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ABSTRACT

Chalcone derivatives are simple chemical scaffold found in natural products and have been extensively
used as an effective template in medicinal chemistry for drug discovery. Two new geometrical isomers
of 1-(5-bromothiophen-2-yl)-3-(10-chloroanthracen-9-yl)prop-2-en-1-one were synthesized, isolated and
characterized by various spectroscopic techniques (FT-IR, NMR, LC-MS and UV-visible). Two different
shaped (cis and trans) yellow colored single crystals were obtained by slow evaporation method and
the molecular structures were confirmed by X-ray diffraction studies. The cis configuration crystallizes in
the monoclinic P2¢/c space group, whereas, trans configuration crystallizes in the orthorhombic P2:22;
space group. The conformational changes lead to variations in molecular packing arrangement. In cis, 2-D
layer-like architecture is constructed by C-H...O and S...S contacts, whereas, in trans 3-D zig-zag pat-
tern is generated by C-H...O, C-H...Cl and Br...w interactions. The unique supramolecular topology of
the isomers established by diverse intra and intermolecular interactions was analysed by Hirshfeld sur-
faces, 2D fingerprint plots, 3D energy framework and NCI index model. The Frontier molecular orbitals
explored HOMO-LUMO energy gap and associated electronic properties were calculated. The molecular

electrostatic potential (MEP) was plotted to identify the reactive sites in the molecule.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Thiophene chalcones and their derivatives have received a great
deal of endorsement due to their relatively simple structures with
diverse pharmacological [1-3] and nonlinear optical properties [4].
These derivatives exhibit many interesting properties in dye chem-
istry [5], conductivity based sensors [6,7], electronic and optoelec-
tronic devices [8,9], and also in corrosion inhibition [10]. Recently,
materials with non-linear optical properties in the near-infrared
region have been exploited due to their potent applications in opti-
cal communication, optical data processing and storage, 3D micro-
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fabrication, optical power limiting and bio-imaging [11-14]. On the
other hand, polyaromatic hydrocarbons containing m-conjugated
structures like anthracene, having three six-membered rings fused
together in a planar-like arrangement known to show unique prop-
erties in terms of conductivity that have led to significant advance-
ments in the field of organic electronics [15-22]. Due to its high
fluorescence and quantum yield from the strong-conjugated and
rigid structure, anthracene has become a star building block in or-
ganic light-emitting diodes [23,24]. Moreover, chemical modifica-
tions on anthracene would tune the molecular packing and charge
transport properties, and fortunately, attaching the aryl groups, like
phenyl, naphthyl, thienyl, and bithiophene units [25] to anthracene
at active end and peri positions could extend the m-system very
easily and enhances the nonlinear optical properties [26]. Recently,
Zainuri et.al [27], found that the presence of anthracene fused ring
system and the halogen phenyl substituent at the terminal ring
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derivatives is useful in getting good quality single crystal with en-
hanced NLO properties. Thiophene and anthracene oligomers and
polymers are also investigated for luminescence, semiconductor
and sensing properties [28-30]. Therefore, based on the extensive
literature and understandings we merged systematically the above
two heterocyclic ring moieties with one single chalcone for attain-
ing efficient hybrid organic.

Polymorphism has seized the attention of a crystal engineers
due to its significantly different physicochemical properties and
potential applications in the discovery of drugs, explosives, dyes
and pigments. Moreover, polymorphs are valuable for understand-
ing the relationship of crystal packing and structure property [31-
34]. Crystal habit of crystalline material is governed by its internal
structure, molecular packing and intermolecular interactions and
that can affect many properties such as, filtration, drying, com-
pression, tableting, flow characteristics and the dissolution rate of
a drug. Owing to the better manufacturability characteristics, ease
of handling and stability of solids, they are most preferable for the
development of drugs over a solution or semisolid formulation. A
comprehensive understanding of the crystalline forms of all the
materials involved in drug formulation is very crucial for successful
drug development [35-38].

The reports on the analysis of effects of cis and trans config-
urations of chalcones on the biological applications are very rare.
Herein, we report the synthesis and spectroscopic characterization
of a novel chalcone derivative. Interestingly, cis and trans conform-
ers of title compound are confirmed by single crystal X-ray diffrac-
tion method. The structure conformational diversity and crystal
packing modes of both the forms are studied using crystallographic
and quantum computational methods. Further, DFT calculations are
performed to understand the electronic properties of the cis and
trans isomers.

2. Experimental section
2.1. Materials and methods

The ketone (2-acetyl-5-bromo-thiophene) and the aldehyde (10-
chloro-anthracen-9-aldehyde) were purchased from Sigma Aldrich
and Merck, India. Lithium hydroxide monohydrate (LiOH-H,0) was
procured from Sisco Research Laboratories, India. All the reagents
were used without purification and solvents used were of analyt-
ical grade. The solvent system used for column chromatography
was n-hexane: ethyl acetate (8:2). Sonication was performed us-
ing an ultrasonic cleaner (with a frequency of 50 Hz and a nom-
inal power of 170 W). The IR spectra of synthesized titled com-
pounds were taken on Bruker FTIR spectrophotometer. 'H and 13C
NMR spectra were recorded on Bruker Avance DRX400 (400 MHz
for TH NMR and 100 MHz for 3C NMR) in CDCl; solvent. Chem-
ical shifts were reported as § (ppm) relative to TMS as internal
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standard. Coupling constants | are expressed in Hertz. Mass spec-
tra was recorded on Agilent 6545 Q-TOF LC/MS.

2.2. Synthesis of
1-(5-bromothiophen-2-yl)-3-(10-chloroanthracen-9-yl)
prop-2-en-1-one (3)

A mixture of 2-acetyl-5-bromo-thiophene (1) (1 g, 4.85
mmol), 10-chloro-anthracen-9-aldehyde (2) (1.16 g, 4.85 mmol) in
methanol (25 mL) was treated with lithium hydroxide monohy-
drate (LiOH-H,0) (20 mg, 0.485 mmol). The reaction pathway is
as shown in Scheme 1. The mixture was irradiated in a water bath
of an ultrasonic cleaner at room temperature for 15 minutes. The
reaction mixture was then poured over crushed ice, acidified with
dilute HCI and the resulting solid product was collected by filtra-
tion, washed with cold water and dried. The residue was purified
on column chromatography (n-hexane: ethyl acetate, 8:2) to afford
pure yellow crystals [39,40]. After being kept at room tempera-
ture in light for few days until the solvent was evaporated, sin-
gle crystals of (3) trans-E and Z-cis isomers (Fig. 2) grew on the
bottom of the glass crystallizer and these isomers were separated
manually with a pair of tweezers. During the crystallization pro-
cess, we have observed different sizes and shapes of yellow colored
crystals, which were formed in the glass crystallizer, are shown in
supplementary Fig. S6. Single crystal X-ray crystallography stud-
ies on different type of crystals confirms the cis and trans isomers
of the novel chalcone derivatives, 1-(5-bromothiophen-2-yl)-3-(10-
chloroanthracen-9-yl) prop-2-en-1-one (3).

2.4. Single crystal X-Ray diffraction studies

Crystals suitable for X-ray crystallography were selected using
an optical microscope. The X-ray diffraction data were collected at
room temperature by the w-scan technique using Rigaku XtalLAB
Mini CCD diffractometer equipped with X-ray generator operating
at 50 kV and 12 mA, CCD area detector and fine-focus sealed tube
with a graphite monochromator using MoKa (A = 0.71073 A) ra-
diation. Data were collected with x fixed at 54°, for different set-
tings of ¢ (0° and 360°), keeping the scan width of 0.5° with expo-
sure time of 4 s and the sample to detector distance was fixed to
50 mm. Data collection and reduction were performed using Crys-
talClear program [41]. The structure was solved by direct meth-
ods with SHELXS [42] and refined by a full-matrix least-squares
technique on F2 using SHELXL-2014 [43,44] with anisotropic ther-
mal parameters for the non-H atoms. All the hydrogen atoms
were located using difference Fourier techniques and refined with
isotropic temperature factors. Molecular graphics were generated
using Mercury 4.0 program [45]. The crystal data and structure re-
finement details are given in Table 1.

H
HC=—C Cl
))l r.t | A\
15 min s o

Br
(E & Z) in solution

3)

Scheme 1. Schematic representation of synthesis of 1-(5-bromothiophen-2-yl)-3-(10-chloroanthracen-9-yl) prop-2-en-1-one.
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Table 1
Crystal data and structure refinement details.

Parameter cis Trans

CCDC deposit No. 1522484 1960503

Empirical formula Cy1Hy,BrClos Cy1Hq,BrClOS

Formula weight 427.73 427.73

Temperature (K) 296(2) 293(2)

Radiation MoKa MoKa

Wavelength (A) 0.71073 0.71073

Crystal system Monoclinic Orthorhombic

space group P2;/c P2,2,24

a(A) 12.3913(14) 5.6210(6)

b (A) 12.9272(13) 16.8730(19)

c (A) 11.0174(13) 18.5200(2)

o (°) 90.00 90.00

B (©) 96.135(4) 90.00

y (°) 90.00 90.00

Volume (A3) 1754.7(3) 1756(3)

Z 4 4

Density(calculated) Mg m—3 1.619 1.617

Absorption coefficient mm~! 2.620 2.616

Fooo 856 856

Crystal size (mm) 0.120x0.12x0.120 0.220x0.220x0.22

6 range for data collection 2.28° to 27.24° 3.27° to 27.50°

Index ranges -15<h <15 -7<h<2
—16<k < 16 —6< k <21
-14<1<14 -12<1<24

Reflections collected 43962 3836

Independent reflections 3903 [Rjy; = 0.0555] 3452 [Rjpe = 0.1397]

Absorption correction multi-scan multi-scan

Refinement method Full matrix least-squares on F2 Full matrix least-squares on F2

Data | restraints /| parameters  3903/0/226 3452/0/227

Goodness-of-fit 1.054 0.952

R1, WR2 [I > 20(I)]
R1, wR2 [all data]
Residual (eA-3)

0.0367, 0.0730
0.0601, 0.0806

0.365 and —0.494

0.0688, 0.1677
0.0856, 0.1802
1.145 and -0.878

2.5. Theoretical calculations

2.5.1. Hirshfeld surface analysis

The Hirshfeld surface analysis helps to explore the intermolecu-
lar interactions in crystal as they provide a visual picture of molec-
ular shape in a crystalline environment. It identifies different types
of inter-contacts with color coding distance from the nearest atom
exterior (de) and interior (d;) to the surface. The spherical atom
electron densities were used to calculate the electron distribution
based on which the 3D molecular Hirshfeld surfaces in the crystal
structure were constructed. The 2D finger print plot analysis pro-
vides contributions of different intermolecular interactions of the
compound in crystalline environment quantitatively. The de and d;
distance scales are displayed on the graph axes in the range of 0.6
to 2.8 A. The Hirshfeld surfaces are mapped with dporm and 2D fin-
ger print plots are generated and visualized using Crystal Explorer
17.5 [46]. Further, the intermolecular interaction energies between
the molecular pair of clusters of fragments within radius of 3.8 A
was calculated using Crystal Explorer 17.5. The 3D topology of the
predominant interactions involved in crystal packing is visualized
through energy frameworks based on the calculated interaction en-
ergy values [47,48].

2.5.2. Quantum computational studies

The quantum chemical calculations and spectroscopic assign-
ments of the compounds were made using density functional the-
ory (DFT). The coordinates of the compounds were optimized in
gas phase using DFT/B3LYP hybrid functional calculations with 6-
311+G (d, p) level basis set. The frontier molecular orbitals, their
energy gap (HOMO-LUMO) and the related local and global in-
dexes (electro negativity, chemical potential, hardness, softness,
electrophilicity) were estimated using Koopman’s approximation
[49,50]. Further, the calculated molecular electrostatic potential

(MEP) and natural atomic charges of the compounds were esti-
mated to identify the possible reactive sites within the molecu-
lar system. All the above theoretical calculations were carried out
using Gaussian 16 package [51] and visualized using Gaussview
6.0.16 without any geometrical constraints [52]. Furthermore, non-
covalent interaction between the fragments of cis and trans iso-
mers were determined and analyzed within the framework of
Bader’s quantum theory of atoms in molecules (QTAIM), non-
covalent interactions index (NCI) model and the nature of various
interactions are represented by 2-D scatter plot. QTAIM analysis
were carried out using Multiwfn 3.6 software [53] on the wave
functions generated by DFT at the B3LYP level.

3. Results and discussion
3.1. Conformational properties of chalcones

Chalcones are flexible molecules capable of existing in various
conformations and their properties depend on a suitable ring sub-
stitution and the presence of «,8-unsaturated ketone moiety [54].
Chalcones exist as either E-(trans) or Z-(cis) isomers (Fig. 1). The E-
isomer is the thermodynamically most stable form in most cases,
so the E isomer is isolated as the majority of the chalcones [55].
Configuration of Z isomer is unstable due to the strong steric ef-
fects between the carbonyl group and phenyl-ring. While E and Z
mixtures exist in solution, the E-form invariably results on crystal-
lization. So, recrystallization of an E-Z mixture yields E isomer as
the only stereoisomer [56-58].

3.2. Spectral characterization of the title compound (3)

Structural characterization of the title compound (3) was car-
ried out by FTIR, UV-visible, NMR and LC-MS spectral analy-
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Fig. 1. E and Z conformations of Chalcones.

sis. The experimental FT-IR spectra of the title chalcone con-
firms the functional groups and the carbonyl stretching vibra-
tions appearing in the region 1750-1660 cm!. The characteris-
tic vibrational frequencies for the main functional groups, viz; C-
Hj (Expt.=2924 cm™!; DFT =3040 cm!), C-H tpiophene (EXPt.=3418
cm!; DFT =3220 cm!), Cep2-H (Expt. = 3045 cm™'; DFT =3120
cm), C=C (Expt. = 1409 cm™! ; DFT = 1467 cm™!) and C=0
(Expt. = 1639 cm™ ; DFT = 1710 cm™!). The experimental UV-
visible spectrum was performed in the solvent methanol and the
maximum absorption (Amax) was found to be 416 nm. The FT-IR
and UV-visible spectra of the chalcone compound is shown in sup-
plementary Fig. S1 and S2.

TH NMR and 3C NMR spectra of 1-(5-bromothiophen-2-yl)-3-
(10-chloroanthracen-9-yl)prop-2-en-1-one (3) in CDCl3 shows the
proposed structural formula as shown in Scheme 1. Several peaks
in the aromatic region from & 7.30 to § 8.77 ppm were attributed
to the anthracene and thiophene rings. The "H NMR of the novel
chalcones suggested two doublets, one at a range of § 8.73-8.77
ppm (for Hg) and another at a range of § 7.15-7.16 ppm (for Ha)
for vinylic protons near the carbonyl group (-CHg=CHy-C=0) (Fig.
S3). The coupling constants value (J) (Juq -np) for individual iso-
mers were found to be Jy, _yg =10.7 Hz and Jy, _yg =15.6 Hz,
respectively that confirms the Cis and Trans configuration of the
vinylic system. 3C NMR spectrum of the title compound (3) in
CDCl3 shows the respective peaks of carbonyl carbon (-C=0) at
181.00 ppm, the «, B-unsaturated carbon atoms (-CHg=CHy-C=0)
with respect to the carbonyl carbon gives characteristic signals at §
121.49 ppm, and 145.59 ppm respectively. The other peaks in the
aromatic region from § 122-159 ppm were attributed to the aro-
matic carbons of anthracene and thiophene rings as shown in Fig.
S4.

Experimental mass spectra (Fig. S5) of the title compound
showed the presence of molecular ion peaks (M+H)*, (M+2)*,
and (M+Na)*, corresponding to the molecular weight of chalcone
derivative, one at m/z= 426.955, 428.953 and 448.936 respectively
and a base peak was observed at m/z= 432.937. Due to the pres-
ence of isotopic effects of chlorine (Cl~), bromine (Br-), carbon and
hydrogen, many peaks are observed (<0.01%) beyond the parent
peak and the peaks were shown in the Table. S1.

3.3. Single crystal X-ray diffraction analysis

Single crystals of novel chalcone derivative were obtained by
slow evaporation method and their molecular structures were con-
firmed by the X-ray diffraction analysis. The key feature of this
study is that the keto-ethene group of the novel chalcone based
structure exists in both cis and trans isomeric forms. Crystal form
I crystallizing in monoclinic system with space group P2/c shows
cis configuration, while form II crystallizes in orthorhombic system
with space group P2;2:2; exhibits trans configuration. Fig. 3 rep-
resents the ORTEP view of the two conformers with thermal ellip-

Fig. 2. Molecular overlay of cis (orange) and trans (blue) conformers.

soids drawn at 50% probability. The cis and trans isomers consist
keto-ethene group that connects the thiophene ring and an an-
thracene ring through a non-planar chain. In cis isomer, the thio-
phene ring (S1/C2/C3/C4/C5) is rotated by 21.532 from the keto-
ethene group about C5-C7 bond, whereas, the connecting keto-
ethene group and anthracene ring (C11-C24) are 64.57° apart in-
dicating that the keto-ethene group is near to the thiophene ring
plane. The dihedral angle between the thiophene and anthracene
ring planes is 65.272. In trans isomer, the thiophene ring and an-
thracene rings are rotated by 9.79° and 73.17¢ from the bridging
keto-ethene group about the C5-C7 and C10-C11 respectively, indi-
cating that the keto-ethene group is nearly coplanar to the plane
of thiophene ring. The dihedral angle between the thiophene and
anthracene ring planes is 82.64¢. Near trigonal geometry about C7
atom is observed in both the forms that was indicated by bond
angle values of C5-C7-08 [119.77° and 119.162], 08-C7-C9 [122.61°
and 122.06°] and C5-C7-C9 [117.63° and 118.74°] in cis and trans
respectively. The molecular overlay of the cis and trans conform-
ers is shown in Fig. 2 in which the differences in molecular geom-
etry and supramolecular recognition modes is observed. The tor-
sion angles of the keto-ethene group is compared with the cis and
trans configuration of related chalcone derivative (Table 2), 3-(9-
anthryl)-1-phenylprop-2-en-1-one reported by Ruimin Zhang et al
[59].
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(b)

Fig. 3. ORTEP of the cis (a) and trans (b) isomer with the numbering scheme for non-hydrogen atoms and thermal ellipsoids drawn at 50% probability.

Table 2

Comparison of torsion angles (2) of the keto-ethene group in selected chalcone molecules.
C24-C11-C10-C9 C12-C11-C10-C9 C7-C9-C10-C11 08-C7-C9-C10 C10-C9-C7-C5 C9-C7-C5-C4
72.6(3) -110.3(3) 1.0(4) 25.2(4) -154.3(2) -4.4(4) cis
115.5(10) -64.4(13) -177.7(8) -9.0(15) 168.5(8) -10.8(14) trans
-98.5(5) 82.9(5) 3.6(6) 13.1(6) -167.4(3) 24.4(5) cis*
97.7(5) -80.7(5) 179.4(3) -13.1(6) 167.1(4) -18.0(5) trans®

* 3-(9-anthryl)-1-phenylprop-2-en-1-one

Intramolecular C-H...Cl and dihydrogen (H...H) interaction
forms two supramolecular S(5) and one S(6) pseudo rings in
both the forms, however one C-H...O interaction by the keto
oxygen with the ethene H10 results in the formation of S(5)
ring only in trans configuration (Fig. 4). The cis and trans iso-
mers of the chalcone derivative were stabilized by different type
of non-covalent interactions (Table 3). In cis form, keto oxy-
gen (08) acts as an acceptor for two hydrogen bonding in-
teractions (C4-H4...08 and C9-H9...08) forms the R%(7) syn-
thon to construct 1-D zig-zig chain along crystallographic a-
axis (Fig. 5a). S...S short contacts between the two thiophene

rings interconnects the 1-D chain to generate 2-D supramolec-
ular architecture as shown in Fig. 5b. The Cg(1)-Cg(3) interac-
tion (Cg(1):51/C2/C3/C4/C5 and Cg(3):C19/C20/C21/C22/C23/C24)
and C-H...Cg interactions (C...Cg=3.7870(15) A, H-Cg distance of
2.79 A) also helps to stabilize the crystal packing. In trans form,
strong C9-H9...08 hydrogen bond forms an infinite 1-D linear
chain along the a-axis R§(28) Thering motif rendered through
C16-H16...CI25 interconnects the 1D linear chain. Further, Br...w
supramolecular interactions [Br2...7w (€23 and C24)] contribute to
the construction of the 3-D supramolecular architecture (Fig. 6)
[60,61].
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Fig. 5. (a) An infinite one-dimensional chain formed by C-H...O interactions with ring motif of R% (7). (b) 2-D packing arrangement in the crystal structure of cis isomer.

3.4. Theoretical studies

3.4.1. Hirshfeld surface analysis

The Hirshfeld surface analysis helps to explore the intermolecu-
lar interactions in crystal as they provide a visual picture of molec-
ular shape in a crystalline environment. Intermolecular interactions
of the cis and trans isomers were quantified by Hirshfeld surface
analysis and their subsequent 2D fingerprint plots were explored
using CrystalExplorer17 software [62]. dporm Surfaces were gener-
ated for cis and trans to understand the intermolecular interac-
tions based on the crystal packing. Two wider red spots on the
dnorm surface of the cis and trans indicates the respective acceptor
and donor atoms corresponding to the strong C4-H4...08 and C21-
H21...08 intermolecular hydrogen bond interactions (Fig. 7). Rel-
atively smaller red dots on the dporm surface of the cis are cor-

responds to the O..H and Br..H short interactions, whereas three
smaller spots on dnorm Surface of trans isomer indicates the Br...w
short interactions and C-H...w inter contacts.

To quantify the intermolecular interactions, 2D fingerprint plots
(FP) for cis and trans isomers were plotted with the range from 0.1
to 2.8 A in each of d; and d.. To highlight each individual type of
interactions, FPs were restrained into specific pairs of atom-types
contributions (H..H, H...C, H...O, H...S and H...Br). Fig. 9 shows the
2D fingerprint plots mapped with significant intermolecular inter-
actions, where the H..H and C...H interactions in cis and trans con-
tribute largest to the total Hirshfeld surface with27.31% and 30.4%
respectively. Two sharp spikes [de+d; ~1.25 A (cis) and 1.39 (trans)
A, indicative of a strong intermolecular hydrogen bond interaction
on the fingerprint plot were observed for the O...H contacts, cor-
responding to the C4-H4...08 interactions. In the vicinity of de+d;
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Fig. 7. dnorm mapped Hirshfeld surface of the cis (a) and trans (b) isomers.

Table 3
Details of hydrogen bonding interactions.
cis D-H...A (A) D-H(A) H.A(A) D.A(A) D-H..A (°)
C20-H20...C125* 0.93 2.63 3.029(3) 107
C16-H16...CI125* 0.93 2.64 3.035(3) 106
C4-H4...08! 0.93 2.30 3.202(3) 162
C9-H9...08! 0.93 2.69 3.599 165
trans C10-H10...08* 0.93 2.52 2.829(10) 100
C16-H16...CI25* 0.93 2.62 3.023(9) 107
C20-H20...CI25* 0.93 2.65 3.047(9) 107
C21-H21...08i 0.93 2.58 3.308(12) 135
C16-H16...CI1251 0.93 2.94 3.624 131

* intra, (i) x,1/2-y,-1/2+z (ii) 2-x,-1/2+y,3/2-z (iii) -1/2+x,1/2-y,2-z

~1.9 A, another two sharp spikes are appeared for the Br..H con-
tacts, corresponding to Br..H and Br..m short interactions for cis
and trans with a contribution of 12.9% and 13.5% respectively. Apart
from these major interactions, other interactions contribute con-
siderably to the total Hirshfeld surface of cis and trans isomer
(Fig. 8a).

3.4.2. Molecular interaction energy framework calculations

Energy frameworks are a convenient approach for visualizing
the nature and strength of molecular interaction in crystalline ma-
terials and has been applied to understand the supramolecular or-
ganization and material level functional performance of the com-
pounds. The interaction energy between the molecular pairs of
cis (Table 4a) and trans (Table 4b) isomers were calculated for
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Fig. 8. 2D fingerprint plots of cis and trans isomers to represent the % contribution of various interactions to the total Hirshfeld surface.

a-axis

Fig. 9. Energy-frameworks for Eg (red), Egs (green) and Eq (blue) for a cluster of fragments of (a) cis and (b) trans isomers (3.8 A) . All diagrams use the same cylinder
scale of 100 for energies.

Table 4
Molecular pairs and the interaction energies (kJ/mol) obtained from energy framework calculation
for (a) cis and (b) trans isomers. R is the distance between molecular centroids in A.

4a N SymoP R Eele Epol Edis Erep Etot
2 X, ¥z 12.39 -1.8 -0.4 -7.5 4.1 -5.4
2 X, -y+1/2, z+1/2 14.12 -0.2 -0.5 -10.2 5.4 -5.3
1 -X, -y, -Z 9.33 -9.4 -6.5 -78.5 35.9 -55.4
2 -X, y+1/2, -z+1/2 11.63 3.0 -1.0 -10 1.9 -5.1
2 X, -y+1/2, z+1/2 5.59 -24.3 -9.7 -64 375 -58.4
1 -X, -y, -Z 14.89 1.0 -0.1 -4.9 29 -1.2
2 -X, y+1/2, -z+1/2 10.19 -1.4 -1.0 -16.6 6.6 -11.7
1 -X, -y, -Z 8.87 -10.2 -1.9 -21.4 26.5 -9.4
1 -X, -y, -Z 7.36 -3.3 -2.1 -31.9 13 -23
2 -X, y+1/2, -z+1/2 9.38 -3.7 -0.6 -11.2 5.8 -9.5

4b N Symop R Eele l':pol Edis Erep Etot
2 X ¥z 5.62 -19.9 -5.7 -61.6 34 -52
2 X+1)2, -y, z+1)2 1226  -14 04 93 2.6 -7.9
2 x+1/2, -y+1/2, -z 7.19 -5.7 -2.8 -45.6 228 -30.2
2 x+1/2, -y+1/2, -z 12.41 -2.8 -1.2 -27.4 15.2 -16
2 -X, y+1/2, -z+1/2 10.10 -7.3 -2.3 -10.5 5.4 -14
2 =X, y+1/2, -z+1/2 8.91 -24 -1.5 -29.4 14.7 -18
2 x+1/2, -y, z+1/2 11.89 -1 -03 8.8 33 -6.4
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Fig. 10. Overlay of the crystal structure and optimized structure of (a) cis and (b) trans isomers of chalcone derivative.
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Fig. 11. Frontier molecular orbital profile of the (a) cis and (b) trans isomers of chalcone derivative.

the construction of energy frameworks to evaluate the net in-
teraction energy. The variation in the crystal packing modes and
true synthon hierarchy of the isomeric crystal structures were in-
vestigated. A systematic comparison of the electrostatic, disper-
sion and total energy frameworks of the two isomers shows the
dissimilarities in their energy frameworks (Fig. 9). A variation in
the dimensions of the pillars, columns and crossbars between the
two forms are observed. The energy frameworks of cis form view
along the g-axis is shown in Fig. 10a. The pyramid-like packing
arrangement in cis is observed with dominant dispersion energy
component. The total energy of the molecular fragments (Eior=-
184.4 KkJ/mol) comprises of electrostatic (Eq.=-51.25 kJ/mol), po-
larization (Epq=-15.49 kJ/mol), dispersion (E4=-230.74 Kk]/mol)
and exchange-repulsion (Erep = 113.21 kJ/mol) energies. In trans
isomer, interconnected square type topologies around the central
molecule is observed (Fig.) with the various interaction energies,

Ege = -41.26 kJ/mol, Epg= -9.242 kJ/mol, Egs = -173.53 kJ/mol,
Erep = 79.47 KkJ/mol and Et¢ = -144.56 kj/mol. The frameworks
analysis enlightens the relatively more anisotropic nature in the
packing of cis compared to trans isomer [63].

3.4.3. Density functional theory (DFT) calculations

Cis and trans isomers were optimized using DFT calculations to
explore the geometric parameters, bond lengths, bond angles and
torsional angles. A very good agreement is observed between the
single crystal X-ray diffraction (XRD) and the optimized geometri-
cal parameters. The bond lengths, bond angles and torsional angles
(XRD and DFT) and their correlation coefficients are listed in Ta-
bles S2 and S3. An overlay of the crystal structure and optimized
electronic structure is displayed in Fig. 10. Root mean square de-
viations (RMSDs) of 0.406 A and 0.475 A are observed for cis and
trans isomers respectively. The ground state energies of the opti-
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Fig. 12. Molecular electrostatic potential map of the (a) cis, and (b) trans isomers of chalcone derivative.

mized structures are 4315.46 and 4312.19 Hartree for cis and trans
isomers respectively. Kohn-Sham frontier molecular orbital calcula-
tions were performed to understand the electronic, electrochemi-
cal and optical properties of the novel chalcone derivative. The 3-D
plots of the highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) of the cis and trans iso-
mers (red and green colours represent the positive and negative
regions) with the isovalue of 0.02 are shown in Fig. 11. Molecular
orbital profile revealed that the localization of HOMO is majorly
occurred around anthracene ring in both the forms, whereas LUMO
is mainly localized about both anthracene and thiophene rings.
The HOMO and LUMO molecular orbital energy for cis/trans forms
are -5.5666/-5.8360 eV and -2.6646/-2.9094 eV, respectively. The
FMOs play a significant role in the intermolecular charge transfer
from donor to acceptor moiety of the molecular system that helps
to understand the chemical reactive parameters of the molecule.
The calculated HOMO-LUMO energy gap is 2.9019 and 2.9266 eV
for cis and trans isomers respectively, and it is a key stability in-
dex for the chemical reactive parameters. The ionization potential
(I = -Egomo)» the electron affinity (A = -Ejymo), the absolute elec-
tronegativity (x ), the global hardness (n), global softness (o), the
global electrophilicity (w), the chemical potential (& =-x) and the
electronic dipole moment (Debye) were calculated and are listed
in Table 5. [64-67]. In the intermolecular charge transfer process
HOMO and LUMO are the first orbitals to donate and accept the
electrons in the molecular system which highlights the reactivity
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Table 5

Global and local parameters of the cis and trans isomers.
Parameters cis trans
Enomo -5.57 eV -5.84 eV
Evumo -2.66 eV =291 eV
AEgap 2.90 eV 2,93 eV
lonization potential (I)  5.57 eV 5.84 eV
Electron affinity (A) 2.66 eV 291 eV
Electronegativity (x) 412 eV 437 eV
Global hardness (1) 1.45 eV 1.46 eV
Global softness (o) 0.69 eV-! 0.68 eV-!
Electrophilicity (w) 12.29 eV 6.53 eV
Chemical potential(t) -4.12 eV -4.37 eV
Dipole moment 4.66 Debye  2.67 Debye

Where, x = (I+A)/2, n = (I-A)/2, o = 1/ and @ = p?[2

of the compound. The binding ability of the molecule is increases
with increasing in HOMO and decreasing in LUMO energy values.
The smaller HOMO-LUMO energy gap indicates the softness of the
molecule with more reactivity and less stability. Electrophilicity in-
dex is a measure of propensity of a chemical species to accept
electrons and the more stable molecule corresponds to lesser elec-
trophilicity and vice versa.

The three dimensional molecular electrostatic potential (MEP)
analysis can be used to identify the possible chemically reactive
sites of a system by predicting electrophilic (blue) and nucleophilic
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(b)

Fig. 13. 3D non-covalent interactions and 2D scatter plot of cis (a) and trans (b) isomers with an isosurface value of 0.5.

(red) sites. MEP with color scale representing the charge distribu-
tion of molecule. The difference in colour variation on the molec-
ular surface will helps to identify the chemically active regions of
the molecule (Fig. 13). In both the forms (cis and trans) negatively
active region (red) is majorly distributed on oxygen atom (08) in
the molecular surface with the maximum values of -0.0545 (cis)
and -0.0488 (trans) supports to the electrophilic attack. However,
smaller electrophilic nature on Br6 and S1 of bromothiophene is
indicated by orange and yellow colored region. The blue regions
are largely localized on the hydrogen atom H4 (0.0349) and H9
(0.0417) shows the participation of hydrogen atoms in significant
(C-H...0) interactions in both cis and trans isomers (Fig. 12).

3.4.4. QTAIM and NCI index analysis

The strength and nature of intramolecular interactions can be
identified and analysed based on the electron density distribution
in the molecule. The critical points and bond paths in the Bader’s
QTAIM framework reveal the presence of various non-covalent in-
teractions. The reduced density gradient based NCI indexed model
for the cis and trans isomers are shown in Fig. 13 with isosur-
face value 0.05. NCI model shows that both the conformers have
similar type of major intramolecular interactions C16-H16...CI25,
C20-H20...C125, C10-H10...08 and dihydrogen (H4...H9) but the
strength of the interactions are different. In both the forms, the
red coloured disks in the middle of all the four rings indicate the
ring-strain, and the major steric repulsion is observed due to the
thiophene ring. 2D scatter plot derived from the electron density
of the respective molecule to elucidate strength and nature of var-
ious intramolecular interaction. The low-gradient spike with the
low density lying at negative values indicates the attractive non-
covalent interactions and the red coloured spike near 0.03-0.4 a.u.
shows the repulsive interaction [68].

4. Conclusions
In summary, we have successfully synthesized a novel chal-

cone derivative and the crystal structure analysis revealed the
cis and trans isomerism. The specific molecular conformation and

1

Journal of Molecular Structure 1236 (2021) 130228

200 0.020
1.80 0.015
160 0010
140 0.005
5 120 0.000
s -0.005
g 1.00 b
& 080 Gb18
0:00 -0.020
0.40 -0.025
0.20 : -0.030
0.00 - -0.035
8§ 3 8 8§ 53 8 3 & 8 3
T8 g g aee
sign(A)p (a.u.)
200 0.020
1.80 0.015
160 0.010
1.40 0.005
3 120 0.000
< 100 70005
§ 0.80 -0.010
; -0.015
0.60 -0.020
0.40 -0.025
0.20 -0.030
0.00 -0.035

-0.05
-0.04
-0.03
-0.02
~0.01

o - &N ® % u
Q@ & © © © o
© © ©o © © o

sign(zo)p (a.u.)

crystal packing modes are analyzed by X-ray diffraction analysis
and the configuration of the isomers display significant deviations
from planarity. The dihedral angle between the thiophene and an-
thracene ring planes are 65.272 (cis) and 82.64¢2 (trans) indicates
a significant twist in both the forms. C-H...O, S...S and C-H...w
contacts in cis, and C-H...0, C-H...C], and Br...7r intermolecular in-
teractions in trans provide a stabilized molecular packing. These
interactions lead to the construction of unique and different aes-
thetic supramolecular framework in two isomers. The differences
and similarities in the packing mode of isomeric crystal structures
(cis and trans) are revealed by Hirshfeld surface and energy frame-
work analysis. The frontier molecular orbital energies were calcu-
lated and the HOMO-LUMO energy gap of cis and trans isomer was
found to be 2.9019 and 2.9266 eV respectively. The nucleophilic
and electrophilic regions of the molecule on the molecular surface
were identified using MEP.
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