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Abstract.

The crystal structure of 4—bromo—2—chlorobenzoic acid generates an unusual triangular motif

consisting of a hitherto uncharacterized Type I Br- - - Br contact along with two Type II Br- - - Cl interactions as
edges of the triangle. The nature of such bonding is analyzed based on both experimental and theoretical charge

density followed by topological analysis.

Keywords.

1. Introduction

Hydrogen bonding is among the most widely studied
noncovalent interactions in literature.' Close on its
heels comes the halogen bonding owing to its strength
and directionality.* In this context, the nature of halo-
gen- - - halogen contacts has been addressed by several
researchers by various approaches which include vari-
able temperature X-ray diffraction,™ statistical eval-
uation using Cambridge Structural Database® '3 and
also by theoretical and experimental charge density. 42
The halogen- - - halogen interactions observed in molec-
ular crystals have been broadly classified as type I and
type II contacts based on the geometry of the interact-
ing C-X groups (where C is the carbon atom and X is
the halogen atom). The charge density studies published
so far in literature have generally addressed the type II
halogen- - - halogen contacts as a “true halogen bond,”
while type I contacts are usually treated as a repulsive
(dispersive) contact. Among the halogen contacts that
have been investigated, F- - -F and CI- - - Cl type I and
type 1l contacts have received considerable attention
(Scheme 1),1618:21.22

But in case of bromine and iodine the investigations
are limited to only type Il contacts.'”?>3 Recently,
there also have been experimental charge density stud-
ies on a unique arrangement of halogen atoms to
form a triangular interaction motif, the so called X;
synthon,'>-** where the three interacting atoms are

*For correspondence
Celebrating 100 years of Lewis Chemical Bond

Halogen bond; electron density analysis; multipole refinement; intermolecular interaction.

nearly in type II geometry and forms a trimer. These
studies on the Cl; and Br;-synthons clearly established
the extent of charge depletion and charge concentration
region in the motif.">"!° The work also calculated the
energy of the interaction based on the topological val-
ues at the critical point obtained from Bader’s QTAIM
approach.?

In this article, we investigate a triangular motif with
type I Br---Br, type II Br---Cl and type II CI---Br
contacts as its edges with two bromine and one chlo-
rine atom at the vertices. The crystal structure of
4—bromo—2—chlorobenzoic acid (BRCL, Scheme 2)
generates a triangular motif along with additional sur-
rogate interactions, which augment the formation of the
motif. The experimental and theoretical charge density
distribution based on the aspherical multipolar model-
ing of electron density provides insights into the subtle
features of the nature of such unusual interaction
motifs. The study allows for the hitherto unexplored
nature of an exotic type I Br- - - Br contact in molecular
crystals.

2. Experimental
2.1 Preparation of single crystals

The title compound was purchased from Sigma-Aldrich
and was used for crystallisation without further purifi-
cation. The single crystals of BRCL were grown from
a saturated solution of methanol by slow evaporation
and a suitable crystal for charge density analysis was
selected using a polarising microscope.
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Scheme 1. Schematic representation of (a) Type I con-
tacts, 6; = 6,; (b) Type II contacts, 6; ~180°, 8, x~90°; (c)
X3 synthon, 6; ~180° , 6, ~120°; (d) Triangular motif in

the present study.

O« _OH
Cl

Br

Scheme 2. 4—bromo—2—chlorobenzoic acid (BRCL).

2.2 Data collection and structure refinement details

The high resolution X-ray diffraction data on BRCL was
collected on an Oxford Xcalibur (Mova) diffractometer
equipped with an EOS CCD detector using MoK radi-
ation (A = 0.71073 A). The data collections were done
at 100 K using a liquid nitrogen stream from an Oxford
Cobra non-liquid nitrogen gas-stream cooling device.
The crystal to detector distance was fixed at 45 mm and
the scan width (Aw) was 1 per frame during the data
collection. For the charge density data collection, the
strategy was chosen in such a way to yield a high res-
olution X-ray data set (d = 0.45 A) with high redun-
dancy and completeness of 100%. Cell refinement, data
integration and reduction were carried out using the
program CrysalisPro. Face indexing was done for the
accurate numerical absorption correction. Sorting, scal-
ing, and merging of the data sets were carried out
using the program SORTAV.*® Both the crystal struc-
tures were solved by direct method using SHELXS2012

and refined based on the spherical-atom approximation
using SHELXL2012 included in the WinGX suite.?”-?®
Packing diagrams were made using Mercury 3.5.%

2.3 Multipole Modeling

The charge density modeling and multipolar aspheri-
cal atom refinements for BRCL were performed based
on the Hansen and Coppens multipole formalism using
XD2006.%°732 The function Y w([|F,| — |F.|] was min-
imized for all reflections with I > 2o (I). Weights (w)
were taken as 1/02 (Fﬁ) and convergence criterion of the
refinement was set to a maximal shift/esd<107'°. From
the list of scattering factor wave functions available in
the XD package, the basis functions and single-¢ val-
ues were taken from the databank-file of Su-Coppens-
Macchi.**** The scale factor was refined against the
whole resolution range of diffraction data in the first
refinement step. The scatter plot of the variation of
Fops with Fg, is indicative of the good quality of the
data set after scaling (see Supplementary Information).
The scale factor was refined against the whole res-
olution range of diffraction data in the first refine-
ment step. The scatter plot of the variation of X F
/X F,, with resolution is indicative of the good qual-
ity of the data set after scaling (ESI). Positional and
anisotropic displacement parameters of all the atoms
were refined against the whole resolution of data. The
multipolar populations were unconstrained during the
refinements. Further scale, positional and anisotropic
displacement parameters, P, Py, ¥ and ¥ ~ on all
atoms were refined in a stepwise manner, until the
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convergence criterion was reached. Separate « and «’
parameters were used to define different atom types
based on their chemical environments. The multipole
expansion was extended to hexadecapoles in case of
the bromine and chlorine atoms (I = 4) and were
truncated at the octupole level for other non-hydrogen
atoms (I = 3). For the H atoms, only monopole and
bond directed dipole (DO) components were refined
during the multipole refinements. In addition to these
parameters the anharmonicity on bromine and chlo-
rine atoms were treated by refining the Gram-Charlier
cumulative of third order. An isotropic, type I extinc-
tion correction with a Lorentzian mosaic distribution
was included in the refinement to improve the scal-
ing of reflections and improve the residuals.® The
quantitative analysis of the electron density topology
and related properties was performed using the
XDPROP module of XD software suite. The relevant
crystallographic and refinement details are listed in
Table 1.

2.4 Computational details

Positional parameters obtained from the multipolar
refinement have been used for the density func-
tional theory calculations using the m-GGA functional
MO062X with TZVP basis set included in CRYSTAL14
package.**® The shrinking factors (IS1, IS2, and IS3)
and the reciprocal lattice vectors were set to 4 (with
36 k-points in irreducible Brillouin zone). The bielec-
tronic Coulomb and exchange series values for the trun-
cation parameter were set as ITOL1—-ITOL4 = 6 and
ITOLS = 14, respectively for the calculations. The level
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shifter was set to 0.7 Hartree/cycle. An SCF conver-
gence limit of the order of 10~7 Hartree was used.
Upon convergence, the periodic electron densities as
obtained from the wave function was subjected to the
topological analysis by Bader’s Quantum Theory of
Atoms in Molecules (QTAIM)* using TOPOND pro-
gram which is directly interfaced with CRYSTAL14
code. 2D Laplacian maps for the interaction regions
have been generated using the plotting utilities.

The interaction energy calculation between stack-
ing dimers was accomplished using DFT methods in
Gaussian09 software.** The WB97XD, dispersion cor-
rected functional with 6-311+4(2d,2p) as the basis set
were used in the calculation*® BSSE corrections were
incorporated alongside the calculations.*!:*?

3. Results and Discussion

3.1 Crystal Structure analysis

4-bromo-2-chlorbenzoic acid crystallizes in a mono-
clinic, P2,/n space group with Z=4. The ORTEP of
the asymmetric unit is shown in Figure 1a. The major
hydrogen bonds which govern the packing include the
carboxylic acid dimers O—H--- O, followed by the
C—H- - - O infinite chains (Figure 1b). The C—H---O
hydrogen bonds do not form a sheet like arrange-
ment, but rather pack in orthogonal directions to the
acid dimers. The bromine atom in the structure is held
together by an intermolecular type I Br---Br con-
tacts (Figure 1c). On careful examination of the type 1
Br- - - Br contact, it is observed that several additional
interactions connecting the dimers, a weak C—H- - - Cl

Table 1. Crystallographic and structure refinement details.

CCDC No. 1415427 Reflns. collected 64270
Mol. formula C;H4BrCl10, Unique reflns. 10883
Formula weight 235.46 Completeness (%) 99.9
Crystal system Monoclinic Redundancy 6
Space group P2/n Rine 0.058
a(A) 7.2708(1) Spherical atom refinement

b (A) 9.0590(1) R, (F) 0.031
c(A) 11.7182(2) wR, (F?) 0.054
B© 102.947(2) Goodness-of-fit 0.96

V (A% 752.21(2) APrmin max (€A3) —1.2, 0.64
Z 4 Multipole refinement

Peale (g/cm?®) 2.079 Reflns. used [I > 20 (D)] 7797
F(000) 456 No. of parameters 321

w. (mm~) 5.757 R, (F) 0.027

T (K) 100(2) wR,(F) 0.026

A (A) 0.71073 Goodness-of-fit 0.992
(sin 0 /M) max (A1) 1.19 APrmin max (€A3) —0.31, 0.32
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Figure 1. Molecular structure with the variety of interactions involving
bromine in the crystal structure: (a) The ORTEP of the asymmetric unit in
BRCL; (b) carboxylic acid dimers and C—H- - - O infinite chain; (c) Br-- - Br
contacts; (d) C—H---Cl and Br---Br contacts in Br,Cl interaction motif;
(e) m---m and Br-- - interactions. The red, orange, black and pink colors
represent the oxygen, bromine, carbon and hydrogen atoms.

Table 2. Intermolecular interactions present in BRCL.

At(D)- - - At()) DA---)) ZX-I--- J(°) Symmetry
O1—-H10---02 2.656(1) 172 1—x,—1-y,1—-z
C4—H4---CI2 3.6837(8) 154 32—x,12+y,1/2—z
C6—H6- - - 02 3.288(1) 167 32—x,1124+y,312—z
Brl---Brl 3.6715(3) 149.43(2) 2—x,1-y,1—-z
CI2.--Brl 3.6124(6) 115.08(3) 124x,1/2—y,1/2+z
Cl2.--Brl 3.7352(6) 163.39(4) 32—x,—1/2+y,1/12—z
T 3.5910(4) - 1—-x,—y,1—z

T 3.7331(4) - 2—x,—y,l-z
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Figure 2. (a) Residual density; (b) deformation density (Ap(r) = Pmultipole—
Pspherical); (¢) Laplacian maps obtained after multipolar refinement of the exper-
imental charge density data of BRCL; and (d) Laplacian map obtained from
theory. Blue (solid lines), red (broken lines) colors represent positive, negative
contours respectively (reversed in case of Laplacian). Contours are drawn at
the intervals of +0.05 ¢ A3, Laplacian is plotted on logarithmic contours.
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Table 3. Topological parameters for intermolecular interactions obtained from experimental (1% line) and TOPOND
calculations (2" line) in BRCL.

Ri(A) peA=3) VZpeA%) ¢ G (kJMol 'bohr—3) V (kJ Mol 'bohr=3) IVI/G Ejp(kJ mol!)
Brl---Brl 3.6673 0.056(1) 0.536(2) 0.02 12.3 —~10.0 0.81 -5.0
0.05 0.46 0.03 11.0 8.7 0.80 —4.2
Brl---CI2 3.7327 0.041(1) 0.403(1) 0.19 10.5 -84 0.74 -32
0.041 0.43 0.13 8.7 —64 0.74 -35
Brl---CI2 3.6133 0.051(1) 0.516(2) 0.02 9.3 —6.9 0.77 —43
0.05 0.48 0.01 11.3 -8.7 0.79 —4.3
02---H1 1.6455 029(7)  5.54(9) 0.03 139.8 —128.7 0.92 —64.3
0.32 3.38 0.01 108.1 —124.0 1.15 —62.0
CI2---H4 2.6942 0.058(2) 0.744(2) 0.02 16.2 —12.2 0.75 —6.1
0.06 0.63 0.03 14.3 —11.5 0.80 -57
Brl---C2 3.6099 0.051(2) 0.467(1) 051 10.7 -8.6 0.81 —43
0.05 0.48 0.70 10.8 —8.6 0.79 —4.3
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Figure 3. Topological analysis of the Br,Cl interaction region from (a) 3D
deformation density (blue represents charge concentration (CC) and red repre-
sents charge depletion (CD) contours which are drawn at the intervals of +0.05

eA=3); (b) 2D Laplacian plots from experiment (colour scale for Laplacian is
given in figure); (c) and (d) 2D Laplacian and 2D ELF plot from TOPOND; (e)

Molecular graph of Br,Cl interaction.

hydrogen bonds and two well defined type II interac-
tions (Cl- - - Br and Br- - - Cl) (Figure 1d). However, it
is noteworthy that these concerted interaction motif
results in the stabilization of the repulsive type I
Br- - - Br contact. Additionally, the structure is also sta-
bilized by 7 - - - 7 and Br- - - 7 interactions (Figure le).
Table 2 summarizes the interaction parameters.

3.2 Multipole refinement

The topological features of all the intermolecular inter-
actions have been explored based on multipole model-
ing on both experimental and theoretical structure factors

using the Hansen-Coppens formalism. Hirshfeld rigid
bond test applied to all the covalent bonds involving
non-hydrogen atoms validate the quality of multipole
model after the final cycle of refinement.** The C2—C3
single bond has the largest difference of mean-square
displacement amplitude (DMSDA) value of 7 x 107*
A2, The residual electron density peaks are of —0.31
eA= and 032 eA with an RMS value of 0.08
eA~? for minimum and maximum values respectively.
The fractal dimension plot is symmetric in nature and
parabolic in shape (see Supplementary Information).
The residuals are fairly normal considering the data was
collected on a crystal containing bromine. The static
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Figure 4. Topological analysis of the Br- - - 77 interaction region (a) 2D deformation; (b) 2D
Laplacian; (c) 2D electrostatic potential plots in plane perpendicular to the benzene ring; (d)
Gradient trajectory plot of Br- - - 7 interaction region.

deformation density and Laplacian maps represent the
essential chemical features such as the aspherical nature
of the electron density around bromine atom (Figure 2).
The Laplacian maps for experiment and theory dif-
fer significantly in the molecular plane, but are nearly
similar in its perpendicular plane indicating absorp-
tion affects observed in other heavy atom experimental
charge density datasets.**™46

3.3 Topological analysis

The topological analysis of both intra- and intermolec-
ular interactions revealed several of (3,-1) bond critical
points (BCPs). The values Ry, d; and d,, p., (electron
density at the critical point), V?p,, ellipticity (¢), Gg,
and V., obtained from both experimental and theoret-
ical TOPOND calculations are listed in Supplemen-
tary Information (SI) and Table 3 and the values are in
agreement with each other demonstrating that both
methodologies provide consistent measure of the
topological properties in the present study.

The topological values for the O-H- - - O interaction
in the carboxylic acid dimers are larger than all the
remaining interactions in the crystal structure, proving
its strength in holding the crystal structure together. The
features of such hydrogen bonds have been discussed in
depth by several groups including us in the past.!”47~%0
The topological values of the three interactions in

theBr,Cl triangular motif also depict the closed shell
nature (because for a close-shell interaction the value
of V2p at the critical point is +ve), which is further
proved by the modulus of the ratio between kinetic
and potential energy densities at the BCP, obtained by
utilizing the Abramov expression.’! Similar observa-
tions have been made in our previous work on halo-
gen interactions.'®!"2152 The 3D deformation density
plots depict the §*---8~ nature of the interaction as
the charge depletion (CD) along the C-CI bond axis
is facing the charge concentration(CC) region on the
bromine atoms (Figure 3a). But similar observation is
not clear from the 2D Laplacian plot, as CC regions on
chlorine is observed, whereas this feature is obscure at
the bromine site in the maps generated by experimen-
tal multipole modeling (Figure 3b). However, in case
of the theoretical plots we clearly observe the polar
flattening features on both bromine and chlorine (the
polar flattening effect is more in case of bromine)as
shown in Figure 3c. To observe the regions of lone-
pairs in both bromine and chlorine ELF was plot-
ted from the theoretical charge density model using
TOPOND (Figure 3d), which clearly shows the charge
concentration regions on all halogen atoms which are
a part of the triangular interaction motif.>*>* The net
interaction energy for the triangular interaction motif
(Figure 3e) calculated using the EML method 3':33-3 ig
-12.5 kJ mol~!, indicating the Gulliver effect of weak
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interactions.*’ If the triangle is extended as shown in
Figure 1d, the energy of the corresponding tetramer
which is having additional C—H- - - Cl interactions and
two CI- - - Br contacts, increases to —32 kJ mol~'. This
provides the basis for the understanding of the presence
of the otherwise repulsive Br- - - Br contact in the struc-
ture as the repulsion is extensively reduced by several
attractive interactions.

The analysis of the Br,Cl interaction confirms its role
in the stabilization of type I Br---Br contacts. The
stacking interaction between the aromatic moieties fur-
ther augments the type I Br- - - Br contacts. The energy
calculated between stacking dimers is found to be —7.8
and —9.8 kcal mol~'. However, it is noteworthy that
the lone pair concentrations of the bromine atom are
interacting with the adjacent benzene rings (Figure 4a
and b) their contribution further adds to the stabil-
ity of m - .- stacks. The nature of this interaction is
clearly observed in the ESP(electrostatic potential) plot
(Figure 4c) which shows the 6~ regions of bromine
interacting with 8% regions of the carbon atom in the
benzene ring. Additional confirmation is offered by the
gradient trajectory plot (Figure 4d) where a bond path
between the bromine atom and the carbon atom in the
benzene ring is observed.

4. Conclusions

The recognition of the X3 synthon reported in liter-
ature and its relevance in the context of the current
study brings out the salient influence of a concerted
interaction motif involving several surrogate contacts
contributing to the stability of an otherwise repulsive
Br- - - Br type I contact. Certainly the motif identified in
the current study cannot be classified as an X3 synthon,
however features derived from the 3D deformation den-
sity analysis clearly suggests that both Br- - - Cl contacts
correspond to a 81 .. -8~ interaction, reminiscent of a
type II contact. The relevance of charge density analy-
sis is thus evidenced as the gold standard in the classifi-
cation and identification of intermolecular interactions
rather than a mere use of geometrical factors.

Supplementary Information (SI)

The electronic supporting information can be seen at
www.ias.ac.in/chemsci.
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