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Abstract The effect substitutions at nitrogen atom 1 of
thymine and nitrogen atom 9 of adenine have on lowest
energy excited electronic states has been studied by means
of time-dependent PBE0 calculations in aqueous solution.
In agreement with the experimental indications, the vertical
excitation energy of the bright state of 1,methyl-thymine,
thymine nucleoside and thymine nucleotide is red-shifted
with respect to that of thymine. Deoxyribose and deoxyri-
bose-phosphate substituents affect mainly the lowest energy
dark state of adenine and thymine, slightly increasing their
oscillator strength. The excited states of 9, methyl-adenine
and 1, methyl-thymine have also been studied by using the
recently developed M052X, CAM-B3LYP and LC-ωPBE
density functionals. The computed VEE are in good agree-
ment with those obtained by using PBE0, which, however,
provides values closer to the experimental band maximum.

Keywords Excited states · Quantum mechanical
calculations · Nucleic acids · Time dependent density
functional theory

1 Introduction

The interaction between UV–visible radiation and nucleic
acids, and, thus, the statical and dynamical properties of
the excited states of DNA and its constituents (nucleobase,
nucleosides and nucleotides) have always been thoroughly
studied, due to the potentially dangerous implications for life
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(photodamage) [1]. This field has been remarkably benefit
by the development of ultrafast time-resolved spectroscop-
ical techniques [2–4], which provided fundamental insights
into the photodeactivation mechanism of isolated nucleo-
bases [1] and DNA single/double strands [1,5–8]. In this
respect, the integration between experiments and computa-
tions has also been extremely fruitful [1], allowing for very
important advances in the understanding of the intramolecu-
lar effects involved in the excited state decay of the insulated
pyrimidine [9–17] and purine [19–25] nucleobases.

Experimental results on isolated nucleobases often refer
to their nucleoside and nucleotide derivatives. In the former
case (see Fig. 1) a ribose/deoxyribose sugar substituent is
attached to the nitrogen atom in position 1 (for pyrimidines)
or in position 9 (for purines). In the latter case, a phos-
phoribose substituent is present in the same positions (see
Fig. 1). Actually, fluorescence up-conversion time-resolved
experiments show that, although the excited state behavior
of thymine, thymidine, and thymidine-5′-monophosphate is
similar, the addition of sugar, and, especially, of a sugar-
phosphate moiety slows down the excited state decay [27].
An analogous study on adenine derivatives shows more strik-
ing differences. The fluorescence decay can be described
by bi-exponential curves, accounting for a fast and a slow
component [28]. Both components are considerably faster
for 2′deoxyadenosine and 2′deoxyadeonosine-5′-monophos-
phate than for adenine. Studying how the substituents on
the photoactive moiety of DNA building blocks affect their
excited state dynamics is thus important, not only for a more
direct comparison with experiments but also for a deeper
understanding of the excited state behavior of nucleic acids
single and double strands where a phosphoribose backbone
is obviously present.

Most of the computational studies in the literature have
been performed on the simplest purine and pyrimidine
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Fig. 1 Schematic drawings of
the systems examined in the
present study. Upper line
a thymine (Thy);
b 1,methyl-thymine (1Me-Thy);
c deoxy-thymidine (dT )
d deoxy-thymidine-5′-mono-
phosphate (TMP). Bottom line
a 9H-adenine (Ade);
b; 9,methyl-adenine (9Me-Ade);
c 2′deoxyadenosine (dA);
d 2′deoxyadeonosine-5′-
monophosphate (AMP)
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parent compounds of the nucleobases: adenine, guanine, thy-
mine/uracil, cytosine [9–25]. The only exceptions are two
very recent computational studies of methyl-adenine [29]
and 9-methyl-guanine [30] and, especially, an interesting
study of DNA and RNA nucleosides [31]. However, this
latter study has been performed in the gas phase, whereas
solvent effects significantly modulate the relative stability
of the lowest energy excited states of nucleobases [9–13].
Furthermore, to the best of our knowledge, the effect of the
strongly charged phosphate dianion on nucleotide’s excited
states has never been investigated until now.

The present paper is thus devoted to explore how the nature
of the substitution at position 1 of pyrimidine and 9 of purine
modulates the absorption spectra of nucleobases. To this aim,
for what concerns pyrimidine, we have studied in aqueous
solution the lowest energy excited electronic states of thy-
mine (Thy), 1,methyl-thymine (1Me-Thy), deoxy-thymidine
(dT ), deoxy-thymidine-5′-monophosphate (TMP). For what
concerns purines we have instead studied in aqueous solu-
tion the lowest energy excited states of 9H-adenine (Ade),
9,methyl-adenine (9Me-Ade), 2′deoxyadenosine (dA) and
2′deoxyadeonosine-5′-monophosphate (AMP).

Ground-state calculations will be performed at the density
functional level (DFT), while the excited states will be stud-
ied at the time-dependent (TD) DFT level. We choose the
hybrid PBE0 functional [32] as reference functional, since,
despite the absence of adjustable parameters, it provides a

reliable description of conformational equilibria [33–39] and
excited state properties in biological systems[40–43]. In par-
ticular, it has already shown very good performances when
applied to the study of nucleobases [9–13,29].

However, PBE0 could be plagued by the well-known
failures of DFT and TD-DFT calculations when describing
dispersion interactions and electronic transitions with sig-
nificant charge transfer (CT) character [44–51]. This could
be a serious drawback when studying single/double strand
DNA oligomers, where both experiments and computations
indicate the possible involvement of CT transitions [1,5,29].

It would thus desirable check how some new density
functionals, which have been tailored to avoid the aforemen-
tioned drawbacks, [52–55] describe the excited state behavior
of nucleic acids. As a first step in this direction, we com-
pared the PBE0 results for 9Me-Ade and 1Me-Thy with those
delivered by three additional density functionals, i.e. CAM-
B3LYP [56], LC-ωPBE [57], and M052X [58].

2 Computational details

Ground-state geometry optimizations have been performed
at the PBE0/6-31G(d) level. PBE0 [32] is an hybrid func-
tional in which the spurious self-interaction is partly cured
by mixing PBE and Hartree–Fock exchange with amounts
determined in order to fulfill a number of physical conditions,
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without resorting to any fitting procedure [32]. PBE0 obeys
indeed both the Levy condition [59] and the Lieb–Oxford
bound [60], providing a fairly accurate description of the low
density/high-gradient regions. Excited state vertical excita-
tion energies (VEE) have been computed at the TD-PBE0
[40] level, by using standard 6-31G(d), 6-31+G(d, p), and
6-311+G(2d, 2p) basis sets.

We also checked the performance of two recently devel-
oped density functionals, specifically designed for a suit-
able treatment of long-range charge transfer transitions, i.e.
LC-ωPBE [57] and CAM-B3LYP [56]. LC-ωPBE [57] has
been built starting from the PBE exchange functional, intro-
ducing range separation into the exchange component and
replacing the long-range portion of the approximate exchange
by its Hartree–Fock counterpart. CAM-B3LYP [56] com-
bines the hybrid qualities of B3LYP and the long-range cor-
rection proposed by Hirao et coll [61]. Finally, we performed
test calculations by using M052X [58], which is based on
simultaneously optimized exchange and correlation func-
tionals both including kinetic energy density and has shown
very good performance in the treatment of dispersion inter-
actions in non-covalent complexes.

Bulk solvent effects have been included by means of the
polarizable continuum model (PCM) [62–64]. Actually, our
previous computational studies [9–13] indicate that includ-
ing the solvent molecules of the first solvation shell is very
important to get an accurate estimate of the relative energy of
the nucleobases’ lowest energy excited states in water solu-
tion. The presence of explicit solute–solvent hydrogen bonds
is particularly important for the excited states with n → π∗
character, which are destabilized by ≈0.2 eV with respect
the π → π∗ excited states. However, since the present paper
is mainly devoted to the study of substituent effects, we shall
consider bulk solvent effect only.

All the calculations have been performed by using a devel-
opment version of the Gaussian package [65].

3 Results

3.1 Thymine derivatives

PBE0 calculations predict that, independently of the nature
of the N1 substituent, the two lowest energy transitions fall
at ≈5 eV (see Table 1) [9–13] and exhibit different features.
Confirming previous computational analysis, one state (here-
after Sn) is almost dark and has a predominant n/π∗ charac-
ter, involving the transfer of an electron from a Kohn–Sham
(KS) orbital mainly corresponding to the Lone Pair of the
C4-O8 carbonyl group (hereafter n) toward a π∗ orbital of
the ring (hereafter π∗). For thymine this transition mainly
corresponds to a HOMO-1→LUMO excitation. The other
one (hereafter Sπ ) is bright and it has π /π∗ character, since

Table 1 Vertical excitation energies (in eV) computed for different
thymine derivatives in aqueous solution according to PCM/TD-PBE0
excited state calculations on geometries provided by PCM/PBE0/6-
31G(d) optimizations

Thy 1Me-Thy dT TMP

6-31G(d)

Sn 5.13 (0.00) 5.12 (0.00) 5.15 (0.07) 5.13 (0.04)

Sπ 5.22 (0.18) 5.12 (0.22) 5.07 (0.19) 5.02 (0.20)

6-31+G(d, p)

Sn 5.18 (0.00) 5.18 (0.00) 5.17 (0.001) 5.16 (0.001)

Sπ 5.06 (0.21) 4.94 (0.26) 4.93 (0.27) 4.87 (0.27)

6-311+G(2d, 2p)

Sn 5.16 (0.00) 5.15 (0.00) 5.14 (0.001) 5.14 (0.001)

Sπ 4.99 (0.20) 4.86 (0.24) 4.87 (0.26) 4.82 (0.26)

Notes: Experimental band maxima: Thy 4.68 eV [10]; 1Me-Thy
4.55 eV; dT 4.64 eV [66]; TMP 4.64 eV [66]
Oscillator strengths are given in parentheses

Fig. 2 Schematic picture of the KS orbitals involved in the SN and
Sπ transitions in thymine derivatives, from the top: thymine (Thy);
1,methyl-thymine (1Me-Thy); deoxy-thymidine (dT ); deoxy-thymi-
dine-5′-monophosphate (TMP)

can be described as an excitation from the highest energy
π orbital of the ring (hereafter π ) to π∗. In thymine this
transition corresponds to the HOMO→LUMO excitation.
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A schematic picture of the above orbitals can be found in
Fig. 2.

In 1Me-Thy methyl substitution on N1 does not affect sig-
nificantly n and π∗ orbitals, whereas the π orbital is slightly
destabilized because of an anti-bonding interaction with the
CH bonds of the methyl group. As a consequence the Sπ

transition is red-shifted by ≈0.1 eV with respect to thymine,
in agreement with the experimental indications [10,66]. Fur-
thermore the relative stability of Sπ with respect to Sn
increases.

When a deoxyribose or a phosphoribose substituent is
present on N1,π andπ∗ orbitals are not significantly changed
with respect to 1Me-Thy. The Sπ transition energy indeed
is only slightly affected, as indicated by the experimental
spectra too [66].

The n orbital is instead strongly mixed with the orbital
localized on the ribose or on the phosphoribose moiety, and
thus in the Sn transition there are noticeable contributions
from the ribose orbitals. As a consequence, although the tran-
sition energy does not significantly changes, this transition
acquires some oscillator strength. On the other hand, Sn is
always much weaker than Sπ , except when the smallest
6-31G(d) basis set is used, which is not adequate to treat dT
and, especially, dianionic species like TMP. Furthermore, the
amount of phosphoribose→thymine charge transfer involved
in the Sn transition is negligible, suggesting that the presence
of ribose affects the description of the transition in terms of
excitation between KS orbitals, but does not change its main
physical features. According to TD-PBE0 calculations the
Sπ state corresponds to the third excited state, whereas the
two lowest energy states correspond to phosphate→pyrimi-
dine CT transitions. However, this result has to be considered
with a lot of caution. Indeed, the energy of CT transitions
involving KS orbitals with vanishingly small overlap could
be underestimated by the PBE0 functional [46]. Furthermore,
the standard implementation of PCM/TD-DFT, based on the
Linear Response theory [64], could be not fully adequate to
treat solvent effects on electronic transitions involving very
large dipole moment shifts [67,68].

In agreement with experiments, PBE0 calculations thus
provide very close excitation energies for 1Me-Thy, dT , and
TMP. It is indeed important to remind that the shape of
the absorption spectra is significantly affected by the vibra-
tional degrees of freedom [69–71] and, thus, the comparison
between computed VEE and absorption maxima can give
only semi-quantitative indications.

3.2 Adenine derivatives

In agreement with previous CASPT2 studies on adenine
[24–26], three electronic transitions contribute to the lowest
energy absorption band, two with π /π∗ character (usually
labeled π∗La and π∗Lb, respectively, hereafter simply La

Fig. 3 Schematic picture of the KS orbitals involved in the SN and
Sπ transitions in adenine derivatives, from the top: 9H-adenine (Ade);
9,methyl-adenine (9Me-Ade); 2′deoxyadenosine (dA); 2′deoxyadeon-
osine-5′-monophosphate (AMP)

and Lb) and one with n/π∗ character (hereafter, Sn). Most
of the absorption intensity is carried by the spectroscopic La

state, which corresponds essentially to the transition from
the highest energy π occupied molecular orbital (hereafter
π ) to the lowest energy π∗ molecular orbital (hereafter π∗)
(see Fig. 3). For adenine those orbitals actually correspond
to the HOMO and the LUMO, respectively. In contrast, the
Lb state corresponds mainly to an HOMO→LUMO+1 tran-
sition. Finally, the Sn transition involves the transfer of an
electron from a non-bonding KS orbital (n in Fig. 3) to the π∗
orbital. For adenine, it corresponds to an HOMO-1→LUMO
transition.

The interaction between the methyl group on nitrogen
atom 9 and the π orbital is weaker than the corresponding
interaction involving the methyl group on N1 in pyrimidine
(see Fig. 3). As a consequence, the transition energy to the
La excited state does not significantly change when going
from Ade to AMP, all the VEEs falling in a range of 0.05 eV
(see Table 2).

Ribose and phosphoribose substituents affect mainly the
Sn state, because of the mixing between n and some KS
orbitals mainly localized on the ribose ring, although the
mixing is smaller than that occurring in thymine derivatives.
Also in this case the most remarkable effect concerns an
increase of the Sn oscillator strength, whereas the energy of
the transition does not significantly change with respect to
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Table 2 Vertical excitation energies (in eV) computed for different
adenine derivatives in aqueous solution according to PCM/TD-PBE0
excited state calculations on geometries provided by PCM/PBE0/6-
31G(d) optimizations

Ade 9Me-Ade dA AMP

6-31G(d)

Sn 5.35 (0.001) 5.34 (0.001) 5.33 (0.001) 5.34 (0.03)

La 5.24 (0.26) 5.19 (0.24) 5.17 (0.28) 5.18 (0.26)

Lb 5.44 (0.07) 5.40 (0.09) 5.41 (0.10) 5.38 (0.09)

6-31+G(d, p)

Sn 5.36 (0.001) 5.34 (0.001) 5.34 (0.012) 5.35 (0.005)

La 5.10 (0.31) 5.05 (0.30) 5.04 (0.34) 5.05 (0.35)

Lb 5.33 (0.05) 5.30 (0.06) 5.29 (0.06) 5.27 (0.07)

6-311+G(2d, 2p)

Sn 5.34 (0.001) 5.33 (0.00) 5.32 (0.006) 5.33 (0.004)

La 5.05 (0.31) 4.98 (0.30) 4.99 (0.33) 5.00 (0.35)

Lb 5.28 (0.05) 5.26 (0.04) 5.25 (0.06) 5.23 (0.06)

Notes: experimental band maximum: dA 4.77 eV [66];
AMP 4.77 eV [66]
Oscillator strengths are given in parentheses

that found in 9Me-Ade. Finally, as already found for TMP,
TD-PBE0 calculations predict the existence of two low-lying
phosphate→purine CT transitions, corresponding to the first
and the third excited states, respectively.

3.3 Comparison among different density functionals

As a first step, we have computed the VEE of 1Me-Thy by
using, for all the TD-DFT calculations, the ground-state equi-
librium geometry optimized at the PBE0/6-31G(d) level (see
Table 3). All the density functionals employed provide a sim-
ilar description of the KS orbitals involved in the two lowest

Table 3 Vertical excitation energies (in eV) computed for 1Me-Thy
derivatives in aqueous solution according to PCM/TD-DFT calcula-
tions employing different density functionals on geometries computed
at the PCM/PBE0/6-31G(d) level

PBE0 LC-ωPBE CAM-B3LYP M052X

6-31G(d)

Sn 5.14 (0.00) 5.32 (0.00) 5.37 (0.00) 5.29 (0.00)

Sπ 5.13 (0.22) 5.26 (0.27) 5.27 (0.27) 5.36 (0.29)

6-31+G(d, p)

Sn 5.19 (0.00) 5.38 (0.00) 5.44 (0.00) 5.38 (0.00)

Sπ 4.95 (0.26) 5.07 (0.30) 5.07 (0.30) 5.18 (0.31)

6-311+G(2d, 2p)

Sn 5.15 (0.00) 5.36 (0.00) 5.41 (0.00) 5.38 (0.00)

Sπ 4.86 (0.24) 4.98 (0.28) 4.99 (0.28) 5.09 (0.29)

Notes: Experimental band maxima: 1Me-Thy 4.55 eV [10]
Oscillator strengths are given in parentheses

Table 4 Vertical excitation energies (in eV) computed for 1Me-Thy
derivatives in aqueous solution according to PCM/TD-DFT calcula-
tions employing different density functionals

PBE0 LC-ωPBE CAM-B3LYP M052X

6-31G(d)

Sn 5.14 (0.00) 5.33 (0.00) 5.36 (0.00) 5.29 (0.00)

Sπ 5.13 (0.22) 5.30 (0.27) 5.30 (0.26) 5.38 (0.28)

6-31+G(d, p)

Sn 5.19 (0.00) 5.39 (0.00) 5.43 (0.00) 5.37 (0.00)

Sπ 4.95 (0.26) 5.11 (0.30) 5.09 (0.29) 5.20 (0.31)

6-311+G(2d, 2p)

Sn 5.15 (0.00) 5.37 (0.00) 5.41 (0.00) 5.37 (0.00)

Sπ 4.86 (0.24) 5.02 (0.27) 5.01 (0.27) 5.12 (0.29)

The geometry optimized by each of the functionals (by using the
6-31G(d) basis set) is used in the TD-DFT calculation. Oscillator
strengths are given in parentheses

energy electronic transitions. Furthermore, Sn and Sπ states
have similar VEEs and the relative stability of the latter state
strongly increases by using larger basis sets. From a quan-
titative point of view, the VEE’s computed at the LC-ωPBE
or CAM-B3LYP level are larger by ≈ 0.1 eV and those at
the M052X level by ≈ 0.2 eV than the PBE0 results. This
latter functional thus provides a VEE closer to the experi-
mental band maximum. PBE0 and M052X predict that the
energy difference between Sn and Sπ states is smaller than
that provided by CAM-B3LYP and LC-ωPBE calculations.
However, when the largest basis set is used, all the density
functionals indicate that the Sπ state corresponds to the low-
est energy excited state.

The geometries predicted by the three density functionals
examined are very similar to that obtained at the PBE0 level.
Indeed, as shown in Table 4, when the geometry optimized
by each of the functionals (instead of the PBE0 one) is used
in the TD-DFT calculations, the VEEs do not significantly
change, the differences being always smaller than 0.04 eV.

The above considerations hold also for 9Me-Ade. All the
density functionals provide the same energy ordering among
the Sn, La and Lb excited states (see Table 5). However, when
compared to the TD/PBE0 results, the VEE of the bright
La state is overestimated by ≈0.3 eV by TD/M052X and
TD/LCωPBE calculations, and by ≈0.2 eV by TD/CAM-
B3LYP calculation. Comparison between Tables 5 and 6 indi-
cates that the differences among the equilibrium geometry
provided by the studied functionals have a limited impact on
the computed VEE.

4 Concluding remarks

We have studied how the nature of the substituents on N1
(in thymine) or N9 (in adenine) affects the vertical excita-
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Table 5 Vertical excitation energies (in eV) computed for 9Me-Ade
adenine derivatives in aqueous solution according to PCM/TD-DFT cal-
culations employing different density functionals on geometries com-
puted at the PCM/PBE0/6-31G(d) level

PBE0 LC-ωPBE CAM-B3LYP M052X

6-31G(d)

Sn 5.35 (0.00) 5.48 (0.13) 5.61 (0.00) 5.68 (0.00)

La 5.18 (0.26) 5.50 (0.26) 5.40 (0.34) 5.50 (0.38)

Lb 5.43 (0.07) 5.53 (0.02) 5.52 (0.04) 5.66 (0.03)

6-31+G(d, p)

Sn 5.35 (0.00) 5.53 (0.00) 5.63 (0.00) 5.70 (0.00)

La 5.04 (0.31) 5.32 (0.40) 5.22 (0.38) 5.34 (0.41)

Lb 5.32 (0.05) 5.47 (0.03) 5.43 (0.02) 5.58 (0.03)

6-311+G(2d, 2p)

Sn 5.33 (0.00) 5.51 (0.00) 5.61 (0.00) 5.70 (0.00)

La 4.98 (0.30) 5.26 (0.38) 5.16 (0.37) 5.28 (0.40)

Lb 5.26 (0.04) 5.40 (0.03) 5.36 (0.02) 5.52 (0.03)

Oscillator strengths are given in parentheses

Table 6 Vertical excitation energies (in eV) computed for 9Me-Ade
adenine derivatives in aqueous solution according to PCM/TD-DFT
calculations employing different density functionals

PBE0 LC-ωPBE CAM-B3LYP M052X

6-31G(d)

Sn 5.35 (0.00) 5.52 (0.00) 5.61 (0.00) 5.67 (0.00)

La 5.18 (0.26) 5.54 (0.33) 5.43 (0.33) 5.53 (0.36)

Lb 5.43 (0.07) 5.60 (0.08) 5.54 (0.04) 5.66 (0.05)

6-31+G(d, p)

Sn 5.35 (0.00) 5.56 (0.00) 5.63 (0.00) 5.69 (0.00)

La 5.04 (0.31) 5.37 (0.41) 5.26 (0.38) 5.37 (0.41)

Lb 5.32 (0.05) 5.42 (0.02) 5.45 (0.02) 5.57 (0.03)

6-311+G(2d, 2p)

Sn 5.33 (0.00) 5.54 (0.00) 5.61 (0.00) 5.70 (0.00)

La 4.98 (0.30) 5.31 (0.39) 5.20 (0.37) 5.31 (0.40)

Lb 5.26 (0.04) 5.46 (0.02) 5.39 (0.02) 5.51 (0.03)

The geometry optimized by each of the functionals (by using the
6-31G(d) basis set) is used in the TD-DFT calculation. Oscillator
strengths are given in parentheses

tion energies of their lowest energy transition, computing,
for the first time, the absorption spectra of thymine and ade-
nine nucleoside and nucleotide in aqueous solution. A methyl
or a deoxyribose substituent on N1 of thymine leads to a
small red-shift of the lowest energy bright electronic transi-
tion, and a relative stabilization of this state with respect to
the close lying dark state. This latter result is also found for
adenine and its derivatives. However, in aqueous solution the
energy ordering of these two states does not change with the
substituent on N1/N9, since solvent effects let the bright state
be the lowest energy electronic state in the Franck–Condon
region. Substituent effects could be more effective in a less

polar environment or in the other regions of the potential
energy surface, leading to a change of the energy ordering
between the bright and the dark state. Since this result could
significantly modulate the decay mechanism of the nucleo-
bases [13,72], our study indicates that 1,methyl-thymine and
9,methyl-adenine are more suitable for modeling the behav-
ior of the corresponding nucleosides and nucleotides than
thymine and adenine. Ribose and phosphoribose substitu-
ents affect mainly the dark Sn transition of adenine and thy-
mine, because of a significant mixing with the highest energy
occupied non bonding orbital of purine and pyrimidine moi-
eties, slightly increasing its oscillator strength. This result,
while not affecting the absorption spectra, could modulate
the excited state decay, since these states are believed to play
some role in the deactivation mechanism [1,13]. Further-
more, from a dynamical point of view, important factors (such
as, for example, vibrational cooling) are expected to be very
different in nucleosides and nucleotides when compared to
the simple nucleobases.

The present study allows also a first validation of differ-
ent density functionals for the computation of nucleobases
VEEs. The picture provided by PBE0 calculations is con-
firmed by the recently developed LC-ωPBE, M052X and
CAM-B3LYP density functionals. At least for what con-
cerns the spectroscopic states, the first functional provides a
VEE closer to the experimental band maximum. On the other
hand, all the density functionals examined provide a similar
description of the relative stability of the lowest energy (dark
and bright) excited electronic states. This result paves the
route for the application of the LC-ωPBE, M052X and CAM-
B3LYP functionals to the study of the nucleobase multimers,
where a correct treatment of dispersion interactions and long-
range CT electronic transitions could be very important.
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