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We employ first-principles Density Functional Theory (DFT)and time-dependent DFT (TDDFT) to elucidate structural, elec-
tronic and optical properties of a few recently reported triazole adenine nucleobase analogues. The results are compared against
the findings obtained for both natural adenine nucleobase and available experimental data. The optical absorption of these ade-
nine analogues are calculated both in gas-phase and in solvent (methanol) using Polarized Continuum Model (PCM). We find
that all the analogues show a red-shifted absorption profileas compared to adenine. Our simulated emission spectra in solvent
compared fairly well with experimentally observed results. We investigate base paring ability of these adenine analogues with
thymine. The calculations on the intrinsic stability of these base pairs ascertain that all the adenine analogues form the hydrogen
bonded Watson-Crick base pair with similar H-bonding energy as obtained for natural adenine-thymine base pair. In our study,
we provide a microscopic origin of the low-energy absorption and emission peaks, observed experimentally.

1 Introduction

In the quest to better understand the natural genetic sys-
tem, nucleic acid modification1 comprises an important ap-
proach. In principle, each of the three major components
of nucleic acids, namely, phosphodiester backbone, the de-
oxyribose or ribose sugar moieties and nucleobases can be
modified separately.2–14 However, nucleobase modifications
continue to entice nucleic acid research community as arti-
ficial nucleobases have already found potential applications
in biology15 and biotechnology16. These modified nucle-
obases exhibit certain attributes that are different from their
natural counterparts. Purine and pyrimidine nucleobases,ex-
isting in deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA), are not fluorescence active due to their ultrafast ex-
cited state life time and very low quantum yields17. This virtu-
ally non-fluorescent nature of naturally occurring nucleobases
has driven the exploration of their fluorescent analogues inthe
past three decades.18–26Now, the obvious question is why so
much attention is paid to create fluorescent activity in a nu-
cleobase? The answer lies in the uniqueness of fluorescence
spectroscopy as a powerful tool to investigate complex biolog-
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ical systems.27,28Fluorescence not only allows capturing real-
time dynamics of single molecules in living systems but also
it can complement techniques, like, NMR spectroscopy and
X-ray crystallography, which are routinely used for structural
elucidations of nucleic acid containing systems.29 Therefore,
use of modified nucleobases as fluorescence probes in nucleic
acid chains enables a great deal of insight into nucleic acid
structure, dynamics and interaction with other biomolecules.
Furthermore, fluorescence signal from these nucleobase ana-
logues can be monitored easily due to non-fluorescent nat-
ural counterparts offering no competing background signal.
So, carefully designed fluorescent nucleic acid base analogues
(FBA) are extremely valuable for biomedical applications.25

However, modification of a nucleic acid aiming at replacing a
natural nucleobase within an oligonucleotide sequence by its
fluorescent analogue imposes a great challenge because such
modification would most likely lead to serious structural and
functional perturbations. The key challenge is to design nu-
cleobase analogues which would show intrinsic fluorescence
emission while causing minimal perturbations upon the mod-
ifications. Evidently, fluorescent analogues possessing strong
structural resemblance to natural nucleobases are important in
this context. These analogues retain structural requirements
for base pairing with one of the natural nucleobases through
hydrogen bonds and therefore do not cause significant pertur-
bations to the nucleic acid structures.

Fluorescent nucleobase analogues have been studied exten-
sively. For example, thymidine analogues synthesized by Tor
et al.18 shows fluorescent properties. Pteridine analogues of
guanosine and adenosine designed by Hawkinset al.23 have
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been well studied. Highly responsive 2-aminopurine, most
widely used adenine analogue, have also been characterizedin
detail24. Several theoretical studies on fluorescent nucleobase
analogues are also reported in the literature in order to ex-
plore their structural, electronic, photophysical and base pair-
ing properties.30–33 Theoretical studies are important in the
sense that they could be quite useful for interpretation of ex-
perimental data and at the same time they may provide ways
to design of optimal fluorescent nucleobase analogues with de-
sired set of physiochemical properties. Thieno-modified34–36

and size-expanded36–39 RNA nucleosides have already been
well studied in this respect.

Modification of a purine or pyrimidine moiety by attach-
ing additional conjugating linkers constitutes a special class
of modified nucleobases. This choromophoric extension in-
vokes unique photophysical properties that are distinctlydif-
ferent from the parent nucleobase. Adenine shows very short
excited state lifetime and low fluorescence quantum yield40

and in this respect, non adiabatic dynamics for different ul-
trafast deactivation channels in adenine have been studiedin
detail41,42. Interestingly, adenine (A) analogues, modified in
purine 8 position, has been found to show fluorescent proper-
ties e.g. C8-modified triazole adenine analogues shows fluo-
rescence in UV-VIS region with high fluorescence quantum
yield.43 Another C8-modified adenine analogue has shown
promising base mimicking and photophysical properties, both
as a monomer and in DNA.44 However, C8 modifications
have been shown to impose destabilizing effect on DNA du-
plex structure but modifications on purine 7-position is well
tolerated within the DNA helix.45–47 Recently, Wilhelmsson
and Grotliet al. have synthesized a series of C7 substituted
triazole adenine analogues which have been shown to have
promising photophysical properties.48 These analogues are
obtained by introducing a triazole ring at the 7-position ofthe
adenine ring.

Motivated by their work, we have performed detailed quan-
tum chemical calculation in order to understand structural, en-
ergetic and photophysical properties of this new family of tria-
zole adenine analogues (see Fig. 1 for structures). It is impor-
tant that these analogues form H-bonded Watson-Crick base
pairs with thymine, natural complementary base partner of
adenine, when they are incorporated in duplex DNA. In this
respect, we calculate the intrinsic stability of each of thebase
pair, involving an adenine analogue and thymine(hereby de-
noted astA-T pairs), and compare these results with naturally
occurring adenine-thymine (A-T) base pair. Our results show
the stability of WC base pair formation between the modified
adenine analogues and thymine. We also focus on the absorp-
tion and emission characteristics in these analogues and obtain
reasonably good agreement with experimental findings. Fur-
thermore, in this study, we provide a microscopic understand-
ing of the low energy optical transitions in the absorption and

emission spectra obtained experimentally.

2 Computational Details

All electronic structure calculations are performed using
the Gaussian 0949 suit of programs. We have optimized
the geometries of all analogue monomers using Becke’s
three-parameter hybrid exchange functional and Lee-Young-
Parr correlation functional (B3LYP)50–52 paired with 6-
31++G(d,p) basis set for all atoms. In addition to that, as non-
covalent interactions are important for studying H-bondedWC
base pairs, we have employed two different exchange and
correlation functionals like M062X53, capable of capturing
medium range electron correlation, and long range corrected
ωB97XD54,55 for the optimization of base pair geometries.
Note that the structures and energetics of the H-bonded base
pairs are strongly dependent on the level of computation. Elec-
tronic absorption spectra are calculated using time-dependent
DFT (TDDFT) methods as implemented in Gaussian 09 pack-
age. Emission spectra are calculated on optimized lowest
optically excited state geometry (S1) of each analogue using
TDDFT methods. A frequency analysis is carried out to re-
move any vibrational unstable mode from the optimized struc-
tures and also to calculate zero-point energies. Implicit solvent
(methanol in our case) effects have been taken into account by
polarizable continuum model (PCM)56.

3 Results and Discussion

3.1 Molecular Structures of the Adenine Nucleobase
Analogues

All adenine analogues considered in this study are obtained
from purine 7-modification of natural adenine by a triazole
moiety. These analogues differ from each other primarily by
the substituent attached with the triazole ring. These substitu-
tions are of two kinds; aliphatic (n-pentyl group in1a and2a,
benzyl group in1b and2b) and aromatic (phenyl group for3
and4a, 3-aminophenyl for4b and pyridinile for4c). Further-
more, in some of the analogues (2a, 2b, 4a, 4b, 4c) a nitrogen
atom has been incorporated at the purine 8-position in placeof
a carbon atom. That makes analogue-pair1a and2a to be of
exactly same structure except at the purine 8-position where
the first analogue of the pair contains a carbon atom and the
other one a nitrogen atom. Similar is the case for1b and2b
and also3 and4a. The ground state geometry of all eight ade-
nine analogues are optimized at B3LYP/6-31++G(d,p) level
of theory in gas phase and their fully optimized structures are
shown in Fig. 1. Methanol is used as the solvent in accor-
dance with the experiments. Optimized structure of the all the
analogues show a weak intramolecular hydrogen bonding in-
teraction present between a proton of the exocyclic amine of
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Fig. 1 B3LYP/6-31++G(d,p) level optimized structures of triazole adenine analogues. Atom colour code: blue (N), cyan (C), white (H).

the purine ring and one of the triazole nitrogens (see Table S1
in SI). As a result, The adenine (purine) and triazole ring are
found to be nearly coplanar in all the analogues.

3.2 Watson-Crick Base Pairing

In duplex DNA, adenine forms Watson-Crick (WC) base pair
with thymine through two H-bonds (oneN−H · · ·N and one
N−H · · ·O). To compare the formation and stability of the
WC base pair formed by these analogue nucleobases, we first
perform molecular electrostatic potential (MEP) calculation
(see Fig. S1) on geometry optimized structures of each ana-
logue to assess qualitatively how the electronic distribution in
the adenine ring is affected by the triazole modification; then,
we determine intrinsic stability of thetA-T base pairs. The
MEP on individual analogues is visualized through mapping
its value onto a surface (of constant electron density) which
eventually reflects the molecular boundaries. Comparison of
calculated MEP on each analogue with its natural counter-
part adenine ascertains the fact that triazole substitution at C7-
position of adenine has minimal effect on the electronic distri-
bution on the purine moiety. Thus, on a purely electronic point
of view, it seems reasonable to predict that these analoguesare
well-suited to form WC base pairs with thymine.

Unlike other unnatural base pairs (UBPs), these analogues
indeed form H-bondings similar to the WC base pairing as
found in natural nucleobase pair A-T.57–59 The optimized

structures for alltA-T base pairs are shown in Fig. 2. At
the same level of theory, the H-bond donor-acceptor distances
for N−H · · ·O andN−H · · ·N are found to be 2.935̊A and
2.878Å, respectively in a A-T pair. TheN−H · · ·O distance
is found to be slightly increased while theN−H · · ·N distance
remains more or less same in alltA-T pairs. This small change
in N−H · · ·O distances can be qualitatively understood to a
great extent by the fact that C7-triazole modifications in these
analogues would most likely be accommodated in the major
groove.

Thermodymanic stability of a DNA oligonucleotide se-
quence depends on various factors and among those, intrinsic
stability of base pairing interaction certainly plays an impor-
tant role. In this respect, we compute pairing energies (∆EPair)
for all adenine analogues with natural thymine and compare
the strength of pairing interaction against natural A-T base
pair. Pairing energies are also calculated at the B3LYP/6-
31++G(d,p) level of theory in gas phase using the following
equation:

∆EPair = ∆EBP−∆EtA/A−∆ET (1)

where,∆EBP, ∆EtA/A and∆ET are optimized total energy of
the corresponding WC base pair, individual analogue (ade-
nine) and natural thymine, respectively. The pairing energy
for A-T base pair is calculated to be -12.71 kcal mol−1 while
that for 1a-T, 1b-T, 2a-T, 2b-T, 3-T, 4a-T, 4b-T and4c-T
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Fig. 2 Structures of the WC base-pairs between triazole analogues and thymine optimized at the B3LYP/6-31++G(d,p) level. Atom color
code: blue (N), cyan (C), white (H).

Table 1Calculated base pairing energies (in kcal mol−1) and their BSSE corrected values for adenine analogue-thymine base pairs with
various exchange and correlation energy functionals.

Systems
∆EPair ∆EPair +BSSE ∆EPair +BSSE+ZPE

B3LYP M062X ωB97XD B3LYP M062X ωB97XD B3LYP M062X ωB97XD
A-T -12.71 -15.03 -16.27 -11.99 -14.22 -15.54 -10.74 -13.20 -14.40
1a-T -11.77 -14.30 -15.61 -11.03 -13.50 -14.85 -10.06 -13.34 -13.71
1b-T -11.76 -14.31 -15.51 -11.05 -13.51 -14.77 -10.09 -12.98 -13.73
2a-T -12.07 -14.53 -15.89 -11.33 -13.69 -14.89 -10.31 -13.62 -14.64
2b-T -12.10 -14.60 -15.86 -11.35 -13.75 -15.09 -10.39 -13.33 -14.04
3-T -11.82 -14.37 -15.60 -11.09 -13.54 -14.84 -10.11 -13.33 -14.00
4a-T -12.14 -14.66 -15.84 -11.40 -13.81 -15.06 -10.43 -13.54 -14.18
4b-T -12.14 -14.63 -15.84 -11.39 -13.78 -15.06 -10.36 -13.76 -14.21
4c-T -12.03 -14.40 -15.68 -11.28 -13.55 -14.90 -10.31 -13.18 -14.06
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are found to be -11.77 kcal mol−1, -11.76 kcal mol−1, -12.07
kcal mol−1, -12.10 kcal mol−1, -11.82 kcal mol−1, -12.14 kcal
mol−1, -12.14 kcal mol−1 and -12.03 kcal mol−1, respectively.
These results clearly suggest that the stability of WC base pair
formed by these analogues and thymine is very close to that of
a natural A-T base pair. However, the small decrease in pair-
ing energy intA-T base pairs is consistent with the changes
in the separation distances in these base pairs compared to
A-T. At this point, we use two different energy functionals
such asωB97XD and M062X, with the same basis set as be-
fore, for computing the pairing energies oftA-T pairs mainly
to take into account weak non-covalent interactions in these
base-pairs. We have found that the pairing energies increase
(3-4 kcal mol−1) with both functionals suggesting their ability
to include medium and long range correlations with respect
to B3LYP. The pairing energies are further corrected for basis
set superposition error (BSSE)60 and ZPE at the same level of
theory and we see that these corrections do not significantlyal-
ter the numerical values. In short, the overall findings remain
unchanged. Table 1 contains all the BSSE and ZPE corrected
∆EPair values calculated with different functionals for alltA-T
pairs.

3.3 Photophysical Properties

In this section, we focus on the photophysical properties ofall
adenine analogues. Vertical excitation energies and oscillator
strengths are calculated from time-dependent DFT (TDDFT)
calculations using B3LYP exchange and energy correlation
functional. Optical absorption spectra are calculated in the
presence of methanol solvent using PCM. The states corre-
sponding to the lowest energy transitions in these analogues
are assigned after detailed MO analyses. Emission spectra are
calculated with optimized first excited geometry (S1) of each
nucleobase analogues in methanol.

We have calculated the absorption spectra for adenine in the
same level of theory to make a direct comparison between the
analogues and the parent nucleobase. Adenine shows three
lowest energy transitions asπ-π∗ (4.90 eV),n-π∗ (5.10 eV)
andπ-π∗ (5.16 eV) in methanol while for the analogues, all
the three lowest energy transitions are found to be ofπ-π∗

character. Vertical excitation energies, oscillator strengths and
state assignments for three lowest singlet transitions of ade-
nine and triazole analogues are shown in Table 2. Relevant
molecular orbitals dominating these excitations are depicted
in Fig. 3 (for adenine see Fig. S2).

At this point, for the purpose of clear representation, eight
analogues are divided into two groups: (A) analogues con-
taining aliphatic substituent (1a, 1b, 2a, 2b) and (B) ana-
logues containing aromatic substituent (3, 4a, 4b, 4c). First,
we concentrate on the optical properties of analogues contain-
ing aliphatic substituents.1a and 1b show similar absorp-

tive properties as their sister analogues,2a and2b. Basically
in both of these pairs, effective chromophoric length remains
more or less same since theπ-conjugation can not extend be-
yond the triazole moiety. So, qualitatively, their opticalprop-
erties are expected to be little affected by the non-conjugated
n-pentyl or benzyl groups. Our calculations predict that in
1a (1b), three lowest energy transitions are located near 4.10
(4.06), 4.46 (4.32) and 4.57 (4.47) eV with the strongest oscil-
lator strength for the second one, which is mainly dominated
by the configurational transition HOMO to LUMO+1. The
first π-π∗ transition is dominated by the HOMO to LUMO
transition, while the third transition is dominated by the con-
figurations HOMO and LUMO+2. Therefore, the experimen-
tally observed peak for1a (1b) at 282 (281) nm corresponds
to the secondπ-π∗ transition (in methanol). We find that for
2a (2b) three lowest energy transition are located near 4.27
(4.26), 4.79 (4.72), 4.82 (4.79) eV. The lowest energyπ-π∗

transition, dominated by HOMO to LUMO transition, shows
the highest oscillator strength and this peak can be relatedto
the experimentally observed peak at 290 nm for both the ana-
logues2a and 2b. Other twoπ-π∗ states in2a and 2b are
dominated by HOMO-1 to LUMO and HOMO to LUMO+1
configurational transitions.

Adenine analogue3 shows peaks at 3.61, 4.30 and 4.34
eV with the strongest intensity for the second one, which is
mainly dominated by configurations HOMO and LUMO+1.
The first π-π∗ transition is dominated by the configuration
HOMO to LUMO while the third transition is dominated by
the HOMO and LUMO+2 configurations. Therefore, the ex-
perimentally observed peak for3 at 280 nm corresponds to
the secondπ-π∗ transition. For4a (4b, 4c) three lowest en-
ergy transition are located near 4.05 (3.92, 3.92), 4.43 (4.10,
4.35) and 4.68 (4.31, 4.46) eV. In all three analogues the ex-
perimentally observed lowest energy peaks can be related to
the firstπ-π∗ transition which is dominated by transition from
HOMO to LUMO configurations. Other twoπ-π∗ transitions
in 4a, 4b are dominated by configurations HOMO-1 to LUMO
and HOMO to LUMO+1.

Overall, triazole adenine analogues absorb light at lower en-
ergy corresponding to natural adenine and therefore allowsfor
selective excitation. Basically, the analogues differ from ade-
nine in three aspects; imidazole ring modifications, introduc-
tion of the triazole moiety and further substitutions. In order
to separate out the effect of these three contributions, we have
performed TDDFT calculations in a series of model structures
(see Fig. S3). Our calculations show that the introduction of a
triazole ring causes a red shift in the absorption spectrum com-
pared to parent backbones (Fig. S4) due to increased conju-
gation. Attachment of non-conjugating aliphatic substituents
(analogues 1a, 1b, 2a and 2b) results in no further red shift in
optical absorption, whereas the same for aromatic substituents
(conjugating with triazole ring, analogues 3, 4a-c) results fur-
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Fig. 3 Calculated frontier molecular orbitals of the triazole adenine analogues.

Fig. 4 Absorption and emission spectra of triazole adenine analogues.
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Table 2Three lowest vertical excitation energies (E), oscillator strengths (f) and state assignments (with % contribution) of adenine and
triazole adenine analogues in methanol.

Analogues E(eV) f Assignment
4.90 0.267 H → L (88%)

A 5.10 0.002 H-1→ L (95%)
5.16 0.053 H → L+1 (70%)
4.10 0.079 H → L (90%)

1a 4.46 0.190 H → L+1 (87%)
4.76 0.149 H → L+2 (87%)
4.05 0.049 H → L (92%)

1b 4.32 0.107 H → L+1 (95%)
4.47 0.066 H → L+2 (92%)
4.26 0.219 H → L (92%)

2a 4.79 0.067 H-1→ L (77%)
4.82 0.082 H → L+1 (79%)
4.25 0.213 H → L (92%)

2b 4.72 0.065 H → L+1 (86%)
4.79 0.043 H-1→ L (65%)
3.61 0.055 H → L (98%)

3 4.30 0.169 H → L+1 (92%)
4.35 0.044 H → L+2 (92%)
4.05 0.174 H → L (98/%)

4a 4.43 0.166 H → L+1 (87%)
4.68 0.234 H-1→ L (87%)
3.92 0.092 H → L (90%)

4b 4.10 0.155 H-1→ L (92%)
4.32 0.009 H → L+1 (85%)
3.92 0.105 H → L (98%)

4c 4.35 0.143 H → L+1 (92%)
4.46 0.086 H → L+2 (85%)

1–9 | 7

Page 7 of 10 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



ther red shift in their absorption spectra.
As we have already mentioned, emission spectra for all

adenine analogues are calculated in methanol and therefore,
these results are directly comparable to experimentally ob-
served spectra. Emission peaks for analogues in methanol are
found to be at 350 nm, 351 nm, 354 nm, 382 nm, 411 nm
and 402 nm for1a, 2a, 2b, 4a, 4b, 4b and4c, respectively.
These peaks are in good agreement with experimentally ob-
served emission peaks at 369 nm, 343 nm, 340 nm, 345 nm,
468 nm, 359 nm for1a, 2a, 2b, 4a, 4b and4c, respectively in
the same solvent. Oscillator strength of emission maxima in3
is found to be very small which agrees well with experiment.
Analogue4b shows a stokes shift of 96 nm which is maximum
among the analogues considered. Emission peak energies and
corresponding oscillator strength for all the analogue systems
are listed in Table 3.

Table 3Emission Peaks of the Adenine Analogues.

Analogues Ef lu(eV) Osc. Str. τ(ns)
1a 3.54 0.178 10.31
1b 3.53 0.189 9.7861

2a 3.54 0.327 5.64
2b 3.50 0.316 5.96
3 2.75 0.055 55.41
4a 3.24 0.183 11.98
4b 3.01 0.117 21.60
4c 3.08 0.097 24.99

The fluorescence efficiency of these nucleobase analogues
can be described in terms of their radiative lifetime (τ). We use
emission (fluorescent) energy (Ef lu) and oscillator strength (f )
to calculate theτ for spontaneous emission by using Einstein
transition probabilities according to the formula (in a.u.).62,63

τ =
c3

2Ef lu
2 f

(2)

where, c is the velocity of light. Longer lifetime refers to
poor light-emitting efficiency while shorter lifetime implies
enhanced fluorescence quantum yield. The computed lifetime
τ in this family of analogues follows the trend2a< 2b < 1b
< 1a< 4a< 4b < 4c< 3 which is also found to be the se-
quence of decreasing oscillator strength,f . Hence, oscillator
strength surely plays a crucial role in determining the radiative
lifetime.

Experimentally,2a and 2b show a ten-fold increment in
quantum yields compared to their sister analogues,1aand1b.
We also find that2aand2b have relatively shorter lifetime and
comparatively larger oscillator strength than other analogues.
Although, the definition of quantum yield involves presence

or absence of various deactivation channels which are non-
radiative in nature, our preliminary results point towardsthat.
In fact, our fluorescence data on these two analogues suggest
that the excitons are highly localized (in some parts of the sys-
tems in all the MOs involved in optical processes, see Fig. 3)
and so it would recombine faster and efficiently.

4 Conclusions

Base paring properties of a newly designed series of 7-
substituted triazole adenine analogues have been investigated
by detailed quantum mechanical ab initio calculations. All
the adenine analogues retain Watson-Crick base pairing abil-
ity with thymine and the stability of these base pairs are com-
parable to the natural Watson-Crick base pair, A-T. We have
calculated the optical properties of these analogues and found
that all the analogues absorb light at lower energy correspond-
ing to π-π∗ transitions in comparison to their natural counter-
part, adenine. Contrary to adenine, these triazole analogues
are found to fluoresce in the UV-visible region. Our calcu-
lated absorption and emission maxima follow the experimen-
tal trends fairly well, measured in solvent, methanol. More-
over, we have found that two of these analogues,2a and2b
are the most promising members in this family due to their
high fluorescence efficiency. It would be interesting to moni-
tor these two analogues inside the DNA duplex environment.
The main point is that our findings on their interesting pho-
tophysical properties clearly suggest that they would be po-
tential candidates for probing nucleic acid structure, dynamics
and recognition.
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Triazole adenine analogues nucleobases show fluorescence in the UV-

VIS region and form Watson-Crick base pairing with thymine 

nucleobase.  
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