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Ab initio and density functional calculations were employed to investigate the bonding patterns in the
adenine-5-bromouracil (AT+ ) complexes. It is shown that the Br atom in 5-bromouracil (T+ ) is involved
in bonding both with the hydrogen atom of the amino group of adenine (A) and with N7(A) (or N1(A)).
With this motif, the Br atom interacts with a nucleophile (H) in a “head-on” fashion and an electrophile(N)
in a “side-on” fashion, forming both hydrogen and halogen bonds. Electrostatic attraction between the Br
atom in T+ and N7 (or N1) of adenine was found via the electrostatic potential analysis. The existence of
the Br· · · N interactions in the pairs was further confirmed by means of Bader’s atoms in molecules theory.
A bond critical point is identified for the halogen bonds and the topological parameters at the bond critical
point indicate the typical closed-shell interactions in the pairs. Natural bond orbital analysis suggests that
the charge transfer from the lone pair of the nitrogen atom of adenine is mainly directed to the C−Br
antibonding orbital. Finally, halogen bonds in the T+ AT+ A tetrads were also explored.
Key words: Ab initio, Density function theory, Halogen bond, Hydrogen bond

tems [21]. The study revealed that halogen bonds are
potentially stabilizing inter- and intramolecular interactions which can affect ligand binding and molecular folding. There are, however, some significant deviations from the ideal halogen bond geometries, as
defined in small molecules, reflecting the more complex environment in biological systems as compared to
simple organic crystals. Similar effects are also seen
with hydrogen bonds in biomolecules. To account for
the experimental results of Parkinson [22], Gu et al.
have studied the relative stability of different conformers of the 5-bromouracil-adenine-5-bromouracil-adenine
(T+ AT+ A) tetrads and their bonding characteristics
by means of quantum chemistry methods. They found
that the Br atom in 5-bromouracil (T+ ) is involved in a
double interaction (Br· · · N and Br· · · H) in the tetrads.
Nevertheless, the interaction between Br and N7 or N1
has been described as electrostatic repulsion due to the
fact that electron density diminishes between these two
atoms [23]. On the basis of the authors’ knowledge, this
interaction should belong to halogen bonding-a specific
intermolecular interaction.

I. INTRODUCTION

Intermolecular noncovalent interactions between
halogen atoms (Lewis acids) and neutral or anionic
Lewis bases in small molecules have been recognized
[1-9]. They are now denoted as halogen bonds by analogy to classical hydrogen bonds since they share a large
number of properties. The attractive nature of these interactions is primarily ascribed to electrostatic effects,
but polarization, charge transfer, and dispersion contributions all play an important role. The directionality of
the interaction is predominantly due to the anisotropic
distribution of electron density around the halogen nucleus. Numerous experimental and theoretical efforts
have been made towards understanding the nature of
halogen bonding [10-20], albeit far fewer than those for
hydrogen bonding.
Numerous experiments have shown that there exist shorter interatomic distances between halogen and
oxygen (nitrogen and sulfur) than the sum of van der
Waals radius in small molecules, however, these short
contacts have rarely been described in biological systems, probably due to the scarcity of available crystal
structures of halogenated biomolecules. Their structural and functional roles thus have been generally ignored in biology. Recently, Auffinger and co-workers
have assembled and surveyed a data set of protein
and nucleic acid structures to characterize the prevalence and geometry of halogen bonds in biological sys-

In the present work, ab initio and Density function
theory (DFT) calculations along with atom in molecule
(AIM) and natural bond orbital (NBO) analyses were
performed in order to explore halogen bonds in the
adenine-5-bromouracil (AT+ ) complexes and T+ AT+ A
tetrads. The structures of the complexes investigated
here are associated with halogen bonding interactions.
The main goals of this research are to probe the molecular geometries, the energy properties and the bonding
patterns involved in the formation of the dimers. Such a
theoretical study may provide some useful information
on the stability of the DNA model and complement the
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TABLE I Selected optimized geometrical parameters (bond length in Å, bond angle in (◦ )), and binding energies without
and with BSSE corrections (∆E and ∆E CP in kJ/mol) of the AT+ dimers at various levels of theory
d (Br· · · N)

∠C−Br· · · N

d (Br· · · H)

3.461
3.886
3.163
3.400
3.545
3.070

142.8
131.3
146.1
140.0
136.0
149.1

2.906
3.287
2.770
2.956
3.077
2.723

3.321
3.567
3.008
3.056
3.081
2.977

156.6
148.2
161.2
160.0
159.4
161.0

2.817
3.058
2.680
2.748
2.757
2.650

∠C−Br· · · H

d (O4· · · H6)

∆E

∆E CP

97.0
91.1
95.0
92.3
90.8
96.3

2.425
2.303
2.241
2.197
2.176
2.272

−23.92
−15.81
−33.94
−17.44
−17.44
−40.98

−13.80
−12.25
−15.47
−15.77
−15.97
−18.53

101.5
97.6
99.4
99.0
99.3
99.0

2.613
2.526
2.441
2.451
2.470
2.398

−25.97
−15.26
−36.86
−23.54
−17.86
−44.04

−13.72
−11.42
−16.56
−16.85
−16.18
−24.13

+

AT -a
HF/6-31G(d,p)
HF/6-311G(d,p)
B3LYP/6-31G(d,p)
B3LYP/6-311G(d,p)
B3LYP/6-311++G(d,p)
MP2/6-31G(d,p)
AT+ -b
HF/6-31G(d,p)
HF/6-311G(d,p)
B3LYP/6-31G(d,p)
B3LYP/6-311G(d,p)
B3LYP/6-311++G(d,p)
MP2/6-31G(d,p)

knowledge of complexes involving halogen atoms.
II. COMPUTATIONAL METHODS

All ab initio and DFT calculations were performed
using the Gaussian 98 suite of programs [24]. Both
structures of AT+ -a and AT+ -b were fully optimized at
the HF, B3LYP, and MP2 levels. All optimized structures were characterized as potential energy minimums
at respective levels by verifying that all vibrational frequencies are real. However, taking into account the size
of the systems under study, the MP2 method was not
used to calculate the corresponding frequencies. The
binding energy (∆E ) was calculated as the difference
between the total energies of the dimers and the sum
of the energies of the bases (A and T+ ). The basis
set superposition error (BSSE) was taken into account
by means of the Boys-Bernardi counterpoise method
[25]. Unless otherwise noted, the interaction energies
reported in this work were corrected by BSSE. Bader’s
AIM analysis [26] was carried out using the wave functions generated from the DFT calculations with the help
of AIM 2000 software [27]. The second-order perturbation stabilization energies were calculated by the NBO
method [28,29] at the B3LYP/6-31G(d,p) level.
III. RESULTS AND DISCUSSION
A. Geometries and binding energies

Since the Waston-Crick type AT+ pair and the Hoogsteen type AT+ pair have been studied by Gu et al.
[23], this study only considered the structures associated with halogen bonds, AT+ -a and AT+ -b in this
paper. For hydrogen-bonded systems involving DNA
DOI:10.1088/1674-0068/20/05/531-536

bases, it is well-established that the B3LYP method
gives reliable interaction energy and is compatible with
the MP2/6-31(d,p) method [30,31]. To validate this
fact, the structures of AT+ -a and AT+ -b were fully optimized at the HF, B3LYP, and MP2 levels. Table I
lists the optimized geometrical parameters and binding
energies of the dimers, AT+ -a and AT+ −b, at different levels of theory. We can see from Table I that the
HF approach predicts considerably longer interatomic
distances than the MP2 method and extremely underestimates the binding energies. The performance of
B3LYP is much better. Geometrical data from the
B3LYP/6-31G(d,p) method are closer to the results of
MP2/6-31G(d,p) as compared to the remaining methods. Furthermore, for the B3LYP approach, increasing
the basis set enhances binding energies (more negative)
to a lesser degree. In previous studies of DNA bases
and their derivatives, it also has been shown that the
B3LYP/6-31G(d,p) method reproduces the IR experimental spectra better than methods such as HF and
MP2 [32-35]. On the basis of these comparisons, the
B3LYP/6-31G(d,p) method should describe the AT+
pairs faithfully. As a consequence, we will concentrate
on the results of B3LYP/6-31G(d,p) in the next discussions.
The optimized structures of AT+ -a and AT+ -b are
depicted in Fig.1. Both structures belong to the point
group Cs . As can be seen from the structures, the
Br atom in T+ is involved in a double interaction
with the H6 atom from the amino group of adenine
and N7(A) (or N1(A)). Also, H6 of adenine is involved in the bifurcated H-bonds with both O4 and
Br of T+ . At the B3LYP/6-31(d,p) level the internuclear distances d (Br· · · N) of the two pairs are calculated to be 3.163 and 3.008 Å, respectively, which
are significantly smaller than that of the van der Waals
c
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FIG. 1 Optimized structures of AT+ -a (a) and AT+ -b (b)
at the level of B3LYP/6-31G(d,p).

radii of the bromine and nitrogen atoms (3.40 Å) [36].
This is comparable with the distances of halogen bonds
seen in small molecules [37]. The ∠C−Br· · · N angles,
however, seriously depart from linearity (146.1◦ and
161.2◦ ), which can be ascribed to a strong directional
polarization of the bromine atom to form a double interaction. The Br· · · H6(A) distances amount to 2.770 and
2.680 Å for the AT+ -a and AT+ -b pairs, respectively,
and the ∠C−Br· · · H angle of 95.0◦ is observed for AT+ a compared to that of 99.4◦ in the AT+ -b pair. The Br
atom in T+ forms both a hydrogen bond and a halogen
bond in the pairs, consistent with the “amphiphilicity”
of the covalently-bonded bromine. The authors have,
in a previous work, investigated the “amphiphilicity”
of the covalently-bonded bromine [37]. In the current
work, the O4· · · H6 distance in the AT+ -a pair was computed to be 2.241 Å, about 0.20 Å shorter than that in
the AT+ -b pair. Nonetheless, the interatomic distance
d(Br· · · H) in the AT+ -a pair elongates by about 0.09 Å
as compared to the AT+ -b pair.
The binding energy was predicted to be
−15.47 kJ/mol for AT+ -b and −16.56 kJ/mol for
AT+ -a at the B3LYP/6-31G(d,p) level of theory.
The relatively lower binding energies with respect to
the Waston-Crick and Hoogsteen types suggest weak
bifurcated interactions both on Br(T+ ) and H6(A) in
the two complexes [23].
DOI:10.1088/1674-0068/20/05/531-536

FIG. 2 Electrostatic potential surface of 5-bromouracil at
the level of B3LYP/6-31G(d,p). Blue represents positive,
green neutral, and red negative. For interpretation of the
color in this figure legend, the reader can refer to the web
version of this article.
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Electrostatic potentials (ESP) offer a valuable tool
to understand quantitatively various noncovalent interactions, such as hydrogen bonding and cation-π interactions [38-41]. The authors have previously demonstrated that electrostatic interactions are dominantly
responsible for binding energies of the complexes formed
between hydrogen halide and carbon-bound halogen
molecules and ammonia [42]. The “amphiphilicity” of
covalently-bonded halogens can also be rationalized by
the distribution of electrostatic potentials. The electrostatic potential surface of the base 5-bromouracil is
calculated at the B3LYP/6-31G(d,p) level. As shown in
Fig.2, the surface around the bromine atom is largely
negative with a small positive cap at the end region of
Br along the C−Br bond vectors. The Br in T+ thus
can act both as halogen bond donor and as hydrogen
bond acceptor. To get a deeper insight into the electrostatic contribution to the Br· · · N interactions in the
dimers, the electrostatic potentials at four given sites
were calculated for 5-bromouracil on the basis of the
optimized geometries of the complexes. They are the
four points from which the distance to the Br atom is
1.85 Å (the van der Waals radius of bromine), Y−Br−C
(Y is the point considered) angles 90◦ , 100◦ , 140◦ , and
160◦ . The ESP values at the four given sites are −93.59,
−76.91, 27.89, and 80.34 kJ/mol, respectively. The positive values indicate the electrostatic attraction between
Br in T+ and N7 (or N1) of adenine. Rather than the
electrostatic repulsion [23], a halogen bond is formed
between the Br atom in T+ and N7 (or N1) of adenine
in the AT+ pairs.

C. AIM and NBO analyses

The AIM theory offers a valuable tool to understand
the concept of a chemical bond and its strength in
terms of electron density distribution. Bader’s AIM
theory has been successfully applied to study properties of a variety of conventional and unconventional hydrogen bonds [43-45]. The characteristics at bond critic
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TABLE II Topological parameters of the pairs at the B3LYP/6-31G(d,p) level (all values in a.u.)
+

AT -a

AT+ -b

+

Br5(T )· · · N1(A)
Br5(T+ )· · · H6(A)
O4(T+ )· · · H6(A)
Br5(T+ )· · · N7(A)
Br5(T+ )· · · H6(A)
O4(T+ )· · · H6(A)

ρ
0.0121
0.0090
0.0136
0.0150
0.0105
0.0093

cal points (BCP), especially H· · · Y (where Y represents
the proton acceptor), can be treated as measures of the
strength of hydrogen bonds. Accordingly, AIM calculations are carried out at the B3LYP/6-31G(d,p) for both
AT+ dimers. Table II shows the topological parameters
of the AT+ -a and AT+ -b pairs. The electron densities
(ρ) and their Laplacians (∇2 ρ) are given and the energetic properties at BCPs, local one-electron kinetic
energy densities (G(r )) and local potential energy densities (V (r )) are also included. The values of ρ for the
Br(T+ )· · · H6(A) and O4(T+ )· · · H6(A) interactions in
the complexes are within the commonly accepted values for hydrogen bonds (0.002-0.04 a.u.). A bond critical point (BCP) is also identified for Br(T+ )· · · N1(A)
in AT+ -a and Br(T+ )· · · N7(A) in AT+ -b and the values of ρ at BCPs are 0.0121 and 0.0150 a.u., respectively, providing further evidence of the existence of the
Br(T+ )· · · N1(A) or Br(T+ )· · · N7(A) interaction in the
pairs.
The Laplacian ∇2 ρBCP designates the curvature of
the electron density in three-dimensional space at a
BCP. Generally, the sign of ∇2 ρBCP is taken into account to indicate whether the atomic interaction shows
a dominant character of the shared (covalent) interactions (∇2 ρBCP <0) or the closed-shell (electrostatic) interactions (∇2 ρBCP >0). The values of ∇2 ρBCP listed in
Table II are all positive, indicating the typical closedshell kind of interactions in both pairs.
There is also another property of interest at the BCP:
the electronic energy density H BCP (kinetic G(r ) plus
potential V (r ) energy density). The relationship between the Laplacian, ∇2 ρBCP and the components of
the local energy density H BCP is given by the equation
1 2
∇ ρBCP =2G(r )+V (r )
4
It has been pointed out the electronic energy density
H BCP is a more appropriate index to provide a better
understanding of the weak noncovalent interactions [46].
The sign of H at BCP determines whether the interaction is electrostatic dominant (H >0) or covalent
dominant (H <0). Rozas et al. have developed a new
classification of hydrogen bonding [47]. Weak hydrogen bonds exhibit positive values for both ∇2 ρBCP and
H BCP , whereas for medium H-bonds ∇2 ρBCP >0 and
H BCP <0, and for strong hydrogen bonds both ∇2 ρBCP
DOI:10.1088/1674-0068/20/05/531-536

∇2 ρ
0.0351
0.0308
0.0417
0.0460
0.0328
0.0339

G
0.0076
0.0063
0.0104
0.0100
0.0070
0.0076

V
−0.0065
−0.0049
−0.0103
−0.0086
−0.0058
−0.0068

H
0.0011
0.0014
0.0001
0.0014
0.0012
0.0008

and H BCP are negative. As can be seen from the values
in Table II, the Br(T+ )· · · H6(A) and O4(T+ )· · · H6(A)
interactions in the complexes belong to weak H-bonds.
Also, the positive values of ∇2 ρBCP and H BCP for the
Br(T+ )· · · N1(A) or Br(T+ )· · · N7(A) interaction signify a dominant electrostatic character.
NBO theory is available for understanding molecular complex formation from the point of view of local orbital interactions. The Br· · · N interaction can be
viewed by NBO theory as a consequence of charge transfer from a lone pair donor orbital on nitrogen into the
C−Br σ ∗ acceptor orbital. The energetic stabilization
due to CT interactions was evaluated here by secondorder perturbation analysis and is referred to as E 2 .
The stabilization energies are estimated as
E2 = ∆Eij = qi

F(i, j)2
εj − εi

(1)

where q i is the donor orbital occupancy, εi and εj are
diagonal elements (orbital energies), and F (i,j ) is the
off-diagonal NBO Fock matrix element. E 2 has proved
to be suitable for examining hydrogen bonds and other
interactions. The main second-order perturbation energies between T+ and A at the B3LYP/6-31G(d,p) level
of theory are given in Table III . Since the charge transfer is accompanied by the formation of hydrogen bonds

TABLE III Some significant donor-acceptor natural bond
orbital interactions of the dimers and their second-order perturbation energies (in kJ/mol)
Donor
Acceptor Interaction
E2
AT+ -a LP(1)O4 BD∗ (1) N6−H
n-σ ∗
8.24
∗
LP(2)O4 BD (1) N6−H
n-σ ∗
12.84
LP(2)Br5 BD∗ (1) N6−H
n-σ ∗
13.05
∗
LP(1)N1 BD (1) C5−Br
n-σ ∗
7.03
AT+ -b LP(1)O4 BD∗ (1) N6−H
n-σ ∗
3.05
LP(2)O4 BD∗ (1) N6−H
n-σ ∗
6.11
LP(2)Br5 BD∗ (1) N6−H
n-σ ∗
20.53
LP(1)N7 BD∗ (1) C5−Br
n-σ ∗
13.34
∗
BD denotes the formally empty antibonding orbital and
LP denotes the occupied lone pair.
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or halogen bonds and plays a major role in it, E 2 can be
regarded as an index to estimate the strength of hydrogen bonds or halogen bonds. As can be seen from Table III, the n-σ ∗ interaction between the nitrogen lone
pair and the C5−Br antibond in AT+ -b is stronger than
that in AT+ -a, which is also reflected in the interatomic
Br· · · N distances (vide supra). The Br· · · N interactions
should be of importance in the stabilization of the complexes. Comparison of the second-order perturbation
energy terms in Table III with the corresponding density terms in Table II reveals that they correlate fairly
well.
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The bonding patterns in adenine-5-bromouracil
(AT+ ) complexes were examined by means of ab initio
and density functional theory methods. The theoretical
calculations reported herein revealed that the Br atom
in T+ is involved in bonding either with the proton of
the amino group of adenine or with N7(A) (or N1(A)).
The Br atom interacts with a nucleophile “head-on” and
an electrophile “side-on”, indicating the “amphiphilicity” of the covalently-bonded bromine. Through electrostatic potential analysis, it was shown that there exists an electrostatic attraction between the Br atom in
T+ and N7 (or N1) of adenine. The existence of the
Br· · · N interactions in the pairs was further verified by
means of Bader’s AIM theory. A BCP is present for the
halogen bonds. The topological parameters at BCP indicated the typical closed-shell interactions in the pairs.
In addition, NBO analysis suggests the charge transfer
from the nitrogen lone pair to the C−Br antibonding
orbital. Halogen bonds in the T+ AT+ A tetrads were
also identified.
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(AT+ -a (a) and AT+ -b (b)) at the level of B3LYP/631G(d,p). Values in parentheses are the bond angles in (◦ ).
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