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Abstract
The present communication addresses the question of the magnitude of dipolar coupling between the lowest electronic transition moments of the DNA nucleosides and its relevance to Frenkel exciton states in double helices. The
transition energies and moments of the nucleosides are determined from absorption spectra recorded for dilute water
solutions. Dipolar interactions are computed for some typical nucleoside dimers according to the atomic transition
charge distribution model. The properties of the exciton states of two particular double helices, ðdAÞ20  ðdTÞ20 and
ðdAdTÞ10  ðdAdTÞ10 , are calculated considering three closely lying molecular electronic transitions (S1 and S2 for adenosine, S1 for thymidine). It is shown that (i) the oscillator strength is distributed over a small number of eigenstates,
(ii) important mixing of the three monomer electronic transitions may occur, (iii) all eigenstates are spatially delocalised
over the whole length of the double helix and (iv) the extent of exciton states over the two strands depends on the base
sequence. Ó 2002 Elsevier Science B.V. All rights reserved.

1. Introduction
Various photoreactions occurring upon absorption of UV irradiation by the DNA bases
(adenine, cytosine, guanine and thymine) are
known to have lethal or mutagenic eﬀects on the
cells [1]. The yield of such photoreactions may be
enhanced if they are preceded by a transport
process (charge or electronic excitation energy)
within the double helix. In view of the crucial role
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the transport phenomena can play in the appearance of skin cancers, it is important to elucidate
the associated mechanisms. Indeed, the study of
charge transport in DNA has recently found a
renaissance with the support of ultrafast spectroscopy and sophisticated theoretical calculations
[2]. In contrast, such means have not yet been used
to improve our understanding of energy migration
in DNA for which no clear picture has emerged so
far in spite of the eﬀorts made for more than thirty
years [3–8].
The main controversial point is whether the
excited states involved in singlet excitation migration are localised on just one base or whether they
extend over a certain number of them. The exciton
theory has been used since the early sixties in the
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Fig. 1. The studied nucleosides: adenosine (dA), cytidine (dC), guanosine (dG) and thymidine (dT). In the quantum chemistry calculations the deoxyribose residue is replaced by a methyl group. The angle h denotes the direction of the transition moments.

analysis of the DNA electronic excited states
[9–12]. Some authors draw the conclusion that the
excited states remain localised since exciton splitting is not observed upon formation of the double
helix [13]. This type of reasoning has also guided
most of the ‘‘experimental’’ 1 investigations [3–8] of
singlet energy migration where the photosensitised
ﬂuorescence from an energy trap is analysed in
terms of excitation hopping via a F€
orster mechanism [14].
This controversy arises from the complexity of
the system and is related to both theoretical and
experimental diﬃculties, as well as to conceptual
problems. Below, we enumerate some of them and
we comment on the possibility of overcoming
them. In what follows we use the term ‘‘chromophore’’ to denote the nucleosides, deoxyadenosine
(dA), deoxycytidine (dC), deoxyguanosine (dG)
and deoxythymidine (dT), composed of a base and

1

In the sense that they are model dependent.

the deoxyribose residue (Fig. 1). Their optical
properties diﬀer from those of the bases but they
are quite similar to those of nucleotides which are
the monomeric units of nucleic acids [15,16].
1. The lowest absorption bands of the four
nucleosides are very broad; they all peak in the
same spectral region (260–270 nm) and they have
similar intensities [15,16]. Moreover, ﬂuorescence
anisotropy and circular dichroism measurements
have revealed that the adenosine and guanosine
absorption bands correspond to more than one
electronic transition [17–19]. Thus, it would in
principle be possible to improve the modelling of
electronic excitations in double helices by using
experimental values of transition energies and
transition moments of individual chromophores
resulting from a more reﬁned spectral analysis.
2. Since the excitation energy, the transition
moment and the polarisation of the dipolar transitions are speciﬁc to each type of nucleoside, the
collective properties of the double helices are
expected to depend on the base sequence. Therefore,
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a study of energy migration at the molecular level
can only be performed for double helices with
known base sequence and not for native DNA. The
base sequence eﬀect on the energy transfer eﬃciency
to an energy trap has been experimentally evidenced
for double-stranded decamers [20,21].
3. In most calculations of the DNA exciton
states, the dipolar coupling between electronic
transition moments was calculated by means of the
point dipole approximation. This approximation is
also implicit in the F€
orster formula [14] used in the
‘‘experimental’’ studies approaching energy migration as a hopping process. One would expect
this approximation not to be valid for double helices where the interchromophore distance is of the
same order of magnitude as the chromophore dimensions, as already pointed out in 1969 by
Miyata and Yomosa [12]. The electronic coupling
can be calculated in a much more accurate way
using the method of atomic transition charges
[12,22,23].
4. In all the studies dealing with DNA exciton
states and energy migration in double helices, not
only may the dipolar coupling be unsatisfactorily
described but interactions due to orbital overlap
are also neglected. Among these interactions,
charge resonance and charge transfer terms may
become important when the strength of dipolar
transitions decreases [24–26]. In particular, these
interactions are involved in the formation of excimers and exciplexes often invoked in discussions
on nucleic acid components [27–31].
5. The strength of the electronic coupling responsible for the formation of collective excited
states and excitation transport may be seriously
aﬀected by structural disorder. Various types of
conformations are known to occur in double helices in solution. They depend on the base sequence and can be simulated using molecular
modelling [32].
6. We have seen in point 2 that it is important to
work with double helices with known base sequence so as to correctly model the excited states
and the excitation transport. The experimental
counterpart resides in the diﬃculty of obtaining
well-deﬁned double helices in solution. Although
polynucleotides of known base sequence are
commercially available, the pairing of comple-
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mentary single strands may lead to mismatching.
Structural characterisations have to be carried out
before the photophysical properties measured can
be unambiguously attributed to double-stranded
helices.
7. Another serious experimental diﬃculty when
working with nucleic acids is the low-ﬂuorescence
quantum yields [33] and the extremely short lifetimes of the singlet excited states [34,35]. Only recently has femtosecond transient absorption
spectroscopy been used to study the photophysical
properties of bases and nucleosides [36,37].
Within this context we have undertaken a study
aimed at a better understanding of electronic excitations in polynucleotide double helices using
methodologies we previously developed for the
investigation of exciton states and excitation
transport in columnar phases [23,26,38,39]. The
present communication is our ﬁrst approach to
this problem. Our eﬀorts are focused on the improvement of the points 1 to 3 mentioned above,
e.g., use of accurate properties for chromophore
transition moments, consideration of oligomers
with given base sequence and calculation of dipolar coupling by means of the atomic transition
charges.
Firstly, we determine the properties of the individual chromophores in the double helices. Experimentally, we record the absorption spectra of
nucleosides in dilute water solutions to avoid aggregation. Using ﬂuorescence anisotropy data
from the literature [17,19], we determine the energy
and the transition moments of the lowest electronic transitions. In parallel, we calculate these
properties with the conformation spectra–intermediate neglect of diﬀerential overlap–conﬁguration interaction by perturbative selected iterations
(CS–INDO–CIPSI) method and we compare the
results to both our experimental data and to the
results of calculations as reported in the literature
(Section 3).
Secondly, we are interested in the magnitude of
dipolar coupling encountered in some typical dimers, both stacked and paired, as was recently
done for the electronic coupling responsible for
charge transport [40]. We compare the results obtained using the atomic transition charge distribution model with those calculated by means of
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the point dipole approximation. Moreover, we
examine whether it is possible to determine, for
each nucleoside, a dipole length so that the extended dipole approximation [41], convenient for
simulations, can be used to correctly describe the
dipolar coupling in double helices (Section 4).
Thirdly, we calculate the properties of the
exciton states for two simple DNA oligomers,
each one consisting of twenty identical dA–dT
pairs, by considering two electronic transitions
for adenosine and one for thymidine. The two
types of nucleosides are either located on diﬀerent strands ðdAÞ20  ðdTÞ20 , or alternate in the
same strand ðdAdTÞ10  ðdAdTÞ10 . We examine
the energy, the oscillator strength and describe
the spatial and electronic delocalisation of each
eigenstate. Finally, we illustrate the topography
of some typical eigenstates by representing the
contribution of the electronic transitions of each
particular nucleoside to these collective states
(Section 5).

2. Methods
2.1. Experimental procedure
Nucleosides were purchased from Sigma Aldrich and used without further puriﬁcation. They
were dissolved in ultrapure water produced by a
Millipore (Milli-Q) puriﬁcation system. Absorption spectra were recorded in the UV region down
to 200 nm with a Perkin Lamda 900 spectrophotometer using 1 and 5 cm quartz cells.
The spectral analysis was performed by using
PeakFit software (Jandel Inc.). Each spectrum was
decomposed into a sum of sub-bands. Each subband was represented by a log-normal function
according to the equation:
2
h 
i2 3
ðmm0 Þðc2 1Þ
lnð2Þ
ln
þ
1
c Dm
7
6
eðmÞ ¼ e0 exp 4 
5;
2
½ln c
ð1Þ
where e0 is the maximum value of the molar extinction coeﬃcient, m0 the position of the absorption maximum, Dm the full width at half maximum

(FWHM) of the absorption band and c the
asymmetry parameter. It has been shown that a
log-normal curve better describes an asymmetric
structureless absorption band than a gaussian one
[42].
The oscillator strengths f and the transition
moments l (in Debyes) corresponding to a given
log-normal curve were calculated according to the
equations:
f ¼ 4:317

109 A;

ð2Þ

A
103 ;
ð3Þ
m0
R1
where A ¼ 1 eðmÞ dm is the integral of the absorption band (in l mol1 cm2 ) and m0 is the peak
transition energy (in cm2 ).
l2 ¼ 9:181

2.2. Calculation procedure
2.2.1. General formalism
The excited states of double-stranded DNA
fragments are calculated in the framework of the
exciton theory [43–45], in which the exact Hamiltonian of an n-molecular supersystem may be
written:
H ¼ H0 þ V :

ð4Þ

H0 , the unperturbed Hamiltonian of the supersystem, is evaluated as the sum of the individual
Hamiltonians of the isolated molecules. As a
consequence, zeroth-order eigenfunctions of the
system consist of products of the eigenfunctions of
these molecules:
H0 ¼

n
X
molecules; k

Hk

and


Uim ¼ Wim

n
Y

W0k ;

molecules; k6¼m

ð5Þ
where Wim denotes the ith excited state of chromophore m. The excited states of the supersystem
are thus decomposed on states for which the excitation is localised on a given monomer, the other
molecules being in their respective ground states.
V is the perturbation operator, which was formalised by Longuet-Higgins [46] using a local
charge density operator qðkÞ ð~
rðkÞ Þ associated with
each individual chromophore k:
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V ¼

Z Z

qðkÞ ð~
rðkÞ ÞqðlÞ ð~
rðlÞ Þ ðkÞ ðlÞ
d~
r d~
r :
j~
rðkÞ ~
rðlÞ j

ð6Þ

Since these operators depend exclusively on the
coordinates of the individual subsystems, separation of variables inside the integrand yields, as an
expression of the general matrix element of V:
hWin Wjm jV jWkn Wlm i ¼
hWin jqðnÞ~
rjWkn ihWjm jqðmÞ~
rjWlm i ðnÞ ðmÞ
d~
r d~
r :
j~
rðnÞ ~
rðmÞ j

ð7Þ

This expression may be viewed as an interaction
between appropriate transition charges which can
be calculated at diﬀerent levels of approximation
(point dipoles, extended dipoles, atomic transition
charges,. . .).
The placement of a point dipole on a molecule
devoid of inversion centre (such as the DNA
bases) is problematic. Moreover, this approximation is inappropriate when the interchromophore
distance is of the same magnitude as molecular
dimensions. In such cases, the extended dipole
approximation [41] is traditionally used. An electronic transition at this level of approximation is
represented by two opposite charges þq and q
separated by a distance l, such that ~
l ¼ q~
l, where l
is the transition moment.
In the atomic transition charges model, the oﬀdiagonal terms are subjected to a dipolar development [47]. The resulting molecular transition
dipoles ~
l ¼ hWkm j~
rjW0m i are then decomposed onto
the atomic orbitals of the molecule, in the framework of the INDO approximation [48]. This
treatment yields transition charges located on each
atom of the molecule, as well as local transition
dipoles whose contribution is generally negligible
for p ! p transitions (typically 5%). The dipole
moment associated with the charge distribution is
approximately equal to the corresponding transition moment.
At the ﬁrst order of perturbation, consideration
of the expression of the total electronic Hamiltonian H in the basis formed by the eigenfunctions of
H0 is suﬃcient. Diagonalisation of the matrix
yields N eigenstates
X
X
i
Uk ¼
Ck;m
jW01 W02    Wim    W0n j: ð8Þ
molecules m states i
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The transition moments associated with the eigenstates are given by:
X
X
i
~
~
Ck;m
ð9Þ
lim :
lk ¼
molecules m states i

Eq. (9) implies that the model is conservative
with regard to l2 : the sum of squared transition
moments of the monomers equals the sum of
squared eigenstate transition moments.
The localisation behaviour of the eigenstates is
usually expressed by the inverse participation ratio
Lk [49,50]. The number of coherently coupled
chromophores in a given eigenstate k is given by
the participation ratio 1=Lk . When the eigenstates
are built on more than one molecular states, Lk is
written as [23]:
"
#2
X
X
2
i
Lk ¼
ðCk;m
Þ :
ð10Þ
molecules m

states i

An interesting comparison can be drawn between the exciton theory and direct calculation of
the excited states of the supersystem as a whole. At
the lowest level of complexity, a conﬁguration interaction (CI) restricted to singly excited conﬁgurations (CIS) is applied, on the one hand, to each
monomer sub-unit and followed by an exciton
treatment, and on the other hand, to the entire
supersystem. These two treatments are equivalent
under the following conditions: (i) the perturbation is suﬃciently small, (ii) the basis used consists
of molecular orbitals that are localised on each
molecule, and (iii) orbital overlap interactions
(exchange, charge resonance, charge transfer) are
small compared to Coulombic interactions. Conversely, Eq. (5) implies complete neglect of orbital
overlap interactions.
Alternately, transition charges can be obtained
using a higher level of theory than a CIS. Direct
treatment of the excited states of the supersystem
at this same level is often tedious or unfeasible,
whereas the exciton theory yields correct results if
the previous three conditions are fulﬁlled. An important diﬀerence between the two aforementioned
approaches concerns the modelling of the wellknown DNA hypochromism [51], that is, the decrease in intensity of the absorption spectrum
upon pairing of two single strands resulting in the
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formation of the double helix. The supersystem
CIS method accounts for hypochromism [52] most
probably because it includes charge transfer excitations, in contrast to our approach which we
deem unable to reproduce this phenomenon. Tinoco’s [9,11] explanation of hypochromism based
on the exciton theory, already criticised by Rhodes
[10], can be attributed to a large number of approximations, particularly an overestimation of
the oﬀ-diagonal terms due to the use of the point
dipole model (cf. Section 4).
2.2.2. Computational details
The deoxynucleosides were modelled by the
corresponding 9-methylated purines or 1-methylated pyrimidines and described by their most
abundant tautomeric form (Fig. 1). Their geometry was optimised at the AM1 level. So as to allow
separation of the r and p subsystems in the INDO
treatment, and in agreement with calculations on
the isolated bases [53], the heavy atom skeletons
were kept planar (point group Cs ) during the optimisation process. Rotation of the substitutive
methyl group around the N1–C or N9–C bond
axis was also optimised. The geometry of the two
Watson–Crick base pairs dG–dC and dA–dT were
derived from those of the individual bases; relative
placement parameters were taken from [54]. Positioning of the pseudo-dyad followed conventions
described in Ref. [55]. For the calculation of coupling elements between all possible base pairs, a
standard B-DNA geometry was generated from
 rise) [54],
the Watson–Crick pairs (36° twist, 3.4 A
regardless of the bases considered. The oligonucleotides ðdAÞ20  ðdTÞ20 and ðdAdTÞ10  ðdAdTÞ10
were built using a standard B-DNA geometry.
Sequence dependent changes in helical twist and
rise were taken from X-ray diﬀraction studies on
ﬁbres [56] and single crystals [57]: 36° twist and

 rise for ðdAÞ  ðdTÞ , 31°/41° twist and
3.29 A
20
20
 rise for ðdAdTÞ  ðdAdTÞ . The sugar3.34 A
10
10
phosphate backbones of DNA helices were not
taken into account.
For the calculation of dipolar coupling, computed transition moments were rescaled so as to
coincide with experimental values, whereas transition moment directions were those determined
according to the atomic transition charges model.
Diagonal elements of the exciton matrix were taken equal to the experimental excitation energy
(Table 1). Successive transitions on the same purine were considered orthogonal to each other.
Interactions were not restricted to nearest neighbours: all the oﬀ-diagonal matrix elements were
evaluated.
The extended dipole for a given transition was
positioned along the axis deﬁned by the weighted
centres of negative and positive atomic transition
charges. It was placed at the weighted centre of the
absolute values of the atomic transition charges.
The values of charge q and distance l were chosen
so as to verify the following conditions: (i) l ¼ ql,
l being the experimental transition dipole moment, and (ii) the coupling matrix elements calculated on the basis of the interaction between two
extended dipoles is equal to that calculated with
the atomic transition charges model, for two superposed identical DNA bases whose planes of
symmetry are parallel and separated by a distance
. These two conditions uniquely deﬁne
of 3.5 A
parameters q and l.
The r subsystem on each chromophore was
localised on individual bonds, whereas the p subsystem was allowed to delocalise over the whole
molecule. The subsequent CI was not limited to
monoexcitations or to the p and p molecular orbitals, so as to ensure a better description
of diﬀerential correlation eﬀects and r system

Table 1
Energy (cm1 ) and transition moment (D) of the three lowest singlet electronic transitions of nucleosides deduced from the experimental absorption spectra in 105 M water solutions

S0 ! S1
S0 ! S2
S0 ! S3
a

From Ref. [19].

dAa

dC

dG

dT

36 700 (1.60)
38 800 (3.70)
45 500 (1.20)

36 800 (3.45)
42 100 (2.18)
44 900 (2.22)

36 700 (3.31)
40 300 (3.31)
48 200 (2.44)

37 500 (3.68)
46 600 (2.75)
49 900 (1.63)
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reorganisation. Individual ri ! rj transitions
were allowed to contribute as long as molecular
orbitals i and j share a common atomic centre.
This approach typically accounts for 95% of the
correlation energy. Resulting conﬁgurations were
then sorted with regard to their weight, in the
framework of the CIPSI [58] algorithm, and yielded a CI matrix containing ﬁve to ten thousand
individual conﬁgurations. The wave functions
generated by diagonalisation of the CI matrix were
used to determine atomic transition charges, as
well as transition dipole moments associated with
each excited state.

3. Individual chromophores
In this Section, we focus on the electronic
transitions of individual chromophores on which
the magnitude of dipolar coupling and the properties of exciton states depend. The transition energies and the transition moments are obtained
from the experimental absorption spectra, whereas
transition directions and atomic transition charges
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are calculated using the CS–INDO–CIPSI method, whose validity is checked by comparing the
experimental and calculated values of transition
energies and transition moments. As a wealth of
theoretical information about the electronic transitions of the nucleic acid bases has been gathered
over the years, we also compare our theoretical
data with selected literature results.
Fig. 2 shows the absorption spectra of the four
nucleosides obtained for 105 M concentrations.
We found that at higher concentrations the Beer–
Lambert law is not obeyed. The concentration
dependence of the photophysical properties of
nucleosides will be the object of a forthcoming
communication. The spectrum proﬁles in Fig. 2
resemble those reported in the literature and the
molar extinction coeﬃcients match within 10% the
reported values, for which the concentrations are
not mentioned [15,16].
We performed a decomposition of each spectrum into sub-bands in the region 30 000–50 000
cm1 according to the ﬁtting procedure described
in Section 2.1. All the log-normal curves used to ﬁt
each spectrum were constrained to have the same

Fig. 2. Absorption spectra (circles) of the adenosine, cytidine, guanosine and thymidine in ultrapure water (105 M) ﬁtted with a sum
(solid lines) of log-normal curves (dotted lines).
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width and we used the minimum number of curves
giving an acceptable ﬁt. Although our decomposition is phenomenological, we based it on ﬂuorescence anisotropy and linear dichroism
measurements reported in the literature. These
measurements suggest that the lowest absorption
band corresponds to a single electronic transition
for cytidine and thymidine whereas that of adenosine and guanosine is an envelope of two transitions with diﬀerent polarisations [17]. For
adenosine, we ﬁxed the ﬁrst two transition energies
to the values given in a recent detailed analysis
[19], and allowed the ﬁrst weak transition to be
slightly narrower.
The resulting ﬁtted curves are shown as solid
lines in Fig. 2. As can be seen, the description is
fully satisfactory. The sub-bands above 42 000
cm1 are only included to stabilise the description
of the lowest transitions and are not further treated in the present paper. The numerical results of
the ﬁts for the three lowest transitions are shown in
Table 1. In what follows, we will consider only one

transition for cytidine and thymidine and two for
adenosine and guanosine. This choice is made
because the other transitions are too high in energy
and/or they have a weak transition moment.
Therefore, they are not expected to mix with the
lower ones within the same exciton band.
Experimental and calculated values of transition energies, along with associated directions and
oscillator strengths, are compiled in Tables 2 and 3
for purines and pyrimidines, respectively. Transition moment directions, visualised by means of the
angle h [59] (Fig. 1), are taken from the literature
[19,60–62]. Selected literature results based on
semi-empirical methods [53,63–65] and more recent studies based on ab initio calculations [53,66–
69] are presented in the same Tables.
The theoretical and experimental values are in
good agreement as far as excitation energies and
oscillator strengths are concerned. The oscillator
strength of cytidine is rather underestimated,
probably because the global parameterisation of
the CS–INDO method is not as well adapted for

Table 2
Energy (cm1 ), oscillator strength and directions of the two lowest electronic transitions of purines. Comparison with literature data
Method/level

S0 ! S1

S0 ! S2

E

f

h

E

f

ha

Adenosine
CS–INDO
Experiment (Section 2.1)
INDO/Sc
Rescaled CIS/6-31 G*d; e
Ab initio MRCId; f
CASPT2d;e

37 175
36 700
35 714
37 100
36 400
38 100

0.057
0.05
0.099
0.41
0.001
0.236

þ1
þ66b
þ30
þ38
33
þ43

39 840
38 800
38 168
37 500
38 600
38 200

0.216
0.24
0.305
0.03
0.318
0.001

þ52
þ19b
þ62
72
þ41
56

Guanosine
CS–INDO
Experiment (Section 2.1)
INDO/Sh
Rescaled CIS/6-31 G*d;e
Ab initio MRCId;f
CASPT2d; i

34 245
36 700
31 750
35 600
36 200
35 842

0.232
0.19
0.28
0.29
0.20
0.24

57
4/35g
44
46
64
52

40 160
40 300
36 300
40 300
42 700
36 900

0.203
0.21
0.38
0.50
0.09
0.09

þ54
75g
þ57
þ63
þ52
þ3

a

See Fig. 1.
From Ref. [19].
c
From Ref. [63].
d
Values corresponding to 9H-purine.
e
From Ref. [53].
f
From Ref. [66].
g
From Ref. [61].
h
From Ref. [65].
i
From Ref. [68].
b

a
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Table 3
Energy (cm1 ), oscillator strength and directions (Fig. 1) of the
two lowest electronic transitions of pyrimidines––comparison
with literature data
Method/level

S0 ! S1
E

f

ha

Thymidine
CS–INDO
Experiment (Section 2.1)
CNDO/OPTIC-2c
Rescaled CIS/6-31 G*d; e
CASPT2d;f

36 360
37 500
39 200
41 100
39 400

0.220
0.24
0.245
0.36
0.17

13
þ14/19b
þ14
3
þ15

Cytidine
CS–INDO
Experiment (Section 2.1)
INDO/Se
Rescaled CIS/6-31 G*d;e
CASPT2d;h

36 100
36 800
31 750
35 600
36 200

0.102
0.21
0.28
0.29
0.20

þ38
þ9/þ51g
44
46
64

a

See Fig. 1.
From Ref. [60].
c
From Ref. [63].
d
Values correspond to 1H-pyrimidines.
e
From Ref. [53].
f
From Ref. [67].
g
From Ref. [62].
h
From Ref. [69].
b

this particular chromophore as for the others.
Nevertheless, the overall accord between both sets
of results justiﬁes the rescaling of transition moments explained in Section 2.2.2. At this point, it is
interesting to compare our data with these obtained by Miyata and Yomosa who studied exciton states of oligonucleotides [12]. The atomic
transition charges derived by these authors from a
limited CIS calculation [70] of the bases lead to
important errors in the oscillator strength values
and to state inversions.
A vast number of semi-empirical methods, reviewed in Ref. [18], have been utilised, ranging
from INDO/S to CNDO or MNDO. These calculations are based on CI between singly or singly
and doubly excited states. As a rule, they have
proved able to reproduce most experimental
transition energies and oscillator strengths, but
generally fail to provide consistent transition moment directions. Discrepancies in results between
diﬀerent methods may be attributed to varying
parameterisations. The necessity to include at least
doubly excited states in the CI space to ensure
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correct treatment of conjugated molecules, such as
the DNA bases, has been pointed out by Volosov
[63].
Correct ab initio treatment of transition energies and moments requires to take into account the
variation of the dynamic correlation between the
ground and excited states. Energy calculations that
meet this requirement can be achieved using the
CASPT2 method. The choice of the active space at
the CASSCF level determines the quality of the
zeroth-order wave function used for CASPT2; as a
consequence, CASPT2 results for near-degenerate
excited states may not prove satisfactory, as is the
case for the ﬁrst two p ! p transitions of adenine.
These transitions, clearly separated at the
CASSCF level, are rendered almost degenerate by
the PT2 correction [53]. Ab initio CIS, although
less computationally expensive, takes no heed of
diﬀerential correlation eﬀects nor of the r system’s
reorganisation. Hence, results obtained at this level need to be rescaled, considering the diﬀerence
in electronic correlation between the ground and
excited states as a constant. Furthermore, CIS
calculations do not correctly describe excited states
possessing a substantial doubly excited character
or multiconﬁgurational structure, for which
CASSCF, MCSCF or MRCI methods are better
suited.
On the whole, a relatively good agreement between diﬀerent quantum chemistry methods as
well as between theory and with experiment can be
noted for the energies and oscillator strengths of
the ﬁrst few p ! p states of the methylated DNA
bases. This is not the case concerning transition
moment directions, which still lack reliability; experimental determinations of these directions may
also be rather imprecise, rendering comparison
with experiment somewhat troublesome. In particular, the transition moment directions of 9methylguanine are very similar at every level of
theory but blatantly disagree with the values reported by experimentalists.

4. Dipolar coupling
In this Section, we present the atomic transition
charge distributions for the four nucleosides,
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which we apply to the determination of the dipolar
coupling. Using this sophisticated formalism as a
reference, we test the validity of the point dipole
and the extended dipole approximations for geometries generated by simple spatial transformations (translations and rotations). Finally, we
determine intrastrand and interstrand coupling
elements for nearest neighbours in typical B-DNA
structures.
The calculated transition monopoles on the
atomic centres of the methylated bases are schematised in Fig. 3. As can be seen, the ﬁrst transition of both purines is rather localised on the

six-membered ring, in contrast with the more delocalised character of the second transition for
which the role of the transition monopole on atom
C8 is notably increased. The substituent methyl
groups do not carry signiﬁcant charge and probably do not inﬂuence transition moment directions
or intensities as far as the ﬁrst two transitions on
each purine are concerned. This is in agreement
with the theoretical ﬁnding [64] that diﬀerently
substituted adenines and guanines are characterised by similar transition charge distributions. In
addition, the monopole decomposition presented
in Fig. 3 is very similar to that reported by these

Fig. 3. Atomic transition charges found for the methylated DNA bases according to the CS–INDO–CIPSI method. Full circles
correspond to negative charges and empty circles to positive charges; the circle diameter is proportional to the absolute value of the
charge.
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authors on the basis of the CNDO/OPTIC-2 semiempirical method. The inﬂuence of carbonyl and
amino groups on the transition moments may also
be considered rather unimportant, as can be seen
when comparing transition charge distributions on
1-methylthymine and 1-methylcytosine.
Table 4 presents the values of the extended dipole length l and the associated charge q, calculated as described in Section 2.2. We remark that
values of l roughly correspond to typical dimensions of the part of the nucleoside concerned by
the excitation. Furthermore, they are of the same
order of magnitude compared to nearest-neighbour distances in double helices, justifying a priori
the inadequacy of the point dipole model outlined
further in this study.
The values of dipolar coupling V calculated at
three levels of approximation are compared in Fig.
4 for two stacked and parallel thymidine chromophores, as a function of the stacking distance R.
For clarity, we show the values of V scaled by R3 ,
giving a constant value for the point dipole model.
The agreement between the atomic transition
charges and the extended dipole models is remarkable at every distance. For values of R su, both plots behave asymptotically
perior to 20 A
and tend towards the point dipole curve. For
), the
stacking distances found in DNA (3.4 A
point dipole approximation results in a threefold
error.
The aforementioned good performance of the
extended dipole is understandable given the way in
which q and l are deﬁned (Section 2.2). The robustness of the approximation can be further tested by relative rotation of two chromophores
around the helical axis. The result obtained for
two cytidine chromophores is shown in Fig. 5. As
the rotation angle increases, we observe that the
values of dipolar coupling computed according to
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Fig. 4. Dipolar coupling V between the S0 ! S1 transition
moments of two stacked and parallel thymidine chromophores
as a function of the stacking distance R calculated according the
point dipole (dashed line), the extended dipole (ﬁlled triangles)
and the atomic transition charges (empty triangles) formalisms.

the extended dipole model diverge from those taken as reference. The dipolar interaction at 36°,
typical of B-DNA, exhibits an error of 100%.
Similar inaccuracies have been noted for other
nucleoside dimers.
We have shown earlier that the extended dipole
model yields quite similar results to atomic transition monopoles for triphenylene derivatives
stacked in columnar phases and allowed to rotate
around the column axis [23]. In this case, the
chromophores have a centre of symmetry which
coincides with the rotation axis. By contrast,
chromophores in double helices are devoid of an
inversion centre and are rotated around an oﬀcentred axis. Hence, the extended dipole cannot
account for varied relative positions of the
monomers, due to its lack of theoretical foundations.
Given the insuﬃciencies of the point dipole and
extended dipole models, we apply the atomic

Table 4
Þ and absolute value of charges q ðeÞ associated with the electronic transitions of nucleosides
Extended dipole length l ðA
Thymidine

Adenosine

q
l

Cytidine

Guanosine

S0 ! S1

S0 ! S2

S0 ! S1

S0 ! S1

S0 ! S2

S0 ! S1

0.15
2.32

0.16
4.63

0.19
4.10

0.15
4.72

0.16
4.24

0.28
2.53
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Table 5
Dipolar coupling V (cm1 ) calculated using the atomic transi; twist
tion charges for intrastrand nearest neighbours; rise 3.4 A
36°
Transition 1

Transition 2

V

dA S0 ! S1

dA S0 ! S1
dA S0 ! S2
dT S0 ! S1
dG S0 ! S1
dG S0 ! S2
dC S0 ! S1
dA S0 ! S1
dA S0 ! S2
dT S0 ! S1
dG S0 ! S1
dG S0 ! S2
dC S0 ! S1
dA S0 ! S1
dA S0 ! S2
dT S0 ! S1
dG S0 ! S1
dG S0 ! S2
dC S0 ! S1
dA S0 ! S1
dA S0 ! S2
dT S0 ! S1
dG S0 ! S1
dG S0 ! S2
dC S0 ! S1
dA S0 ! S1
dA S0 ! S2
dT S0 ! S1
dG S0 ! S1
dG S0 ! S2
dC S0 ! S1
dA S0 ! S1
dA S0 ! S2
dT S0 ! S1
dG S0 ! S1
dG S0 ! S2
dC S0 ! S1

170
93
148
323
106
86
256
405
68
202
401
418
231
543
217
68
500
215
46
180
451
380
177
133
245
380
48
227
375
409
14
264
90
127
214
329

dA S0 ! S2

Fig. 5. Dipolar coupling V between the S0 ! S1 transition
moments of two cytidine chromophores located in parallel
 as a function of the twist angle calcuplanes distant of 3.4 A
lated according to the extended dipole (dotted line) and the
atomic transition charge (continuous line) formalisms. The full
circles denote the coupling corresponding to a twist angle of
36°, typical of B-DNA.

dT S0 ! S1

dG S0 ! S1

transition charges model to the computation of
coupling elements between neighbouring bases in a
standard B-DNA geometry.
Coupling elements between consecutive intrastrand bases and interstrand Watson–Crick base
pairs are compiled in Tables 5 and 6, respectively.
They range, in absolute value, from 50 to 500 cm1 ,
with a mean value close to 250 cm1 ; interstrand
Watson–Crick and intrastrand nearest-neighbour
coupling elements exhibit matching values.
The average magnitude of these elements gives
interesting hints on the localised or delocalised
behaviour of excitations in a double-stranded
DNA fragment. For example, the ﬁrst transitions
of guanosine and cytidine are separated by 170
cm1 ; whereas coupling elements between these
transitions amount to 130 and 300 cm1 for intrastrand and interstrand geometries, respectively.
As a consequence, excited states of ðdGdCÞn 
ðdGdCÞn tracts are expected to be rather delocalised on, at least, these two monomers. Adenosine
and thymidine S0 ! S1 transitions are distant of
790 cm1 , whereas inter and intrastrand coupling
elements are roughly 200 cm1 . Broadening of the
bands around the monomer transitions may
grossly be considered equal to four times the
coupling (800 cm1 ), so that the upper limit of the

dG S0 ! S2

dC S0 ! S1

Table 6
Dipolar coupling V (cm1 ) calculated using the atomic transition charges for Watson–Crick base pairs
Transition 1

Transition 2

V

dT S0 ! S1

dA S0 ! S1
dA S0 ! S2
dG S0 ! S1
dG S0 ! S2

248
266
306
243

dC S0 ! S1

adenosine S0 ! S1 and the lower limit of the
thymidine S0 ! S1 bands are almost degenerate.
Hence, the localised or delocalised behaviour of an
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excitation in ðdAdTÞn  ðdAdTÞn sequences is more
diﬃcult to predict, and requires taking into account not only nearest-neighbours matrix elements
but all other possible interactions.

5. Exciton states of double-stranded helices
In this section, we focus on two double-stranded
helices ðdAÞ20  ðdTÞ20 and ðdAdTÞ10  ðdAdTÞ10 .
The properties of their exciton states are determined
using the atomic transition charges model. The exciton matrix is built as described in Section 2 considering all possible interactions and taking into
account the S1 and S2 states of adenosine and S1
state of thymidine. Diagonalisation of the matrix
yields 60 eigenstates whose oscillator strengths and
delocalisation behaviour are discussed.
Fig. 6 shows the oscillator strengths associated
with the eigenstates of each one of the double
helices studied. As can be seen for both oligonucleotides, the global oscillator strength is smeared
over a small number of states which are globally
distributed into two narrow bands for ðdAÞ20 
ðdTÞ20 (around 37 750 and 39 750 cm1 ) and three
narrow bands for ðdAdTÞ10  ðdAdTÞ10 (around
37 600, 38 750 and 39 500 cm1 ). It is noteworthy
that the most intense transition of each system
shares the same eigenstate index h57i. A general
blue shift of the transition energies compared to
those of the individual molecules is observed, with
the high-energy region of the spectra bearing the
major part of the intensity. Low-energy states are
associated with negligible oscillator strength.
Since more than one chromophore transition
has been considered to build the exciton matrix,
delocalisation of the eigenstates may be subdivided
into two categories: transition-governed delocalisation (e.g., delocalisation over a speciﬁc transition
of one type of chromophore), and spatial delocalisation.
Fig. 7 presents the contribution of each of the
three types of chromophore transitions to the eigenstates of the double helices, for which three
energy regions can be distinguished. Eigenstates
with low energies are mostly localised on the ﬁrst
transition of adenosine. The ﬁrst transition of
thymidine is the major contributor to eigenstates

Fig. 6. Oscillator strengths associated with the eigenstates of
the double-stranded eicosamers ðdAÞ20  ðdTÞ20 and ðdAdTÞ10 
ðdAdTÞ10 as a function the corresponding energies. The grey
columns designate the position of the transitions of individual
chromophores. The arrows denote the eigenstates whose topography is shown in Fig. 9.

in the second region. Finally, high-energy eigenstates are mainly built on the second transition
of adenosine. Borders between these three regions
are clearly deﬁned, so that contributions from a
given transition can vary tremendously from one
eigenstate to the next in the corresponding energy
interval. This is particularly clear for ðdAÞ20 
ðdTÞ20 ; ðdAdTÞ10  ðdAdTÞ10 shows a similar,
albeit somewhat more complex, trend. This base
sequence eﬀect may be related to diﬀerences
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Fig. 7. Contribution of the S1 state of thymidine and the S1 and
S2 states of adenosine to the eigenstates of the of doublestranded eicosamers ðdAÞ20  ðdTÞ20 and ðdAdTÞ10  ðdAdTÞ10 as
a function the eigenstate energy.

between corresponding matrix elements: in
ðdAÞ20  ðdTÞ20 transition-governed delocalisation
occurs through intrastrand nearest-neighbour
coupling, while in ðdAdTÞ10  ðdAdTÞ10 it rests on
the interstrand coupling between molecules in
consecutive Watson–Crick base pairs. The latter type of coupling (100 cm1 ), although smaller
than the former (around 250 cm1 ), is still large
enough to induce delocalisation of the excitation.
Hence, our model predicts excitation delocalisation in both oligonucleotides to be governed by

the type of monomer transition. This implies
localisation of the excitation on one strand in
ðdAÞ20  ðdTÞ20 and on the two strands in
ðdAdTÞ10  ðdAdTÞ10 . A simpliﬁed explanation of
this localisation behaviour may be attempted by
considering the three exciton bands associated
with each of the three chromophore transitions
separately. For both systems examined, these
bands do not overlap and the diﬀerence between
their centres is larger than the maximum coupling
values between the two corresponding transitions.
The plot of the participation ratio 1=Lk , denoting the number of coherently coupled chromophores, versus the eigenstate index k, is
presented in Fig. 8. We can see that the 1=Lk
values found for ðdAdTÞ10  ðdAdTÞ10 lie between
14 and 24, whereas those calculated for ðdAdTÞ10 
ðdAdTÞ10 range between 12 and 28, showing a
considerable spatial extent of all eigenstates. It
has been shown [71], in the case of helical columnar aggregates consisting of n identical chromophores, that the maximum value of the
normalised participation ratio 1=nLk is 0.7. In our
case, the arrangement of one type of nucleoside
within the double helix can be viewed as a onedimensional aggregate. Hence, perfect spatial delocalisation over this system is expected to be
characterised by a participation index of 14
(0:7 20). The fact that the majority of the eigenstates show participation ratios larger than 14
proves that they extend over both adenosine and
thymidine chromophores. This is also quite apparent in Fig. 8: eigenstates located at the frontier
between two regions (as appearing in Fig. 7) show
a higher participation ratio, indicating contributions from more than one type of monomer
transition. Mixing between adenosine and thymidine transitions in ðdAdTÞ10  ðdAdTÞ10 appears
more pronounced than in ðdAÞ20  ðdTÞ20 , with
frontier eigenstates presenting participation ratios
up to 29.
Finally, we focus on the delocalisation properties of a few remarkable eigenstates of the two
oligomers, each belonging to one of the three energy regions depicted in Fig. 7. The topography of
these eigenstates, e.g., the relative contribution of
individual chromophores, is schematised in Fig. 9.
The contribution of a given chromophore is rep-
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although contributions from thymidine are no
longer negligible. Finally, the mixing of the excited
states of adenosine and thymidine is more substantial in eigenstates h40i of ðdAÞ20  ðdTÞ20 and
h37i of ðdAdTÞ10  ðdAdTÞ10 , which are also characterised by important oscillator strengths. All six
eigenstates are distributed over the whole extent of
the double helix.

6. Summary and comments

Fig. 8. Participation ratio of the eigenstates of the doublestranded eicosamers ðdAÞ20  ðdTÞ20 and ðdAdTÞ10  ðdAdTÞ10 as
a function the eigenstate index.

resented upwards or downwards, depending on the
strand to which it belongs.
The ﬁrst eigenstate, important to ﬂuorescence
studies, is concentrated almost exclusively on the
ﬁrst transition of the adenosine chromophores for
both double-stranded DNA fragments. This implies a delocalisation on a single strand for ðdAÞ20 
ðdTÞ20 and on the two strands for ðdAdTÞ10 
ðdAdTÞ10 . Similarly, eigenstate h57i, bearing the
highest oscillator strength in both systems, is
mostly based on the adenosine S0 ! S2 transition,

In the present communication, we have discussed problems related to the description of the
electronic excited states and excitation transport in
DNA double helices. In particular, we have pointed out how such studies can be improved using
presently available experimental and computational techniques and the new methodologies
which may result from their combination. The
work reported here is our ﬁrst step towards establishing a deeper understanding of phenomena
which have signiﬁcant biological interest.
The starting point of our study was the determination of the energies and transition moments
of the lowest dipolar transitions of the individual
chromophores forming the double helices. To this
end, we recorded the absorption spectra of dilute
(105 M) water solutions of the four standard
deoxynucleosides and decomposed them on the
basis of ﬂuorescence anisotropy and circular
dichroism measurements reported in the literature.
In parallel, we calculated these properties with the
CS–INDO–CIPSI method. The agreement
between the experimental and computed data was
satisfactory for all the electronic transitions
considered, i.e. S0 ! S1 for cytidine and thymidine, S0 ! S1 and S0 ! S2 for adenosine and
guanosine.
Subsequently, we calculated the dipolar coupling for some typical stacked and paired dimers,
using the atomic transition charge distribution
model. We showed that neither the point dipole
nor the extended dipole approximations provide a
correct description of the dipolar coupling within
double helices.
Finally, we calculated the properties of the exciton states of two particular helical oligonucleo-
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Fig. 9. Topography of three typical eigenstates of the double-stranded eicosamers ðdAÞ20  ðdTÞ20 and ðdAdTÞ10  ðdAdTÞ10 : the lowest
i
Þ
in energy ðh1iÞ, those bearing the highest oscillator strength ðh57iÞ and two intermediate ones ðh40i and h37iÞ. The coeﬃcients ðCk;m
represent the contribution of chromophore m in its ith excited state (S1 of adenosine in black, S2 of adenosine in white, S1 of thymidine
in grey) to eigenstate k. The upper and lower parts of each histogram refer to chromophores located on each of the two strands.

B. Bouvier et al. / Chemical Physics 275 (2002) 75–92

tides, ðdAÞ20  ðdTÞ20 and ðdAdTÞ10  ðdAdTÞ10 ,
considering three closely lying molecular electronic
transitions, two for adenosine and one for thymidine. We found that the oscillator strength is
distributed over a small number of eigenstates.
All eigenstates are spatially delocalised over the
whole length of the double helix. Most of them are
built mainly on a single molecular state, but some,
in particular in ðdAdTÞ10  ðdAdTÞ10 , result from
the mixing of all three molecular states considered.
A more thorough mixing of the excited states of the
two nucleosides is expected in ðdGÞn  ðdCÞn and
ðdGdCÞn  ðdGdCÞn tracts, since individual transitions of guanosine and cytidine lie much closer to
each other than those of adenosine and thymidine.
The most important conclusion of our numerical calculations is that dipolar coupling alone may
lead to a spatial delocalisation of the excitation
within double helices having an idealised B-DNA
geometry.
Prior to any comparison with experimental
observations, we must take three important eﬀects
into account, which could notably reduce the
spatial delocalisation of the electronic excitation
found in the present study. Firstly, we need to
model the site-dependent excitation energies originating from variations of the permanent dipole
moment between the ground and the excited states
[38]. Secondly, we must consider the plasticity of
the double strands, by modelling solvent and
temperature eﬀects. We intend to reach both these
goals by combining quantum chemistry calculations and molecular dynamics simulations both in
the ground and in the excited states [32]. Thirdly,
we have to include interactions due to orbital
overlap, in particular the charge resonance and
charge transfer terms, for which we are currently
developing a new methodology. In parallel, we are
also pursuing our experimental studies, making a
particular eﬀort to work only with well-deﬁned
molecular systems.
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