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ABSTRACT

We develop an approach for determining the orientation of DNA bases attached to carbon nanotubes (CNTs), by combining ab initio time-
dependent density functional theory and optical spectroscopy measurements. The structures we find are in good agreement with the geometry
of nucleosides on a (10,0) CNT obtained from molecular simulations using empirical force fields. The results shed light into the complex
interactions of the DNA −CNT system, a candidate for ultrafast DNA sequencing through electronic probes.

The interaction between DNA and carbon nanotubes (CNTs)
is a subject of intense current interest. Single-strand DNA
(ssDNA) of different lengths, either small oligomers consist-
ing of tens of bases1,2 or long genomic strands (.100 bases),3

have been found to wrap around single-walled CNTs forming
tight helices. ssDNA and CNTs have complementary struc-
tural features which make it possible to assemble them into
a single, stable structure: ssDNA is a flexible, amphiphilic
biopolymer while CNTs are stiff, strongly hydrophobic
nanorods. A variety of applications for the DNA-CNT
system are being explored, such as DNA transporters,4,5

biosensors,6 field effect transistors,7 and agents for CNT
dispersion and sorting in solution.2,1 There is also an
increasing interest in the use of CNTs for supporting and
detecting DNA through electronic8 and optical means,9,10

which could lead to ground-breaking, ultrafast DNA se-
quencing. Electronic detection of DNA bases using transverse
conductance measurements depends sensitively on the tip-
base distance and relative orientation, factors that can
overwhelm the signal dependence on base identity and
severely limit the efficacy of single-base detection meth-
ods.11,12These difficulties may be overcome in the combined
DNA-CNT system, since, as we show in this work,
attaching DNA on a CNT fixes the base geometry on the
CNT wall.

While the idea of using CNT as a template to hold and
fix the DNA bases for electronic detection appears promising,
many issues remain to be resolved before it is proven useful.
The fundamental aspects of the DNA-CNT interaction at

the atomic level, including binding geometries and base
orientation, and their dependence on the base identity, remain
elusive. The DNA-CNT combined system is a complicated,
dynamic structure, in which the four types of bases interact
with the CNT in the presence of thermal fluctuations.
Individual DNA bases can be stabilized on CNTs through
mainly weak van der Waals interaction to the graphitic CNT
wall. This interaction is perturbed by the sugar and phosphate
groups in the DNA backbone, the counterions that bind to
ssDNA, and the water molecules from solution. The first
step in attempting to understand this system is to establish
whether or not a preferred orientation for each type of base
exists.

To address this problem, we investigate the interaction of
DNA bases with single-wall CNTs by combining ab initio
calculations based on time-dependent density functional
theory (TDDFT) and available optical spectroscopic mea-
surements. The optical absorbance spectrum, especially when
using a polarized light source, is a signature of the electronic
structure of the interacting system, which in turn depends
on the precise spacial organization of its components. The
intrinsic absorbance of CNTs, for radiation in the UV range
of wavelengths 210-260 nm, is highly anisotropic, mainly
in the direction perpendicular to the tube axis.13 Thus, only
the component of the electric field along the nanotube axis
is relevant. By comparing the calculated orientation-depend-
ent optical absorbance of DNA bases to experimental data,
we can determine the orientation of DNA bases relative to
the nanotube axis. The resulting orientations agree with the
geometry of the bases from empirical force-field simulations
of single nucleosides on a (10,0) CNT (a variety that is
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abundant in nanotube samples). This confirmation of atom-
istic scale structure provided by the different approaches,
which encompass theoretical and experimental information,
elucidates the geometric features of the DNA-CNT system
that are at the core of ultrafast DNA sequencing through
electronic means.

Optical absorbance of a molecule along a certain light-
polarization direction can be obtained from TDDFT within
linear response regime, by applying a finite electric field
along that direction which involves transition dipoles pro-
jected on that direction only. In practice, this is achieved by
applying an electric field along three orthogonal axes
separately and then performing a rotation operation to align
one axis to the target orientation. Our TDDFT calculations
were carried out with the siesta package,14 using Troullier-
Martins pseudopotentials to represent the atomic cores, the
Ceperley-Alder local density approximation to the exchange-
correlation functional, and a basis of double-ú polarized
atomic orbitals including 13 orbitals for C, N, and O and 5
orbitals for H atoms (more details are given in ref 15). We
used 12 212 steps in time to propagate the wavefunctions,
with a time step of 3.4× 10-3 fs, which gives an energy
resolution of 0.05 eV and a perturbing external electric field
of 0.1 V/Å. A Gaussian smearing width of 0.1 eV is used
when plotting the spectra.

The geometry of nucleosides on the (10,0) CNT was
determined with the charmm package.16 We augmented the
available force fields for nucleosides17 with an interaction
for the CNT18 and performed an extensive search of the
potential energy surface of each adsorbed nucleoside with
the successive confinement method.19 As the dominant force
stabilizing DNA bases on CNT is of the van der Waals type,
we expect the DNA-CNT interaction to be less dependent
on the electronic properties of the nanotube (metallic or
semiconducting) than on its structural parameters such as
diameter and chirality.

We analyze first the optical properties of isolated DNA
bases, which will set the stage for understanding their spectra
when in contact with the CNT. Figure 1 shows our calculated
directional optical absorbance spectra and corresponding
linear dichroism (LD) spectra of adenine (A). The orientation
of A is defined by the angle of the incident light polarization
with respect to the short axis of the molecule, shown in the
inset of Figure 1, as per the Devoe-Tinoco convention.20

The calculated absorbance spectra ofA show strong depen-
dence on the molecular orientation. There are five absorption
peaks in the wavelength rangeλ > 200 nm at 284, 257, 227,
217, and 203 nm, identified in Figure 1a, in excellent
agreement with experiments, measured at 272, 258, 230, 214,
and 207 nm in stretched polymer films21 and at 274, 254,
213, and 202 nm in crystals.22 Their intensity varies
significantly as a function of the orientation angle fromθ )
-90° to θ ) 90°. For example, the 284 nm peak has its
largest intensity atθ ∼ 60°, while it diminishes to almost
zero atθ ∼ -30°; other peaks exhibit similar behavior. This
leads to what may appear as shifts of the peaks in the
absorption spectrum: the peak at 284 nm shifts to 257 nm
whenθ changes from-90° to -30° while the peak at 217

nm shifts to 227 nm whenθ changes from-30° to 30°.
This behavior complicates the interpretation of experiments
due to preferred absorption along certain directions.

The strong orientation-dependent absorbance ofA leads
to clear and easily resolved signals in the linear dichroism
spectrum, which by definition captures anisotropic absor-
bance23

Here I| and I⊥ represent absorption of light polarized in
directions parallel and perpendicular to the direction of
orientation, andI is the normal isotropic absorption averaged
over all possible orientations.θt is the angle between
transition moments and the orientation axis. The experimen-
tally measured LD contains an additional multiplicative
prefactorS that reflects the order of orientation (S ) 0 for
isotropic samples andS ) 1 for perfect orientation). The
calculated LD spectra ofA for orientation angles ranging
from θ ) -90° to 90° is shown in Figure 1b. This signal
shows positive or negative peaks at the wavelength of
absorbed photons, depending on the orientation. The drastic
changes in the spectrum, especially the change in sign at
certain wavelengths, is a very sensitive measure of relative
orientation of the base and the polarization direction of light.
We have discussedA in some detail, but similar comments
apply to the other three bases; agreement with experiment
is typically very satisfactory, especially for the first few
lowest energy (longest wavelength) excitations (accuracy
within (0.2 eV).

Figure 1. (a) Directional absorption spectra and (b) linear
dichroism of adenine, plotted at angles every 30° ranging from-90°
to 90° (defined relative to the short molecular axis in the inset).
The horizontal lines in (b) indicate zero values.
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We next examine the calculated orientation-dependent
absorption spectra of DNA bases in the context of bases
adsorbed on single-wall CNTs. To this end, we compare the
spectrum of the DNA base along each direction with the
experimentally measured one for the combined ssDNA-
CNT systems. Hughes et al.24 have recently measured the
UV-vis absorption of a DNA homopolymer consisting of
∼30 bases wrapped around a CNT. The difference between
absorption by the DNA-CNT combined system and the
isolated, bare CNT constitutes the absorption signature of
the DNA strand attached to the CNT wall. In these
experimental measurements, there are significant changes in
the spectrum of DNA on the CNT compared with that of
free ssDNA in solution, which are characteristic for the four
DNA bases. For instance, the first peak centered at 260 nm
for free poly(dA) is red-shifted to 266 nm whenA is
adsorbed on CNT, and the peak at 203 nm is shifted to 213
nm. Similar changes are found in the difference spectra of
the other three bases. For cytosine (C), the broad peak at
230-250 nm diminishes, the peak at 200 nm is reduced by
half, while the peak at the longest wavelength (310 nm) does
not change. For guanine (G), the peak at 275 nm remains
constant while the peak at 248 nm is reduced by half and
the peak at 200 nm increases slightly after adsorption on
CNT. For thymine (T), there is no apparent change for the
peak at 270 nm, while the adsorption in the range of 210-
240 nm is significantly reduced. We found that all these
features can be reproduced accurately in our calculations by
considering the absorption of the base along a certain
direction only. In doing this, we search for the field vector
orientationθ that minimizes the error function

hereδf is the difference between the absorbance alongθ
and the isotropic absorbance (averaged over all directions)
of the base andδf 0 is the experimental spectrum difference
due to DNA adsorption on the CNT.λ is the wavelength,
andλ0 accounts for the peak position shift due to errors of
calculated excitation energies in TDDFT. Therefore the
resultedθ is the field direction that best reproduces the effects
seen in experiment. The corresponding absorption is shown
in Figure 2, along with the isotropic absorption of the free
base for comparison; the direction which produces optimal
agreement with experiment is also indicated in each case. A
quantitative comparison between experimental and theoretical
data is available in Supporting Information. It is a well-
established fact that the sugar and the phosphate groups do
not make significant contributions to the DNA optical
absorption in the UV regionλ > 200 nm,25 so we ignore
these contributions.

The agreement with experiment strongly suggests that
there is a preferred absorption direction for the bases on the
CNT. The intrinsic absorption of carbon nanotubes is
dominant in the UV region 200< λ < 300 nm, where there
are two intrinsic, diameter-independent peaks at 276 and 236
nm, corresponding to directions parallel and perpendicular
to the nanotube axis, respectively, with the latter having

larger intensity.13 Therefore, in the range of interest, 200-
260 nm, where the main changes in the absorption spectrum
are found for the combined DNA-CNT system, CNT
absorption in the perpendicular direction is much larger than
absorption in the parallel direction. Consequently, there are
more photons with polarization parallel to the CNT axis left
available to interact with attached DNA bases or, equiva-
lently, the nanotube produces a local electric field aligned
along its axis. The polarizability might be screened by the
bound DNA strand, depending on its density and geometry,
and in turn on the nanotube diameter and chirality. Thermal
fluctuations of counterions and water will average out to a
zero contribution to the local field around the DNA-CNT
system. This would result in more absorption by the base in
the direction parallel to the tube axis than perpendicular to
it (this effect is called “hypochroism”). This explains why
the absorption spectra of the DNA bases change when they
are attached to the nanotube wallsthe direction of tube axis
is indeed the preferred direction for UV absorption by the
bases. Therefore, the arrows in Figure 2 showing the field
direction that gives closest agreement with experiment, must
be aligned with the nanotube axis. This provides a way to
determine the base orientation relative to the nanotube axis
in the DNA-CNT system from the optical absorption data.
Other possible factors such as different protonation states
of DNA bases were also considered; we find that the effects
they produce are not consistent with the experimentally
observed changes in optical spectra upon DNA adsorption
on CNT.

This result is further supported by the comparison between
the calculated LD curves and the measured ones. Rajendra

σ(θ) ≡ ∫[δf(λ - λ0, θ) - δf 0(λ)]2 dλ

Figure 2. Absorption spectrum of DNA bases averaged over all
field directions (dashed line) and along a particular direction (solid
line) indicated by arrows which mimics the nanotube axis. These
spectra reproduce adequately the experimentally measured spectra
in solutions. A larger smearing width than in Figure 1 is used for
better comparison. Vertical arrows indicate intensity changes (“v”
for increase and “V” for decrease) in experimental spectra after base
adsorption on the CNT (ref 24). Linear dichroism spectra that best
match experiment (ref 23) are also shown at the top of each panel.
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and Rodger have measured the LD spectra for the ssDNA
with a random sequence and of poly(dA) wrapped on a
CNT.23 They observed interesting features: LD spectra for
all DNA bases attached to CNT (obtained by subtracting the
contribution of CNT from the spectrum of the combined
system) show a positive peak at∼225 nm and a negative
peak at∼275 nm (260 nm for poly(dA)). This observation
cannot be explained by hypochriosmsolely because: (i)
adsorption of peptide nucleic acid (PNA) on CNT, which
should have the same hypochriosm effect if any, shows a
negative signal at∼230 nm and a positive one at∼270 nm,
opposite to what would happen due to hypochriosm; (ii) the
peak position depends on the base identity, indicating that
this is an intrinsic property of the bases. Therefore the
observed behavior implies that the bases on the CNT must
have a preferred orientation. Indeed, the best-fit LD spectra
show exactly the same behavior as observed in experiment,
namely, a positive peak at 220-230 nm and a negative peak
at 260-270 nm, as shown in the upper panels of Figure 2.

Figure 3 shows the base orientations with respect to the
nanotube axis, along which the experimental absorbance and
LD data for DNA wrapped on CNTs are best reproduced.
The directions indicated by dashed lines are from absorbance
measurements and those by dotted lines are from LD
measurements, respectively. These directions correspond to
the averaged directions of the nanotube axis in the experi-
mental setup, determined from the measured optical data.
There is a surprisingly good agreement between the orienta-
tion of the nanotube axis determined this way and that from
structure optimization using force field methods. We have
performed an extensive search of the potential energy surface

of each adsorbed nucleoside on the CNT (10,0). The search
returned∼1000 distinct potential energy minima for each
nucleoside/CNT system. The room-temperature populations
of each minimum range from 10-10 to ∼50%. As we did
not include the influence of base-base interaction in our
structural searchsthese resulting configurations should be
considered as averaged conformation. In Figure 3, only the
most stable configuration, which has a population weight of
46% forG, 28% forA, 25% forC, and 7% forT, is shown
for each base. The corresponding interaction energy between
each nucleoside and the CNT is 0.81 eV forA, 0.85 eV for
G, 0.70 eV forC, and 0.77 eV forT; different orientations
result in interaction energy differences around 0.1 eV. In
Figure 3 the orientation of the nanotube axis relative to the
bases agrees well with the tube axis directions determined
above, except perhaps forT. Specifically, the directions of
the nanotube axis from absorbance spectra, linear dichroism,
and structural optimization are 89°, 105°, 98° for A, -100°,
-84°, -90° for C, -58°, -30°, -61° for G, and 39°, 40°,
75° for T. Overall the agreement between experiment and
theory is excellent. The difference between angles determined
by different approaches is generally within the accuracy of
the current method∼5-10°. Our geometries are not identical
to those offered in refs 23 and 24 as possibilities to account
for their experimental observations. Note that those possible
structures are not obtained by any kind of quantitative
analysis but aligning one of the transition moments to the
nanotube axis. Moreover, in reality it is possible there exists
a mixture of binding configurations for each base; here we
focus only on the dominant one. The largest discrepancy
occurs in the case ofT, of order ∼35° between the two
extreme positions. This is not surprising considering the small
weight of the particularT orientation on the CNT from the
structural optimization. In our simulations,T is the most
mobile nucleoside on CNT and thus there are several
energetically comparable structures forT on the CNT.
Indeed, averaging the first few configurations with the largest
population improves significantly the agreement between
theory and experiment.

In conclusion, we find that the bases in the ssDNA/CNT
structure prefer to have a definite orientation relative to the
nanotube axis, a feature favoring ultrafast DNA sequencing
based on this system. The orientation depends on the base
identity and is less sensitive to the diameter and chirality of
the CNT, as determined from comparisons between theoreti-
cal and experimental optical spectroscopy. The unique
orientations of the DNA bases on CNT might originate from
the van der Waals interaction between the bases and the
curved CNT walls, which would tend to maximize the base-
CNT contact region. The sugar and phosphate groups in the
DNA backbone might also contribute to this interaction
providing further geometrical constrains.
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Figure 3. Calculated geometries of DNA nucleosides on CNT
(10,0). Lines indicate the orientation of the nanotube axis derived
from experimental data: the dashed line is obtained from ultraviolet
absorbance spectroscopy; the dotted line from linear dichroism.
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Supporting Information Available: Comparison of
experimental (ref 24) and theoretical difference in absorption
spectra before and after DNA bases binding on the CNT.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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