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Abstract: We synthesized 1,3,5-triyltris((4-chlorophenyl)methanone) by a condensation reaction in
glacial acetic acid and studied utilizing spectroscopic and analytical techniques such as ultraviolet,
infrared, mass, elemental, and nuclear magnetic resonance (NMR) spectroscopy, as well as X-ray
crystallography. The effect of chlorine substitution in the 1,3,5-triaroylbenzene compound in solid-
state arrangements was studied. Halogen bonds are detected in the solid-state structures of the
titled compound. A dimeric structure is formed due to the presence of two C-Cl.--Cl Type I halogen
interactions. Additionally, a delocalized Type III C-Cl---m interaction were reported. C-Cl.--H
hydrogen bonding and 7t-- -7t interaction were also reported. Hirshfeld surface analysis, 3D fingerprint,
the energy framework, and the electro-optic potential were used to evaluate such interactions.

Keywords: halogen bonding; Hirshfeld surface; 1,3,5-triyltris((4-chlorophenyl)methanone); energy
framework calculations

1. Introduction

Crystal engineering’s fundamental purpose is to use intermolecular interactions to
assemble crystalline materials with desired physiochemical qualities [1,2]. Intermolec-
ular interactions that have been successfully used to prepare self-assembled structures
include hydrogen bonding (HB) [3-7], halogen bonding (XB) [8-12], chalcogen bonding,
m— stacking [2,13], hydrophobic interactions, electrostatic interactions [14], and van der
Waals interactions [15-17]. The hydrogen bond is, without a doubt, the most influential and
well-understood intermolecular force [18], with a wide range of applications, including
pharmaceuticals, co-crystallizations [19], and the invention of new energy materials [20]. In
the last few years, the observation and understanding of potentially conflicting intermolec-
ular interactions, such as halogen and chalcogen bonding, has opened up possibilities for
the bottom-up design of novel crystalline materials [21,22]. It is interesting to note that pnic-
togen and chalcogen bonds are structurally similar to XB. However, this comparison is less
informative because the properties of these bonds are not as well-understood. Indeed, the
majority of research on these bonds is crystallographic or computational in nature [23,24].

The terms “iodine bond” [25-27], “bromine bond” [25,27], “chlorine bond” [27-29],
and “fluorine bond” [27,30-32], which refer to specific interactions involving one of the
four halogen atoms as an electrophilic site [27], have occasionally appeared in the literature.
All those terms could be categorized under the broader category of interactions known as
halogen bonds (XB) [27]. Halogen bonding (XB) is an attractive and valuable noncovalent
interaction, which has recently been exploited as a powerful tool in the field of crystal
engineering [2,11,23,33], leading to the design of functional materials. Those materials bond-
ing find applications in the areas of reactivity [34], catalysis [35], self-assembly [23,36,37],
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and medicine, and expanding to materials chemistry [23,38]. Terminal halides have been
implicated in the self-assembly of organic molecules and dye compound, via a range
of intermolecular interactions, involving H-bonds, halogen-halogen, and halogen—arene
contacts [39,40].

It should be noted that the [IUPAC Task Group provided a unified definition of XB
in 2009 for the first time: Halogen bonding (XB) occurs when there is evidence of a net
attractive interaction between an electrophilic region associated with a halogen atom in a
molecular entity and a nucleophilic region in another, or the same, molecular entity [41-43].
Halogen bonding with halogen atoms like Br and I is a newly recognized type of strong
and directed contact established by IUPAC in 2013, which is analogous to hydrogen
bonding [37]. Fluorine is not usually considered a halogen bond donor [27,44—47]. This
is explained to be as a result of the lack of a discernible o-hole when a fluorine atom
is covalently bonded. However, if the fluorine atom is attached to a particularly strong
electron-withdrawing group, it could act as an XB donor [27,44,46-48].

Over the years, halogen bonds have been well-developed in the field of crystal engi-
neering [2,11,33,49], leading to the design of functional materials [34,50], and the construc-
tion of porous materials based on halogen bonding. This could lead to the formation of
flexible, dynamic voids [51-54], opening up an opportunity to develop new and adaptable
materials [54,55].

Numerous analytical techniques have been used to determine the presence of XB
interactions including single-crystal, powder X-ray diffraction, Fourier-transform infrared
(FTIR) spectroscopy, Raman spectroscopy, NMR spectroscopy, and Uv-Vis spectroscopy [56].
FTIR and Raman spectroscopy are valuable for studying the XB interaction in the far-IR re-
gion [56]. However, NMR spectroscopy is an essential technique to evaluate the occurrence
of an XB interaction and to study its behavior in solution. NMR parameters (i.e., chemical
shifts and coupling constants) could give evidence for the occurrence, thermodynamics,
and local structure of the XB interaction since it will be possible to calculate association con-
stants in XB complexes through titrations. Additionally, NMR spectroscopy will offer the
possibility of running more complex experiments (such as HOESY and NQR experiments)
that exploit the large quadrupolar interactions of halogen atoms [56]. However, in some
cases, Uv-Vis spectroscopy becomes an alternative for probing the XB interactions in solu-
tion and the thermodynamic characteristics of XB complexes, especially in transition metal
organic halogen bonding. It should be mentioned that crystal engineering and theoretical
computation for studying the XB interaction in solution is very limited, possibly because
the XB interaction in solution is relatively weaker and more complicated than that in the
gas or solid state.

Single-crystal X-ray structure analysis played a key role because it provides more
structural details such as the geometrical features of single molecules and their rela-
tive arrangement in the crystal, which allowed the strength and directionality of the
XB to be realized [56]. When describing halogen-bonding interactions in solid-state
structures, Sakurai et al. [57] observed that (CX;---X,C) connections are present in two
geometries. These geometries were classified into Type I and Type II by Desiraju and
R. Parthasarath [58,59]. Type I are symmetrical interactions where 6; = 6, and Type Il are
bent interactions where 61 ~ 180° and 6, ~ 90° [27,58-60]. Mostly, the 0, angle occurs for
the lighter halogen atoms, which might be due to the possibility of a positive polarization
on the heavier halogen and negative polarization on the lighter halogen [60]. Desiraju
suggested the following criteria for the classification of Type I and Type II: contacts with 0°
< 101-02 1 < 15° are Type I; while contacts with 16;-0, | > 30° are Type II; and contacts
with 15° < 101-6, | < 30° are quasi-Type 1/ Type II [34]. For the distances, Type I interac-
tions were more frequent at distances shorter than the van der Waals contacts, while Type II
interactions were more frequently closer to the van der Waals limit [60,61]. This behaviour
has been explained as a direct effect of the electrostatic nature of the XB. For example,
Type II (I---I) contacts formed at longer distances, while Type I contacts, being dispersive
forces, operated preferentially at shorter distances. Recently, Type Il halogen bonding or
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di-hole has been introduced and discussed [62]. This concept was expanded to include
many halogen-B interactions, where B might be any Lewis base or other electronegative
chemical entity. In particular, both liquid and solid halogen-oxygen, halogen—nitrogen, or
halogen— interactions have been recorded. A halogen bond can also be classified in terms
of the type of atoms to halogen---halogen, halogen---chalcogen, and halogen---pnictogens,
which are ubiquitous, noncovalent interactions in crystal engineering [63]. Typically, the
interatomic distances in halogen bonding is mostly closer than the sum of the interacting
atoms’ van der Waals radii.

On the other hand, 1,3,5-triaroylbenzene (TAB) compounds are a significant class of
compounds with a unique structure finding applications in medicine, nonlinear optical
materials [64], supermolecular assemblies [64—-67], and functional polymer materials [64].
Additionally, TAB compounds have been reported to display a variety of solid-state charac-
teristics relevant to current investigations in crystal engineering [64,66].

Various types of hydrogen bonding (HB) were reported to play significant roles in
defining the solid-state structures of TAB compounds [66,68]. Additionally, halogen bond-
ing appears to be significant in defining the structures of the chloro, bromo, and iodo
derivatives [66]. Both the chloro and bromo derivatives are isostructural and display nu-
merous X---O=C interactions [67], whereas the iodo derivative exhibits Type Il I---I halogen
bonding [66]. In the current study, we intend to explore the intermolecular interactions that
are present in the crystal structure of 1,3,5-triyltris((4-chlorophenyl)methanone).

X-ray crystallography has been utilized to determine whether the distance between
a halogen and its neighbor is shorter than the total of the van der Waals radii, and if this
is true for two or more atoms near a specific halogen, the halogen is involved in one or
more XB [69,70]. Therefore, the method used in this paper is to investigate the experimental
distances and angles of XB intermolecular interactions, and other non-covalent interaction
seen in compound A (Figure 1).

Cl

Cl

Figure 1. Benzene-1,3,5-triyltris((4-chlorophenyl)methanone) compound studied in this paper.

2. Materials and Methods

General experimental: All chemicals (reagent grade) were purchased from Sigma Aldrich
and Fisher Scientific UK and utilized without additional purification. Single-crystal analysis
was determined using X-ray diffraction diagrams and calculations were performed using
Maxus (Bruker Nonius, Delft & Macscienece, Tokyo, Japan). 'H and '3C NMR spectra were
recorded at room temperature in DMSO on a Bruker DPX 440 MHz spectrometer, operating
at 400 and 100 MHz, respectively. Infrared spectra (FT-IR) were performed on Pye Unicam
SP 3-300 Spectrophotometer. Mass spectra were recorded on a positive ion mode on a Mass
Spectra Shimadzu GCMS-QP 1000 Ex mass spectrometer at 70 eV.

Synthesis of benzene-1,3,5-triyltris((4-chlorophenyl)methanone) (A): 30 mL of acetic
acid was mixed with (0.1 mol) 1-(4-Chlorophenyl)-3-(dimethylamino)prop-2-en-1-one in
presence of (0.4 mol) of pyridinium chloride ([PyH]CI). The mixture was heated for three
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hours before being cooled to room temperature. After filtration to separate the product
A from the ethanol/dioxane 1:3 mixtures, the product crystallized. Filtration is used to
separate the 1,3,5-trisubstituted benzene substituents from dioxane, and then the crystals
are recrystallized in ethanol/dioxane 1:3 mixtures.

'H NMR; (DMSO-d6); 7.65 (d,] = 8.8 Hz, Ar-H), 7.86 (d, 6H,] = 8.8 Hz, Ar-H), 8.23 (s,
3H, Ar-H) ppm. IR: Vmayx/(KBr) 3082(CH aromatic), 1657 (C=0 ketone) cm~! 13C NMR;
(DMSO-d6); 129.46, 132.34, 135.36, 138.90 (CeH4-Cl-p), 134.31, 137.81 (CcH3-CO), 193.80
(C=0) ppm. MS: m/z, 493 (M* + 1).

Single-crystal X-ray diffraction studies: Single-crystal diffraction data were collected for
A, at 293 K on a Rigaku R-AXIS RAPID diffractometer using Mo K« radiation (A = 0.71075).

Crystal data for A: Cy7 Hi5 Cj3 Os: space group P 21/c (no. 14), a = 24.160(4) A,
b =9.2561(15) A, ¢ = 10.5208(14) A, alpha = 90 beta = 99.446(7) gamma = 90, V = 2320.8(6),
Z =4, Dcalc = 1.413 g cm~3, 1 = 0.422 mm~!, F(000) = 1008. A total of 16,464 reflections
were collected, of which 3989 were unique, with Rint = 0.1177. Final R1 (wR2) = 0.1562
(0.3352) with GOF = 1.050.

Hirshfeld surface (HS) and fingerprint: Hirshfeld surface (HS) represents an important
advancement that allows supramolecular chemists and crystal engineers to gain a deep
understanding of crystal-packing behaviour by determining and evaluating intramolecular
interactions between molecules in crystal packing [71]. This approach is unique in its ability
to calculate these interactions and give a unique visualization for each crystal structure.
The crystallographic information file (CIF) of the molecule under examination is entered
into the Crystal Explorer 17.5 software [71-74]. The production of 3D molecular surface
contours and 2D fingerprint plots is one of HS’s key characteristics. These plots and
contours combine to generate a van der Waals (vdW) surface surrounding the molecule,
showing the molecule’s space within the crystal structure. A Hirshfeld surface is made
up of tens of thousands of surface points and is determined by two parameters: (i) d.,
indicating the distances between the surface and the nearest atoms outside the surface,
and (ii) d;, denoting the distances between the surface and the nearest atoms within the
surface [73]. The only limitation of using d; and d, method is that it is difficult to highlight
close interactions between large atoms because it does not take atom sizes into account.
As a result, both d; and d, distances can then be normalized (dy,or;), and Equation (1) is
used [75].

d; — r;idw d, — podw

: 1)

vdw vdw
T Te

dnorm =

These values can be represented as a three-dimensional surface, and features and
patterns for structural analysis can be detected using a red—green-blue color scheme [73,75].
Hirshfeld surface plots for the title compounds were created using a standard surface
solution of three-dimensional d,0,, surfaces plotted across a set colour scale of 0.0870 (red)
to 1.2944 (blue) a.u using the Crystal Explorer 17.5 [71-74]. Crystal Explorer 17.5. [71-74]
was used to visualize interactions in molecular crystals using Hirshfeld surface tools and
to analyze 2D fingerprint plots (FPs).

3D deformation density: Crystal Explorer 17.5 [71-74] was used to plot 3D deformation
density for the molecule at the crystal geometry over electron density iso-surface (the result
is 0.008 e/au®). This function calculated uses the B3LYP/ 6-31G(d,p) level of theory.

Electrostatic potential (ESP), promolecular surface, electron density: The molecular structure
and the 3D models of A were generated using Molview [76] web-service (http://www.
molview.org, accessed on 4 December 2023) in order to generate a molecular electrostatic
potential (MEP) surface of A. Additionally, electrostatic potential (ESP) mapped onto
Hirshfeld surfaces (40, 47) were obtained at the wave function of HF/STO-3G level (47) by
using Crystal Explorer 17.5 [71-74]. Crystal Explorer 17.5 (52-54, 56) was used to plot 3D
promolecular surface map over d;, de, and dyorn. Crystal Explorer 17.5 (52-54, 56) was used
to plot electron density surface map over d;, d,, and d,o, using wave function HF/STO-3G.
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Energy framework calculations: Crystal Explorer 17.5 [71-74] was used to compute the
pairwise interaction energy between the molecules within the crystal using the wave func-
tion calculated at the B3LYP/6-31G(d,p) level of theory. The four energy components,
electrostatic (E ele), polarization (E pol), dispersion (E dis) and exchange-repulsion (E rep),
were obtained using the wave function calculated at the B3LYP/6-31G(d,p) level of the-
ory. They involve electrostatic energy, which is concerned with the forces among charged
particles; polarization energy, which is concerned with the interactions that result from
the distortion of a molecule’s electron cloud by other near-charge distributions; dispersive
energy, which is concerned with the weak attractive forces triggered by temporary fluc-
tuations in a molecule’s electron distribution; and repulsive energy, which is the energy
required to overcome the forces that prevent a pair of molecules from interacting. Combin-
ing these various kinds of interaction energies together yields the total interaction energy
of the molecule under consideration, as shown in the following formula:

Etot = Eele + Epol + Eqgis + Erep 2)

Scale factors (indicated by Ks in the equation) are used to account for potential differ-
ences in the molecule energies determined from the generated wave function using density
functional theory:

Btot = KeleE ele + KpolE/pol + Kais B dis + KrepE/rep @3)

Both variational and perturbation-based approaches have been widely used in energy-
decomposition processes to apply the interaction energy breakdown method used in this
study [77]. This approach provides the derivation of the classical electrostatic energy of
interaction between monomer charge distributions, E’ele, and the exchange-repulsion
energy, E'rep, from the antisymmetric product of the monomer spin orbitals. The po-
larization energy, E'pol, was determined by adding together atoms using terms such as
—— |F12, in which isotropic atomic polarizabilities were represented by the electric field F,
which was computed at each atomic nucleus based on the charge distribution of the other
monomer. By adding Grimme’s D2, the dispersion energy term, E'dis, was found [78].
Calibration against conclusions from quantum mechanics is used to calculate the scale
factors, such as Kele, as stated in Equation (2) [77,79,80]. The computed interaction energies
were then used to develop three-dimensional energy frameworks. These frameworks are
beneficial in observing how the tested compounds are organized within their particular
crystal structures [77,81,82].

3. Results and Discussion
3.1. Synthesis and Characterization

The synthetic procedures used to make A are summarized in Scheme 1. 1, 2. Briefly,
1-(4-Chlorophenyl)-3-(dimethylamino)prop-2-en-1-one is heated with glacial acetic acid
for four hours, and compound A is formed. The reaction can take place by condensation
of the two enaminones, forming an open dimer 1 as an intermediate compound; the latter
is condensed with another molecule of enaminone to form the trimer (5,3,1-trimer clearly
replaced benzene) A as a final product of the reaction via the intermediate compound 2 as
it is through path A (Scheme 1). The trimer may be formed in one step; three molecules of
enaminone are condensed simultaneously through the intermediate compound 3, as is the
clear B path [83]. The expected signals in mass spectrometry (MS), IR, 'H-, and '3C NMR
spectra of A were obtained (Figures S1-54 of the Supplementary Materials).
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Scheme 1. Synthesis compound A.

3.2. X-ray Structure and Hirshfeld Surface Analysis

The X-ray structure of compound A crystallizes in a monoclinic system under the space
group P 21/c, with cell parameters a = 24.160 (4) A°, b =9.2561 (15) A°, ¢ = 10.5208 (14) A°,
a =90° B =99.446 (7)°, and y = 90°. In order to understand the crystal packing of
compound A, and the role and nature of halogen bonding, Hirshfield surface analysis
(HS) was used. HS represents an important advancement that allows supramolecular
chemists and crystal engineers to gain a deep understanding of crystal-packing behaviour
by determining and evaluating intramolecular interactions between molecules in crystal
packing [71]. Hirshfeld surface plots for the title compounds were created using a standard
surface solution of three-dimensional d.r, surfaces plotted across a set colour scale of
0.0870 (red) to 1.2944 (blue) a.u using the Crystal Explorer 17.5 [71-74]. Additionally, d;, d.,
shape index surfaces, and curvedness surfaces were generated for compound A as shown
in Figures 2 and 3, and Figures S5 and S6 of the Supplementary Materials. Those surfaces
were generated in order to understand the crystal packing of compound A, and the role
and the nature of halogen bonding.
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C-Cl - = (XB)

‘ CO--H (HB) (== \

(b)

C-O--H (HB)

C-Cl -+ (XB)

(c)

/
\_\

C-Cl-Cl (XB)

Figure 2. Hirshfeld surfaces for compounds A showing interaction in the crystal structure. (a) Shape
index surfaces: hollows = red colors; bumps = blue colors. (b) Curvedness surfaces: edges = blue color;
flat region = green color. (c) Hirshfield surfaces, color scale in between —0.18 au (blue) and 1.2 au
(red). C-O---H hydrogen-bonding interaction are highlighted in red. C-Cl---Cl halogen-bonding
interaction are highlighted in pink, and C-Cl---m halogen-bonding interaction are highlighted in
yellow. Atom colors: carbon atoms = grey, oxygen atoms = red, chlorine atoms = green.

The title molecule’s shape-index surfaces were constructed in the ranges —1to 1 A as
shown in Figure 2a. Typically, the convex blue areas represent hydrogen or halogen donor
groups, while the concave red areas represent hydrogen or halogen acceptor groups. On
the shape-index map, 7t---7 interactions are represented by adjacent red and blue triangles.
There is evidence of the existence of 7---7t interactions between nearby molecules in the title
complex, as shown in Figure 2a—c. Moreover, the title molecule’s A curvedness surfaces
were constructed in the ranges —4 to 0.4 A as shown in Figure 2b. Usually, the flat surface
area appeared in green regions, while the curvature area appeared as blue regions. Flat
regions around the rings could be evidence of a -7 stacking interaction.
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3.316A

3.316A

(b)

Type I
(‘)11158,5()0
0,=170.86 °

(c)

Figure 3. (a) Views of the single-crystal X-ray structures of A showing (C-Cl.--CI) XB interaction; the
distance is measured in the top. (b) The XB angle was measured in the bottom. (c) HS calculated for A
showing close (C-Cl---ClI) contact, which is highlighted in pink. Color scale in between —0.18 au (blue)
and 1.2 au (red). Atom colors: carbon atoms = grey, oxygen atoms = red, chlorine atoms = green.

3.2.1. C-Cl---Cl (XB)

The X-ray crystal structures of this molecule A show evidence for halogen interactions
in this system, with the distance between the halogen-bond donor atom and the halogen-
bond acceptor atom (chlorine atoms) being less than the sum of their van der Waals radii. The
significant observation from the crystal packing is the formation of two Type I (C-Cl---Cl)
halogen interactions, [C-Cl---Cl = 158.56°, C-Cl---Cl = 170.86°, C-Cl---Cl = 3.316 A], as
shown in Figure 3. It should be mentioned that two chlorine atoms attached to the meso-
position of two phenyl rings are involved in Cl.--Cl halogen bonding, resulting in a dimeric
structure as demonstrated in Figure 3.

3.2.2. C-Cl---mt (XB), and C-CI---H, and Other Non-Covalent Interactions

Halogen:--7t contacts are another common weak interaction that is frequently ig-
nored due to the presence of other interactions [60]. Shishkin and Schneider [60,84] sum-
marized this based on the location of the halogen atom relative to the aromatic plane:
delocalized (D), semilocalized (SL) and localized (L), as shown in Figure 4c [60,84]. Com-
pound A shows a localized halogen---m interaction (Type III halogen bonding) as shown
in Figure 4a,b. Additionally, the same chlorine atom is involved in HB with another
neighbouring molecule with a distant (C-Cl---H) HB interaction, [C--Cl---H= 162.26°,
C-Cl---Cl=127.60°, C-C1---C1 =2.83 A]. It should be noted that an HB interaction is ob-
served with the chlorine atom, which is simultaneously participating in XB-: -7 interactions.
The HB interactions were observed to be perpendicular to the XB interactions, a phe-
nomenon which might be proposed to arise from the distribution of electrostatic potential
on the chlorine atom. It should be stated that the C-O---H distance in all interactions are
shorter than the sum of the mean van der Waals radii of the two atoms 2.72 A.
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C-Cl ++ 7 contacts

o
o)
usi

(b)

Figure 4. (a) Crystal structure of 3. (b) HS calculated for 3, showing close (C-Cl---m) contact,
highlighted in yellow, and C-Cl---H (HB). The colour scale is between —0.18 au (blue) and 1.2 au
(red). The C-CI---7 contacts are highlighted in yellow color, and orange arrows were used to identify
C-Cl---H hydrogen-bonding interaction. Atom colors: carbon atoms = grey, oxygen atoms = red,
chlorine atoms = green. (c) Schematic representations of different types of halogen:- -7 interactions,
where L = localized, SL = semi-localized, and D = de-localized.

The unit cell of compound 3 shows four molecules. A simple analysis of the crystal
packing of the compound 3 unit cell along the b-axis shows the presence of —7 aromatic
interactions with a centroided to centroid distance of 3.846 A between two neighbouring
molecules, as exposed in Figure 5a. Additionally, each of the molecules involved in 7—m
stacking is involved in bi-halogen bonding with a neighboring molecule, forming a 1D
network along the b- and c-axis as shown in Figure 5b.
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(a)

(b)

Figure 5. (a) Unit cell of 3 viewed along the b-axis highlighted the presence of CI---Cl halogen bonding
dimer (identified using green arrows), and the presence of 7t---7 stacking is highlighted in dark blue.
(b) 1D chain formed by Cl---Cl XB dimer and the presence of 7---7t stacking for compound 3. H atoms
are not show for clarity. Atom colors: carbon atoms = grey, oxygen atoms = red, chlorine atoms
= green.

In summary, the crystal structure for compound 3 (Figure 6) shows an interesting 3D
network as a result of the halogen bond interaction (XB), C-Cl---7 interaction, 7—m stacking,
halogen bonding, and other types of intermolecular interactions as demonstrated in Figure 6.
It should be noted that two polymorphs of this compound are reported in the literature by
Pigge et al., which shows a different characteristic in comparison with compound 3 [67]. In
Pigge et al. (form A), each of the molecules in the unit cell contribute in the formation of
1D parallel chains interceded by the C-H---O (HB) interaction between carbonyl oxygens
and phenyl hydrogen. Through aromatic C-H---Cl hydrogen bonding, these separate
vertical chains are cross-linked in the horizontal direction and a Type II Cl---Cl interaction
is presented. In Pigge et al. (polymorph I), moreover, two different C-H---CIl hydrogen-
bonding interactions connect adjacent anti-parallel chains, resulting in the creation of a
corrugated sheet-like structure. Form B’s solid-state structure differs significantly from
that of form A. The unit cell contains a single unique molecule of three, and individual
molecules are linked by a network of Cl---OCl and Type I (Cl---Cl) interactions, as well as
OLC interactions, forming four vertical edges of a cube-like polyhedron.
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(b)

Figure 6. Crystal-packing diagram of 3 viewed along the (a) a-axis, (b) b-axis, and (c) c-axis. H atoms
are not show for clarity. Intermolecular interaction presence is C-Cl---Cl, C-C---H, C-Cl---7, and other
interaction. Atom colors: carbon atoms = grey, oxygen atoms = red, chlorine atoms = green.

3.3. Fingerprint

By measuring the distances d, and d; from the Hirshfeld surface and constructing
a fingerprint plot (FP) based on this value, a three-dimensional representation of the
intermolecular interactions in a crystal is obtained. A two-dimensional fingerprint (FP)
of the crystal’s intermolecular interactions represents a unique full-color graphic for each
crystal and summarizes the intricate information contained in a molecular crystal. The
color of each point in the FP corresponds to the relative area of the surface occupied by
that (d., d;) pair, whereas the uncoloured points in the FP reflect no contribution to the
surface. The colors in the plot vary from blue (the smallest contribution) to red (the largest
contribution). Visualizing interactions in molecular crystals using Hirshfeld surface tools
and 2D FP were analysed using Crystal Explorer (Version 17.5) [71-74,85].



Crystals 2024, 14, 17

12 of 20

Intermolecular contacts of compound 3 were plotted using 2D FP (Figures S7 and 7) to
provide additional evidence for the presence of XB interactions in compound 3 by calculat-
ing the percentage contribution of all interactions in the crystal structures. From a simple
analysis, it immediately emerges that the Cl---H contacts have the highest contribution in
comparison to all other interactions in the crystal structures. H---H and C---H interactions
are responsible for the second and third contributions, respectively. Cl---C interactions
show 7.9%, and Cl---Cl shows 2.9%. The final observation is the presence of ‘wings’, which
are a typical representation of C-H---7t contacts in the fingerprint plot: 16.6%.

Percentage

[ 1 21.20%

[ 1 16.60%

[ 1 6.60%

[ 1 17.10%

—_— 3.60%

B 0.40%

[ 1 7.90%

[ 1 22.90%
= 1%

e 2.90%

Figure 7. Percentage contributions of individual intermolecular interactions to the Hirshfeld surfaces
of compound 3.

3.4. Computational Chemistry
3.4.1. Electrostatic Potential

In Figure 8b, halogen bonding visualized using the electrostatic potential (ESP) is
mapped onto Hirshfeld surfaces [71,86] by using wave functions that were obtained at the
HF/STO-3G level [86]. These XB interactions are also reflected in the Hirshfeld surface
mapped over the electrostatic potential displayed in Figure 8, where a blue region indicates
a positive electrostatic potential and a red region indicates a negative electrostatic potential.
It is clear that two red regions are observed around the two chlorine atoms, which formed
double halogen bonding with two chlorine atoms in the neighboring molecule, forming a
dimeric structure. The red spots are hightides in the green cycle. Additionally, faint red
regions also appeared around the third chlorine atom corresponding to C-Cl---H, which
is highlighted in yellow. Additionally, electrostatic potential (PE) mapped on Hirshfeld
surface of the molecule is presented in Figure 9.

3.4.2. Deformation Density (DD) Maps

Crystal Explorer 17.5 [71-74] was used to compute 3D deformation density (DD)
maps using the B3LYP/6-31G(d,p) wave function. The multipole modeling of X-ray data
indicated the closed-shell nature of the interactions, where Cl---Cl Type I interactions might
result as reduced repulsion by polar flattening effects as shown in Figure 10. A similar
characteristic was reported for the Cl.--Cl interaction by Row et al. [87].
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(a) b

Figure 8. (a) Electrostatic potential (ESP). (b) Electrostatic potential (ESP) mapped onto Hirshfeld
surfaces (40, 47) by using wave functions were obtained at the HF /STO-3G level (47). Red spots
are hightides in green cycle, which form dimeric structure with neighboring chlorine atoms. The

faint red regions correspond to C-Cl---H, which are highlighted in yellow. (c) The 3D model map of
molecular electrostatic potential (MEP) of 3 is generated using the Moleview Program (76), where
blue color = positive, red = negative electrostatic potential surface.

(a) (b) (c)
(e) (f)

Figure 9. Electrostatic potential (PE) mapped on Hirshfeld surface of the molecule of 3: (a) dyorm,

(b) de, () d;. Promolecule density mapped on Hirshfeld surface of the molecule of 3: (d) dyiorm, (€) de,
(f) d;. In dyyoim, red spots are hightides in green cycle, which form dimeric structure with neighbouring
chlorine atoms. The faint red regions correspond to C-Cl---H, which are highlighted in yellow.
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(a)

Figure 10. (a) Compound 3. (b) 3D deformation density (DD) maps for 3 shows the presence of
charge depletion (CD) in red and charge concentration (CC) in blue. (c) 3D deformation density (DD)
maps for 3, and the neighboring molecule forming dimeric structure. Atom colors: carbon atoms =
grey, oxygen atoms = red, chlorine atoms = green.

3.4.3. Energy Framework Calculations

Crystal Explorer 17.5 [71-74] was used to compute the pairwise interaction energy
between the molecules within the crystal. To calculate the overall interaction energy, a
molecular cluster with a radius of 3.8 was formed within the crystal around a selected
molecule (Figure 11). The computation of interaction energy frameworks required the ap-
plication of symmetry operations to build molecular wave functions and estimate electron
densities of the chosen molecular cluster. The four energy components, electrostatic (E ele),
polarization (E pol), dispersion (E dis) and exchange-repulsion (E rep), were obtained using
the wave function calculated at the B3LYP/6-31G(d,p) level of theory. The total energy
(Etot) was calculated using the CE-B3LYP/6-31G(d,p) energy model and the following
scaling factors: K ele = 1.057, K pol = 0.740, K dis = 0.871, and Krep = 0.618 [77,88]. For
the purpose of calculating interaction energy, the basis set CE-B3LYP/6-31G(d,p) [77] was
selected since it matches a higher basis set that is compatible with the most recent version
of the Crystal Explorer 17.5 program [71-74]. Table 1 summarizes the energy values. The
crystallographic symmetry operations and their accompanying molecular interaction ener-
gies are shown in Table 2. R is the distance between molecular centroids, and N denotes
the number of molecules at that distance. Energy values are given in k] mol~!. These
findings suggest that interactions between the center molecule and its neighbors can be
classified into ten types. Figure 11a depicts the colors of the molecules in each of these
categories. The energy frameworks depicted in Figure 11b—d use different colored cylinders
to symbolize these energies. The energy framework was outlined as red cylinders for Eelec,
green cylinders for Edis, and blue cylinders for Etot, as shown in Figure 8. The highest
interaction energy (—54.9 k] /mol) is obtained between the molecules with the best CI---ClI
intermolecular contact. The electrostatic component dominates this interaction.
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Figure 11. (a) Illustration of molecular interactions in a cluster with a radius of 3.8 A between the
centrally investigated molecule and neighboring molecules viewed down the c-axis. (b) Cylindrical
tube formation of columbic energy as red tubes, (c) dispersion force as green tubes, and (d) total
energy as blue tubes. Carbon atoms = grey, oxygen atoms = red, chlorine atoms = green.

Table 1. Molecular pairs and the interaction energies in kJ /mole obtained from energy framework
calculation for the title compound 3. Each form of energy should be multiplied by its relevant factor:
Kele =1.057, K pol = 0.740, K dis = 0.871, and Krep = 0.618.

N2 Symop b RE€ Electron Density E_ele E_pol E_dis E_rep E_tot
B X, —y, —z 16.62 B3LYP/6-31G(d,p) 13 —02 —27 0.0 ~1.0
0 —X, =Yy, —Z 15.48 B3LYP/6-31G(d,p) —6.5 —0.0 —72 0.0 —13.2
1 X, y+1/2, —z+1/2 14.27 B3LYP/6-31G(d,p) —44 —-04 —-9.1 0.0 —129
2 x,—y+1/2,z+1/2 7.36 B3LYP/6-31G(d,p) -94 —2.8 —39.5 18.9 —34.8
0 x,—y+1/2,z+1/2 6.67 B3LYP/6-31G(d,p) —19.3 —6.1 —63.2 40.5 —549
1 —X, =y, —Z 12.43 B3LYP/6-31G(d,p) 14.9 —-1.7 —459 0.0 —25.5
1 X, y+1/2,—z+1/2 11.65 B3LYP/6-31G(d,p) —-99 0.0 —30.6 23.2 —22.7
1 X, Y,z 10.52 B3LYP/6-31G(d,p) -2.0 0.0 —17.3 9.9 —11.1
0 —X, =y, —Z 11.39 B3LYP/6-31G(d,p) —11.2 —-1.1 —15.8 19.5 —14.4
0 —X, =y, —Z 15.18 B3LYP/6-31G(d,p) 0.5 —-0.2 5.0 0.0 —4.0

a = molecules that interact, and the quantity of pairs of molecules that interact in relation to the reference molecule;
b = rotational symmetry operations with respect to the reference molecule; ¢ = centroid-to-centroid distance
between the reference molecule [77].

Table 2. Energy models used in this study, with scale factors for benchmarked energy model.

Energy Model K_ele K_pol K_disp K_rep
CE-HF ... HF/3-21G electron densities 1.019 0.651 0.901 0.811
CE-B3LYP ... B3LYP/6-31G(d,p) electron densities  1.057 0.740 0.871 0.618
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4. Conclusions

The title compound benzene-1,3,5-triyltris((4-chlorophenyl)methanone) was synthe-
sized, crystallized, and characterized using different techniques including 14, and 3G, IR,
and MS, and single-crystal X-ray diffraction. Halogen bonding can be attributed to the
favorable interaction that exists between a halogen'’s electropositive and electronegative
atom, such as oxygen, or other halogen atoms. We have investigated the solid-state struc-
ture of a series of compound benzene-1,3,5-triyltris((4-chlorophenyl)methanone), where
halogen---halogen, halogen---7, and other types of intermolecular interactions present
the resulting structures. These interactions were identified and analyzed through dis-
tance, angles, Hirshfeld surface maps, two-dimensional (2D)-fingerprint analysis, and the
percentage contribution for different kinds of non-covalent interaction.

The crystal structure of compound A exhibits Type I (Cl.--Cl) halogen interaction
short contact between two chlorine atoms attached to the para-position of two phenyl
rings in one molecule and two chlorine atoms in a nearby molecule in the same position,
resulting in a dimeric structure. In addition, the third chlorine atom is involved in a
localized halogen:--m interaction (Type III halogen bonding) with a neighbouring molecule.
Additionally, the same chlorine atom is involved in HB with another neighbouring molecule
which is perpendicular to the halogen interaction. Intermolecular contacts of compound A
were plotted using 2D fingerprint, which provide additional evidence for the presence of
XB interactions, with a percentage of 2.9% for Cl---Cl interactions. The shape index and
curvedness surface over Hirshfeld were used to confirm the presence of such interactions.
The electrostatic potential (ESP) mapped onto Hirshfeld surfaces, 3D molecular electrostatic
potential (MEP), deformation density, and energy framework were used to confirm the
presence of such interactions. The highest interaction energy (—54.9 kJ/mol) is obtained
between the molecules with the best Cl---Cl intermolecular contact. The closed-shell
structure of interactions was suggested by multipole modeling of X-ray data using a
deformation density map, where Cl---Cl Type I interactions may result in reduced repulsion
due to polar flattening effects. All analyses confirm the presence of halogen-bonding
interactions in the title compound.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ cryst14010017/s1, Figure S1: MS. of Benzene-1,3,5-triyltris((4-
chlorophenyl)methanone); Figure S2: IR. of Benzene-1,3,5-triyltris((4-chlorophenyl)methanone);
Figure S3: 'H-NMR. of Benzene-1,3,5-triyltris((4-chlorophenyl)methanone); Figure S4: 13C-NMR.
of Benzene-1,3,5-triyltris((4-chlorophenyl)methanone); Figure S5: Hirshfeld surfaces mapped of
compound A with (1) d;, (2) de, and (3) dyorm red spots corresponding to close contact; Figure Sé:
Hirshfeld surfaces of compound 3 mapped with (1) shape-index surfaces for compounds A along a-, b-,
and c-axis. Shape-index surfaces (top, color code: hollow—red; bumps—blue). (2) Hirshfeld surfaces
mapped with curvedness surfaces for compounds A along a-, b-, and c-axis. Curvedness surfaces
(bottom, color code: edges—blue; flat regions—green); Figure S7: 2D fingerprint plots of compound
A highlighting (a) all interactions, (b) Cl.--Cl, (c) Cl---O, (d) Cl---H, (e) Cl---C, (f) O---O, (g) O---C. To
provide context, the outline of the fingerprint is shown in grey; Figure S8: Electrostatic potential (PE)
mapped on Hirshfeld surface of the molecule of A: (a) dyorm, (b) de, (c) di; Figure S9: Promolecule
density mapped on Hirshfeld surface of the molecule of A: (a) dyorm, (b) de, (c) d;. CCDC 2293563
contains the supplementary crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif
(accessed on 7 July 2023).
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