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Abstract In this work, computations of density functional
theory (DFT) were carried out to investigate the nature of
interactions in solid 2,6-dibromo-4-nitroaniline (DBNA). This
system was selected to mimic the hydrogen/halogen bonding
found within crystal structures as well as within biological
molecules. DFT (M06-2X/6-311++G**) calculations indicat-
ed that the binding energies for different of interactions lie in
the range between —1.66 and —9.77 kcal mol ', The quantum
theory of atoms in molecules (QTAIM) was applied to provide
more insight into the nature of these interactions. Symmetry-
adapted perturbation theory (SAPT) analysis indicated that
stability of the Br---Br halogen bonds is predicted to be attrib-
utable mainly to dispersion, while electrostatic forces, which
have been widely believed to be responsible for these types of
interactions, play a smaller role. Our results indicate that, for
those nuclei participating in hydrogen/halogen bonding inter-
actions, nuclear quadrupole resonance parameters exhibit con-
siderable changes on going from the isolated molecule model
to crystalline DBNA.
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Introduction

Protein folding, self-assembly, stacking of nucleobases,
drug binding and crystal packing are all phenomena gov-
erned by noncovalent interactions [1—4]. Despite the central
importance of such processes to chemistry, biology, and
materials science, our current understanding of such under-
lying noncovalent interactions is far from complete. The
hydrogen bond (HB), whose chief mode of interaction is
through electrostatic and charge-transfer (delocalization)
forces, has been the subject of many investigations and is
believed to be the best characterized type of noncovalent
interaction [5-9]. The HB is most frequently defined as an
Y—H-Z interaction, where Y and Z are electronegative
elements and Z possesses one or more lone electron pairs.
However, there are also so-called unconventional HBs such
as C-H-Y, Y-H-C, Y-H-m-electrons or even C-H--C
[10]. However, increasing attention has been paid recently
to other intermolecular interactions. Currently, halogen
bonding [11-14] is becoming one of the most intensively
investigated of such interactions, since it has been found to
share many properties with HB. In fact, halogen bonding
may be competitive to HB [15, 16] and, like HB, it may play
a crucial role in stabilization of crystal structure [17, 18] and
biomolecular systems [19, 20] and may also be useful in the
design of new drugs and in material engineering [21, 22].
In the literature, halogen-bonding is usually explained in
terms of the electrostatic potential on the surface of the
halogen atom [23-26]. When a halogen X forms a covalent
bond, which involves its half-filled p valence orbital, that
electron is localized mainly in the bonding region, leaving a
deficiency of electronic density in the outer (non involved)
lobe of the p-type valence orbital, along the extension of the
covalent bond to X. Through this positive region, which has
been labeled a “o-hole” [27], the halogen atom can interact
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attractively with a negative site. Moreover, the positive region
is frequently surrounded by a belt of negative electrostatic
potential, which accounts for the possibility of interacting
laterally with a positive site. Experimental results [28-30]
and theoretical calculations [31-33] consistently show that
the greater the polarizability and the lower the electronegativ-
ity of a halogen atom, the more positive is its o-hole and the
stronger is the halogen bond to which it gives rise. The
strength of halogen bond formed by a halogen derivative with
a given electron-rich moiety (halogen bond acceptor) thus
decreases in the order I > Br > Cl. As a result of a combination
of extreme electronegativity and limited polarizability, the F
atom is frequently deemed to not participate in halogen-
bonding. The electron density distribution around F is nearly
spherical rather than anisotropic and, consequently, F is most
likely to behave as a halogen bond acceptor. However, it has
recently been shown that the fluorine atom has the capability
of forming halogen bonds and can also affect recognition and
self assembly processes, but only under specific circumstan-
ces [34, 35]. In this way, the interaction between halogen
atoms and some negative charge concentration, e.g., a lone
electron pair located on an oxygen or nitrogen atom, can be
evident. Thus, halogen bonding is usually considered as an
electrostatic interaction between the positive region on the
halogen and a lone pair of a Lewis base [36, 37]. However,
consideration of only the electrostatic interaction may not be
sufficient to describe the ground-state stabilization of halogen
bonding complexes. On the other hand, the contributions of
polarization and dispersion also play an important role
[38—40]. The relative contributions of these terms to attraction
in halogen bonds varies from complex to complex. A recent
study by Riley et al. [41] revealed that increasing the size and
positive nature of a halogen’s o—hole markedly enhances the
strength of the electrostatic component of the halogen bond-
ing interaction. On the other hand, halogens with larger, more
positive o-holes tend to exhibit weaker dispersion interac-
tions, which are attributable to the lower local polarizabilities
of the larger o-holes.

In a recent work, we reported several stable structures of
dichloroacetic acid (DCAA) dimers in gas-phase [42]. This
latter work, aimed at understanding the nature of interac-
tions between DCAA monomers, focused on the properties
of O-H:-O, C-H--O, CI---O and CI---Cl interactions. An
interesting finding was that, according to energy decompo-
sition analysis, halogen bonds are largely dependent on both
electrostatic and dispersion interactions. In the current study,
we worked towards a more complete understanding of the
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hydrogen/halogen bonding interactions by studying the
electronic structure of 2,6-dibromo-4-nitroaniline (DBNA)
in solid phase (Fig. 1). This system was selected to mimic
the halogen bonding found within crystal structures as well
as within biological molecules. Such a theoretical study may
provide some valuable information of the origin and
strength of halogen bonding interactions, which would be
very important for the design and synthesis of new materials
and effective drugs containing halogenated compounds.

Computational details

All density functional theory (DFT) calculations were
performed using the GAMESS electronic structure pack-
age [43]. The X-ray crystalline structures of DBNA
were available from [44]. Since the positions of hydro-
gen atoms are not located accurately by X-ray diffrac-
tion, a geometry optimization of just the hydrogen
atoms in the structure was needed. In the present study,
partial geometry optimizations were carried out using
B3LYP, M06-2X, TPPSh functionals with 6-311 + G*
standard basis set. According to Zhao and Truhlar
[45-48], the MO06 series of functionals implicitly ac-
count for “medium-range” electron correlation because
of the way they are parametrized, and this is sufficient
to describe the dispersion interactions within many com-
plexes [48]. These authors define “medium-range” cor-
relation to be that found in complexes separated by
about 5 A or less [49]. While initial tests of these
functionals have been very promising [50], they have
yet to be fully benchmarked for biologically relevant
noncovalent interactions.

Electrostatic surface potentials were calculated at M06-
2X/6-311++G** level using WFA program [51]. The
quantum theory of atoms in molecules (QTAIM) [52]
analysis was preformed with the help of AIM 2000
software [53] using the wave functions generated at the
MO06-2X/6-311++G** level. To shed more light on the
nature of the hydrogen/halogen bond, we also performed
decomposition of the interaction energy by means of the
symmetry-adapted perturbation theory (SAPT) method
[54] with the use of the Dalton 2.0 package [55] inter-
faced to the SAPT2008 code [56]. In this study, we
employed so-called SAPT2 approximation to the intermo-
lecular interaction energy. The interaction energy at the
SAPT2 level is defined as follows:
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Fig. 1 Intermolecular
interactions in crystalline
structure of 2,6-dibromo-4-
nitroaniline (DBNA). Dotted
lines Hydrogen/halogen bond-
ing interactions

@®Br

where
HF  _ pHF (10) (10) (20) (20)
OF intyresp Eint - Eelst - Eexch - Eind,resp - Eexch—ind,resp (2 )

The right side of Eq. (1) is a sum of perturbative energy
correction terms that are the consequences of various physical
interaction forces. These energy correction terms, except for
the very last one, were collected into four fundamental physical
components: electrostatic (E.), exchange (Eeyen), induction
(Eing), and dispersion (Egisp) as follows:

Bei = By + Eltrep (3)
Eexch = Eoge) + Epay + Boge) (4)
Eind = Egpgresy + 'Eunt) + Boseh-indresp + Everrna (5)
Edisp = Egsop) + Eﬁ?})ﬁd"sp (6)

The above grouping scheme in SAPT2 analysis is used
because it was indicated that such a scheme is more appropri-
ate and easier to interpret than other possible schemes [57].

In nuclear quadrupole resonance (NQR) spectroscopy,
the interaction between nuclear electric quadrupole moment

and electric field gradient (EFG) at quadrupole nucleus is
described with Hamiltonian as follows [58]:

waslee ) ewE-n) o

H=
where eQ is the nuclear electric quadrupole moment, / is the
nuclear spin, and ¢g,, is the largest component of the EFG
tensor. The principal components of the EFG tensor, g;;, are
computed in atomic unit (1 au=9.717365x10*' V' m?), with |
G221qyy|>1gxx] and gxx+qyy+q.,=0. These diagonal elements
relate to each other by the asymmetry parameter: 7o=|qyy-
Gxx/1922), 0<no<1, that measures the deviation of EFG tensor
from axial symmetry. The computed ¢,, component of EFG
tensor is used to obtain the nuclear quadrupole coupling
constant from the equation; CQ(MHZ)=e2QqZZ/h, using the
recently reported value for the H,'*N, 7’Br and '’O electric
quadrupole moments of 2.86, 20.44, =313 and —25.58 mb,
respectively [59].

Results and discussion

The present study investigates the properties of convention-
al N-H---O and unconventional C—H---Br, Br---Br and Br---O
types of intermolecular interactions in crystalline structures
of DBNA. We looked in detail at the electrostatic potential
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Fig. 2 Electrostatic potential
mapped on the surface of
DBNA molecular electron
density (0.001 e au>). Color
ranges for Vs, in keal mol
red >26.5, yellow 26.5-5.7,
green 5.7——15.1, blue <—15.1.
Black circles Surface maxima,
blue surface minima

on the surface of monomer DBNA, and at the electrostati-
cally driven noncovalent bonds that can be formed between
atoms (Fig. 2). To gain further insights into the nature of
these intermolecular interactions, the QTAIM and SAPT
energy decomposition analysis were used (Tables 1, 2). To
include hydrogen/halogen bonding interactions effects, EFG
calculations were performed for two molecular models in-
cluding the monomer and seven-molecule cluster. To the
best of our knowledge, no experimental NQR data have
been reported on DBNA. Thus, the calculated NQR param-
eters of DBNA were compared with the available experi-
mental NQR data. Unless otherwise noted, results refer to
the M06-2X/6-311++G** level of theory.

Surface electrostatic potential

The electrostatic potential /(1) that the electrons and nuclei of
amolecule create at any point 7 is given rigorously by Eq. (8):

Zy p(r)dr'
v(r) XA:|RA — / - 8)
in which Z, is the charge on nucleus A, located at R, and p(1)
is the molecule’s electronic density. V(r) is a physical observ-
able quantity; it can be obtained experimentally by diffraction
methods [60] as well as computationally. The analysis of
V(r) has proven to be an effective approach to interpreting
and quantifying noncovalent interactions [61] that are
primarily electrostatic in nature. For this purpose, we
compute V(r) on the molecular “surface”, which we
define, following Bader et al. [62], as the 0.001 elec-
trons/bohr® contour of the electronic density p(r). This
surface potential is labeled Vg(r).

Figure 2 displays the evaluated Vg(r) on the 0.001 au
surface of DBNA. The figure shows the locations of the
various most positive and most negative Vg(r), designated
Vs.max and Vs min. As would be anticipated, there is a strong

Table 1 Hydrogen/halogen

bond distances, and topological Interaction Distance PBCP V2 pep Ggep Vece Hpcp €

parameters of electron density

for crystalline 2,6-dibromo-4- 01(1)~H1(2) 2.225 14.55 56.36 12.05 -10.00 2.04 0.01

nitroaniline (DBNA) calculated 02(1)H2(2) 2225 14.55 56.37 12.05 -10.00 2.05 0.01

at the M06-2X/6-311++G** 01(1)-Br2(4) 3218 7.65 29.50 6.21 ~5.04 1.17 0.05

level of theory. All pgcp, V-paeps

Gucn Viscp and Hicp parame- H3(1)Br2(4) 3.036 5.66 16.27 3.29 -2.52 0.77 0.07

ters in 10° au Bri(1)--H4(4) 3.034 5.69 16.27 3.29 -2.50 0.78 0.08
Bri(1)-+02(4) 3.218 7.64 29.29 6.17 -5.01 1.16 0.05
Bri(1)- Br2(5) 4.192 2.60 8.23 1.51 -0.96 0.55 0.20
HI(1)~ 01(3) 2.227 14.40 55.96 11.95 -9.90 2.04 0.01
H2(1)+ 02(3) 2227 14.40 55.96 11.95 -9.90 2.04 0.01
Br2(1)~ Brl(7) 4.192 2.60 8.23 1.51 -0.96 0.55 0.20
Br2(1) 02(6) 3.218 7.64 29.30 6.17 -5.01 1.16 0.05
Br2(1)-+ H3(6) 3.034 5.70 16.27 3.29 -2.50 0.78 0.08
HA4(1)-Brl(6) 3.036 5.66 16.27 3.29 -2.52 0.77 0.07
02(1)+Brl(4) 3219 7.65 29.50 6.21 -5.04 1.17 0.05
HI1(1)+Bri(1) 2,613 15.05 61.37 12.89 -10.43 2.45 2.59
H2(1)Br2(1) 2,613 15.05 61.34 12.88 -10.43 2.45 2.56
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Table 2 Calculated interaction energies and symmetry-adapted perturbation theory (SAPT) decomposition analysis of DBNA dimers. All basis set
superposition error (BSSE) corrected interaction energies and energy components were calculated using 6-311++G** basis set and in kcal mol ™'

Dimer Enl Ey? EpenERET ERS EPT By Eexen Eina Edisp

No.l-No2  —6.57 -9.77 -9.32 ~7.28 ~742  -1012 2284 1813 -3.68 245
No.lNo3  —655 -9.75 -9.30 ~7.24 ~738  -10.11 2284 1813 -3.68  -245
No.l-No4  -577  —11.98 -9.77 -6.75 ~7.04  -1270  -1239 102 413 588
No.l-Nos 095 —2.49 ~1.66 ~0.90 ~1.19 -2.68 -1.35 198 091  -235
No.l-No.6 576  —11.97 -9.76 ~6.74 703 1260 1239 102 413 588
No.l-No7 093 -2.50 ~1.67 ~0.90 -1.19 -2.68 -1.35 198 091 -2.34

positive potential encompassing the amine hydrogens, with
Vs.max=147.4 kcal mol . Perhaps more surprisingly there
is also a smaller and weaker positive region on the outer-
most portion of each bromine, centered about the intersec-
tion of its surface with the C—Br axis. These Vs max are
+24.6 kcal mol'. Such halogen-positive regions, which
have been given the name “o-holes”, are found on some
covalently bonded chlorines, but more often (and more
positive) on bromines and iodines [11-14]. They have been
invoked as the explanation for “halogen bonding”—a non-
covalent interaction (somewhat analogous to HB) between a
covalently bound halogen on one molecule and a negative
site on another. It is the presence of a positive o-hole that is
believed to make this possible.

From Fig. 2, it is evident that the most negative electro-
static potential on the DBNA surface is associated with the
nitro oxygens, Vs min="35.9 kcal mol !, These are located
in the NO, plane and can be attributed to the overlapping
electronic densities of the two oxygen unshared electrons pairs.
On the other hand, the very strongly positive electrostatic
potential of the amino hydrogen, Vs max=147.4 kcal mol ',
and the Vs min="35.9 kcal mol 'of the nitro oxygen indicate
their propensities for noncovalent HB, as a donor and an
acceptor, respectively. Moreover, the C-H-Br interaction
seems to be weaker than the N-H--O interaction, because
the hydrogen atom of the former has a less positive electro-
static potential; Vs ma=121.7 keal mol ! in H3 or H4 vs
+47.4 kecal mol™' in H1 or H2. In crystalline DBNA, it can
be seen that one of the positive Vg regions on the bromine
of the target molecule, along the extension of the C—Br bond,
is interacting with the negative potential on the side of the
bromine atoms of neighbor molecules (see Figs. 1 and 2).
The evaluated Br--Br separation is 4.192 A. These separa-
tions are slightly longer than the sum of two chlorine van der
Waals (vdW) radii, 3.70 A [63]. However, it should be
pointed out that not all halogens with positive o—hole poten-
tials have negative lateral sides. There are a number of
computational treatments [31, 33] of covalently-bonded R-
X systems that indicate the interaction energies for forming a
single donor—acceptor complex R—X:+X become less nega-
tive as the electron-withdrawing capacity of R increases and,

for a given R, on going from X, is F to Cl to Br to I. Thus,
for the X—CN molecule, the key to the positive lateral is
apparently the very strong electron-attracting power of the
CN substituent, both through resonance, and inductively.
This results in the halogen surface being completely positive.
Therefore, it may be concluded that the weakness of the
Br-Br interactions in solid DBNA can be rationalized by
looking at the general range of negative potential values on
the lateral sides of the bromines (~1.1 to —1.5 kcal mol ")
compared to, for example, the negative potentials of the nitro
oxygens (—35.9 kcal mol ™).

As shown in Fig. 2, the evaluated electrostatic potential
shows the presence of a slightly positive potential end cap and
a negative region on the side of the Br atoms (Vs max=
+24.6 kcal mol ). The positive region on the extension of
each C—Br bond interacts with the negative potential on the
nitro oxygens (see Fig. 1). The Br-O bonds are slightly less
than the sum of the vdW radii of the Br and O atoms (3.37 A)
[63], implying an attractive interaction between DBNA mono-
mers. For such an interaction, the positive region on the
extension of C—Br bond of target molecule (with Vg max=
+24.6 kcal mol ™) is interacting with the negative potential
on the oxygen of the neighbor molecule (with Vg pin=
—35.9 keal mol ™!, see Figs. 1 and 2).

Local topological analysis

Topological analysis of the electron density constitutes an
insightful tool to investigate the electronic properties of
molecular systems and allows a deep examination of the
interatomic interactions. In addition, this methodology has
been applied successfully in the study of the properties of
a variety of conventional and unconventional HBs [64,
65] as well as of the halogen bonds [13, 14]. Based on the
QTAIM theory, the electron density (p), its Laplacian
(V?p) and electronic energy density (Hpcp) at a bond
critical point (BCP) give us information about the strength
and characteristic of the bond [52]. The electronic energy
density is obtained from the equation Hgcp=Gpcpt Vicp,
where Ggcp and Vpcp are the local kinetic and potential
energy densities, respectively. The energy density term

@ Springer



1422

J Mol Model (2013) 19:1417-1427

Ggcp is calculated based on equation (1/4)VZpgcp=2
Ggept Veer

Results concerning relevant QTAIM parameters calculated
at the BCPs of N-H:-O, C—H---Br, Br-'Br and Br:--O bonds
are given in Table 1 and Tables S1 and S2 (Supporting
Information). For the N—H:--O interactions, it can be seen that
the values of ppcp are calculated to be 0.014 au, whereas the
values of V?ppcp are positive (0.056 au). These values are
within the commonly accepted values for H-bonding interac-
tions, thus indicating the closed-shell interactions in DBNA.
However, positive values of Hgcp are predicted for these HBs,
suggesting that the interactions are mainly electrostatic in
nature, and therefore a relatively large ionic contribution is
necessarily invoked. This proposal is supported by results
from an energy decomposition analysis of DCAA dimers
[42]. As is obvious from Table 1, the ellipticity values for
the two N—H---O interactions are very small or zero, indicating
that the HBs are conserved in the solid DBNA. The topolog-
ical values of the C—H-Br interaction in crystalline DBNA
are also listed in Table 1. Relatively small values of pgcp
(0.006 au), the positive values of the Laplacian, and values
of Hcp>0, guarantee the existence of a weak H-bonding.

Earlier studies have established that a partly covalent inter-
action can be said to exist if VzpBCP is positive and Hpcp is
negative [66]. An alternative tool for assessing the nature of
hydrogen/halogen bond is the ratio —Ggcp/Vpcp. Accordingly,
if =Ggcp/Vecp>1, then the interaction is noncovalent in na-
ture. On the other hand, if 0.5<—Ggcp/Vecp<I then the
interaction is partly covalent. From Table 1, despite falling
in a region of charge depletion with V2 ppcp>0, the all Br-+Br
BCPs are characterized by a positive Hgcp value and —Gpcp/
Vecp>1, indicating that the kinetics energy overcomes the
potential energy density at the BCP and that the Br-Br bonds
are noncovalent in nature. As is obvious from Table 1, the
small values of pgcp, the positive values of the V2 pecp and the
nearly zero values of Hgcp suggest, according to the Rozas
[66] criterion, that all Br--O intermolecular interactions are
weak and basically electrostatic in nature. More specifically, it
can be seen that the values of ellipticity obtained for the Br-+-O
interactions are small (0.05), thus revealing the stability of the
Br-O bonds. This finding is in agreement with the evaluated
electrostatic potential results mentioned above.

From Fig. 1, it is evident that the orientation of the amine
hydrogens with respect to the C—Br bond favors a linear
arrangement. Values of the C—Br--H and N-H---Br angles,
together with coplanarity of these bonds, correspond to
orientation of the o-holes of the amine hydrogen atom
toward one of the lone pairs of the bromine atom. The
bonding character of the intramolecular N—H--Br interac-
tion is confirmed unambiguously by the presence of BCP
and the bond path between these atoms (Fig. 3). Both of
these topological features thus suggest stabilizing the attrac-
tive nature of the N—H:--Br interaction. On inspecting the

@ Springer

values of QTAIM parameters computed for the BCP of this
interaction (see Table 1), one could conclude that it is of the
closed-shell type as indicated by low values of electron
density (0.015 au) and positive values of both its Laplacian
and the electronic total energy density (0.002 au). This
reflects the weak character of the N—H---Br interaction,
which is comparable with the N-H--O hydrogen bonds.
This conclusion is confirmed also by values of Vg, derived
from surface electrostatic potential analysis. It has been
shown, however, that the intramolecular N—H---Br interac-
tion is characterized by the relative unusually large value of
€, thus indicating a topological instability.

Interaction energies and SAPT analysis

As already mentioned in the literature, the hydrogen/halo-
gen bond is most often believed to be electrostatic in nature,
although the relevance of other energy contributions has
also been shown [39-42, 67, 68]. The nature of the Br---Br
bond has been investigated only rarely. Although decom-
positions of the halogen bonding interaction have been
investigated [38—42], none of these decompositions has
been examined for the crystalline phase. Thus, for all
DBNA dimers investigated in this study, we performed
SAPT2 analysis and compared the evaluated SAPT2 inter-
action energies with those obtained by HF, M06-2X,
B3LYP, TPSSh and MP2 methods (Table 2). Estimation of
the basis set superposition error (BSSE) for all of the struc-
tures presented here was performed by the full counterpoise
method [69].

Let us first analyze BSSE-corrected interaction energies
(Ejny)- Table 2 lists the calculated interaction energies obtained
with the HF, MP2, B3LYP, M06-2X, TPSSh and SAPT meth-
ods for the various DBNA dimers. From Table 2, the most
important finding is that the values of the interaction energies
depend appreciably on the method used and/or the dimer
considered. First, it is evident that E//F" is always smaller in
magnitude than the others. A more detailed analysis of these
results shows that, in general, the MP2 method provides larger
stabilization energy than the others. Considering the MP2
results, it is evident that inclusion of correlation reproduces
stabilization of complexes as high as 1.54-6.21 kcal mol . As
can be seen, the HF method greatly underestimates the inter-
action energies of the complexes and, in the case of halogen-
bonded Nol--*No5 dimer, predicts a small binding energy of
—0.95 kcal mol ™. This indicates that dispersion must play a
significant role in the stabilization of DBNA monomers. Pre-
vious publications [70, 71] indicated that the difference be-
tween MP2 and HF energies is attributed mainly to the effects
of high-order electrostatic interaction. Consequently, due to
the significant gain in attraction by electron correlation (1.54—
6.21 kcal mol™' at MP2 level), dispersion force plays a
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Fig. 3 Molecular graphs of
crystalline DBNA. Solid lines
Bond paths, large circles

attractors, small red circles ©

bond critical points (BCPs)

considerable role in the stability of the dimers. The results in
Table 2 indicate that the interaction energies predicted by the
B3LYP functional are lower by 1.59—5.23 kcal mol ' in
comparison with the MP2 method. This is due to the fact that
about 40 % of the short-range dispersion energy is neglected
by the B3LYP functional [72].

Before we take a look at the individual contributions to the
intermolecular energy, we shall discuss the accuracy of the
SAPT2 results. From Table 1, it is evident that the SAPT2
binding energies are all slightly higher than those of MP2 as
computed using the 6-311++G** basis set, and that the dif-
ference between MP2 and SAPT energies increases as the
interaction between the DBNA monomers becomes more
negative. As in the supermolecular results, the No.1--No.4 is
the most stable complex (—12.70 kcal mol™' at the SAPT2
level). Table 2 also indicates that the SAPT2 interaction ener-
gies for the DBNA dimers are generally in good agreement
with those obtained using the M06-2X and TPSSh methods,
suggesting that SAPT is an appropriate method to study the
intermolecular interactions in these studied complexes. The
calculated SAPT2 binding energy for the halogen-bonded
No.1-+No.5 complex is —2.68 kcal mol !, which overesti-
mates MP2 energies by about 0.19 kcal mol .

To better understand the nature and the extent of different
forces contributing to intermolecular attraction in crystalline
DBNA, individual energy components of the total
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interaction energy were obtained using SAPT2. It should
be noted here that, although the most frequently quoted
mechanism of halogen bond formation may suggest a sig-
nificantly electrostatic nature of this interaction [38—42], the
Kohn—Sham molecular orbital approach indicates the signif-
icantly covalent character of such interaction [14]. However,
in some cases, the resulting interpretations between interac-
tion energy terms may be contradictory. For instance, based
on the SAPT decomposition method, the formation of F3C—
Cl---O=CH,, FsC-Br--O=CH, and F;C-I-*O=CH, com-
plexes, are attributed primarily to electrostatic and disper-
sion effects [37], while the method proposed by Palusiak
[14], for exactly the same interactions, concludes that charge
transfer and polarization dominate, with electrostatics con-
tributing only “slightly”. On the other hand, on the basis of
binding energy decomposition of halogen-bonded com-
plexes, Politzer et al. [73] indicated that the formation and
observed properties of the resulting noncovalent complexes
can be fully explained in terms of electrostatics/polarization
plus dispersion as the driving forces.

The electrostatic component of the interaction energy is

represented here by the sum of Eillg) and Ei}é?rem terms

(Table 2). From Table 2, it is evident that for the N—H---O,
C—H-+-Br and Br-O interactions, the most stabilizing inter-
action energy component is the electrostatic one. However,
for the No.1--No.5 dimer (Br-Br interaction), the exchange
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energy becomes even larger than the absolute value of the
electrostatic energy, but the large attractive induction and
dispersion energies lead to a stabilizing interaction. From
Table 2, it is found that all contributions of the electrostatic,
induction and dispersion terms have a stabilizing effect. For
the H-bonded dimers, the major contribution is the electro-
static interaction energy, which presents between 55 % and
78 % of the total stabilization energy. Considering the
SAPT?2 results, it is also found that the electrostatic effects
account for about 78 % of the overall attraction in the N—
H:--O H-bonded dimer. By comparison, the induction com-
ponent of this interaction represents about 14 % of the total
attractive forces, while dispersion contributes 8 % to the
stability of this structure. Thus it can be said that the N—
H--O interaction is remarkably dependent on both electro-
static and induction forces, with electrostatic forces playing
the largest role in their stability. In contrast, the stabilities of
Br---Br halogen bonds are predicted to be attributable mainly
to dispersion (50 %), while electrostatic forces, which have
been widely believed to be responsible for these types of
interactions, play a smaller role (29 %).

NQR parameters

As seen in previous section, Vg analyses have shown that
DBNA offers a remarkable array of possible sites for inter-
molecular electrostatic interactions, foremost of which are
the strongly negative nitro oxygens. In addition, the bromine
atoms in DBNA have a significant negative region (Fig. 2).
On the positive side must be considered the amine hydro-
gens. Table 3 shows the effects of HBs and halogen bonds
interactions on the Cq, and 7 parameters at the sites of "Br,
170, N and ?H nuclei of DBNA. NQR parameters were
evaluated using the M06-2X, B3LYP, and TPSSh density

Table 3 Calculated nuclear quadrupole resonance (NQR) parameters
of crystalline DBNA. Cq, values for 170, "N and "Br nuclei are in
MHz, those for ?H in kHz. For each nucleus, the value in parenthesis

functionals with 6-311++G** basis set. It is evident that the
Cq values obtained by different DFT methods are in agree-
ment with each other to within 0.52-0.86 MHz, 0.16—
0.59 MHz, 3.29-15.28 MHz and 0.94-7.23 KHz for the
70,"N, "Br and *H nuclei, respectively. In the cases of
70 and *H nuclei, the M06-2X functional slightly over-
estimates the evaluated C, values, as compared to the others
(Table 3). On the other hand, B3LYP predicts the largest Cq,
parameter for “°Br nuclei.

In crystalline DBNA [44], weak HBs exist between the pair
of amino hydrogens on one molecule and the pair of p-nitro
oxygen atoms on an adjacent molecule (Fig. 1). A quick look
at the results reveals that intermolecular N-H:--O interactions
affect the calculated 'O NQR parameters at the sites of O1
and O2; however, such an influence is exactly equivalent for
the two oxygen nuclei. As seen in Table 3, M06-2X calcula-
tions reveal that the CQ(”O) parameter decreases by
0.55 MHz depending on whether the DBNA molecule is in
the gas phase or in a crystal lattice. On the other hand, the
corresponding asymmetry parameter increases about 0.08
units on going from the single monomer to the target molecule
in the cluster. Figure 1 also indicates that the two bromine
atoms Brl and Br2 occupy somewhat the same position in the
crystalline state of DBNA. The variation in the calculated
CQ(79Br) parameters for these sites can be fully explained in
terms of the changes in the corresponding Br:-Br, C—H-Br
and Br--O bond distances between the two models. The M06-
2X calculations reveal that CQ(79Br) at the site of the bromine
atoms increases by 8.17 MHz from the monomer to the target
molecule in the cluster (Table 1). Besides, the corresponding
7N value at this site increases from 0.02 units (monomer) to
0.03 units (cluster).

In common with previous works [6, 7], N-H:-O inter-
actions make significant changes to the calculated '*N

refers to the gas phase DBNA monomer, while the other is for the
target molecule in crystalline phase

Nucleus MO06-2X B3LYP TPSSh
Cq Q Cq 7Q Co nQ

1701 14.03 (14.58) 0.69 (0.61) 13.50(14.10) 0.77(0.66) 13.16(13.79) 0.78(0.68)
o) 14.03 (14.59) 0.70 (0.62) 13.51(14.11) 0.77(0.67) 13.17(13.80) 0.79(0.68)
9Br1 566.86 (558.69) 0.03 (0.02) 582.13(570.81) 0.05(0.03) 570.15(559.33) 0.04(0.03)
Br2 567.10 (558.97) 0.03 (0.02) 582.38(571.09) 0.05(0.03) 570.40(559.60) 0.04(0.03)
EN 3.80 (4.49) 0.36 (0.23) 3.87(4.63) 0.34(0.21) 3.85(4.59) 0.32(0.19)
BN 1.76 (~1.47) 0.81 (0.98) 133(1.10) 0.13(0.34) 1.17(0.96) 0.29(0.11)
2H1 265 (277) 0.18 (0.20) 260(271) 0.18(0.21) 258(269) 0.17(0.20)
22 265 (277) 0.18 (0.20) 261271) 0.18(0.21) 258(269) 0.17(0.20)
2H3 210 (212) 0.05 (0.04) 209(209) 0.05(0.05) 210(210) 0.05(0.04)
2H4 210 (212) 0.05(0.04) 209(209) 0.05(0.05) 210(210) 0.05(0.04)
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NQR parameters. As Fig. 1 indicates, there are two crys-
tallographically distinct nitrogen sites in DBNA [44]:
amine '*NH,, and nitro "“NO,. From Table 3, it can be
seen that all of the CQ(14N) values of the monomer DBNA
lie within the —1.47-4.63 MHz and that of '*NO, is rela-
tively lower than "*NH,. Evidently, different Cq and ng
values observed for the nitrogen sites in the monomer
DBNA must arise from differences in the surrounding
environment. A quick look at the results reveals that inter-
molecular hydrogen/halogen bonding interactions affect the
calculated "*N NQR parameters at the N1 and N2 sites;
however, such an influence is not equivalent for the two
nitrogen nuclei. Table 3 indicates that variation in the
calculated NQR parameters of N2 between the two molec-
ular models is more significant than for N1, with differ-
ences of up to 3.23 MHz and 0.17 units for CQ(MN) and
the magnitude of the asymmetry parameter, respectively. In
contrast, the NQR parameters for N1 show less sensitivity
to hydrogen/halogen bonding. Figure 1 indicates that N1
contributes to the N-H-+O as well as intramolecular N—
H--Br H-bonding interactions in crystalline DBNA. Be-
cause of the proper H-bonding distances, Co(N1) decreases
by 0.69 MHz from the monomer to the target molecule in
the cluster. The 7 parameter increases by 0.13 units from
the monomer to the cluster. The calculated Cq and 7q
parameters for N1 in crystalline DBNA is 3.80 MHz and
0.36 units, which differ slightly from those of crystalline
aniline (exp. 3.933 MHz and 0.27 units) [74].

As mentioned above, the positive Vg region on the
amine hydrogens is interacting with the negative poten-
tial on the side of the nitro oxygens and bromine atoms.
It thus seems justified to describe the formation of these
interactions as electrostatically driven. Table 3 summa-
rizes the calculated and reported experimental NQR
parameters of the amine hydrogen atoms (H1 and H2).
Due to the HBs, the Cg (*H) value at the NH, site
undergoes a significant change from the monomer to the
target molecule in the cluster. More specifically, M06-
2X/6-311++G** calculations reveal that NQR parame-
ters at this site vary considerably between the monomer
and octamer cluster, ACq =12 kHz and Ang=0.02
units. The calculated Cq and 7 values for the H1 and
H2 of the target molecule are obtained to be 265 kHz
and 0.18 units, respectively. These values, which are
obtained by taking the whole cluster into consideration,
are expected to be close to that of aniline (Cq=
236 MHz and 71,=0.18 units) [75]. From Fig. 1, it is
clear that molecules No. 4 and 6 are capable of making
a weak C-H-Br interactions with the target molecule,
feps-p=3.036 A, - C-H-Br=164°. Because of the
unusual nature of the C—H--'Br interaction in biological
systems, it is therefore of interest to examine the effect
of this interaction on the *H NQR parameters in more

detail. However, as the results of Table 3 illustrate,
including the C-H---Br type H-bonding interaction
decreases the calculated CQ(zH) by 2 kHz and increases
the 1o value by 0.01 units. This is due to the limited
involvement of this group in the intermolecular interac-
tion of crystalline DBNA.

Summary

In summary, we have systematically investigated the hydro-
gen/halogen bonding interaction in crystalline DBNA. We
also focused on the decomposition of the interaction energy
into physically meaningful terms and characterized and
described the intermolecular interaction on the basis of the
parameters of molecular properties. Our results can be sum-
marized as follows:

(1) The results of surface electrostatic potential analy-
sis revealed that there is a strong positive potential
encompassing the amine hydrogen, with Vg .=
+47.4 kcal mol !. Moreover, there is also a smaller
and weaker positive region on the outermost por-
tion of each bromine, centered about the intersec-
tion of its surface with the C—Br axis.

(2) The small values of ppcp, the positive values of the
VzpBCP and the nearly zero values of Hgcp suggest that
the all N—H--O, C—H--'Br and Br:-O intermolecular
interactions are weak and basically electrostatic in
nature.

(3) This study found that the values of the interaction
energies depend considerably on the method used
and/or the dimer considered. A more detailed analy-
sis of these results shows that, in general, the MP2
method provides larger stabilization energy than the
others.

(4) It is found that SAPT2 binding energies are all
slightly higher than those of MP2 as computed using
the 6-311++G** basis set, and that the difference
between MP2 and SAPT energies increases as the
interaction between the DBNA monomers becomes
more negative.

(5) From SAPT analysis, it is concluded that for the N—
H---O, C-H---Br and Br:--O interactions, the most sta-
bilizing interaction energy component is the electro-
static one. However, for the Br--Br interaction, the
exchange energy becomes even larger than the absolute
value of the electrostatic energy, but the large attractive
induction and dispersion energies lead to a stabilizing
interaction. The stabilities of the Br-Br halogen bonds
are predicted to be attributable mainly to dispersion
(50 %), while electrostatic forces, which have been
widely believed to be responsible for these types of
interactions, play a smaller role (29 %).
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(6) Our results indicate that NQR parameters of '’0,"N,

"Br, and “H nuclei in crystalline DBNA are influenced
by hydrogen/halogen bonding interactions and, as
such, are appropriate parameters with which to charac-
terize the properties of these interactions.
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