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a b s t r a c t

The MP2 ab initio method, and the M052X and the B3LYP density functional theory methods were used to
investigate the geometries and energetics of dimers and trimers of formamidine and its mono-haloge-
nated analogues. The primary purpose of this study is to examine the strength of the resonance-assisted
NAX� � �N interactions for X = H (hydrogen bond), relative to that for X = Cl, Br, or I (halogen bond). It is
found that, for the dimers and trimers studied here, the hydrogen bond interaction is stronger than
the halogen bond interactions when the halogen is either Cl or Br. For dimers, the NAH� � �N interaction
is actually of comparable strength to that of the NAI� � �N interaction. For example, at the MP2 level the
NAH� � �N interaction energy is �7.47 kcal/mol, and the corresponding NAI� � �N interaction energy is
found to be �7.13 kcal/mol. Trimerization produces a small decrease in the hydrogen bond strength, with
a hydrogen bond energy of �6.90 kcal/mol at the MP2 level. The opposite is true for the halogen bonds
which actually get stronger upon trimer formation, not all to the same extent though. At the MP2 level,
for instance, the magnitudes of the interaction energies increase by factors of 1.28 and 1.98 for NACl� � �N
and NABr� � �N respectively. A much more substantial increase factor of 3.36 is found in the NAI� � �N inter-
action energy upon trimer formation. The strengthening of the NAI� � �N interaction is so dramatic that the
iodine is found midway between the two nitrogen atoms, and the interaction in the trimer is better
described as a symmetric N� � �I� � �N interaction.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The pivotal role that non-covalent interactions play in chemis-
try, biochemistry, and materials science is well recognized by the
scientific community at large [1–4]. Without a doubt, the most
investigated of these interactions is the highly directional hydro-
gen bond interaction. In the almost 100 years since its inception
in the literature [5], the term hydrogen bond has been the subject
of a great many books, see for example [6–10] for some current
contributions, and a myriad of research publications that can be
seen, for example, in a number of recent review articles [11–19].
Despite the long history and the many publications using the term
hydrogen bond, it should be noted that the lack of a universally ac-
cepted understanding of what constitutes a hydrogen bond has
been the source of some controversies. See for example the reviews
on blue-shifting in hydrogen bonds [15,16], or the issue of weak
and non-conventional hydrogen bonds [8,17,18]. To provide a
common conceptual framework to discuss the hydrogen bond, an
IUPAC Technical Report was released very recently where the
All rights reserved.
following definition is recommended [20,21]: The hydrogen bond
is an attractive interaction between a hydrogen atom from a molecule
or a molecular fragment XAH in which X is more electronegative than
H, and an atom or a group of atoms in the same or a different mole-
cule, in which there is evidence of bond formation. The report was re-
leased by a Task Group charged with categorizing hydrogen
bonding and other intermolecular interactions. The Task Group
considered what is currently known, experimentally and theoreti-
cally, about the hydrogen bond as a basis for the recommended
definition. The Task Group also acknowledges that the criteria
and characteristics used to define a hydrogen bond are likely to
evolve with the advent of new theoretical and experimental tech-
niques. In fact, in a recent review, Grabowski discusses the issue of
covalency in hydrogen bonding using geometry, energetic, natural
bond orbital, and atoms in molecules or topological analysis crite-
ria [19]. Sánchez-Sanz et al. have recently proposed the use of
fragment based method to estimate electron density shifts to
investigate non-bonding intramolecular interactions including
hydrogen bonds, N� � �Br, halogen–halogen interactions among oth-
ers [22]. Mo has just published a paper questioning whether the
theory of atoms in molecules topological parameters can provide
an effective measure of hydrogen bond strength [23].

http://dx.doi.org/10.1016/j.comptc.2012.07.032
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Another directional non-covalent interaction that has begun to
receive a great deal of attention over the last two decades is the
halogen bond interaction [24]. Although a recommended definition
is yet to be released by the IUPAC Task Group, some researchers
have already advanced insightful definitions of what a halogen
bond is. For example, Legon [25] has suggested the following def-
inition echoing that for the hydrogen bond definition given by the
IUPAC Task Group: The halogen bond is an attractive interaction be-
tween a halogen atom X from a molecule or fragment RAX in which R
is a group more electronegative than X or is X itself, and an atom or a
group of atoms A in the same molecule RAX or in a different molecule
B, where there is evidence of bond formation. A much shorter and
thought-provoking definition has been given by Metrangolo et al.
[26]: Halogen bonding is the non-covalent interaction where halogen
atoms function as electrophilic species. Indeed, the notion that an
atom surrounded by lone pairs is somehow able to accept addi-
tional electron density from other atoms is mind bugging. Not all
halogens have the same ability to form halogen bonds, however,
and even for the same halogen, the ability to form a halogen bond
and the strength of the interaction depends on the atom or group
to which it is covalently bonded. The halogen bond interaction
has been explained in terms of the positive electrostatic potential
that a covalently bonded halogen atom may develop in its outer
side, opposite to the covalent bond and pointing toward any poten-
tial electron donor [27–29]. This region of positive electrostatic po-
tential has been termed the r-hole, and is responsible for the
directional properties of the halogen bond. It has been found that
the strength of a halogen bond increases with the halogen atoms’s
size (polarizability) and with the electron-withdrawing nature of
the atom or group the halogen atom is covalently bound to, which
increases the magnitude of the positive potential. The strength of a
halogen bond follows the general trend F < Cl < Br < I. Fluorine
atoms in common organic molecules usually show a little, if any,
positive electrostatic potential, but they also might function as hal-
ogen bonding donors [30]. A definition that incorporates more
explicitly the origin of the interaction has been proposed by
Politzer et al. [31]: A halogen bond is a highly directional, electrostat-
ically-driven non-covalent interaction between a region of positive
electrostatic potential on the outer side of the halogen X in a molecule
RAX and a negative site B, such as a lone pair of a Lewis base or the
p-electrons of an unsaturated system.

The growing importance of the halogen bond is highlighted by
recent review articles [24–35] and a book devoted to its fundamen-
tals and applications [36]. The book and recent reviews demon-
strate the explosive and ongoing growth in the number of
publications concerned with the halogen bond. The halogen bond
has found applications in a wide variety of fields including chem-
istry, biology, drug design, and materials science. Some authors
have conducted systematic comparisons between the hydrogen
bond and the halogen bond [37–41]. These studies demonstrate
that the halogen bond and the hydrogen bond could compete
and even interfere with each other, but the two interactions could
also coexist and cooperate in building more complex and func-
tional supra-molecular structures.

One area of fundamental interest is the possible non-additive or
cooperative enhancement of intermolecular interactions like
hydrogen and halogen bond interactions. It should be noted,
however, that the number of studies on possible cooperative
effects in halogen-bonded clusters is much smaller than the
corresponding studies on hydrogen bonded clusters. Some recent
studies on the cooperative effects in halogen bonds have been
reported [42–48]. The primary purpose of the present study is to
contribute to the growing overall understanding of the halogen
bond. In particular, the strength of the NAX� � �N interactions for
X = Cl, Br, or I (halogen bond) relative to that for X = H (hydrogen
bond) is examined in formamidine and its mono-halogenated
analogues chosen as convenient model systems for resonance-as-
sisted X-bond interaction.
2. Computational details

Geometry optimizations and frequency calculations were car-
ried out using the GAUSSIAN 09 program [49]. Except for the iodine
atom, the calculations were performed with the Dunning’s aug-cc-
pVDZ correlated basis set [50,51]. To account for relativistic effects
in the iodine-containing clusters, scalar-relativistic pseudopoten-
tials along with the aug-cc-pVDZ-PP basis set were used for the io-
dine atom [52], and the aug-cc-pVDZ was used for the other atoms.
Both the B3LYP [53–56] and M052X [57,58] density functional the-
ory (DFT) methods were employed for geometry and frequency cal-
culations. In a recent publication, Wang et al. examined the
reliability of the M052X functional for halogen-bonded complexes
and found it to perform on average quite well, even better than
the B3LYP functional, against the MP2/aug-cc-pVTZ level of theory
[59]. The calculated harmonic vibrational frequencies confirmed
whether or not an optimized geometry corresponded to a minimum
on the potential energy surface. Geometry optimizations were per-
formed using the Opt = tight, and Int = Ultrafine options. The DFT
optimized geometries were used as starting initial geometries for
optimizations using the MP2 method and the same basis sets as
those used with the DFT methods. Frequency calculations at the
MP2 level were computed only for the MP2 optimized monomers
and dimers. Interaction energies were computed at the same level
of theory the geometries were obtained, and they were also cor-
rected for basis set superposition error (BSSE) using the Boys–Ber-
nardi counterpoise procedure [60]. The theory of atoms in
molecules (AIM) of Bader [61] as implemented in the Gaussian 09
and the AIM2000 software package [62] was employed to analyze
topological features of electron density of the MP2 optimized struc-
tures. Second order perturbation theory analysis of Fock Matrix in
Natural Bond Order (NBO) basis were obtained for the various
MP2 optimized molecular systems using the NBO program as
implemented in the Gaussian 09 package [63–65]. Both AIM and
NBO analyses were performed on B3LYP/aug-cc-pVDZ wavefunc-
tions of minimum energy structures obtained with the same basis
set at the MP2 level. Again, for the systems containing iodine atoms
the aug-cc-pVDZ-PP basis set for I, and aug-cc-pVDZ basis set for
the other atoms were used for the AIM and NBO calculations.
3. Results and discussion

3.1. Geometries

Selected MP2 optimized geometrical parameters of the
HN@CHNHX (X = H, Cl, Br, or I) molecules in its E configuration
are shown in Table 1. Fig. 1 shows the general shape of the mole-
cule conveniently labelled to facilitate discussion. Selected geo-
metrical parameters for MP2 optimized dimers and trimers are
also listed in Table 1. The optimized parameters obtained with
the DFT methods M052X and B3LYP are found in Tables 2 and 3
respectively. With regard to the monomers, both DFT methods pre-
dict fairly similar (within 0.006 Å) N@C, CAN, and NAH bond
lengths. The corresponding MP2 bond lengths are longer (0.014–
0.021 Å). The B3LYP nitrogen-halogen bond lengths are somewhat
longer (0.026–0.031 Å) than the M052X values. The MP2 values lie
in between those predicted by the two DFT methods. The extent of
pyramidalization around nitrogen in the NHX group can be gauged
by the dihedral angles sXNHC, and sHNACH. Accordingly, the pyrami-
dal character on the NHX motif should decrease with increasing
sXNHC values, and decreasing sHNACH values. Both DFT methods pro-
duce very similar values for these dihedrals, but the MP2 results



Fig. 1. Formamidine (X = H) and its mono-halogenated analogues (X = Cl, Br, or I)
used to investigate intermolecular halogen and hydrogen bond interactions.

Table 1
Selected geometrical parameters for HN@CHNHX clusters obtained at the MP2 level. Distances in Å, and angles in �.

X N@C CAN NAX sXNHC sHNACH

Monomers
H 1.293 1.382 1.015 141.3 27.0
Cl 1.285 1.401 1.743 129.4 41.7
Br 1.286 1.398 1.884 130.8 40.0
I 1.288 1.392 2.072 134.3 35.9

X N@C CAN NAX sXNHC sHNACH X� � �N HNAX� � �N X� � �X

Dimers
Cyclic

H 1.305 1.356 1.035 180.0 0.4 1.906 175.3 2.593
Cl 1.290 1.393 1.743 131.5 39.0 3.042 166.0 3.324
Br 1.294 1.387 1.885 134.7 35.0 3.011 162.2 3.417
I 1.300 1.375 2.073 143.8 25.7 3.064 156.8 3.627

Open
I 1.296 1.380 2.086 141.3 27.7 2.755 177.0 3.890

1.295 1.375 2.065 142.9 27.2 4.606 133.4

Trimers
C3 symmetry

H 1.304 1.355 1.020 177.5 0.0 1.976 152.8 3.415
Cl 1.290 1.391 1.746 132.3 36.4 2.855 169.9 3.741
Br 1.296 1.376 1.899 137.9 27.0 2.667 170.5 3.839
I 1.328 1.328 2.263 151.2 1.7 2.263 171.7 3.953

C1 symmetry
H 1.306 1.354 1.033 174.2 6.0 1.898 169.7 3.041

1.302 1.360 1.028 156.9 12.2 1.989 156.0 3.045
1.305 1.361 1.035 149.4 10.8 1.923 160.0 2.929

Average 1.304 1.359 1.032 160.2 9.7 1.937 161.9 3.005
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show sXNHC and sHNACH values that are respectively smaller, and
larger than their DFT counterparts. Nonetheless, based on these
dihedral angles, all methods predict the following trend in the de-
gree of pyramidalization for the various monomers:
NHCl � NHBr > NHI > NHH.

Initial guess geometries for the dimers studied here are based
on a cyclic structure in which each molecule acts simultaneously
as an X-bond donor and as an X-bond acceptor (X = H, Cl, Br, or
I). Upon geometry optimization and frequency calculations, all
methods agree that the cyclic structure is indeed a minimum for
X = H, but a saddle point of first order (one imaginary frequency)
for X = I. Fig. 2A shows the MP2 optimized dimer for X = H. A fur-
ther geometry optimization with all methods for the dimers of
X = I, using a guess geometry resulting from perturbing the mole-
cule along the imaginary frequency, leads to a minimum-energy
open structure with one molecule acting as the I-bond donor and
the other as the I-bond acceptor. Figs. 2B and 2C show respectively
the resulting cyclic and open dimers. For dimers for which X = Cl,
or Br, both MP2 and M052X find the cyclic structures to be
minimum energy structures, but in sharp contrast, B3LYP finds
the cyclic structures for these dimers to be saddle points of first or-
der, and the open structures to be the actual minimum energy
structures. Interestingly, optimizing the B3LYP open structures
(for X = Cl, Br) with either the M052X or the MP2 method results
in the cyclic structures found originally with these methods.

With regard to intermolecular geometrical parameters, all the-
oretical models find the X� � �N distances to be much shorter than
the sum of the van der Waals radii confirming that a sizeable
attractive interaction is taking place. For the cyclic dimers, the lin-
earity of the NAX� � �N interaction is largest for X = H (about 175�),
but it undergoes a sizable reduction when X is a halogen. For
example, at the MP2 level the reduction in the NAX� � �N angles
are about 10�, 13�, and 19� for X = Cl, Br, and I respectively. The
reduction in the NAX� � �N angle can be understood as the dimer
trying to adopt a geometry that strikes a balance between the
attractive halogen bond interaction, and the steric strain brought
about by the proximity of two large halogen atoms in the cyclic di-
mers. All methods agree that the repulsive I� � �I interactions in the
cyclic structure are too large to be overcome by the NAI� � �N inter-
actions, and the dimer adopts rather a more open structure with an
I� � �I distance much larger than that in the cyclic dimer. The most
pronounced difference is given by the B3LYP method (0.372 Å), fol-
lowed by M052X (0.297 Å), and then MP2 (0.263 Å). In general for
X = halogen, the B3LYP results suggest that the steric X� � �X interac-
tions are dominant irrespective of the halogen atom, and thus pre-
dict open structures. With only one halogen-bond interaction in
the open dimers, the corresponding X� � �N distances are much
shorter, and the NAX� � �N angle much wider than those in their
cyclic dimer counterparts. Based on the intermolecular geometrical
parameters, the strength of the NAX� � �N interaction in the
minimum energy dimers follows the order NAH� � �N >



Table 2
Selected geometrical parameters for HN@CHNHX clusters obtained at the M052X level. Distances in Å, and angles in �.

X N@C CAN NAX sXNHC sHNACH

Monomers
H 1.275 1.367 1.007 151.8 19.0
Cl 1.266 1.386 1.720 135.1 36.5
Br 1.266 1.385 1.872 134.3 36.2
I 1.268 1.378 2.059 139.2 30.8

X N@C CAN NAX sXNHC sHNACH X� � �N HNAX� � �N X� � �X

Dimers
Cyclic

H 1.287 1.346 1.026 180.0 0.0 1.954 175.7 2.584
Cl 1.271 1.378 1.719 138.0 32.6 3.117 164.9 3.373
Br 1.273 1.374 1.869 139.4 30.9 3.131 161.5 3.481
I 1.282 1.358 2.060 155.7 16.4 3.084 156.7 3.612

Open
I 1.277 1.364 2.073 149.4 20.8 2.797 177.1 3.908

1.276 1.360 2.051 151.5 19.8 4.685 132.6

Trimers
C3 symmetry

H 1.286 1.345 1.020 180.0 0.0 2.047 150.6 3.384
Cl 1.269 1.375 1.720 139.8 31.3 2.931 163.4 4.346
Br 1.274 1.365 1.878 143.0 24.2 2.787 168.5 4.003
I 1.313 1.313 2.267 153.5 0.7 2.263 171.5 3.974

C1 symmetry
H 1.286 1.349 1.024 158.8 6.3 1.998 158.5 3.169

1.287 1.345 1.023 179.6 2.3 1.972 164.3 3.058
1.284 1.347 1.019 168.8 5.8 2.067 150.8 3.029

Average 1.286 1.347 1.022 168.9 4.8 2.013 157.8 3.082

Fig. 2A. MP2 minimum energy structure of formamidine cyclic dimer.

Fig. 2B. MP2 optimized mono-iodinated formamidine cyclic dimer. The cyclic
structure is a first-order saddle point at all levels of theory: MP2 (mi = 31 cm�1),
M052X (mi = 40 cm�1), and B3LYP (mi = 40 cm�1).

Fig. 2C. MP2 minimum-energy structure of mono-iodinated formamidine dimer.
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NAI� � �N > NABr� � �N > NACl� � �N. For example, at the MP2 level the
reduction of the X� � �N distances with respect to the sum of the van
der Waals radii are estimated to be 31% (X = H) > 26% (X = I) > 14%
(X = Br) > 9% (X = Cl).

Dimerization also brings about changes in the intramolecular
geometrical parameters of the constituent monomers, and the
extent to which these changes occur in the various systems is ex-
pected to reveal the relative strength of the corresponding
NAX� � �N interactions. The results from all theoretical methods
show similar percentage changes in the intramolecular parame-
ters. Close examination of the changes brought about by dimeriza-
tion reveals the importance of the N@CANAX p-conjugated
system in strengthening the NAX� � �N interaction. This is evinced
by elongation of the N@C bond and contraction of the CAN bond.
An elongation of the donor NAX bond is seen in the open dimer
structures, and in the cyclic dimer for X@H. The NAX bond changes
little upon cyclic dimerization for X = halogen which seems reason-
able as an elongation of this bond would likely increase the steric
X� � �X interaction. The largest geometric changes upon dimeriza-
tion are the decrease of sHNACH and the increase of sXNHC signalling
a reduction in the pyramidal character on the NHX motif. For
example, the large increase in sHNHC and decrease in sHNACH

obtained with all methods results in complete planarization on
the nitrogen centre in the NHH group. The increased planarity on
the NHX group enhances the polarization of the p-conjugated sys-
tem, which in turn strengthens the NAX� � �N interaction. The calcu-
lated changes in the intramolecular geometrical parameters
suggest the following ranking in the interaction strength:



Table 3
Selected geometrical parameters for HN@CHNHX clusters obtained at the B3LYP level. Distances in Å, and angles in �.

X N@C CAN NAX sXNHC sHNACH

Monomers
H 1.281 1.372 1.012 151.0 19.8
Cl 1.271 1.391 1.748 134.5 37.1
Br 1.272 1.387 1.898 135.7 35.5
I 1.275 1.380 2.090 140.0 30.8

X N@C CAN NAX sXNHC sHNACH X� � �N HNAX� � �N X� � �X

Dimers
Cyclic

H 1.294 1.350 1.036 180.0 0.0 1.908 174.6 2.602
Cl 1.276 1.383 1.744 137.6 33.7 3.241 163.9 3.472
Br 1.280 1.376 1.894 141.4 29.5 3.151 160.3 3.535
I 1.287 1.365 2.089 152.6 19.2 3.188 155.5 3.716

Open
I 1.282 1.368 2.106 149.3 21.6 2.804 173.9 4.088

1.282 1.364 2.079 151.3 20.6 5.116 127.0
Cl 1.275 1.384 1.749 137.6 33.5 2.977 175.3 3.789

1.273 1.385 1.743 136.8 34.9 4.550 142.9
Br 1.277 1.378 1.904 140.3 30.1 2.858 175.4 3.845

1.276 1.377 1.890 140.3 30.9 4.671 137.1

Trimers
C3 symmetry

H 1.293 1.352 1.029 179.8 0.0 1.983 153.3 3.419
Cl 1.276 1.379 1.747 139.8 31.2 2.942 165.5 4.403
Br 1.287 1.357 1.914 150.4 17.0 2.619 168.8 4.134
I 1.319 1.319 2.293 161.5 0.7 2.293 170.3 4.153

C1 symmetry
H 1.292 1.350 1.030 172.1 0.2 1.976 156.2 3.312

1.293 1.352 1.030 163.5 5.2 1.980 155.9 3.337
1.294 1.349 1.031 175.0 4.2 1.953 158.2 3.265

Average 1.293 1.350 1.030 170.2 3.2 1.970 156.7 3.305

Fig. 3A. MP2 optimized geometry of the mono-brominated formamidine cyclic
trimer with symmetry C3. Similar in shape are the corresponding geometries for the
trimers of mono-chlorinated formamidine, and formamidine. It should be noted,
however, that the symmetric cyclic trimer of formamidine is found to be a first-
order saddle point with the DFT methods: M052X (mi = 22 cm�1) and B3LYP
(mi = 15 cm�1). No frequency calculations were performed at the MP2 level.

Fig. 3B. MP2 optimized geometry of the mono-iodinated formamidine cyclic trimer
with symmetry C3.
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NAH� � �N > NAI� � �N > NABr� � �N > NACl� � �N. The ranking mirrors
that obtained previously based on the intermolecular parameters.

It is of interest to examine whether the above ranking of the
NAX� � �N strength remains with clusters of larger size. To that
end, trimers were optimized using cyclic structures. It was
expected that while the small size of the H atom would enable
strong H-bond interactions in the dimer with short and linear
NAH� � �N interactions, this same fact would weaken the H-bond
interactions upon trimerization due to the geometrical constrains
required for planar or quasi-planar cyclization. The opposite was
expected to be true for trimer formation of the halogen-bonded
structures. In particular, trimer formation should increase the
X� � �X distance which for the large halogen atoms would mean an
important decrease in steric repulsions. M052X and B3LYP optimi-



Fig. 4. MP2 optimized geometry of the mono-chlorinated formamidine cyclic
trimer with symmetry C1. The C1 cyclic trimer of formamidine is found to be a
minimum energy structure (no imaginary frequencies) with the DFT methods
M052X and B3LYP.

188 R.D. Parra / Computational and Theoretical Chemistry 998 (2012) 183–192
zation of the symmetric halogen-bonded trimers resulted in mini-
mum energy structures of C3 symmetry. The symmetric H-bonded
trimer (X@H) was found to be a saddle point of first order at the
B3LYP (mi = 15 cm�1), and at the M052X level (mi = 22 cm�1). For
any given trimer, further optimization at the MP2 level using as
initial guess the optimized geometry of either DFT method resulted
in the same structure whose overall shape is exemplified by that of
the trimer of mono-bromo formamidine shown in Fig. 3A. Relevant
structural parameters are listed in Tables 1 (MP2), 2 (M052X), and
3 (B3LYP).

All theoretical methods predicted a severe deviation from line-
arity of the NAH� � �N bond, which according to Table 1 amounts to
22.5� reduction relative to the cyclic dimer. Another striking fea-
ture, upon formation of the symmetric H-bonded trimer, is the sig-
nificant elongation of the NAH� � �N intermolecular distance,
accompanied by the also significant shortening of the covalent
NAH distance. At the MP2 level, for example, the NAH� � �N dis-
tance is larger by 0.070 Å, and the NAH bond shorter by 0.015 Å,
with similar results from the DFT geometries (Tables 2 and 3). All
these geometrical changes show that formation of the symmetric
trimer weakens the H-bond interaction relative to the H-bonded
dimer. All methods consistently showed that the deviation from
linearity in the halogen-bonded trimers is less than that in the
hydrogen-bonded trimer. Relative to the respective cyclic dimers,
the increase in the NAX� � �N angle follows the order NAI� � �N >
NABr� � �N > NACl� � �N. For the open dimers, however, the NAX� � �N
angles are actually larger. Trimer formation for the halogen-
bonded systems also results in very important reductions in both
the NAX� � �N and the X� � �X intermolecular distances. The changes
in these geometrical parameters, and in fact in all the parameters
listed in Table 1, indicate that the halogen-bond interaction is
stronger in the trimers than in the corresponding dimers, a result
contrary to what was noted for the H-bond interaction. Clearly
the most striking geometrical changes upon trimer formation hap-
pen for the NAI� � �N interaction. Indeed, the strengthening of the
interaction is so dramatic that iodine is now symmetrically located
between the two nitrogen atoms as N� � �I� � �N as shown in Fig. 3B.
The effective detachment of the iodine atom causes the rest of
the molecule to adopt an essentially planar geometry with a close
to zero sHNACH angle, and identical carbon-nitrogen bond lengths.
Such an abrupt change in bonding pattern can only be generated
by especially strong-enough interactions capable of overcoming
the large energy required to produce the geometrical deformation
of the constituent monomers in the trimer. To the best of the
author’s knowledge, the symmetric N� � �I� � �N interaction found in
this work is the first reported for a neutral halogen-bonded trimer
cluster in the gas phase. This finding complements that by Carlsson
et al. who very recently reported experimental evidence confirm-
ing the existence of symmetric [N� � �I� � �N]+ interactions both in
solution and in the crystal [66,67]. The authors used model sys-
tems containing two pyridine-type Lewis bases to bind an electro-
positive iodine or bromine. The authors discovered that symmetric
[N� � �Br� � �N]+ also exists in solution. The experimental results were
supported by B3LYP calculations. Interestingly, the calculated
[N� � �I� � �N]+ distances of 2.301 Å are very close to the values ob-
tained in this work for the neutral clusters: 2.293 Å at the B3LYP
level, and 2.263 Å at both the M052X and MP2 levels.

In an effort to find a minimum energy structure for the H-
bonded trimer, further geometry optimizations were performed
with the two DFT methods using an initial guess geometry result-
ing from perturbing the molecule along the pertinent imaginary
frequency found in the symmetric trimer. Both methods yielded
optimized geometries that are indeed minimum energy structures
(no imaginary frequencies). The structural parameters are summa-
rized in Tables 2 (M052X), and 3 (B3LYP). Optimization at the MP2
level using the optimized geometry of either DFT method con-
verged to the same structure of symmetry C1, and is shown in
Fig. 4, with relevant geometrical parameters listed in Table 1. All
theoretical methods agree with the overall shape of the trimer.
The methods also show consistently that the three H-bonded inter-
actions in the minimum energy trimer are no longer identical, and
that even this structure exhibits a sizeable decrease in the strength
of the H-bond interaction relative to the cyclic dimer. The weaken-
ing effect is not as pronounced as in the symmetric, C3, cyclic tri-
mer, however. For example, at the MP2 level the average H-bond
distance in the trimer of C1 symmetry is shorter by about
0.040 Å, and the NAH� � �N angle is wider by about 9� than in the tri-
mer of C3 symmetry. Moreover, the monomers in the minimum en-
ergy trimer also show, an average, a pyramidal structure on the
NHH centre with sXNHC, and sHNACH values that are respectively
about 18� smaller and 10� larger than those in the more symmetric
trimer.

3.2. NAX vibrational frequency shift

Changes in the strength of the NAX� � �N interaction upon trimer
formation should also manifest in the frequency shift of the NAX
stretching donor in the trimer and the dimer. The calculated har-
monic frequencies of the NAX stretching mode associated with
the NAX donor in each dimer and trimer complex are listed in
Table 4. As expected, the weakening of the H-bond interaction is
manifested in a large blue shift in the NAH stretching frequency,
regardless of the method used. In contrast, an equally sizeable
red shift in the donor NAI stretching frequency reveals a major
strengthening of the NAI� � �N interaction upon trimerization. For
the other two halogens, the frequency shifts to the red, although
rather small, do indicate the cooperative strengthening of the
NAX� � �N interactions in the corresponding the trimers.

3.3. Energetics

The average energy of interactions, defined as the interaction
energy divided by the number of NAX� � �N interactions in the clus-
ter, are listed in Table 5 for each one of the optimized dimer and
trimer structures. The interaction energies were obtained as the



Table 4
NAX stretching frequencies (cm�1) of the NAX donor calculated with the M052X and
B3LYP methods.

X Cyclic dimer C3 Trimer Open dimer C1 Trimer

M052X
H 3326 3467 3448

3273 3435 3349
3407 3324

Cl 676 670
671 665

665
Br 590 580

586 580
579

I 536 369 519
531 318

318

B3LYP
H 3193 3307 3291

3132 3307 3280
3275 3247

Cl 638 636 628
635 630

630

Br 560 531 548
557 530

527

I 500 335 490
498 300

298

Table 5
Average interaction energies, DEInt, and average complexation energies, DEcomp, in
kcal/mol.a.

X DEInt DEcomp

MP2 M052X B3LYP MP2 M052X B3LYP

Cyclic dimer
H �7.47 �7.41 �7.19 �6.46 �6.75 �6.34
Cl �1.75 �1.77 �0.35 �1.67 �1.71 �0.27
Br �2.59 �2.44 �1.08 �2.37 �2.27 �0.90
I �3.28 �4.17 �1.93 �2.69 �3.45 �1.42

Open dimer
I �7.13 �8.20 �5.52 �6.73 �7.77 �5.09
Cl �0.77 �0.70
Br �2.64 �2.53

C3 Trimer
H �6.87 �6.74 �6.58 �5.64 �5.87 �5.44
Cl �2.24 �1.96 �0.87 �2.10 �1.89 �0.69
Br �5.13 �4.58 �4.84 �3.90 �4.04 �3.28
I �23.94 �27.82 �25.14 �9.11 �11.81 �10.54

C1 Trimer
H �6.90 �6.83 �6.64 �5.89 �6.03 �5.56

a Average DEInt refers to the BSSE-corrected interaction energy divided by the
number of NAX� � �N interactions in the cluster, assuming that each isolated
monomer has the same geometry as that in the complex. Average DEComp takes into
account the increase in energy of the monomers in the clusters due to the geo-
metrical deformations that each monomer suffers upon cluster formation.
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difference between the energy of the cluster and the sum of the
energies of the constituent monomers, assuming they have the
same geometries as in the corresponding dimers or trimers. All
interaction energies were corrected for basis set superposition er-
ror (BSSE). Also listed in Table 5 are the average complexation
energies of the clusters which take into account the increase in en-
ergy of the monomers in the clusters due to the geometrical defor-
mations that each monomer suffers upon cluster formation. Thus,
the difference between complexation and interaction energies
indicates the extent to which cluster formation perturbed the
geometry of the constituent monomers relative to their geometries
when they are isolated and fully relaxed or optimized. In particu-
lar, the results for the formamidine dimer listed in Table 5 are in
accord with the high-level ab intio results reported by Šponer
and Hobza [68].

Based on either the average interaction energies or average
complexation energies, The MP2 method and the two DFT methods
agree on the following interaction strength sequence in the di-
mers: NAH� � �N > NAI� � �N > NABr� � �N > NACl� � �N. It is worth not-
ing that the M052X results are generally close to those obtained
using the MP2 method. The major difference occurs for the NAI� � �N
dimer interactions which tend to be overestimated with the
M052X method. The B3LYP energetic results of the H-bonded di-
mer are fairly close to those given by the other two methods. How-
ever, the B3LYP results for the halogen-bonded dimer structures
are substantially higher (smaller in magnitude) than those pre-
dicted by the other two methods.

Table 5 shows that trimerization destabilizes the H-bond inter-
action as seen in a decrease of about 8% in the magnitude of the
average H-bond interaction energy regardless of the theoretical
method used. A similar reduction of about 13% is seen for the aver-
age complexation energy upon trimer formation of the NAH� � �N
interactions. Interestingly, the average interaction energies of the
two different trimers of the NAH� � �N interactions are very similar,
although it should be recalled that the trimer with C3 symmetry is
not a minimum but a saddle point of first order. For the halogen-
bonded systems, on the other hand, trimerization produces a very
important increase in the magnitude of the average interaction
energies. For example, the MP2 average interaction energy for the
NACl� � �N interactions in the trimer increases by a factor of 1.28
when compared with that in the dimer. The corresponding cooper-
ative increase for the NABr� � �N interaction is 1.98. The largest and
most dramatic change is seen for the NAI� � �N interaction which is
found to increase by a factor of 3.36, when compared with that in
the open dimer. The increase factors calculated with the two DFT
methods are fairly similar to those found with the MP2 method, ex-
cept for the B3LYP increase factor of 4.55 for the NAI� � �N interac-
tion. This factor is much larger than those obtained with the MP2
(3.36) and M052X (3.39) method. As a reference, Carlsson et al. re-
ported electronic binding energies for the symmetric [N� � �I� � �N]+

interactions in the two model systems employed, at the B3LYP level
and using the PCM method with CD2Cl2 as solvent, that correspond
to average values of about 20.0 kcal/mol and 17.3 kcal/mol [67].
These values, although smaller, compare well with those found
for the trimer clusters studied here.

The increase factors for the complexation energies of the
NACl� � �N, and NABr� � �N are somewhat comparable to those for
the corresponding interaction energies. A dramatic reduction in
the increase factor is found for the NAI� � �N complexation energies.
For example, while the MP2 average interaction energy in the tri-
mer is 3.36 times that found in the open dimer, the respective
average complexation energy is 1.35 times that of the open dimer.
This reduction in the increase factor can be traced down to the very
large deformation energy that each monomer in the trimer under-
goes, when compared with that upon dimer formation. At the MP2
level, for example, while dimer formation increases the energy of
each monomer due to deformation by 0.43 kcal/mol, trimer forma-
tion raises the energy of a monomer by 14.84 kcal/mol. Such large
deformation energy is not observed in the other two halogen-
bonded systems; indeed the deformation energies in these trimers
are comparable to those of their dimers.

3.4. AIM and NBO

The strength of the various NAX� � �N interactions was also
studied by analyzing some relevant topological parameters of the



Table 6
MP2 average interaction energies, DEInt, and B3LYP average nN ! r�NAX delocaliza-
tion energies, E(2) in kcal/mol. B3LYP topological parameters in 10�2 au. Properties
calculated for the MP2 minima.

X DEInt E(2) qc Hc �Vc/GC

Dimer
Cyclic

H �7.47 20.61 3.305 �0.221 1.10
Cl �1.75 2.01 1.099 0.151 0.80
Br �2.59 4.07 1.405 0.124 0.87

Open
I �7.13 15.66 2.760 �0.566 1.55

Trimer
C3 Symmetry

Cl �2.24 2.92 1.533 0.166 0.86
Br �5.13 10.60 2.679 �0.004 1.00
I �23.94 106.40 7.650 �3.645 1.80

C1 Symmetry
H �6.90 15.61 2.929 �0.086 1.04

Fig. 5. Linear correlation between the magnitude of the average interaction
energies and the electron charge density at the X� � �N critical point, qcp.

Fig. 6. Linear correlation between the magnitude of the average interaction
energies and the average nN ! r�NAX delocalization energies E(2).
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electron densities at the hydrogen bond (X = H) or halogen-bond
(X = Cl, Br, or I) critical points through the theory of atoms in mol-
ecules, AIM, of Bader [61]. The results for the MP2 minimum en-
ergy dimers and trimers are shown in Table 6, along with the
average interaction energies. Inspection of Table 6 reveals that
the magnitude of the electron density calculated at the NAX� � �N
bond critical point, qc, correlates with the calculated interaction
energies. The fairly linear correlation is better appreciated in
Fig. 5. The good correlation between qc and the hydrogen bond
or the halogen bond strength has been pointed out by others
[69–72]. Previous studies have also suggested that the sign of the
total electron energy density at the bond critical point, Hc, reveals
the nature of the interaction as partly covalent (Hc < 0), or non-
covalent (Hc > 0). The ratio �GC/Vc, where GC and Vc represent the
kinetic and potential energy densities at the critical point, has also
been used to indicate the nature of an interaction [19]. Thus, a
partly covalent interaction is said to exist if this ratio is between
1 and 2, while a weak closed-shell interaction is said to exist if
the ratio if smaller than 1. A covalent interaction is found to corre-
spond with �GC/Vc > 2. From Table 6, it is apparent that both Hc

and �GC/Vc, consistently show that partially covalent NAX� � �N
interactions exist for the dimers when X = H or I, but closed-shell
interactions exists when X = Cl or Br. The covalent character when
X = I appears more pronounced than that when X = H. Trimer for-
mation lowers somewhat the covalent character of the NAH� � �N
interaction, but heightens dramatically the covalent character for
the NAI� � �N interaction. The cooperative strengthening of the
NABr� � �N interaction upon trimerization is seen to result in a
partly covalent character for this interaction. Although the
NACl� � �N interaction gains strength in the trimer, it remains a
weak closed-shell interaction.

Additionally, the Natural Bond Orbital (NBO) analysis was per-
formed to obtain the stabilization energy by second order pertur-
bation theory, E(2). The NBO focus is on the stabilization energy
resulting from interactions between the filled lone-pair orbital of
the nitrogen acting as X-bond acceptor, and the empty anti-bond-
ing orbital of the halogen-bond donor NAX: nN ! r�NAX . The results
for the MP2 minimum energy dimers and trimers are also shown in
Table 6. Inspection of Table 6 makes apparent that the delocaliza-
tion energy E(2) is largest for the formamidine dimer, followed by
its mono-iodinated dimer analogue. Trimer formation brings about
a small reduction in E(2) for formamidine consisting with the weak-
ening of the NAH� � �N interaction as demonstrated already through
geometrical, vibrational, energetic, and topological parameters. In
general, the calculated delocalization energies correlate fairly line-
arly with the interaction energies as seen in Fig. 6. The small gain
in the NACl� � �N strength seen in the trimer is revealed by the also
small increase in the delocalization energy. The enhancement in
the delocalization energy for the NABr� � �N is important as it more
than doubles that of the dimer. However, the most substantial in-
crease in the E(2) upon trimerization is seen for the NAI� � �N inter-
action. Such a substantial increase in the delocalization energy is
connected with an equally substantial increase in the population
of the anti-bonding r�NAI orbital and hence with the weakening
and elongation (rupture) of the NAI covalent bond.

3.5. Effects of enlarging the basis set

The use of higher correlation methods and larger basis sets on
the calculated properties of the systems investigated here is cer-
tainly a subject of future work. For now, the effects of enlarging
the basis set to aug-cc-pVTZ on the properties of the weakest di-
mer interaction, namely the monochlorinated formamidine dimer,
was examined with all three theoretical methods used in this work,
and the results are summarized in Table 7. In particular, it is seen
that with the aug-cc-pVTZ both the MP2 and M052X find the cyclic
dimer structure to be a minimum energy structure, while the
B3LYP method finds that the open dimer is the minimum energy
structure. This is the same result observed with the smaller aug-
cc-pVDZ basis set. Also as seen with the smaller basis set, optimiz-
ing the open dimer using the MP2 or M052X results in the cyclic
structure. That is, no open dimer structure is found as a minimum
energy structure with these two methods. The magnitudes of the
interaction and complexation energies are found to increase by
0.35 kcal/mol at the MP2 level. There is also a small reduction
(�0.01 Å) in the Cl� � �N distance, and an increase (�0.08 Å) in the
Cl� � �Cl distance. The use of the larger basis set results in a small in-



Table 7
Effects of enlarging the basis set on calculated properties for HN@CHNHCl Dimer. Distances in Å, angles in �, energies in kcal/mol.

Cyclic dimer MP2 M052X B3LYP

aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ

Cl� � �N 3.042 3.028 3.117 3.137 3.241 3.301
HNACl� � �N 166.0 165.7 164.9 164.8 163.9 163.7
Cl� � �Cl 3.324 3.302 3.373 3.377 3.472 3.502
DEInt �1.75 �2.12 �1.77 �1.70 �0.35 �0.40
DEComp �1.67 �2.02 �1.71 �1.64 �0.27 �0.33

B3LYP

Open dimer aug-cc-pVDZ aug-cc-pVTZ

Cl� � �N 2.977 3.012
HNACl� � �N 175.3 175.8
Cl� � �Cl 3.789 3.757
DEInt �0.770 �0.46
DEComp �0.700 �0.41

aAverage DEInt refers to the BSSE-corrected interaction energy divided by the number of NAX� � �N interactions in the cluster, assuming
that each isolated monomer has the same geometry as that in the complex. Average DEComp takes into account the increase in energy of
the monomers in the clusters due to the geometrical deformations that each monomer suffers upon cluster formation.
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crease in the Cl� � �N distance, but it has little effect on the interac-
tion and complexation energies calculated with the two DFT meth-
ods and the smaller basis set for the cyclic dimer. As for the open
dimer, the use of the larger bais set results in lengthening of the
Cl� � �N distance, and in a relatively important reduction of the
interaction and complexation energies. Indeed, the interaction
and complexation energies for the open dimer are very close to
those of the cyclic dimer with the larger basis set.
3.6. Summary and future work

The results of the computational study on the intermolecular
NAX� � �N interaction occurring in dimer and trimer clusters of
formamidine (X = H), and its mono-halogenated analogues
(X = Cl, Br, or I) show that the hydrogen bond interaction is consis-
tently stronger than the halogen bond interaction when the halo-
gen is either Cl or Br. Trimerization strengthens the halogen
bond interactions but weakens the hydrogen bond interaction. De-
spite these opposite effects, the hydrogen bond remains stronger
than the halogen bond, when the halogen is Cl or Br. With regard
to X = I, it is found that the NAI� � �N interaction is of comparable
strength to the NAH� � �N interaction for the dimer clusters. Upon
trimerization, however, the NAI� � �N interaction becomes much
stronger than the NAH� � �N interaction. In fact, the iodine bond
interaction in the trimer becomes so strong that it results in the io-
dine atom being symmetrically positioned between the two nitro-
gen atoms: N� � �I� � �N. Such a drastic geometrical change appears to
be facilitated by the iodine being much larger and polarizable than
the other X atoms. Certainly the size of the iodine atom gives it a
better capacity to support the extent of positive charge developed
upon separation from the nitrogen to which it is covalently bound.
Likewise, the rest of the molecule needs to take care of the negative
charge developed upon iodine separation. Here, the N@CAN frag-
ment is instrumental in stabilizing the partial negative charge by
delocalization through the p-conjugated system.

It remains a subject of future work to investigate whether other
resonance-assisted halogen (particularly iodine) bonds exhibit the
sort of symmetric N� � �X� � �N interactions observed in the model
systems investigated in this work. It is also of great interest to
investigate the metal ion binding abilities of the halogen-bonded
trimers. Here the idea is to exploit the dual role that a halogen
atom in the NAX� � �N interaction can play: in one role, the halogen
atom is involved in a quasi-linear halogen bonding interaction
through its r-hole; in the other role, the halogen atom can interact
with electrophiles, such as metal ions, through the negative elec-
trostatic potential belt in the halogen atom that surrounds its r-
hole. The cyclic halogen-bonded trimers provide a cavity rich in
electron density where a metal ion of suitable size can fit and be
bound to the cluster. Research in this area is currently underway
in the author’s lab. This is an interesting and stimulating challenge
both for theoretical and experimental work.
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