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Abstract A theoretical study was performed to examine
hydrogen and halogen bonds properties in gas phase and
crystalline dichloroacetic acid (DCAA). The specific pattern
of O–H∙∙∙O, C–H∙∙∙O, HCl, Cl∙∙∙O and Cl∙∙∙Cl interactions in
DCAA dimers is described within the quantum theory of
atoms in molecules (QTAIM) formalism. Based on QTAIM
results, a partial covalent character is attributed to the
O–H∙∙∙O hydrogen bonds in DCAA, whereas all the C–H∙∙∙O,
Cl···O and Cl∙∙∙Cl intermolecular interactions are weak and
basically electrostatic in nature. MP2/6-311++G** calcula-
tions indicate that the interaction energies for DCAA dimers
lie in the range between -0.40 and -14.58 kcal mol-1. One of
the most important results of this study is that, according to
energy decomposition analyses, halogen bonds are largely
dependent on both electrostatic and dispersion interactions.
For those nuclei participating in the hydrogen-bonding and
halogen-bonding interactions, nuclear quadrupole coupling
constants exhibit significant changes on going from the
isolated molecule model to the crystalline DCAA. Of
course, the magnitude of these changes at each nucleus
depends directly on its amount of contribution to the
interactions.
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Introduction

In recent years, considerable attention has focused upon the
issue of noncovalent interactions due to their essential role
in structures and stabilities of a broad range of molecular
complexes and crystals [1, 2]. The hydrogen bond (HB), the
chief mode of interaction of which is through electrostatic
and charge-transfer (delocalization) forces, has been the
subject of many investigations and it is believed to be the
best characterized type of noncovalent interactions [3–6].
The HB is most frequently defined as an X–H···Y interac-
tion, where X and Y are electronegative elements and Y
possesses one or more lone electron pairs. There are also so-
called unconventional HBs such as C–H···Y, X–H···C, X–
H···π -electrons or even C-H···C [7]. One can also mention
dihydrogen bonds, a special kind of HB where the negative
charged H-atom is a proton acceptor [8]. Besides the HB,
there are also other important noncovalent interactions. A
halogen bond is a short-range RX∙∙∙YZ interaction, where X
is a halogen (typically chlorine, bromine, or iodine) that is
part of the molecule RX and YZ is a Lewis base; Y is often
an atom, such as oxygen, nitrogen, or sulfur, that has a lone
pair [9, 10]. Halogen bonds share many physical prop-
erties with the more commonly encountered HBs [11,
12] and Sandorfy et al. have shown via infrared spectra
that the former can compete and interfere with the latter
[13, 14]. It is increasingly recognized that halogen-
bonding plays a critical role in a wide variety of bio-
chemical phenomena such as protein-ligand complexa-
tion [15–17], and can be utilized effectively in drug
design. Another area of application is crystal engineer-
ing; [15] co-crystals can be produced that have specific
desired features of structure and composition, leading to,
for example, non-linear optical activity and enhanced
conducting properties.
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Considering the fact that halogen atom (X) as well as
halogen bond electron donor (Y) atoms are negatively
charged, the existence of halogen bonds is surprising. The
problem was clarified by Auffinger et al. [18], Politzer et al.
[19], and Clark et al. [20] who showed the existence of an
electropositive crown called the “ σ-hole ” at the top of the
halogen atom directed toward the electron donor (Y).
Experimental results [21–23] and theoretical calculations
[24–26] consistently show that the greater the polarizability
and the lower the electronegativity of a halogen atom, the
more positive is its σ-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 electronega-
tivity 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
halogen bond acceptors. However, it has recently been shown
that fluorine atom has the capability of forming halogen bonds
and can also affect recognition and self assembly processes,
but only under specific circumstances [27, 28]. Like H-bonded
complexes, halogen-bonded complexes were originally classi-
fied as charge-transfer complexes in which the charge-transfer
is considered to be the dominant factor in determining the
complex structure [29]. However, the consideration of only
the charge-transfer interaction may not be sufficient in describ-
ing the ground-state stabilization of halogen-bonding com-
plexes. On the other hand, the electrostatic effect,
polarization, charge-transfer, and dispersion contributions all
play an important role. Recently, Hobza and coworker [30]
showed that halogen bonds are largely dependent on both
electrostatic and dispersion type interactions. As the halogen
atom involved in halogen-bonding becomes larger the interac-
tion strength also gets larger and, interestingly, more electro-
static (and less dispersive) in character.

Dichloroacetic acid (DCAA) exhibits various short-range
HB as well as halogen-bond interactions in solid phase.
Recently, Gajda and Katrusiak [31] carried out a crystallo-
graphic database survey of O–H∙∙∙O, Cl∙∙∙O and Cl∙∙∙Cl short
intermolecular contacts in DCAA crystals and found that the
latter one contributes to the formation of a specific triangular
Cl3 pattern. The authors showed that the crystal structure of
DCAA is mainly governed by hydrogen-bonding (H–
bonding) the molecules into dimers and by halogen∙∙∙halogen
interactions. In this work, we performed a theoretical study at
a reliable level of DFT and MP2 calculations on HBs and
halogen-bonding properties in both gas phase and crystalline
DCAA. This system is selected to mimic halogen-bonding
found within gas phase and 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 molecular orbital calculations were performed using
GAMESS electronic structure package [32]. The geom-
etries for all stationary points have been optimized using
the 6-311++G** basis set. The inclusion of diffuse functions
in the basis is a clear requirement to adequately describe H-
bonded or halogen-bonded systems [33]. We examined the
ability of six density functionals [including one hybrid GGA
(B3LYP), one meta–GGA (M06-L), two hybrid meta-GGA
(M06, M06-2X) and two long-range corrected functionals
(CAM-B3LYP and wB97XD)] to evaluate the binding dis-
tances and optimized structures. Zhao and Truhlar have re-
cently developed the M06 family of local (M06-L) and hybrid
(M06, M06-2X) meta-GGA functionals that show promising
performance for noncovalent interactions [34]. The interaction
energies of all DCAA dimers have been computed as the
differences between the total energies of the dimers and the
energies of the isolated monomers and have been corrected for
basis set superposition error (BSSE) using the counterpoise
method [35]. The topological calculations of quantum theory
of atoms in molecules (QTAIM) [36] were performed using
the GAMESS program [32], but the molecular graphs used for
interpretation of charge density were generated using AIM
2000 software [37].

In order to analyze various HBs and halogen bonds
interactions in terms of meaningful physical compo-
nents, interaction energies were decomposed using
Kitaura-Morokuma method as [38]:

Eint ¼ Eð1Þ
EL þ Eð1Þ

EX þ EðRÞ
DEL þ EDISP ð1Þ

where Eð1Þ
EL is the first-order electrostatic term describing

the classical columbic interaction of the occupied orbi-

tals of one monomer with those of another monomer,

Eð1Þ
EX is the repulsive first-order exchange component

resulting from the Pauli exclusion principle, EðRÞ
DEL and

EDISP correspond to higher order delocalization and
dispersion terms. The delocalization term contains all
classical induction, exchange-induction, etc., from the
second order up to infinity. All energy components were
calculated using GAMESS package [32].

The crystalline structures of DCAA were available from
X-ray [31]. Since the positions of hydrogen atoms are not
located accurately by X-ray diffraction, a geometry optimi-
zation of just the hydrogen atoms in the structure was
needed. In the present study, partial geometry optimizations
were carried out using B3LYP, M06-L, M06, M06-2X,
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CAM-B3LYP and wB97XD with 6-311++G** standard
basis set.

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 [39]:

Ĥ ¼ e2Qqzz
4I 2I � 1ð Þ 3Î2z � Î

2
� �

þ ηQ Î2x � I2y

� �h i
; ð2Þ

where eQ is the nuclear electric quadrupole moment, I is the
nuclear spin, and qzz is the largest component of the EFG
tensor. The principal components of the EFG tensor, qii, are
computed in atomic unit (1 au ¼ 9:717365� 1021 V m�2),
with |qzz|≥ |qyy|≥ |qxx| and qxx+qyy+qzz00. These diagonal
elements relate to each other by the asymmetry parameter:
ηQ0 |qyy- qxx|/ |qzz|, 0 � ηQ � 1, that measures the deviation

of EFG tensor from axial symmetry. The computed qzz
component of EFG tensor is used to obtain the nuclear
quadrupole coupling constant from the equation;
CQ(MHz)0e2Qqzz/h, using the recently reported value for
the 2H, 35Cl and 17O electric quadrupole moments of 2.86, -
81.65 and -25.58 mb, respectively [40].

Results and discussion

The possibility of HBs and halogen bonds formation between
the DCAA monomers in the gas phase will be discussed first.
Geometries, interaction energies and topological analyses of
the stable DCAA dimers performed at different computational
levels will be presented. Then, a comparison of HBs and
halogen bonds characteristics in crystalline DCAA is pre-
sented based on the evaluated NQR parameters. Here we
evaluate the role of intermolecular interactions in the solid
lattice, and we seek to find the main factors that differentiate
calculated NQR parameters at the sites of the various nuclei.
Unless otherwise noted, the following results are referred for
the M062X/6-311++G** level of theory.

Isolated dimers

Electrostatic potential and geometries

We will look first at the overall electrostatic potential on the
surface of DCAA molecule. For this purpose, we compute
electrostatic potential on the molecular “surface” which we
define, following Bader et al. [41] as the 0.001 electrons/
bohr3 contour of the electronic density ρ(r) [42, 43]. This
surface potential is labeled VS(r). The graphical illustration
of the VS(r) for the DCAA monomer is shown in Fig. 1. As
would be anticipated, the most negative electrostatic poten-
tial on the DCAA surface is associated with the carbonyl

oxygen (O2). On the other hand, the very strongly positive
electrostatic potential of the hydroxyl hydrogen (H1), VS,max0

60.4 kcal mol-1, and the VS,min0-30.2 kcal mol-1 of the car-
bonyl oxygen indicate their propensities for noncovalent H-
bonding, as a donor and an acceptor, respectively. Perhaps
more surprisingly, there is also a smaller and weaker positive
region on the outermost portion of eachCl atom centered about
the intersection of its surface with the C–Cl axis. These VS,max

are 11.9 kcal mol−1 (Cl1) and 10.6 kcal mol−1 (Cl2).
Such halogen positive region is referred as the “σ-hole”, be-
cause it is centered on the C–X axis and is surrounded by
negative electrostatic potential. This is invoked as the expla-
nation for “halogen bonding,” which is a noncovalent interac-
tion between a covalently bound halogen on one molecule and
a negative site on another. Thus, it is expected that the stabil-
ities of the DCAA clusters depend upon both the magnitudes
of the VS,max and VS,min that give rise to the σ-hole bonding.

Figure 2 indicates the most stable structures and evaluat-
ed HBs and halogen bonds distances for DCAA dimers
analyzed here. All of these structures are minima on the
potential energy surface, as verified by Hessian analysis.
Because the O···H sum of the van der Waals (vdW) radii
amounts to 2.72 Å [44], the O-H···O distances are within the
1.69–1.91 Å, which are less than to the sum of vdW radii
mentioned above. The dimer D1 exhibits the shortest H-
bonding distance (about 1.69 Å) among the systems consid-
ered. It can be seen from Fig. 2 that the positive VS(r) region
on the hydroxyl hydrogen is interacting with the negative
potential on the side of the carbonyl oxygen. This seems to
be justified to describe the formation of these interactions as
electrostatically driven. The estimated O−H···O angle is
178°, just 2° away from exact linearity. Structures D2 and
D3 are the next most stable dimers found. Inspection of their
geometrical features indicates that there might be two H-
bonding interactions, which are highlighted in Fig. 2 as
dotted lines. Notice, however, that none of them is linear.

Fig. 1 The electrostatic potential mapped on the surface of DCAA
molecular electron density (0.001 e au-3). Color ranges for VS(r), in
kcal mol−1: red>37.6, yellow 37.6–15.1, green 15.1– -7.1, blue<-7.1.
Black circles surface maxima, blue surface minima
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Moreover, remarkable is the long distances between the
hydrogens and their corresponding acceptor atoms. For the
stronger HB of D2 and D3, that is O∙∙∙H-O, the O∙∙∙H
distances are 1.87 Å and 1.91 Å, 0.18 Å and 0.22 Å larger
than its corresponding distance in structure D1, respectively.
The weakest HB of D3 has a CH∙∙∙O distance of 2.54 which
is 0.33 Å larger than its corresponding distance in dimer D2.
Additionally, we have found one more stable structure in-
volving O-H∙∙∙O interaction (dimer D4). However, this
structure is predicted to be less stable than the structures
D2 and D3. In this structure, the carboxylic groups lie in
planes perpendicular to each other. Notice that the O∙∙∙H
distance has lengthened from 1.69 Å in D1 to 1.88 Å in D4.

The results of geometry optimization show also the exis-
tence of H Cl intermolecular contacts for some systems
considered here. The H∙∙∙Cl distances are in the range
2.44-2.92 Å; which amount to or are less than the sums of
vdW radii of chlorine and hydrogen atoms. It indicates that
according to the geometrical criteria those are attractive HB
interactions. The shortest H∙∙∙Cl distance of 2.44 Å was
found at the M062X/6-311++G** level for the D5 dimer.

Inspection of its geometry reveals also the presence of two
weak interactions, namely, CH∙∙∙O and Cl∙∙∙Cl. The Cl∙∙∙Cl
length, 4.00 Å, of this halogen-bonding is slightly longer
than those of other structures. From Fig. 2, it can be seen
that one of the positive VS(r) regions on the chlorine, along
the extension of the Cl−C bond, is interacting with the
negative potential on the side of the chlorine atoms of
neighbor molecules. For the DCAA dimers studied here,
the evaluated Cl∙∙∙Cl separations are in a range from 3.56
to 4.00 Å. These separations are slightly longer than the sum
of two chlorine vdW radii, 3.50 Å [44]. As mentioned
above, the calculated electrostatic potential shows the pres-
ence of a positive potential end cap and a negative region on
the side of the chlorine atoms. The positive region on the
extension of each Cl−C bond is interacting with the nega-
tive potential on the carbonyl oxygens; see Figs. 1 and 2.
For most of the dimers studied, it has been shown that the
optimized equilibrium Cl···O bonds are essentially shorter
than the sum of the vdW radii of the Cl and O atoms
(3.27 Å) [44], implying an attractive interaction between
DCAA monomers.

Fig. 2 Gas phase structure of
DCAA dimers. The dash lines
show intermolecular HB and
halogen bond interactions
(in Å)
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QTAIM analysis

Previous [45, 46] and recent studies [47–51] reveal that
QTAIM is a powerful method for the analysis of HBs and
halogen bonds interactions. Generally, for covalent interac-
tions (also known as “open-shell” interactions), the electron
density at the bond critical point (BCP), ρBCP, is large and its
Laplacian ∇2ρBCP is negative. On the other hand, for closed-
shell interactions (e.g., ionic, van der Waals, or HBs), ρBCP is
small and ∇2ρBCP is positive [36]. However, a clear distinction
between the closed-shell and covalent type of interaction is
impossible without determination of the local electronic ener-
gy density, HBCP. According to Rozas et al. [52], the character
of interaction could be classified as function of the HBCP with
Laplacian of the electron density at BCP (∇2ρBCP). It means
that for strong interactions (∇2ρBCP<0 and HBCP<0) the cova-
lent character is established, for medium strength (∇2ρBCP>0
and HBCP<0) their partially covalent character is defined, and
weak ones (∇2ρBCP>0 and HBCP>0) are mainly electrostatic.
Thus, the magnitude of HBCP reflects the “degree of covalen-
cy” present in a given interaction.

Figure 3 presents molecular graphs for all of the DCAA
dimers examined in this work. For both HBs and halogen
bonds interactions, there are corresponding bond paths and

BCPs within the equilibrium structures. Figure 3 shows the
BCPs along the lines joining the Cl/O or two Cl atoms,
which establishes the existence of the Cl∙∙∙O or Cl∙∙∙Cl
halogen-bonding in the DCAA structures, respectively.
Table 1 lists the calculated ρBCP,∇

2ρBCP,HBCP and ε values at
the H∙∙∙O, H∙∙∙Cl, Cl∙∙∙Cl and Cl∙∙∙O BCPs. For the O–H···O
interactions of D1, it can be seen that the values of ρBCP are
calculated to be 0.042 au, whereas the values of ∇2ρBCP are
positive (0.142 au). These values are within the common
accepted values for H-bonding interactions, thus indicating
the closed-shell interactions in DCAA. However, negative
values of HBCP are predicted for these HBs, suggesting that
the interactions have some degree of covalent character. As is
obvious from Table 1, the ellipticity values for the O–H···O
interactions are nearly small and zero, indicating that the HBs
are conserved in theD1-D4 structures [53]. Since, the electron
density at the BCP is a property which decays exponentially
with increasing distance [53]; it may be treated not only as
evidence of HB interaction but also as a measure of its
strength. For example, for each O–H···O interaction of D1,
this value amounts to 0.042 au at the M062X/6-311++G**
level of theory, and the O∙∙∙H distance calculated at this level is
equal to 1.60 Å; the HB energy for this interaction is about -
12 kcal mol-1.

Fig. 3 Molecular graphs of
DCAA dimers, solid lines
indicate bond paths and large
circles correspond to attractors,
small red ones to BCPs
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As pointed out above, the origin of halogen-bonding is
connected with formation of the so-called σ-hole, a region
of positive electrostatic potential on the outermost region of
the halogen atom surface, centered on the extension of the
R-X bond [9]. The presence of the σ-hole in some halogen
derivatives forming halogen bonds allows one to suspect
that this interaction is rather electrostatic in nature [54, 55].
However, it has been reported that interaction between the
R-X and Lewis base cannot be simply reduced to electro-
static interaction and that other contributions to the

interaction energy are also decisive. As it is obvious from
the Table 1, the small values of ρBCP, the positive values of
the ∇2ρBCP, the high values of ε and the nearly zero values
of HBCP suggest, according to the Rozas [52] criterion, that
all Cl···O intermolecular interactions, are weak and basically
electrostatic in nature. More specifically, it can be seen that
the values of ellipticity obtained for the Cl···O interactions
are within the range of 0.047–1.70. Thus, the slightly large
value of ellipticity reveals instability of the Cl···O bonds
[35]. The existence of Cl∙∙∙Cl interactions in DCAA dimers
is also revealed by the presence of corresponding BCPs in
the molecular graphs (Fig. 3). For the Cl···Cl interactions
characterized in this work, the values of ρBCP are calculated to
be in a range of 0.003-0.006 au, whereas the values of∇2ρBCP
are all positive, ranging from 0.010 to 0.021 au. The largest
value of ρBCP was found for the structure D8, suggesting that
this is the strongest. Furthermore, these values are in good
agreement with the reported values in the literature for weak
halogen-bonding interactions [50, 51].

It is to be noted that there are other intermolecular inter-
actions, in particular, the weak C–H···O and H···Cl, which
will have a significant contribution to the energies of pack-
ing of the molecules. The topological values of these addi-
tional interactions in DCAA dimers are listed in Table 1.
Relatively small values of ρBCP, the positive values of the
Laplacian, and values of HBCP>0, guarantee the existence
of H-bonding and indicate that both C–H∙∙∙O and H···Cl
interactions between DCAA monomers have a significant
electrostatic nature. Overall it can be said that, in terms of
QTAIM, the weak C–H···O and H···Cl bonds are similar in
character to the halogen bonds found in the DCAA dimers.

Interaction energies and EDA

The interaction energy provides a measure of the strength of
the interaction between DCAA monomers. Table 2 gives the
interaction energies of the DCAA dimers calculated by
means of the electron MP2, B3LYP, CAM-B3LYP, M06,
M06L, M062X, and wB97XD methods using 6–311++G**
basis set. From Table 2, it is found that different theories
have important effects on the interaction energies of the
DCAA dimers. For D1 dimer, the order of the interaction
energies computed by various theoretical levels is the fol-
lowing: wB97XD>CAM-B3LYP>M06>M06L>M062X>
B3LYP>MP2. The interaction energy at the wB97XD level
is about∼5 kcal mol-1 more negative than that found with
the MP2. Considering the halogen-bonded structures dis-
cussed above, the B3LYP method greatly underestimates all
of the binding energies. This indicates that dispersion must
play a large role in the stabilization of DCAA monomers.

Among the DCAA dimers,D1with two normal O–H···O0
C HBs is the most stable dimer (Table 2). It can be observed
that the interaction energy amounts to -14.58 kcal mol-1 at the

Table 1 Topological parameters of ρ for CLAA dimers (electron
density at BCP, ρBCP , its Laplacian ∇2ρBCP, total electron energy density
(HBCP) and ellipticity (ε) calculated at the M06-2X/6-311++G** level of
theory a

Dimer Interaction ρBCP ∇2ρBCP HBCP ε

D1 O-H∙∙∙O 0.042 0.142 −0.003 0.014

D2 O2∙∙∙H1 0.026 0.105 0.002 0.044

Cl2∙∙∙O1 0.007 0.028 0.001 1.105

D3 OH∙∙∙O1 0.024 0.100 0.003 0.076

O2∙∙∙HC 0.015 0.058 0.002 0.062

D4 O-H∙∙∙O 0.026 0.105 0.002 0.045

O1∙∙∙Cl2 0.007 0.027 0.001 1.700

O2∙∙∙Cl1 0.008 0.030 0.001 0.772

O2∙∙∙Cl2 0.007 0.026 0.001 1.322

D5 Cl2∙∙∙Cl1 0.003 0.010 0.001 1.412

Cl1∙∙∙H1 0.013 0.045 0.002 0.031

CH∙∙∙O2 0.013 0.051 0.002 0.230

D6 OH∙∙∙Cl2 0.011 0.040 0.002 0.025

O2∙∙∙Cl 0.009 0.031 0.001 0.060

D7 Cl2∙∙∙Cl1 0.006 0.019 0.001 0.085

Cl2∙∙∙Cl2 0.006 0.022 0.001 0.257

O1∙∙∙Cl2 0.005 0.020 0.001 0.062

CH∙∙∙Cl2 0.007 0.024 0.001 0.233

CH∙∙∙O2 0.014 0.053 0.002 0.148

D8 Cl1∙∙∙Cl2 0.006 0.019 0.001 0.085

Cl1∙∙∙Cl1 0.006 0.022 0.001 0.257

Cl1∙∙∙O2 0.005 0.020 0.001 0.061

CH∙∙∙O2 0.014 0.053 0.002 0.148

CH∙∙∙Cl1 0.007 0.024 0.001 0.233

D9 Cl1∙∙∙Cl2 0.005 0.021 0.001 0.163

D10 Cl1∙∙∙Cl1 0.006 0.020 0.001 1.469

Cl1∙∙∙Cl2 0.006 0.021 0.001 0.784

Cl∙∙∙HC 0.007 0.025 0.001 0.331

CH∙∙∙Cl1 0.007 0.023 0.001 0.069

CH∙∙∙Cl2 0.008 0.026 0.001 0.386

D11 O2∙∙∙Cl2 0.005 0.019 0.001 0.047

O2∙∙∙Cl2 0.005 0.019 0.001 0.047

Cl1∙∙∙Cl1 0.004 0.014 0.001 0.026

Cl2∙∙∙O2 0.008 0.030 0.001 0.073

a All ρBCP, ∇2 ρBCP, and HBCP values in atomic units
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MP2 level for this dimer. All DFT functionals give rather
similar results, though interaction energies are slightly greater.
These results are in good agreement with the MP2 stabiliza-
tion energy for acetic acid dimer calculated with aug-ccpVTZ
basis set (-15.8 kcal mol-1) [56] and B3LYP/6–31 G** and RI
MP2/augTZVPP values (-15.9 kcal mol-1) [57]. On the other
hand, the stabilization caused due to HB formation in an
improper C–H···O0C bond is almost less significant com-
pared to the classic O–H···O0C bond. Interaction energies are
small for the dimers D2 and D3 calculated to be -7.36 and -
5.92 kcal mol-1 at the MP2/6–311++G**, respectively. Con-
trary to D1, these H–bonded dimers are stabilized by nonlin-
ear C–H···O0C interactions with an HB distance of 2.21 and
2.54 Å (Fig. 2). In a prior study of HC≡CH···O3 dimers, it
was found that analogous C–H···O HBs, involving only one
hydrogen acceptor, gave an average interaction energy -
2.92 kcal mol-1 [58]. In the case of D4 and D5 structures,
the evaluated interaction energies are predicted to be -
5.65 and -3.34 kcal mol-1, respectively. Recall that D4
has O-H···Cl and O···Cl type of interactions, while only
the weak CH···O and H···Cl ones are present in D5.
Inspection of Table 2 reveals that the Cl∙∙∙O and Cl∙∙∙Cl
halogen-bonded dimers of DCAA are also weak.

It is worth comparing halogen-bonded complexes with
their hydrogen-bonded counterparts, since competition be-
tween these two interactions was often considered previous-
ly [30]. For the halogen-bonded structures characterized
here, the interaction energy increases from -0.48 to -
10.24 kcal mol-1. The interaction strength for the Cl∙∙∙Cl
interaction in D9 is calculated to be of -0.48 kcal mol-1.
What is more, the D10 structure is about 3.70 kcal mol-1

more stable than D9. This analysis suggests that despite its
weakness, the O∙∙∙Cl halogen bonds have a great influence
on the overall binding energies of DCAA monomers. This
result has also been found for other types of halogen bonds
[30, 47–51]. This also supports the conclusion that the

interaction energy of halogen bonding correlates with the
magnitude of the surface electrostatic potential maxima/
minima on the donor/acceptor atoms [24, 43].

In order to analyze various HBs and halogen bonds
interactions in terms of meaningful physical compo-
nents, interaction energies were decomposed using
Eq. 1. It should be noted here although the most fre-
quently quoted mechanism of halogen bond formation
may suggest a significantly electrostatic nature of this
interaction, the Kohn–Sham MO approach indicates a
significantly covalent character of such interaction [59].
Recently, Palusiak [59] indicated that the HOMO/
LUMO charge transfer and polarizability of halogen
atom in F3CCCl∙∙∙OCH2 and H3CCCl∙∙∙OCH2 complexes
are important factors, e.g., it is responsible for greater
ability of halogen bond formation. On the other hand,
using symmetry-adapted perturbation theory (SAPT),
Riley and Hobza [30] showed that halogen bonding
interactions involving chlorine and bromine atoms are
principally dispersive in nature, although electrostatic
contributions to halogen bonds are not negligible. In
this study, we used EDA calculations based on
Kitaura-Morokuma method, which gives energy decomposi-
tion terms in good agreement with those of SAPT [60].

Table 3 lists the EDA results for the different DCAA
dimers analyzed here. It is evident that for D1-D3 dimers,
the dominant attraction energy originates in the electrostatic
term which is about 67 %, 68 % and 64 % of total attractive
energy, respectively. This indicates the electrostatic interac-
tion between the DCAA monomers seems to play a large
role in determining the geometric structures of these dimers.
It should be noted that dipole-dipole interaction forms a part
of the first-order electrostatic energy component. The calcu-
lated dipole moment value for monomer DCAA (3.11
Debye) shows that this term should be most favorable for
D1 dimer. The hydrogen/halogen-bonded D4 dimer, with an

Table 2 Calculated BSSE-
corrected interaction energies for
different dimers of DCAAa

aAll binding energies in
kcal mol-1

Dimer M06 M06L M062X B3LYP CAM-B3LYP wB97XD MP2

D1 −18.78 −18.72 −18.66 −17.00 −19.01 −19.24 −14.58

D2 −11.35 −11.83 −12.53 −5.92 −8.53 −10.44 −7.36

D3 −8.20 −8.02 −8.78 −4.71 −6.65 −8.05 −5.92

D4 −9.14 −9.64 −10.24 −4.13 −6.56 −8.26 −5.65

D5 −6.14 −6.48 −6.86 −1.74 −3.54 −5.44 −3.34

D6 −2.91 −3.12 −3.28 −1.21 −2.03 −2.78 −1.85

D7 −4.77 −5.15 −5.33 0.64 −1.35 −3.59 −2.01

D8 −4.82 −5.18 −5.39 0.67 −1.40 −3.64 −2.09

D9 −0.14 −0.29 −0.48 0.22 −0.12 −0.47 −0.40

D10 −3.43 −3.92 −4.18 0.98 −0.54 −2.89 −1.29

D11 −2.51 −2.98 −2.74 3.09 1.37 −0.89 0.44
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Eð1Þ
EL energy term of -14.14 kcal mol-1, can most closely be

compared to the D5 and D6 dimers, which have electrostatic
energies of -7.44 and -3.63 kcal mol-1, respectively. The
interaction between DCAA monomers is dominated by the
electrostatic interaction as in the case of the D1-D3; none-
theless, delocalization effects play a larger role in the D4
(44 % of the attractive interaction) than in the D5 and D6
(29 % and 32 % of the attractive interaction, respectively).
Another important aspect of these data is the fact that
for the D9 dimer, with one Cl Cl contact, the disper-
sion term amounts to about 50 % of total attractive
energy. It is also interesting to note that as the interac-

tion energy of halogen bond decreases, the degree of

Eð1Þ
EL is expected to decrease. On the other hand, for the

halogen-bonded D5-D11 dimers, about 14–49 % of the
total interaction energy is accounted at the HF level and
the magnitude of the dispersion energy EDISP has a
large effect on the relative magnitudes of the total
interaction energy. In summary, the major attractive
force in the Cl···Cl and Cl O halogen-bonded dimers
is the electrostatic and dispersion interactions, with the
former contribution being nearly twice as large as the
corresponding contribution from delocalization effects.

Solid phase

In this part, we attempted to investigate the H-bonding and
halogen-bonding effects on 17O, 35Cl and 2H NQR param-
eters of DCAA in the crystalline lattice. Figure 3, which is
constructed using X-ray diffraction atomic coordinates [31],
shows that DCAA molecule makes a variety of intermolec-
ular interactions in its solid phase. Considering this fact, an
eight-molecule cluster was created. Because the cluster
model of DCAA was considered, it was expected that the
calculated NQR parameters would be close to those quanti-
ties which were measured by the experimental devices. The

results are summarized in Table 3. The EFG tensor calcu-
lations were performed using the B3LYP, CAM-B3LYP,
M06, M06-L, M06-2X and wB97XD density functionals
with 6-311++G** basis set.

NQR parameters

Table 4 presents the evaluated CQ and ηQ parameters at the
sites of 17O, 35Cl and 2H nuclei of DCAA in both gas phase
and crystalline lattice. At first glance to the calculated
results, some interesting trends can be easily obtained. First,
for those nuclei participating in the H-bonding and halogen-
bonding interactions, NQR parameters exhibit significant
changes on going from the isolated molecule model to the
target molecule in the cluster. On the other hand, the CQ

values of those nuclei which contribute in the H-bonding
interactions decrease, but their ηQ values do not indicate a
regular pattern from the isolated gas phase to the cluster. Of
course, the magnitude of these changes at each nucleus
depends directly on its amount of contribution to the inter-
actions. Second, considering the calculated NQR parameters
by 6-311++G** basis set, it is clear that the results are
considerably dependent on the density functional used. Con-
sidering the evaluated CQ(

17O) values, it is evident that the
results obtained by different DFT methods agree with each
other to within 0.03–0.80 MHz.

As shown in Fig. 1, there are two crystallographically
distinct oxygen sites in DCAA [31]: carboxylic C0O, and
hydroxylic O–H. From Table 2, it can be seen that all of the
CQ(

17O) values of the monomer DCAA lie within the 8.67–
9.59 MHz and that of O–H oxygen is relatively lower than
C0O. Clearly, a different CQ and ηQ values observed for the
oxygen sites in monomer DCAA must arise from differ-
ences in the surrounding environment. The B3LYP and
CAM-B3LYP functionals predict near identical CQ and ηQ
parameters for O1 site of monomer DCAA. The M06 and

Table 3 Interaction energy de-
composition scheme for differ-
ent dimers of DCAA molecules
in the gas phasea

aAll energy components in
kcal mol-1.

Dimer Eð1Þ
EL Eð1Þ

EX EðRÞ
DEL EDISP EMP2 %Eð1Þ

EL %EðRÞ
DEL

D1 −30.42 26.54 −11.67 −3.22 −14.8 67 26

D2 −16.79 15.86 −7.11 −0.87 −6.8 68 29

D3 −11.84 11.13 −4.96 −1.57 −5.5 64 27

D4 −14.14 14.97 −12.26 −1.15 −4.9 51 44

D5 −7.44 9.06 −3.8 −1.75 −2.5 57 29

D6 −3.63 4.5 −2.15 −0.93 −1.3 54 32

D7 −5.77 8.02 −2.31 −2.59 −1.3 54 22

D8 −5.85 8.27 −2.41 −2.67 −1.4 53 21

D9 −0.52 1.09 −0.24 −0.73 −0.3 35 16

D10 −3.69 6.35 −1.6 −2.55 −0.7 47 20

D11 −2.3 6.88 −1.47 −3.07 1.3 34 21
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M06-L functionals, on the other hand, considerably under-
estimate the evaluated CQ (17O) values, as compared to the
others.

In crystalline structure, DCAA molecules are mainly held
together in dimers by the familiar carboxylic acid dimeric
linkage, involving two symmetry–equivalent HBs (Fig. 4).
These are of medium strength, with O···O separation of
about 2.63 Å [31]. A quick look at the results reveals that

intermolecular O–H···O interactions affect the calculated 17O
NQR parameters at the O1 and O2 sites; however, such an
influence is not equivalent for the two oxygen nuclei. As seen
in Table 4, M06-2X calculations reveal that the CQ(O1) pa-
rameter decreases by 0.98 MHz depending on whether the
DCAAmolecule is in the gas phase or in the crystal lattice. On
the other hand, the corresponding asymmetry parameter
decreases about 0.28 units on going from the single monomer
to the target molecule in the cluster. The calculated CQ pa-
rameter for O1 in crystalline DCAA is 8.05 MHz, which is
slightly larger than that of α-chloroacetic acid (exp.
7.49 MHz) and acetic acid (exp. 7.28 MHz) [61], but quite
smaller than salicylic acid (ca. 9.19MHz) [62]. In contrast, the
17O NQR parameters at the site of O2 show slightly less
sensitivity to the H–bonding interactions. Figure 4 shows that
O2 contributes to two HBs, O–H···O (1.63 Å) and C–H···O
(2.39 Å), as well as two O···Cl halogen-bonding interactions
in crystalline DCAA (3.35 Å and 3.40 Å). Because of the
proper H-bonding and halogen bonding distances, CQ(O2)
decreases by 0.92 MHz from the monomer to the target
molecule in the cluster. The ηQ also decreases by 0.13 units
from the monomer to the cluster. These significant changes
reveal the importance of the carboxylic group in contributing
to the strong HBs and halogen bonds in the crystalline DCAA.

Table 4 Calculated NQR
parameters (CQ and η) at the
sites of 17O, 35Cl, and 2H nuclei
for monomer and octamer clus-
ter of DCAAa-d

aCQ values for 17O and 35Cl in
MHz . b CQ values for 1H in
kHz. cExperimental NQR
parameters for 17O nuclei from
ref. [61]. d Experimental NQR
parameters for 2H nuclei from
reference 63

Nuclei Parameters M06 M06-L M06-2X B3LYP CAM-B3LYP wB97xD Exp.

O1 CQ 8.70 8.67 9.03 9.19 9.21 9.09 –

η 0.52 0.55 0.49 0.51 0.51 0.53 –

O2 CQ 8.84 9.00 9.46 9.45 9.59 9.41 –

η 0.22 0.15 0.20 0.24 0.25 0.26 –

Cl1 CQ 73.53 70.96 77.06 74.93 75.99 74.92 –

η 0.04 0.04 0.03 0.04 0.03 0.03 –

Cl2 CQ 73.37 70.93 76.41 74.67 75.70 74.65 –

η 0.06 0.06 0.07 0.06 0.06 0.06 –

H1 CQ 297.17 295.61 295.25 293.85 297.86 303.06 –

η 0.10 0.10 0.11 0.10 0.10 0.10 –

H2 CQ 198.97 201.07 195.31 197.53 199.34 198.74 –

η 0.01 0.01 0.01 0.01 0.01 0.01 –

O1 CQ 7.70 7.69 8.05 8.22 8.18 8.04 7.49

η 0.23 0.25 0.21 0.20 0.21 0.22 0.22

O2 CQ 7.80 7.87 8.54 8.36 8.51 8.38 8.21

η 0.08 0.13 0.07 0.05 0.06 0.05 0.16

Cl1 CQ 73.83 71.46 76.42 75.79 76.73 75.14 –

η 0.06 0.05 0.05 0.05 0.04 0.05 –

Cl2 CQ 73.05 70.63 75.26 74.77 75.50 74.85 –

η 0.05 0.06 0.05 0.05 0.05 0.06 –

H1 CQ 187.10 184.23 186.46 199.07 203.02 206.81 182

η 0.15 0.15 0.16 0.14 0.15 0.15 –

H2 CQ 192.51 193.30 190.64 197.30 199.11 197.94 –

η 0.02 0.02 0.02 0.02 0.02 0.02 –

Fig. 4 Crystalline structure of DCAA. Dotted lines show hydrogen/
halogen bonding interactions
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As evident from Fig. 4, the Cl1 atom of target molecule
contributes to the Cl···Cl type halogen-bonding interactions
in the crystalline DCAA. For the NQR parameters of this
site, the comparison of the isolated model and the octamer
cluster shows some discrepancies, although not as dramatic
as the one seen for O1 and O2. The M06-2X calculations
reveal that the CQ (35Cl) at the site of Cl1 decreases by only
0.64 MHz from the monomer to the target molecule in the
cluster. Besides, the corresponding ηQ value at this site
increases by 0.03 (in monomer) to 0.05 (in cluster). On the
other hand, Cl2 atom of the target unit interacts with O2 and
Cl1 of molecules No. 5 and 7, respectively. From Table 4, it
is shown that the evaluated CQ (35Cl) value decreases by
about 1.15 MHz from the monomer to the octamer cluster.

Table 4 shows that the NQR parameters of the carboxylic
hydrogen atom (H1) vary considerably between the mono-
mer and octamer cluster, ΔCQ0109 kHz and Δ(ηQ)00.05
units. The calculated CQ and ηQ values for H1 of the target
molecule are obtained to be 186 MHz and 0.16 units at the
M06-2X level, respectively. These values, which are
obtained by taking the whole cluster into consideration,
are expected to be close to the other carboxylic compounds
[63]. From Fig. 1, it is clear that molecule No. 5 is capable
of making a weak C–H···O H-bonding with the target mol-
ecule, rCH···O02.40 Å, and ffC-H···O0128˚. Because of the
unusual nature of C–H···O H-bonding in the biological
systems, it is, therefore, of interest to examine the effect of
this interaction on the 2H NQR parameters in more detail.
As the results of Table 4 illustrate, while the CH···O H-
bonding interaction does not affect the asymmetry parame-
ter, it decreases the calculated CQ(

2H) value by 5 kHz. This
is in agreement with earlier observations [64, 65] made for
this interaction, and is due to the limited involvement of C-
H group in the intermolecular interaction of DCAA in its
solid phase.

Concluding remarks

In this paper, we performed a systematic computational
investigation on the intermolecular HBs and halogen bonds
properties in crystalline DCAA by means of DFT calcula-
tions and MP2 calculations. Some results are:

1. Electrostatic potential calculation indicated that there is
a strong negative potential encompassing the carbonyl
oxygen (O2). The very strongly positive electrostatic
potential of the hydroxyl hydrogen (H1), VS,max0
60.4 kcal mol−1, and the VS,min0-30.2 kcal mol−1 of
the carbonyl oxygen indicate their propensities for non-
covalent H-bonding, as a donor and an acceptor, respec-
tively. There is also a smaller and weaker positive
region on the outermost portion of each Cl atoms

centered about the intersection of its surface with the
C–Cl axis.

2. For the DCAA dimers studied here, the evaluated
Cl∙∙∙Cl separations are in a range from 3.56 to 4.00 Å.
These separations are slightly longer than the sum of
two chlorine vdW radii, 3.50 Å. However, for most of
the dimers studied, it has been shown that the optimized
equilibrium Cl···O bonds are essentially shorter than the
sum of the vdW radii of the Cl and O atoms (3.27 Å),
implying an attractive interaction between DCAA
monomers.

3. For the O–H···O interactions of D1, it can be seen that
the values of ρBCP are calculated to be 0.042 au, where-
as the values of ∇2ρBCP are positive (0.142 au). These
values are within the common accepted values for H-
bonding interactions, thus indicating the closed-shell
interactions in DCAA. However, negative values of
HBCP are predicted for these HBs, suggesting that the
interactions have some degree of covalent character. As
is obvious from Table 1, the ellipticity values for the O–
H···O interactions are nearly small and zero, indicating
that the HBs are conserved in the D1-D4 structures.
Based on QTAIM analysis, it can be said that, the weak
C–H···O and H···Cl bonds are similar in character to the
halogen bonds found in the DCAA dimers.

4. EDA results indicated that the major attractive force in
the halogen-bonded dimers is the electrostatic and dis-
persion interactions. However, it is evident that for the
D1 dimer, the dominant attraction energy originates in
the electrostatic term which is about 67 % of total
attractive energy. On the other hand, for all halogen-
bonded dimers, about 14-49 % of the total interaction
energy is accounted at the HF level and the magnitude
of the dispersion energy EDISP has a large effect on the
relative magnitudes of the total interaction energy.

5. Our calculations indicate that NQR parameters of 17O,
35Cl, and 1H nuclei in crystalline DCAA are influenced
by H–bonding and halogen-bonding interactions and as
such are appropriate parameters to characterize the
properties of these interactions.
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