0.02 0.33
A(CG)5T !2.37 ± 0.01 0.21 AC5G5T !2.13 ± 0.02 0.16
A(CG)6T !2.43 ± 0.02 0.36 AC6G6T !2.29 ± 0.04 0.21
A(CG)7T !2.52 ± 0.03 0.28 AC7G7T !2.31 ± 0.01 0.23

AC8G8T !2.40 ± 0.04 0.23

*Error bars are calculated from three to four sets of experiments for each individual sequence (Supplementary Table 1).
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transfer in DNA sequences containing stacked GAG bases. The
former reported a periodicity in the charger transfer yield versus
length, and the latter showed an oscillation depending on the pos-
ition of the delocalization region (stacked GAG) along the helix.
The delocalization of holes over multiple bases suggests that the
coherency of holes does not become fully washed out over a short
distance, and the sequential hopping model must be modi!ed to
include this feature. This conclusion is consistent with the theory
of Renaud and colleagues18 for poly(A)-poly(T) DNA hairpins,
and the theoretical analysis by Venkatramani and co-workers40 for
peptide nucleic acids and de Pablo et al.14 for "-DNA. We also
note that coherent superexchange is considered in the variable
range hopping model of charge transfer in DNA developed by Yu
and colleagues41 and Renger and colleagues42 (see Supplementary
Fig. 9 for further discussions).

Partially coherent and incoherent charge transport has been
studied in semiconductor devices. Büttiker26 developed a theory
that includes a coherent correction to the completely incoherent
charge transport in one-dimensional systems. Here, we apply that
theory to describe charge transport in stacked G DNA sequences
(Fig. 4a), and !nd that the total resistance of the DNA can be
expressed as

Rtot = R0 +
h
e2

N ! 1
1 ! 2e!B(N!1) cos [C(N ! 1)]

T!1
GG-st (2)

where the !rst term, R0, is the contact resistance (including hopping
between the two stacked G regions in the middle of the molecule,
described by TGG-al in Fig. 4a), and the second term describes
hopping with a coherent transport correction. In equation (2),
TGG-st is the probability of transmission from one G to an adjacent
G, B =w0/v"i re"ects the decay of coherence over distance (#"i is the
coherence length), where v is the velocity of the carrier, "i is
the inelastic scattering time, and w0 = 3.32 Å is the base pair distance
in B-form poly GC DNA43, C = (2

!!!!!
2mE

!
)/h"w0, where m = 1.68me

(ref. 43) and E are the mass and energy of the holes, respectively.
Note that equation (2) is similar to equation (1) except for
the denominator in the second term of equation (2), which is the
contribution of coherent transport introduced by Büttiker26,
leading to a periodic oscillation in the length dependence of
the resistance.

Figure 4b shows the !t of the experimental data (blue triangles)
to the model (red circles) given by equation (2). The contact resist-
ance R0 was preset as 0.76 M!, which was obtained by extrapolating
the length dependence of the resistance to the A(CG)1T sequence
for the alternating sequence. From the !tting, the resistance per
GC base pair is 0.31 ± 0.01 M!. The energy of the holes calculated
from the !tting parameter C is 0.29 ± 0.02 eV. #"i is 0.56 ± 0.06 nm,
which gives a coherence length of approximately two base pairs,
consistent with other experimental work12,44 and theoretical predic-
tion18,45 for charge transport through stacked A sequences. The
experimental data can be accurately described with the Büttiker
theory with reasonable physical parameters (see Supplementary
Figs 11 and 12 for further discussions), which supports the con-
clusion of partial coherent and incoherent transport in stacked
G bases.

To further validate the oscillation behaviour in the stacked G
sequences, we performed conductance measurements on ACnGnT
(n = 3, 4, 5, 6) sequences with the electrode connected to the sugar
group of the DNA (Supplementary Fig. 5). The oscillation behaviour
still exists, but with a smaller amplitude. We note that the oscillation
behaviour is rarely seen in other !-conjugated systems46. The mole-
cular energy levels in these !-conjugated systems are far away from
the Fermi level of the electrodes, so coherent tunnelling is the domi-
nant transport mechanism, leading to an exponential increase in the
resistance with length. In DNA, thermal activation helps bring the
HOMO to the Fermi level, and holes are injected into the DNA16.
We expect this oscillatory transport to occur in other conjugate
systems if the molecular energy levels can be brought to align with
the Fermi level, either with a gate control or thermal activation.
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Figure 4 | Intermediate tunnelling–hopping charge transport in stacked DNA sequences. a, Top: schematic of the intermediate tunnelling–hopping transport
mechanism in stacked sequences, where Tmulti_G is the probability of transmission via the stacked G-segments of the DNA including the coherent correction,
TGG-st is the probability of transmission between two adjacent stacked Gs, and TGG-al is the probability of transmission between the two stacked G-segments.
TGG-st and TGG-al have incoherent components only. Bottom: HOMO levels of C4G4 show delocalization of the orbitals, in contrast to Fig. 3, indicating
that the coherent tunnelling transport coexists with incoherent hopping transport through the stacked G-segments. Note that, as for alternating sequences,
there is no delocalization between the fourth G and !fth G in the middle. b, Experimental resistance (blue triangles) and prediction of Büttiker theory
(see equation (2)) of partial coherent charge transport (red circles), indicating that the oscillation is caused by coherent processes when holes transport
through stacked G-segments. Error bars are standard deviations calculated from three to four sets of experiments for each individual sequence
(Supplementary Table 1).

Table 2 | Conductance values and peak width for the
alternating sequences A(CG)nT with amine on thymine and
thiol on the sugar group.

Contact via
DNA base

Peak position
log(G/G0)

Peak
width

Contact via
sugar group*

Peak position
log(G/G0)

A(CG)3T !2.17 ± 0.03 0.22 (CG)4 !2.89
A(CG)4T !2.27 ± 0.02 0.20 (CG)5 !3.10
A(CG)5T !2.37 ± 0.01 0.21 (CG)6 !3.22
A(CG)6T !2.43 ± 0.02 0.36 (CG)7 !3.40

*See conductance values in ref. 10.
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To examine the DNA–electrode contact effect (Fig. 1a) we com-
pared the conductance values measured here with those obtained
with the electrode connected to the sugar group of the DNA10

(Table 2). The data show that the contact via the DNA base in the
present work is three to six times more conductive than the sugar
contact. This observation supports that charge transport in DNA
is mainly via the base pairs31.

Conclusions
We have studied charge transport in DNA duplexes with alternating
G and stacked G sequences. In the former, the resistance increases
linearly with molecular length (number of base pairs), which can
be described with the hopping model, in which each G base acts
as a hopping site. In the latter case the overall resistance also
follows the linear length dependence trend, but there is a surprising
periodic oscillation superimposed on the linear dependence, indi-
cating a partially coherent and partially hopping regime of charge
transport. Our calculations reveal that the HOMOs in the stacked
G are delocalized over several G bases, supporting the observation
of an intermediate coherent tunnelling and incoherent hopping
charge transport mechanism. The experimental resistance versus
length dependence can be modelled based on Büttiker theory,
which includes partial coherence in incoherent hopping. The present
work also shows that connecting the electrodes to the DNA base
pairs provides more ef!cient electrical contact to the molecule than
when connecting to the DNA via the sugar group.

Methods
Sample preparation. All DNA samples were purchased from Bio-Synthesis (HPLC-
puri!ed with a certi!cate of analysis via mass spectroscopy). Na2HPO4·2H2O
(for HPLC, "98.5%) and NaH2PO4 (for HPLC, "99.0%) were purchased from Fluka,
and Mg(OAc)2 (ACS reagent, 99.5–102%) was purchased from Sigma-Aldrich. All
reagents were used without further puri!cation. A Multigene Mini Thermal Cycler
(model TC-050-18) was used to anneal DNA solution samples. Phosphate buffer
(pH 7.0) was prepared by dissolving Na2HPO4·2H2O (198 mg), NaH2PO4 (133 mg)
and Mg(OAc)2 (47 mg) in 10 ml deionized water. Double-stranded DNA (dsDNA)
solution was prepared by mixing 90 µl phosphate buffer with 10 µl of 100 µM single-
stranded DNA (ssDNA) solution (dissolved in deionized water) and annealed by
varying the temperature from 80 °C to 8 °C over a period of 4 h (kept at a certain
temperature for 3 min and 20 s, then decreasing the temperature by 1 °C), and then
kept at 4 °C. The annealing process for longer-strand DNA (n " 6) comprised 5 min
at 95 °C, cooling from 95 °C to 90 °C at the rate of 4 °C per second, cooling from 90 °C
to 76 °C at a rate of 1 °C per 5 min, further cooling from 76 °C to 26 °C at a rate
of 1 °C per 15 min, holding at 25 °C for 30 min, thenmaintained at 4 °C. This stepwise
process helped prevent the formation of ssDNA hairpin structures. For further
details see Supplementary Figs 1 and 2. All other experiment set-ups are described in
previous reports10.

Conductance measurement method. Measurements were carried out in a 2.5 µM
dsDNA solution at room temperature (22 °C). Phosphate buffer (50 µl) was
added into the sample holder. A small bias voltage (10 mV to 30 mV, positive or
negative, see Supplementary Table 1) was applied between the gold tip and the gold
substrate in an STM break-junction set-up. An exponential decay in the current–
distance traces was observed in the phosphate buffer in the absence of DNA
molecules (black traces in Fig. 1b). However, after adding 50 #l dsDNA solution of
5 #M, steps appeared (red traces in Fig. 1b). A large number of current–distance
traces (!5,000) were recorded for each experiment, and conductance histograms
were constructed with an algorithm (described previously47). The algorithm counted
only the traces showing counts exceeding a preset threshold in the histograms
(Fig. 1b). For each sequence, the measurement was repeated three to four times on
different days. In addition to pure phosphate buffer, measurements were also carried
out in ssDNA solution as a further control experiment. The absence of steps in the
current–distance traces with ssDNA indicates no hairpin formation in the samples
(Supplementary Figs 3 and 4). Individual current–voltage (I–V) curves were also
recorded for A(CG)4T and AC4G4T sequences (Supplementary Fig. 6). The I–V
curves are symmetric, indicating a symmetric contribution of the contacts to the
charge transport measured with the STM break-junction method.

Theoretical calculation method. We performed quantum-chemical calculations to
obtain orbital energies at equilibrium (zero bias) of the dsDNA sequences at the
INDO/S level with a minimal basis set, which has been shown to be a reliable
method for the description of electronic coupling between base pairs of DNA48.
Electronic coupling calculations were performed under the two-state model48

framework with the systems set at the conformation of canonical B-DNA and only
the base pairs were considered (the backbone was removed). We used two

neighbouring stacked base pairs and approximated the donor and acceptor states by
the HOMO orbitals of each Watson–Crick base pair in the presence of the
neighbouring base pair, and used the Hamiltonian in the basis of atomic orbitals to
obtain the coupling coef!cient (Supplementary Section 7).
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