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Optical properties and electronic transitions of
DNA oligonucleotides as a function of
composition and stacking sequence
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The role of base pair composition and stacking sequence in the optical properties and electronic transitions of

DNA is of fundamental interest. We present and compare the optical properties of DNA oligonucleotides

(AT)10, (AT)5(GC)5, and (AT-GC)5 using both ab initio methods and UV-vis molar absorbance measurements.

Our data indicate a strong dependence of both the position and intensity of UV absorbance features on

oligonucleotide composition and stacking sequence. The partial densities of states for each oligonucleotide

indicate that the valence band edge arises from a feature associated with the PO4
3� complex anion, and the

conduction band edge arises from anti-bonding states in DNA base pairs. The results show a strong

correspondence between the ab initio and experimentally determined optical properties. These results highlight

the benefit of full spectral analysis of DNA, as opposed to reductive methods that consider only the 260 nm

absorbance (A260) or simple purity ratios, such as A260/A230 or A260/A280, and suggest that the slope of

the absorption edge onset may provide a useful metric for the degree of base pair stacking in DNA.

These insights may prove useful for applications in biology, bioelectronics, and mesoscale self-assembly.

Introduction

DNA, the fundamental building block of life, has long been the
focus of research where biology, chemistry and physics come

together to explain both its structure and function.1 Bridging
the traditional sciences and engineering disciplines, DNA has
become a versatile tool for materials science and applications.
For example, DNA is used as a structural building block for the
controlled self-assembly and spatial positioning of colloidal
and metallic nanoparticles, yielding novel materials with unique
applications in sensing, plasmonics, and photonics.2–8 The study
of optical and electronic properties of DNA has opened new
paradigms in electron and charge transport.9 While DNA has
been considered as an example of a molecular wire, its capability
to mediate charge transport via coherent tunneling and diffusive
thermal hopping10 depends crucially on the details of the experi-
mental assay, sometimes yielding contradictory results.11–13

Understanding the optical and electronic properties of DNA
on a fundamental level provides the opportunity to advance
materials design and function.14 The combination of experi-
mental and computational research in particular opens up the
door toward realization of the rational materials design frame-
work, which is guided by theory and informed by experiment.
As a first step toward this paradigm, we set out to study the
ab initio and experimental optical properties of DNA in the context
of sequence and stacking order. The primary goal of this work
is to determine, identify, and map the spectral features, viz. the
electronic structure and optical dispersion properties of DNA

a Department of Biomedical Engineering, Case Western Reserve University,

Schools of Medicine and Engineering, Cleveland, Ohio 44106, USA.

E-mail: nicole.steinmetz@case.edu
b Department of Materials Science and Engineering, Case Western Reserve

University, 10900 Euclid Ave., Cleveland, Ohio 44106, USA.

E-mail: roger.french@case.edu
c Department of Physics and Astronomy, University of Missouri-Kansas City,

Kansas City, MO, 64110, USA
d Department of Theoretical Physics, J. Stefan Institute, SI-1000 Ljubljana, Slovenia
e Department of Physics, Faculty of Mathematics and Physics,

University of Ljubljana, SI-1000 Ljubljana, Slovenia
f Department of Physics, University of Massachusetts, Amherst,

Massachusetts 01003, USA
g Deconvolution and Entropy Consulting, 755 Snyder Hill, Ithaca, New York 14850,

USA
h Department of Macromolecular Science and Engineering, Case Western Reserve

University, 10900 Euclid Avenue, Cleveland, OH 44106, USA
i Department of Physics, Case Western Reserve University, 10900 Euclid Ave.,

Cleveland, Ohio 44106, USA
j Department of Radiology, Case Western Reserve University, 10900 Euclid Avenue,

Cleveland, OH 44106, USA

† Both authors contributed equally.

Received 30th July 2014,
Accepted 26th December 2014

DOI: 10.1039/c4cp03395g

www.rsc.org/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 0
5 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

by
 C

A
SE

 W
E

ST
E

R
N

 R
E

SE
R

V
E

 U
N

IV
E

R
SI

T
Y

 o
n 

13
/0

1/
20

15
 1

4:
56

:3
0.

 View Article Online
View Journal

http://crossmark.crossref.org/dialog/?doi=10.1039/c4cp03395g&domain=pdf&date_stamp=2015-01-13
http://dx.doi.org/10.1039/c4cp03395g
http://pubs.rsc.org/en/journals/journal/CP


Phys. Chem. Chem. Phys. This journal is© the Owner Societies 2015

oligonucleotides in the ultraviolet and visible (UV-vis) energy range.
We consider the spectral imprint of the differences in the base pair
composition and stacking (Fig. 1) as well as the contributions from
the sugar–phosphate backbone. The latter is important because our
previous work implicated a role for phosphate complex anions in
the electronic structure and spectral properties of organic and
inorganic systems.15,16 Furthermore, in prior investigations using
co-polymers with which DNA shares certain structural similarities,
we found that the energy of UV absorption peaks is dependent not
only on the average composition but more specifically on the exact
polymer block sequence.17,18 A better understanding of how the
structural composition and stacking sequence of DNA affects its
electronic structure and subsequent intermolecular interactions
would enhance the available methodologies for the rational design
of molecular self-assembly in nano- and mesoscale systems.19–21

Previous studies establish the optical and near-UV spectral
properties as a reliable way to characterize materials.22,23 Accurate
spectroscopic data are available for single nucleotides, nucleo-
sides and derivatives, synthetic polynucleotides (polyuridylic acid
(poly-U), polyadenylic acid (poly-A), poly-AU), and various nucleic
acids, such as RNA and native bacterial DNAs in aqueous
solutions22 as well as for wet and dry M-DNA.24 Dry DNA spectro-
scopic data are available for polymerized oligonucleotides and
mononucleotides25,26 and dry DNA thin films.27 Despite this
seeming abundance of experimental data, there have been few
detailed experimental investigations of the DNA or oligonucleotide
base-pair stacking order effect on its UV spectral properties.
Using a combined ab initio-experimental methodology, in this
work we address the possibility and extent to which DNA
absorption spectra may be deconvoluted into specific features
pertaining to the sequence and stacking order of base pairs.
Specifically, we correlate the ab initio partial densities of states
(PDOS), obtained by quantum mechanical calculations using
the orthogonalized linear combination of atomic orbitals (OLCAO)
method28 and partitioned according to structural subgroup, with
the optical features obtained by UV-vis decadic molar absorbance
measurements. We consider three distinct duplex DNA oligo-
nucleotides: (AT)10, (AT)5(GC)5, and (AT-GC)5 (Fig. 1). Apart
from absorption spectra of single DNA base molecules adenine,
thymine, guanine, and cytosine, calculated from gradient-corrected
density-functional theory,29 to our best knowledge no calculations
of ab initio optical properties on realistic DNA models have
been attempted. By comparing these three duplexes, we seek to
address the effects of composition and stacking sequence in
order to elucidate the structure–function relationship of these
important biomolecular systems.

Methods

The structure of the three DNA duplex structures is shown
schematically in Fig. 1, colored by structural group and by
element.

Ab initio quantum mechanical calculations of DNA
oligonucleotides

We used the orthogonalized linear combination of atomic
orbitals (OLCAO) variant of the density functional theory (DFT)
method.28 The model construction, relaxation, and electronic
structure calculation are reported in detail elsewhere.30 Briefly,
the models were constructed starting with the Amber force
field31 and then fully relaxed to high accuracy and converged
total energy using the Vienna Ab initio Simulation package
(VASP).32,33 The final structures are periodic in the axial (z-)
direction, with 10 base pairs composed of 660, 655 and 655
atoms in (AT)10, (AT)5(GC)5 and (AT-GC)5 models, respectively,
and have 2220 valence electrons each. The relaxed structures
(Fig. 1) are then used to calculate the electronic structure and
optical properties using the OLCAO method. The PDOS for each
structural group in (AT)10, along with their peak identifica-
tions, are given in Fig. 2a. The PDOS for each structural group

Fig. 1 Molecular models of ten-base-pair oligonucleotide duplexes (a)
(AT)10, (b) (AT)5(GC)5, and (c) (AT-GC)5, given as schematic and 3D models.
Base pairs are given in the standard color-coding: blue is thymine (T), yellow
is cytosine (C), green is guanine (G), and red is adenine (A). Individual atoms
are color coded in the rightmost column: carbon is green, hydrogen is
white, nitrogen is blue, oxygen is red, phosphorus is orange, and sodium is
purple. Images were created using PyMol software.
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in (AT)5(GC)5 and (AT-GC)5, along with their peak identifica-
tions, are given in Fig. 2b and c. The DOS results are finally
broadened by a Gaussian of 0.1 eV, the standard implementa-
tion of the OLCAO method.28 The ability to resolve the DOS into
PDOS of each group is very important in the interpretation of
the measured absorption spectra.

During the past decades, there have been tremendous
developments toward more accurate calculation of optical
excitations in crystals and molecules that go beyond the simple
DFT calculations appropriate for ground state properties. These
methods include many body perturbation method (MBPM)34–37

or the GW method followed by the solution of Bethe–Salpeter
equation (BSE), time-dependent density functional theory
(TDDFT),38–43 linear-scaling DFT theory,44,45 configuration

interaction-singles method (CIS)46 and their various approxi-
mate versions that have already been implemented in some of
the operational packages.

As these advanced methods are related among themselves,
they also share a commonality of drawbacks stemming from the
fact that they all start with plane-wave based DFT methods. This
results in undesirable consequences despite many concerted
efforts: they apply mostly to small molecules or crystals (less than
100 atoms at most), and they apply only to a limited frequency
range of optical absorption (mostly up to 10–15 eV).

These drawbacks effectively limit their role in the verifica-
tion of well documented smaller systems instead of enabling
exploratory studies, especially those of highly complex bio-
molecular systems where the structure, the environment, and

Fig. 2 Partial densities of states (PDOS) for (a) (AT)10, (b) (AT)5(GC)5, and (c) (AT-GC)5 from OLCAO-DFT ab initio calculation. The PDOS are sectioned
by structural group, given as adenine (A), thymine (T), guanine (G), cytosine (C), Na+ counterion (NA), PO4

3� complex anion in the backbone (PO4), and
deoxyribose sugar in the backbone (sugar). Occupied state features are identified with a capital letter and number (e.g. P1) and unoccupied state features
are given by a lower-case letter and number (e.g. p1). In (AT)10 the HOMO is defined by a doublet feature originating from the phosphate group (P1 and
P2), and the LUMO results from a state associated with the adenine bases (a1). In (AT)5(GC)5 the HOMO is defined by a feature originating from the
phosphate group (P1), and the LUMO results from a state associated with the cytosine bases (c1). In (AT-GC)5 the HOMO is defined by a feature
originating from the phosphate group (P1), and the LUMO results from a state associated with the cytosine and guanine bases (c1 and g1).
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the nature of many body effects on the excited state are much
less clear.

In comparison, it has been well documented that OLCAO-
DFT calculations can be effectively applied to some very large
systems with results, in most cases, that are in good agree-
ment with experiment. For example, OLCAO-DFT calculations
correctly predict the location and the strong optical anisotropy
in herapathite crystal (C20H24N2O2H2)4�C2H4O2�3SO4�2I3�6H2O,47

a historically important optical material discovered in 1852,
whose structure was only resolved recently. It consists of
988 atoms of six different species in five distinct structural
groups.48 Another example is the calculation of core-level
excitations in a model of super-cooled water with 340 water
molecules (1020 atoms), revealing the network structures when
compared with experimental XANES data.49 A most recent
example is the prediction of the optical dielectric function in
the RGD molecule, with spectacular sharp absorption peaks at
240 nm and 204 nm arising from optical transitions tied to
specific amino acids.50 In light of these previous successes, we
have full confidence that the application of the same OLCAO-DFT
optical calculation to the large DNA models can yield meaningful
and useful insights. The ability of the OLCAO-DFT method to do
such massive calculations, covering a much larger frequency
range of up to 30 eV and relying on relatively modest computa-
tional resources, can be traced to the use of the localized atomic
basis expansion and efficiency in the evaluation of multicenter
integrals with Gaussian type orbitals (GTO).28

Using the OLCAO method, we have calculated the imaginary
part of the complex dielectric response function e00(�ho) within
the random phase approximation (RPA) of the one-electron
theory according to the following equation:28

e00ð�hoÞ ¼ e2

pmo2

X
n;l

cn r!
� �

�i�hr!
��� ���cl r!

� �D E��� ���2d En � El � �hoð Þ

(1)

where cn r!
� �

�i�hr!
��� ���cl r!

� �D E��� ��� is the dipolar matrix element

for electronic transitions from the occupied molecular orbital
(valence band) state cl to the unoccupied molecular orbital
(conduction band) state cn with �ho being the transition energy.
The e00(�ho) spectra are then scaled according to the ratio of the
calculation supercell volume to the oligonucleotide solvent-
excluded volume.51

The absorption coefficient a is a function of both e00 and e0.
Since e0 may be recovered from e00 via Kramers–Kronig trans-
form,52 a is then given by

a ¼ E
ffiffiffi
2
p

�hc
e0ðEÞ2 þ e00ðEÞ2
� �1

2 � e0 Eð Þ
� �1

2
(2)

These absorption coefficients are equivalent to those used
in the Beer–Lambert law, discussed below. Fig. 3 shows the
ab initio absorption coefficients; Table 1 shows the main features
that were indexed in these spectra as well as the transition
assignments from the PDOS.

Melting curve of DNA duplexes

To confirm the thermal stability of DNA duplexes at room
temperature (at which molar absorbance is measured), we
calculated the melting curves of the DNA duplexes using
uMELT melting curve prediction software.53 Since the stability
of DNA duplexes depends on the length of the molecule, the
thermal stability of both 10 base-pair oligonucleotides and
40 base-pair oligonucleotides are studied. The calculated melting
curves are illustrated in Fig. 4.

Molar absorbance of DNA

We obtained all DNA samples from IDT Technologies (Coralville,
IA). (AT)10, (AT)40, (AT)5(GC)5, ((AT)5(GC)5)4, (AT-GC)5, and
(AT-GC)20 were considered. Based on the thermal stability of
the various complexes, only (AT)40, (AT)5(GC)5, and (AT-GC)20
are discussed in detail; these sequences form stable duplex
structure at room temperature. Samples were stored at stock
concentrations of 100 mM in sodium–phosphate buffer at pH 7.4.
Concentration gradients were prepared in sodium–phosphate
buffer at pH 7.4 to yield 50 mM, 40 mM, 25 mM, 20 mM, 12.8 mM,
6.4 mM, and 3.2 mM samples of each DNA oligonucleotide.
The molarity range was determined in accordance with the
absorbance limitations of the spectrophotometer used, which

Fig. 3 Ab initio absorption coefficient spectra for (AT)10 (black line),
(AT)5(GC)5 (blue line), and (AT-GC)5 (red line). Regions I, II, and III are
marked, as are the features corresponding to the 280 nm, 260 nm, and
230 nm features in experimental spectra.

Table 1 Ab initio HOMO–LUMO gaps and experimentally determined
direct band gaps for each DNA oligonucleotide sequence. For the specific
n value for each oligonucleotide in ab initio calculation and experiment,
please refer to the text

Sequence
HOMO–LUMO gap
[eV] (ab initio)

Band gap [eV]
(experimental)

Experimental fit-
ting range [eV]

(AT)n 3.12 4.30 4.33–4.40
(AT)n(GC)n 2.52 4.24 4.25–4.39
(AT-GC)n 2.14 4.23 4.28–4.32
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is most sensitive for absorbance values within the range 0.1–1.0.
UV-vis absorbance measurements were taken using the NanoDrop
2000 UV-vis Spectrophotometer (Thermo Scientific, Waltham,
MA) at room temperature. All measurements were performed
in triplicate. The spectrometer was baselined between each
measurement to reduce correlated errors. The molar absorp-
tion coefficient spectrum for each duplex DNA was obtained
using the absorption spectra taken for seven concentrations of
each duplex DNA, processed using GRAMS spectral software
from Thermo Scientific (Waltham, MA) and Electronic Struc-
ture Tools from Deconvolution & Entropy Consulting (Ithaca,
NY). Absorbance values between 0 and 0.8 were considered;
data points, which deviated significantly from linearity due to
detector saturation were automatically excluded. Absorbance
spectra were fitted linearly with respect to concentration
according to Beer’s law, a = cl, using maximum likelihood
spectral estimation.54,55 Errors were assumed to be heterosce-
dastic, i.e. the error in the absorbance spectrum at each
concentration ci is dependent on the concentration. The molar
absorption was fitted via weighted least-squares fitting, mini-
mizing the function

F �
X
i

AiðEÞ � aiðEÞdiðEÞ
wiðEÞ

(3)

where Ai(E) is the measured absorbance spectrum at the
concentration ci, di is the product of the concentration ci and
path length of the spectrometer (1 mm in this case), ai is the
decadic molar absorbance from a single absorbance spectrum
at concentration ci, and the weight wi(E) is proportional to the
error in each observation Ai(E). The heteroscedastic standard
error, displayed as error bars, is given by

SEaðEÞ ¼
X
j

sjðEÞ
wjðEÞ2

P di
wiðEÞ2

� 	
� sjðEÞdj

wjðEÞ2
P

1
wiðEÞ2

� 	� 	
2

P di
2

wiðEÞ2
P

1
wiðEÞ2

�
P di

wiðEÞ2
P di

wiðEÞ2

� 	 (4)

where sj (E) is the difference at each energy E between each
input spectrum Aj (E) and the model constructed using the best-
fit algorithm. The molar absorption coefficient spectra are
shown in Fig. 5.

Results

The PDOS for (AT)10 is shown in Fig. 2a. Significant features
are indexed with a capital letter indicating an occupied (valence
band) state, and a lower-case letter indicating an unoccupied
(conduction band) state. Similarly annotated PDOS for (AT)5(GC)5
and (AT-GC)5 are shown in Fig. 2b and c, respectively. In all three
DNA duplex structures the highest occupied molecular orbital
(HOMO) is defined by P1, a feature associated with the phosphate
group in the DNA backbone. In (AT)10 the lowest unoccupied
molecular orbital (LUMO) is defined by a combination of a1 and
t1, features arising from the adenine and thymine base pairs; in
(AT)5(GC)5 the valence band edge is defined by features arising
from cytosine and thymine, and in (AT-GC)5, from thymine and
guanine. The Na+ counterion does not contribute to available
states until the PDOS feature at 5.35 eV.

The ab initio optical properties of all three oligonucleotides,
given as absorption coefficient a, are shown in Fig. 3. Char-
acteristic features are designated in three regions I, II, and III
for clarity of discussion. The features that correspond to the
characteristic 230 nm, 260 nm, and 280 nm features seen
experimentally in DNA UV-vis absorbance are also marked. The
absorbance at these three single energies, rather than whole
spectra, are often used to estimate DNA concentration and sample
purity.1,56 While DFT methods are very effective for determining
the relative energies of features within individual bands, they
characteristically underestimate the band gap significantly.28

Therefore characteristic features in the ab initio absorbance

Fig. 4 Calculated melting curves of 10 and 40 base-pair (AT)10, (AT)40,
(AT)5(GC)5, ((AT)5(GC)5)4, (AT-GC)5, and (AT-GC)20.

Fig. 5 Experimental molar absorption coefficient spectra for (AT)40,
(AT)5(GC)5, and (AT-GC)20. Regions I, II, and III are marked, as are
the 280 nm, 260 nm, and 230 nm features. Error bars shown are the
heterogeneous error from the fitting of the concentration data to the
Beer–Lambert law.
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spectra are shifted downwards in energy by approximately 1 eV
from their equivalent features in the experimental spectra. The
calculated ab initio HOMO–LUMO gaps for (AT)10, (AT)5(GC)5
and (AT-GC)5 are shown in Table 1. Direct gap energies were
determined for the experimental results by fitting the steepest
portion of the fundamental absorption edge on plots of a2E2;15

these experimentally determined gap energies and their respec-
tive fitting ranges are also shown in Table 1.

The sequence of gap values between the calculation and
measurement is the same, or Eg((AT)10) 4 Eg((AT)5(GC)5) 4
Eg((AT-GC)5), which is significant given the aforementioned
limitation of the DFT calculation regarding the estimation of
the band gap and the complexity of the invoked DNA models.

The ab initio transition energies of characteristic features
and valence band-to-conduction band transition assignments
are given in Table 2. For instance, the P2 - t1 transition is an
electronic transition from the occupied P1 feature to the
unoccupied t1 feature. Individual features are indexed for each
spectrum, e.g., feature e(AT)10

1 is the first prominent transition
feature in the ab initio absorbance spectrum for (AT)10.

The melting curves of DNA duplexes are illustrated in Fig. 4.
At room temperature, both 10 base-pair and 40 base-pair
oligonucleotides (AT)5(GC)5 retain helicity; however, 10 base-
pair (AT-GC)5 and (AT)10 duplex structures are thermally less
stable, with significant decrease of duplex structure. Therefore

thermally stable (AT-GC)20 and (AT)40 duplexes were used for
the study of molar absorbance.

The experimentally determined molar absorption coefficients
for (AT)40, (AT)5(GC)5 and (AT-GC)20 DNA duplexes are shown
in Fig. 5. Regions I, II, and II are marked according to ranges of
features corresponding to those which are prominent in Fig. 3.

Discussion
(AT)n

(AT)40, (AT)5(GC)5 and (AT-GC)20 were considered for the study
of molar absorbance; duplex structures considered for the
ab initio calculations are infinitely long structural models. In
the following, we will refer to the sequences as (AT)n, (AT)n(GC)n
and (AT-GC)n; the length of the duplex only affects the thermal
stability not the optical features.

Of the three duplex DNA structures studied, (AT)n has the
simplest composition, and correspondingly its optical proper-
ties are the simplest to correlate with its constituent structural
groups. The first feature in region I (Fig. 3) consists of a
shoulder, e(AT)n

1 , and a peak, e(AT)n
2 (Table 2). This feature defines

the fundamental absorption edge in (AT)n. Indexing according
to the PDOS makes it clear that the shoulder arises from
transitions from occupied states P2 and T1 to unoccupied

Table 2 Electronic transition assignments from the PDOS of each oligonucleotide. Features are divided into regions I, II, and III, individually indexed,
correlated where possible to an equivalent experimental feature. Transition assignments are given from an occupied state, indicated by a capital letter, to
an unoccupied state, given by a lower-case letter, according to the indexing of significant spectral features in the PDOS (Fig. 2). For the specific n value
for each oligonucleotide in ab initio calculation and experiment, please refer to the text

Region Feature index
Feature
energy (eV) Feature identification

Equivalent experimental
feature (eV)

(AT)n
I 3.12 HOMO–LUMO gap 4.30

e(AT)n
1 3.67 T1 - (t1, a2), P2 - (t1, a2) 4.64

e(AT)n
2 3.83 A1 - a1, P1 - (t2, a3) (260 nm peak) 4.79

II m(AT)n
1 4.14 (230 nm trough) 5.17

e(AT)n
3 4.45 A1 - (t2, a3) 5.41

III e(AT)n
4 4.78 (S3, P5) - a1, P1 - t3 5.70

e(AT)n
5 5.00 A2 - (t1, a2), (T1, P2) - t3 —

45.00 Continuum of overlapping transitions —

(AT)n(GC)n
I 2.52 HOMO–LUMO gap (C1, T1) - t1, P2 - g1 4.24

e(AT)n(GC)n
1 3.07 G1 - (t2, c2, g2) Broadening

e(AT)n(GC)n
2 3.25 C2 - c1, A1 - (t1, g1), (T1, C1, P2) - t3, P1 - t4 (260 nm peak) Broadening

e(AT)n(GC)n
3 3.56 C2 - (t2, c2, g2), A1 - a1, P2 - t4, G1 - a2, P1 - g3 (260 nm peak) 4.57

e(AT)n(GC)n
4 3.88 4.79

II m(AT)n(GC)n
1 4.14 (230 nm trough) 5.21

e(AT)n(GC)n
5 4.48 (S3, P5) - (c1, t1), G2 - g1, C2 - a2, A1 - (a2, c3) 5.41

III e(AT)5(GC)n
6 4.93 to 5.24 Continuum of overlapping transitions —

(AT-GC)n
I 2.14 HOMO–LUMO gap 4.23

e(AT-GC)n
1 3.2 P1 - g2, G1 - g1, T1 - (a1, c1, g2) Broadening

e(AT-GC)n
2 3.37 P2 - (a1, c1), G1 - (g3) Broadening

e(AT-GC)n
3 3.59 P1 - t1, P3 - g1, (A1, C1) - g2 4.56

e(AT-GC)n
4 3.81 (P3, A1, C1) - (a1, c1), (P2, G1) - t1 (260 nm peak) 4.80

II m(AT-GC)n
1 4.14 (230 nm trough) 5.21

e(AT-GC)n
5 4.48 Continuum of overlapping transitions 5.41

III e(AT-GC)n
6 4.76 to 5.21 Continuum of overlapping transitions —
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states t1 and a2 (Fig. 2a). This first transition feature is there-
fore dependent on the electronic structure not only of the DNA
bases, but of the phosphates in the backbone as well. The
absorbance maximum is a result of the P1 - a2, P1 - t2,
and A1 - a1 transitions. These two features together define the
‘‘260 nm peak’’, the characteristic absorption feature seen at
4.79 eV in the experimental absorption spectrum (Fig. 5). The
shift of this ab initio feature downwards in energy by 1 eV with
respect to its experimentally observed counterpart is expected
due to the tendency of DFT calculations to underestimate
the band gap.28

Region II of the ab initio spectrum is defined by a character-
istic minimum m(AT)n

1 , which is in agreement with the relative
lack of intensity in the PDOS at that energy range (Fig. 2). There
exists a corresponding trough at 5.17 eV, or 230 nm, in the
experimental optical properties (Fig. 5) that is well known in
the literature,1 and a similar one for the 260 nm peak, with the
corresponding ab initio feature shifted downward by approxi-
mately 1 eV. While the ab initio spectrum shows a distinct
feature, e(AT)n

3 , within region II, no such well-defined feature
is apparent in the experimental spectrum. A great deal of
broadening is seen in the experimental spectrum in compar-
ison to the ab initio spectrum, resulting from solvent–solute
interactions and vibrational fine structure.57 Since there is still
a great deal of absorption within this trough, and the ratio of
intensities A260/A230 is smaller in the experimental than in
the ab initio spectrum, it is reasonable that the transitions
that constitute this feature are still present but experimental
broadening effects have obscured the local maximum, resulting
instead in the broad shoulder seen on the experimental absorp-
tion feature around 5.41 eV.

In region III (4.6 eV and above, Fig. 3), seemingly well-
defined absorption features are the result of an amalgam of
constituent electronic transitions originating from a range of
bands. The ab initio spectrum shows the distinct features
e(AT)n

4 and e(AT)n
5 , which may be attributed to S3 - a1, P5 - a1,

P1 - t3, A2 - t1, A2 - a2, T1 - t3, and P2 - t3 transitions at
or near the observed maximum (Fig. 2 and 3). At higher
energies, it becomes prohibitively unwieldy to ascribe absorp-
tion features to specific states, with all observed features arising
from the continuum of dozens of transitions across a range of
energies. These transitions result in the experimental broadened
absorption feature seen at 5.4 eV and above (Fig. 5), which
exhibits broadening and secondary spectral features such as
small shoulders and slope changes between 5.5 and 6 eV. Overall
the spectrum of (AT)n shows a complexity of features in region II
and region III as a result of a great many more possible
electronic transitions.

(AT)n(GC)n

It is experimentally challenging to obtain duplex DNA struc-
tures consisting of more than five consecutive GC base pairs, as
the consecutive guanines have a strong propensity to form
stable G-quadruplex conformations instead of duplex DNA.58

We reasoned that (AT)n(GC)n DNA duplex structures would
provide a reasonable basis for comparison, as the shorter

length of consecutive guanine bases is expected to preserve
the duplex DNA structure, and the resulting optical properties
are expected to be a superposition of the (AT)n features and
those resulting from the additional GC base pair segment.
While the results are complex due the number of PDOS features
and transitions that contribute to the features, certain observa-
tions can nevertheless be made: within region I the experi-
mental ‘‘260 nm’’ feature (Fig. 5) resolves into two well-defined
maxima, e(AT)n(GC)n

3 and e(AT)n(GC)n
4 (Fig. 3). While the intuitive

temptation is to assign one peak to the GC segment and one to
the AT, each proves to be a result of a variety of transitions, and
neither specific base pair segment contributes solely to either
feature. This overall broadening is replicated in the experimental
results. Furthermore, new low-energy shoulders e(AT)n(GC)n

1 and
e(AT)n(GC)n

2 may be observed, which are not observed in the
(AT)n spectra (Fig. 5), and from the PDOS appear to be resultant
solely from the GC contribution (Fig. 2). While these features
are not separate and distinguishable in the experimental spectrum,
they likely contribute to the broadening and resulting reduction
in the fundamental absorption edge energy seen when com-
pared to (AT)n.

In region II a similar trough corresponding to the ‘‘230 nm’’
minimum in the experimental spectrum is observed in (AT)n(GC)n
as in (AT)n, with a slight frequency shift. The features in region II
result from a wide range of transitions, which, between the
occupied and unoccupied states involved, span all structural
groups except the Na+ counter ion. Both the ab initio and
experimental spectra consequently exhibit a complex absorp-
tion spectrum in region II, with broadening effects attenuating
the extremity of the 230 nm trough. A small shoulder at 5.41 eV
is observed. The most notable difference between (AT)n(GC)n
and (AT)n in region II is the decrease in the A260/A230 ratio and
band gap energy for (AT)n(GC)n, compared to (AT)n, owing to
the contributions of GC bases. DNA with GC pairs has been
known to exhibit a lower band gap than DNA consisting solely
of AT bases.59

Similar to (AT)n, the absorption features of (AT)n(GC)n in
region III are the result of a continuum of many overlapping
transitions. While the absolute magnitude of these absorption
features shows increasing uncertainty with increasing energy,
spectral features such as changes in slope in an otherwise
smooth spectrum are less sensitive to experimental error, and
well defined spectral features may be observed at energies up to
6 eV before the spectrometer loses sensitivity.

It is noticed that the experimental molar absorptivity of
(AT)5(GC)5, consisting of 10 base-pairs, shows a magnitude
comparable to the molar absorptivity of (AT)40, comprised of
40 base-pairs.

(AT-GC)n

The study of DNA duplex structures consisting of segments of
consecutive like base pairs as seen in (AT)n and (AT)n(GC)n
minimizes the effect of interactions between differing base
pairs, and emphasizes the contributions of composition alone.
Also of interest, however, is the effect of stacking sequence on the
electronic structure and optical properties of DNA. By comparing
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an alternating base-pair segment of (AT-GC)n with the block
oligonucleotide (AT)n(GC)n, which shares its net composition
exactly, we hypothesize that effects of stacking sequence and
the subsequent effects that arise from the interactions of AT
with GC base pairs could be isolated.

The same small shoulders are seen in region I in the ab initio
spectrum (Fig. 3) at the onset of absorption as were observed in
(AT)n(GC)n, albeit shifted slightly higher in energy. The feature
corresponding to the ‘‘260 nm’’ experimental absorbance feature is
now defined by a shoulder e(AT-GC)n

3 and peak e(AT-GC)n
4 . Many of the

same experimental features are observed in both the (AT)n(GC)n
and (AT-GC)n experimental spectra (Fig. 5) in regions II and III,
including the same position of 230 nm trough, the small shoulder
at 4.9 eV, and the previously noted shoulder at 5.41 eV.

With regard to the experimental spectrum, since the (AT-GC)20
duplex has 40 base-pairs (compared with (AT)5(GC)5 which has
10 base-pairs), the experimental molar absorbance of (AT-GC)20
has a substantially higher magnitude than that of (AT)5(GC)5.
Nevertheless, the major feature difference between the experi-
mental absorption of (AT)5(GC)5 and (AT-GC)20 is the band gap
energy, which could be caused by base–base interactions.

The overall shift of the low-energy absorbance intensity to
higher energies is consistent in both the ab initio and experi-
mental data (Fig. 3 and 5), though the direct band gap of each is
nearly identical, owing to the lower slope of the absorbance
edge in (AT-GC)n. Two competing effects may explain this
observation. DNA with GC bases has been known to exhibit a
lower band gap than DNA consisting solely of AT bases,59 as
seen in our ab initio and experimental spectra. Conjugation of
electronic states—delocalization of the electron wave function
in real space—is aided by runs of similar material, which results
in a shift of transitions to lower energies.18,59 Conversely, alter-
nation of bases shifts the energies of these onset absorptions to
slightly higher energies. This effect is evident in the onset
absorptions e(AT-GC)n

1 and e(AT-GC)n
2 compared to e(AT)n(GC)n

1 and
e(AT)n(GC)n

2 in the ab initio spectra. Absorption intensity is reduced
and shifted higher in energy in the alternating (AT-GC)n DNA
when compared to the (AT)n(GC)n DNA, where conjugation
between neighboring like bases may be present. This is further
corroborated by the experimental spectrum, wherein absorption
intensity at low energies (below 4.5 eV) is shifted to higher
energies in (AT-GC)n in comparison to (AT)n(GC)n.

Comparison of experimental spectra

The broadening of the primary absorption feature in region I of
the experimental spectrum trends across all three DNA oligo-
nucleotides with increasing complexity. The (AT)n has the
lowest complexity, and subsequently experiences the least
amount of inhomogeneous broadening from the superposition
of overlapping electronic transitions. The (AT)n(GC)n duplex
shows a slightly broader spectrum due to the GC section of the
molecule contributing more overlapping transitions, especially
at lower energies, indicated most visibly by the lower slope of
the onset edge and the reduction of the A260/A230 ratio. These
comparisons suggest that the slope of the absorption onset, in

conjunction with the A260/A230 ratio, may prove to be useful
metrics in predicting the composition of DNA.

Comparison with previous literature

Previous studies of the electronic structure of duplex DNA list a
variety of interpretations for the valence band and conduction
band edge assignments from the PDOS with conflicting con-
clusions. Most commonly the valence band edge is assigned to
guanine where present59–65 or adenine where guanine is not
present.59,66 However, the HOMO state is highly sensitive to the
counterions in the proximity of the PO4

3� group. In the present
OLCAO calculation, we found the HOMO to originate from the
(PO4

3�–Na+) complex. Conduction band edge states are often
assigned to either cytosine61,63,65 or an Na+/PO4

3� antibonding
state,62,64 whereas in our calculation, all lower CB states are
anti-bonding states from base pairs. While contributions to the
band edges from all these states are present in our PDOS, the
strong contribution of the PO4

3� group to the valence band
edge is a new observation. Because of the strong charge
localization in PO4

3� in other network-forming phosphates like
AlPO4 (ref. 15) or apatites28 where the charge compensations
occur with different types of positively charged ions, this influence
of the phosphate group on valence band structure and sub-
sequently on the observed band gap and optical absorbance
follows reasonably from previous results.

We note also that thus far the only related existing ab initio
optical property calculations we are aware of are related speci-
fically to isolated, single nucleotides.26,29 Such calculations do
not account even approximately for the intermolecular base-
pair interactions and cannot be compared with experimental
data nor our DNA calculations.

DFT calculations have the potential also to provide insight
into the spatial extent of the electron wave functions within the
oligonucleotide, elucidating both the degree of wave function
delocalization that results from conjugation between like base
pairs, and the extent of interaction between dissimilar base
pairs at the interface between the two segments and beyond. It is
also possible to divide the PDOS by a different set of constituent
features, such as by atomic species or individual atoms. Different
ways of resolving the PDOS might provide other insights into the
origin of spectral features. The optical properties presented here
(Fig. 3 and 5) take into account the dipole matrix transition
elements (eqn (1)).

Transition assignments were based on ab initio electron
states with the help of PDOS for interpretation. Omitted from
the scope of this study is the effect on the optical absorption
that occurs when the purines or pyrimidines sit exclusively on
separate strands; that is, whether A and G (or T and C) share the
same strand, as they do in our model, or occupy both strands.
This comparison would help elucidate the spatial effects of orbital
overlap, such as conjugation of states between structurally similar
bases, which affect the energies of available states and thus
observed electronic transitions.

Experimental analyses of DNA optical properties commonly
consider only A260 or purity ratios such as A260/A230 and A260/A280.
These have already been shown to neglect influential parameters
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such as pH and ionic concentration of solvent.1,56 These simple
metrics furthermore neglect the movement of spectral features
that result from changes in the composition or stacking
sequence, potentially leading to error or misinterpretation.
These observations highlight the importance of considering
whole spectra when analyzing DNA, but also suggest the
possibility of new metrics, such as the slope of the 260 nm
absorption peak or the A260/A230 ratio, as possible indicators of
DNA structural complexity and degree of base pair alternation.

Conclusions

We have studied the effects of composition and stacking
sequence on the UV-vis optical properties of three DNA oligo-
nucleotides via decadic molar absorption spectroscopy and
ab initio calculations, noting the significant correlations
between the two. Heretofore no optical calculations on large
DNA double helix models have ever been attempted and in this
respect, despite the approximations involved, our work pre-
sents a significant advance.

These new results highlight the benefits of full spectral
analysis for DNA, which accounts for the movement of spectral
features that result from changes in the composition or stacking
sequence.
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