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Abstract Chalcones exhibit a broad spectrum of biological activities, mainly due to a,b-
unsaturated ketone, and are precursors of the biosynthesis of flavonoids present in plants. These

compounds have been shown to be useful in the biological approach, proven by the broad spectrum

of biological activities reported, and also in the technological approach, considering their potential

as nonlinear optic (NLO) material. In this context, this work aimed to examine the crystallization

and characterization of fluorinated chalcone (E)-1-(4-fluorophenyl)-3-(4-isopropylphenyl)prop-2-e

n-1-one (DFC). A comprehensive structural study of DFC was carried out to understand the pro-

cess of stabilizing the crystalline lattice through X-ray diffraction, infrared spectroscopy, and

molecular modeling studies. Finally, the electrical properties of DFC were calculated by using

the supermolecule method (SM). DFC molecules are connected by means of CAH���O and CAH���F
intermolecular contacts, forming dimers which play an important role in the stabilization of crystal

packing. Molecular modeling studies indicated that this compound could act as an anti-tuberculosis

ligand because of its high binding affinity with the M. tuberculosis enoyl-acyl carrier protein, InhA.

On the other hand, theoretical calculations were performed to evaluate the NLO properties of DFC

and indicated that it showed good potential.
� 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chalcones, or 1,3-diphenyl-2-propen-1-one, are important
open-chain flavonoids present in the plant kingdom and occur
mainly as phenolic compounds colored yellow to orange. Chal-
cone exist as trans (E) or cis (Z) isomers with two aromatic
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rings joined by an a,b-unsaturated ketone group (AC(O)
CH‚CHA); the most stable and predominant stereoisomer
is the E isomer (Gomes et al., 2017; Rosa et al., 2017). Further-

more, chalcone can be obtained from natural sources (Abu
et al., 2013) and synthetic methods. There are several methods
for the synthesis of chalcones, including the classical method of

Claisen-Schmidt condensation (Murugesan et al., 2017; Jioui
et al., 2016), Wittig’s reactions (Szczesna et al., 2017; Gharib
et al., 2014) and the Friedel-Crafts acylation (Das et al.,

2014; Calloway and Green, 1937).
In fact, chalcones are bioactive against virtually all eukary-

otes and some prokaryotes, and their molecular targets are
numerous (Dı́az-Tielas et al., 2016). Considering these aspects,

the synthesis and characterization of new chalcone analogues
with enhanced properties are continuous fields in research
(Dı́az-Tielas et al., 2016). Chalcones exhibit a broad spectrum

of biological activities, mainly due to a,b-unsaturated ketone
and are precursors of the biosynthesis of flavonoids found in
plants (Climent et al., 1995) which may act as a Michael accep-

tor, and also due to the substitution pattern in the aromatic
rings, which interfere either positively or negatively in electron
delocalization in the molecule. Therefore, the presence of a

double bond in conjunction with the carbonyl group is respon-
sible for the biological activities of chalcones (Gonçalves et al.,
2014).

Chemically, its molecular skeleton is defined by portions of

aromatic rings attached through a three-carbon bridge with a
keto-carbonyl group and an a, b unsaturation (Climent
et al., 1995). Biological activities include anticancer, anti-

inflammatory, antibacterial, anti-tuberculosis, antidiabetic,
anti-oxidant, antimicrobial, antiviral, antimalarial, anthelmin-
tic, antiprotozoal, cytotoxic and insecticidal (Nowakowska,

2007; Matos et al., 2015), and neuroprotective effects, among
others (Zhou, 2015; Mahapatra et al., 2015; Hameed et al.,
2016; Ferreira et al., 2014; Wan et al., 2015). Based on these

characteristics, the study of structural issues and the synthetic
perspective is an extension and understanding of the applica-
bility of the molecule.

In addition, chalcones also stand out for their efficiency in

Second-Harmonic Generation (SHG) and present a remark-
able third-order nonlinearity, since they crystallize in a non-
symmetrical structure (Mahapatra et al., 2015; Krawczyk

et al., 2016). Several papers discuss the nonlinear properties
of chalcones (Vaz et al., 2016; Carvalho et al., 2017; Castro
et al., 2017), which are related to the delocalization of p elec-

trons in the molecule since they can be easily polarized.
Thus, the present paper focuses on the synthesis and crys-

tallographic characterization of the chalcone (E)-1-(4-fluoro
phenyl)-3-(4-isopropylphenyl)prop-2-en-1-one (DFC) in terms

of bond lengths and angles, molecular interactions and its
supramolecular arrangement. Furthermore, the DFC bulk
was analyzed to predict its potential biological activities as

an anti-tuberculosis agent. The static and dynamic electrical
properties of the DFC crystal were theoretically studied using
the supermolecule method (SM) to simulate the crystalline

environment polarization on a single DFC isolated molecule.
Møller-Plesset Perturbation Theory (MP2) was employed to
calculate the dipole moment and the linear polarizability and

Density Functional Theory (DFT) at CAM-B3LYP level was
used to obtain the second hyperpolarizability, both using the
6-311+G(d) basis set. We also present an estimate of the linear
refractive index and the third-order susceptibility for the DFC
crystal and study the effect of a solvent medium on the electric
parameters of a DFC isolated molecule.

2. Experimental and computational procedures

2.1. Synthesis and crystallization

The melting point was recorded in a MQAPF-301 apparatus
and was uncorrected. The chromatogram and mass

spectrum were recorded in a GCMS QP2010 Ultra
(Shimadzu), equipped with CBP-5 capillary column
(30 m � 0.25 lm � 0.25 mm), injection volume of 1.0 lL, Split
and Helium as carrier gas (1.0 mL/min). The temperature of
the injector was maintained at 280 �C and the detector at
310 �C. The initial oven temperature was 100 �C, maintained

for 2 min, followed by a heating ramp to 300 �C at 30 �C/
min and maintained for 10 min at 300 �C. IR spectra were
recorded in a FT-IR Frontier (PerkinElmer) spectrophotome-
ter. 1H and 13C NMR spectra were performed on an aAvance

III (Bruker) spectrometer, operating at 500 MHz (1H) and
126 MHz (13C), and their chemical shifts are recorded in d
(parts per million) units with respect to tetramethyl silane

(TMS) as internal standard. All the reagents and solvents used
were of analytical grade and were used as supplied. Progress of
the reactions was monitored using TLC, performed on alu-

minum chromate sheets with silica gel 60, Alugram� Xtra
Sil G, with indicator UV254 (Macherey-Nagel) and the spots
were visualized by exposure to iodine vapors or UV camera.

Equimolar quantities (1 mmol) of 4-fluoracetophenone and
4-isopropylbenzaldehyde were mixed and dissolved in a mini-
mum amount (2 mL) of absolute alcohol. For this, powdered
KOH was added slowly, and the mixture homogenized until

precipitation, at room temperature. Completion of the reac-
tion was identified by TLC. After completion of the reaction,
the solid precipitate was filtered and dried. It was purified by

recrystallization in hot absolute alcohol. The crystal growth
was obtained in methanol under slow evaporation. Mol. for-
mula: C18H17FO; 268.33 g/mol; white crystals; mp 72.8–

74 �C; yield 77%.
The structure of the synthesized compound was confirmed

by analysis of FTIR spectrum, which the peak at 1650 cm�1

of carbonyl (C‚O) and at 1601 cm�1 of double bonded to car-

bonyl (AC‚CA). Other peaks were vCAH sp3 at 2932 cm�1;
vCAH sp2 at 3000 cm�1; vCAF at 1245 cm�1 and vCAH of
propyl at 755 cm�1. Mass spectrum (m/z): 268 (M+.+1);

exact mass of molecular ion = 268.33. 1H NMR (dppm):
8.07 (m, 2H), 7.83 (d, J= 15.7 Hz, 1H), 7.60 (m, 2H), 7.48
(d, J= 15.7 Hz, 1H), 7.31 (m, 2H), 7.20 (m, 2H), 2.97 (hept,

J= 6.9 Hz, 1H), 1.31 (s, 3H), 1.29 (s, 3H); and 13C NMR
(dppm): 189.00; 167.57; 164.45; 152.19; 145.19; 134.76;
132.46; 131.08; 131.00; 128.63; 127.13; 126.26; 120.73; 115.78;

115.61; 34.15; 23.78; 23.71.

2.2. Crystallographic characterization

The X-ray diffraction data of DFC were obtained by a Bruker

APEX II CCD diffractometer with graphite- mono chromate
MoKa radiation (k = 0.71073 Å), where the DFC crystals
were maintained at room temperature (298 K). The structure

was solved by direct methods and refined by full-matrix
least-squares on F2 using SHELXL2014 (Sheldrick, 2015).



Fig. 1 An outline of the DFC bulk.
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Molecular representations, tables and pictures were obtained
through the programs Ortep (Farrugia, 2012), Mercury
(Macrae et al., 2006) and Crystal Explorer (Spackman and

Jayatilaka, 2009) using WinGXplatform (Farrugia, 2012).
The possible interactions of hydrogen were checked by PARST
(Nardelli, 1995). The crystallographic data were deposited at

the Cambridge Crystallographic Data Center (CCDC)
(Battle et al., 2010; Allen, 2002) under the number 1844553.
Copies of the data can be obtained, free of charge, via www.

ccdc.cam.ac.uk.

2.3. Target prediction

The 3D structure of DFC in Mol2 format was submitted to
PharmMapper web server, for prediction of potential biologi-
cal activities by fitting small molecules into structure-based
pharmacophore models (Liu et al., 2010; Wang et al., 2017).

We performed the prediction, keeping most parameters as
default, except the maximum conformations set up to 300,
and the number of reserved matched targets set up to 300.

2.4. Ligand and protein preparation

The 3D structure of the DFC was prepared in Marvin Sketch
v.6.3.1 software (ChemAxon, Budapest, Hungary, http://www.
chemaxon.com) at pH = 7.4. Subsequently, up to 2000 con-
formers were generated using OMEGA v.3.0.0.1, (Hawkins

et al., 2010; OMEGA, 2018), and the AM1-BCC charges
(Jakalian et al., 2002) were added using QUACPAC v.
1.7.0.2 (QUACPAC, n.d.). In parallel, the protonation states

of 3D structures of the predicted protein targets were predicted
by H++ server (Anandakrishnan et al., 2012; Gordon et al.,
2005) at neutral pH (7.4 ± 1.0).

2.5. Molecular docking

The prepared proteins were then submitted to the grid-

generation protocol using two strategies for binding pocket
detection. In the first strategy, grids were generated using a
molecular probe available on OEDocking suite v.3.2.0.2
(OEDocking, n.d.; McGann, 2011, 2012) for detection of bind-

ing pockets around the protein. In the second strategy, co-
crystallized ligands were considered geometric centers of the
grids. Grid details are available in Supplementary Table S1.

Finally, molecular docking calculations were performed using
the high-resolution protocol of HYBRID program with the
ChemGauss4 score function (McGann, 2011, 2012; McGann

et al., 2003), available on OEDocking suite (OEDocking, n.
d.; McGann, 2011, 2012).
Fig. 2 MP2/6-311+G(d) dipole moment convergence.
3. Nonlinear optical property: Computational details

The electrical properties of the DFC crystal were studied using
the supermolecule method (SM) to simulate the crystalline

environment polarization on one DFC isolated molecule. This
approach works with a bulk consisting of a set of 13 � 13 � 13
unit cells. Each unit cell has 4 asymmetric units and each unit
has 37 atoms, creating a bulk with 325,156 atoms. Fig. 1 show

a schematic representation of one DFC isolated molecule
(highlighted in blue) inside the DFC bulk. The atoms that sur-
rounded the isolated molecule were considered as point

charges, and the molecular electrostatic potential was calcu-
lated via CHELPG with the MP2/6-311+G(d). The iterative
process of the SM approach continues with the substitution

of the partial atomic charges in each calculation step, until
the convergence of the electric dipole moment is reached, see
Fig. 2. Good results for the electric parameters of organic crys-
tals were obtained with this calculation technique in compar-

ison with experimental data (Castro et al., 2017, 2016;
Valverde et al., 2018, 2017a, 2017b, 2012; Almeida et al.,
2017; Vaz et al., 2016; Custodio et al., 2018; Baseia et al.,

2017; Rodrigues et al., 2017, 2015). More recently, the third-
order electric susceptibility of a chalcone derivative crystal cal-
culated via the SM approach and the DFT/CAM-B3LYP/6-

311+G(d) calculation model found good agreement with the
Z-scan experimental data (Valverde et al., 2018).

The components and the average values of the electric
parameters such as the electric dipole moment, li; hlið Þ, the
linear polarizabilityðaij; haiÞ and anisotropy of the linear polar-

izability (Da) were calculated using the MP2 theory. Density
Functional Theory (DFT) at CAM� B3LYP level was
employed for the calculation of the components and the aver-

age values of the second hyperpolarizability ðcijkl;hciÞ. The 6-

311+G(d) basis set was used in both calculation methods.

The electrical parameters of the DFC embedded molecules
were calculated using the following expressions,

http://www.ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk
http://www.chemaxon.com
http://www.chemaxon.com


Table 1 Crystal data and refinement parameters used for

DFC.

Formula weight 268.32 u.a

Temperature 296 (2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a = 8.4153(6) Å

b = 5.8600(4) Å

c = 29.727(2) Å

b= 95.656(2)

Volume 1458.83 A3

Z, calculated density 4, 1.222 mg m�3

Absorption coefficient 0.083 mm�1

F(000) 568

Reflections collected/unique 17,244/3006

Refinement method Least square

Goodness-of-fit on F2 Least square

Goodness-of-fit on F2 1.065

Final R indexes [I > 2r(I)] 0.0594
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l ¼ l2
x þ l2

y þ l2
z

� �1
2

; ð1Þ

hai ¼ axx þ ayy þ azz
3

; ð2Þ

Da ¼ 2�1=2 axx � ayy
� �2 þ ayy � azz

� �2 þ azz � axxð Þ2
h

þ 6ðaxz2 þ axy
2þayz

2
i1=2

; ð3Þ

btotal ¼ bXXX þ bXYY þ bXZZð Þ2 þ bYYY þ bYZZ þ bYXXð Þ2
h

þ bZZZ þ bZXX þ bZYYð Þ2
i1
2

; ð4Þ

hci ¼ 1

15

X
i;j¼x;y;z

ciijj þ cijij þ cijji
� �

: ð5Þ

Here, the medium optical dispersion was not taken into

account; therefore, the mean value (or absolute value) of the
static second hyperpolarizability can be simplified by using
the Kleinman (1962) approximation and calculated by,

hci ¼ 1

5
cxxxx þ cyyyy þ czzzz þ 2 cxxyy þ cxxzz þ cyyzz

� �� �
; ð6Þ

The average linear polarizability (hai) can be related with
the linear refractive index (n) of the crystal by the Clausius-
Mossotti relationship, which is given by

n2 � 1

n2 þ 2
¼ 4pN

3
hai; ð7Þ

where N is the number of molecules per unit cell volume. The

third-order electric susceptibility (vð3Þ) is related with the aver-
age second hyperpolarizability hci by the expression,

v 3ð Þ ¼ f4Nhci; ð8Þ
where f is the Lorentz local field correction factor given by f =
(n2 + 2)/3. All the numerical results for the tensors polariz-
ability and hyperpolarizability were obtained from the Gaus-

sian 09 (Frisch et al., 2009) output file and converted by
electronic units (esu).

4. Results and discussion

4.1. Solid state characterization

The compound crystallized into monoclinic centrosymmetric
space group P21/n, with cell parameters a = 8.4153(6) Å;

b = 5.8600(4) Å; c = 29.727(2) Å; a = c = 90�, b= 95,656
(2)�, V= 1458.81(18) Å3, final indices R1 = 0.0594 and
goodness-of-fit = 1.071. The crystallographic data for the final

structural refinements are shown in Table 1, followed by the
ellipsoid displacement plot of the asymmetric unit of DFC in
Fig. 3. The angle between the planes of the aromatic rings A

and B indicates non-planarity of the structure (]= 53.36�).
A syn-periplanar conformation is adopted by the carbonyl
group in relation to the fluorinated aromatic ring, as confirmed
by the dihedral angle C1AC6AC7‚O1 (x1 = 24.33�).

The supramolecular arrangement of DFC is stabilized by
four non-classical hydrogen bonds. A chain is observed,

formed by two DFC molecules assembled in R1
2 7ð Þ ring motif

through the bifurcated interaction C5AH5���O1���H8AC8
(Fig. 4a). Although weak, intermolecular interactions involv-
ing the fluorine atom stabilize the DFC crystal packing by

forming two dimers. The first one, seen in Fig. 4b, involves

the fluorine atom and an aromatic hydrogen in a R2
2 22ð Þ ring

motif, while the other is composed of two DFC molecules

assembled in a R2
2 22ð Þ ring motif by means of the fluorine atom

and a methyl hydrogen (Fig. 4c). Geometric parameters of
intermolecular interactions stabilizing the DFC crystal packing
(Fig. 4d) are given in Table 2.

4.2. Target prediction

The potential biological targets for DFC were predicted using

two different approaches. Initially, the DFC compound was
fitted against thousands of structure-based pharmacophores
using PharmMapper web server. (Liu et al., 2010; Wang

et al., 2017) Subsequently, potentially interacting targets with
the top 13 ranked Z0-scores were selected for further investiga-
tion (see Tables S1 and 3). The Z0-score is a better descriptor

for ranked targets generated from the molecule’s fit score
and a library score matrix calculated beforehand. This score
does not only apply to the pharmacophore matching but also
considers a normal distribution that a randomly given mole-

cule’s fit score may follow.
After the target prioritization, molecular docking was used

to investigate the binding affinity and intermolecular interac-

tions for DFC at the binding sites of the predicted targets. As
can be seen in Tables S1 and S3, docking scores demonstrate
that DFCs have higher affinity to the enoyl-acyl carrier protein

reductase (InhA) from Mycobacterium tuberculosis (Chem-
Gauss4 score of -16.36). InhA is a key enzyme for the type II
fatty acid synthesis (e.g. mycolic acids) ofM. tuberculosis,which

catalyzes NADH-dependent reduction of 2-trans-enoyl-acyl
carrier protein to yield NAD + and reduced enoyl thioester-
ACP substrate (Marrakchi et al., 2000; AlMatar et al., 2018).
Due to this excellent docking score, we suggest that DFC could

be investigated as a potential antituberculosis agent.
Fig. 5 illustrates the predicted binding mode of DFC into

the active site of InhA. The overall binding mode of DFC

(Fig. 5a) is similar to the co-crystalized ligand N-(4-methylben



Fig. 3 ORTEP diagram of ellipsoids at the 50% probability level with the atomic numbering scheme for DFC. All bonds are in the

normal range, and hydrogen atoms are shown as spheres of arbitrary radii.

Fig. 4 Intermolecular interactions of DFC in (a), (b), (c) and its crystal packing (d).

Table 2 Intermolecular interactions observed for DFC.

DAH� � �A (�A) DAH (�A) HAA (�A) DAA (�A) DAH� � �A (�)

C15AH15� � �F1(i) 0.930 2.859 3.713 153.35

C17AH17C� � �F1(ii) 0.960 2.741 3.567 144.64

C8AH8� � �O1(iii) 0.930 2.852 3.754 163.61

C5AH5� � �O1 (iii) 0.930 2.861 3.608 139.52

(i) = 1-x,-y,-z; (ii) = 1-x, 1-y,-z and (iii) = x,1 + y,z.
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zoyl)-4-benzylpiperidine in the crystal structure (Fig. 5b) (He
et al., 2007). The carbonyl of DFC forms two hydrogen-
bond interactions with the 20-hydroxyl group of NAD (co-

factor highlighted in orange), and hydroxyl of Tyr158. In addi-
tion, the 4-isopropylphenyl moiety forms a p-stacking interac-
tion with Phe149 and van der Waals interactions with residues
Leu218, Trp222, Pro193, Ile215, and Val203. Moreover, struc-

tural analysis shows that the predicted binding mode of DFC
with InhA allows for several van der Waals interactions is
found between the 4-fluorophenyl moiety of the DFC and
Met103, Met161, Ala198, and Ile202.

4.3. DFC optical properties

Table 4 shows the MP2/6� 311þ GðdÞ results for the total
dipole moment (and its components) for both the isolated



Table 3 Top five predicted targets.

Protein target (organism) Fit

Score

Z0-score Docking

score

InhA (M. tuberculosis) 3.70 3.78 �16.36

Aldose reductase (Homo sapiens) 3.58 3.52 �13.87

Poly (ADP-ribose polymerase 1

(Homo sapiens)

3.42 2.63 �10.47

Palmitoyl-proteinthioesterase 1

(Bostaurus)

3.55 2.60 �10.33

b-lactamase TEM (Escherichia coli) 3.51 2.82 �9.36

Table 4 MP2=6� 311þGðdÞ results for the dipole moment

(D) and linear polarizability (10�24 esu) for DFC isolated and

embedded molecules.

Isolated Embedded Isolated Embedded

lx �1.28 �1.19 axx 23.85 23.96

ly 3.03 4.21 axy �1.90 �1.96

lz 2.30 2.54 ayy 26.86 27.00

l 4.02 5.06 axz �10.89 �11.13

ayz 5.01 5.11

azz 41.60 41.84

hai 30.77 30.94
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and embedded DFC molecules. As can be seen, the effects of
the crystalline environment polarization cause an enhancement

of the total dipole moment of 25.9%, from 4.02D to 5.06D.
The absolute value of the lx decreases, while components ly

and lz are enhanced by 38.9% and 10.4% respectively. How-
ever, the average linear polarizability is practically insensitive
to the environment’s polarization effects, as can be seen in
Table 4, and the aij-values present a percentage variation smal-

ler than 3.2%.

The DFT/CAM-B3LYP/6� 311þ GðdÞ results for the sec-
ond hyperpolarizability hci and cijkl are shown in Table 5. As

can be observed, the environment’s polarization effects on

the hci-value present an increase of 6.1%, and on the second
hyperpolarizability components (cijkl) the percentage deviation
stands between 2.3% and 7.1%.

4.3.1. Dynamic results

The nonlinear refractive index of the DFC crystal was deter-

mined from Eq. (7) of n = 1.629 and the third-order electric
susceptibility (v(3)), was done through Eq. (8), using the value
of the average second hyperpolarizability of 66.92 � 10�36 esu
and the value found was of v(3) = 14,800 (pm/V)2 in the static

case, when comparing third-order electrical susceptibility with
experimental values of chalcone derivatives measured by the z-
scan technique of the crystals 4Br4MSP, 3Br4MSP, 4N4MSP,

and CTDMP respectively (Rodrigues et al., 2017), the value
for DFC is 64.50, 74.55, 62.60, and 6.23 times higher than
Fig. 5 Intermolecular interactions of DFC (A) and co-crystalized liga
those values, respectively. The typical value of v 3ð Þ reported

in the literature is of the order of 100 pm=Vð Þ2 (Rodrigues
et al., 2015).

The DFT/CAM-B3LYP/6� 311þ GðdÞ results for the dc-
Second Harmonic Generation function, hc �2x;x;x; 0ð Þi, as a
function of the electric field frequency, are shown in Fig. 6c

and d. As one can see, this function presents a monotonic
increase in the region x � 0:072a:u: (Fig. 6c), where the
hc �2x;x;x; 0ð Þi-values increase from 63.1 to 865.2 (in units
of 10�36 esu) for the isolated molecule and from 66.9 to

1138.64 (in units of 10�36 esu) for the embedded molecule, pre-
senting a factor of increase of 13.7 and 17.0 times the static val-
ues respectively. Clearly, a well-defined sharp peak can be

observed at the resonant frequency in the vicinity of
¼ 0:08a:u: (Fig. 6d).

4.3.2. Third-order nonlinear susceptibility

From Eq. (7), the linear refractive index value of the DFC
crystal was determined as n = 1.629. From Eq. (8), the
third-order electric susceptibility (v(3)) was estimated using

the value of the average second hyperpolarizability of
66.92 � 10�36 esu, and the value found was of v(3) = 14,800
(pm/V)2 in the static case. This is compared to the third-

order electrical susceptibility with experimental values of chal-
cone derivatives measured by the Z-scan technique for the
crystals 4Br4MSP, 3Br4MSP, 4N4MSP, and CTDMP respec-
nd (B) at the active site of InhA fromMycobacterium tuberculosis.



Table 5 DFT/CAM� B3LYP results for the DFC average second hyperpolarizability (10�36 esu).

cxxxx cyyyy czzzz cxxyy cyyzz cxxzz hci
Isolated 23.34 16.24 123.82 10.46 28.30 37.28 63.10

Embedded 23.89 16.95 132.64 11.04 29.97 39.53 66.92

Fig. 6 Dynamic average linear polarizability ha(�x,x)i and the average hyperpolarizabilities hc(�x;x,0,0)i and hc(�2x;x,x,0)i as

function of the electric field frequency for the isolated and embedded DFC molecules.

Fig. 7 Variation of the second hyperpolarizability as function of

the dielectric constant of the solvent media.
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tively (D’silva et al., 2012), and using the equations the value
for DFC is 64.50, 74.55, 62.60, and 6.23 times higher than

those values, respectively. The typical value of v 3ð Þ reported

in the literature is in the order of 100 pm=Vð Þ2 (Günter, 2000).

4.3.3. Solvent results

The effects of various solvent media on the static and dynamic

electric properties of the DFC isolated molecule are shown in
Tables S2 and S3. It is well known that when immersed in a
solvent medium the electrical parameters of organic com-

pounds present important changes, and therefore the following
solvent media were considered: gas-phase (e = 1.00), argon
(e = 1.5), heptane (e = 1.9), toluene (e= 2.38), chloroform

(e = 4.81), chlorobenzene (e = 5.69); tetrahydroFuran
(e = 7.52); dichloromethane (e = 8.93); dichloroethane
(e = 10.36); 2-methyl-2-propanol (e = 10.9); 1-butanol
(e = 17.8) ; acetone (e = 20.49); ethanol (e = 24.85); metha-

nol (e = 32.61); acetonitrile (e= 37.5); dimethyl sulfoxide
(e = 46.70); formic acid (e = 57.9); water (e = 78.36); for-
mamide (e = 111) and n-methylformamide- mixture

(e = 182.4), where e is the static dielectric constant of the
medium.

In Table S2 the CAM-B3LYP/6-311+G(d) static results

for the total electric dipole, the average linear polarizability,
the z-component of first hyperpolarizability and the average
second hyperpolarizability for the isolated DFC molecule in
solvent media are presented. The results for the gas-phase

are also shown for comparison. Note that the values of all
the electrical parameters increase (in absolute value) with the
increase in the solvent medium static dielectric constant. From

the Argone (e = 1.5) to n-methylformamide-mixture
(e = 182.4), the values of the electric parameters l, hað0; 0i,
bjjzð0; 0; 0Þ and hcð0; ; 0; 0; 0i show a percentage increase of

28.2%, 27.9%, 127.4% and 135.3%, respectively. The increase
of these parameters with the increase of the dielectric constant

value is not linear, as can be seen in Fig. 7, where the static and
dynamics average second hyperpolarizability were plotted as a
function of the dielectric constant values. As can be seen, the

curve presents a saturation for larger dielectric constant values.
In Table S3 we present our results for a �x;xð Þ,
bkzð�x;x; 0Þ, bkz �2x;x;xð Þ, c �x;x; 0; 0ð Þ and

c �2x;x;x; 0ð Þ for x ¼ 0:085a:u: in several solvent media.
At this frequency the values of the linear polarizability are

all positive and present an increase of 11% from argon to for-
mamide, which is the solvent medium where a �x;xð Þ gives
rise to the highest value (51.08 � 10�24 esu). The first hyperpo-

larizabilities shown in Table S3 present a different signal, and
it is noted that the values of bkzð�x;x; 0Þ are all negative,

while the values of bkz �2x;x;xð Þ are all positive. In contrast,

the values of the second hyperpolarizabilities, c �x;x; 0; 0ð Þ
and c �2x;x;x; 0ð Þ, are positive and negative respectively, as
shown in Table S3.

The average value of the Hyper Rayleigh Scattering first

hyperpolarizability (bHRS) can be calculated by the following
expression and described in Bersohn et al. (1966) and
Verbiest et al. (2009):

hbHRSi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hb2

ZZZi þ hb2
XZZi

q
ð9Þ



Fig. 8 Variation of the first hyperpolarizability (in 10�30 esu) as

a function of the dielectric constant of the solvent medium

dielectric constant values.
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in which hb2
ZZZi and hb2

XZZi are macroscopic averages. The

results of the quantum-chemical calculations for the static
(bHRS(0;0,0)) and dynamic (bHRS(-x; x, x)) first molecular
hyperpolarizabilities of the DFC molecule in gas-phase and

in several solvent media are displayed in Fig. 8. As can be seen,
the bHRS static and dynamic (x ¼ 0:0428a:u:) values present an
increase following an increase in the e-value.

5. Conclusions

DFC compound was crystallized in the P21/n centrosymmetric

space group. The molecules are connected by means of
CAH���O and CAH���F intermolecular contacts, forming
dimers which play an important role in the stabilization of

crystal packing. The molecular modeling studies indicated that
this compound could act as an anti-tuberculosis hit candidate,
because of its high binding affinity with M. tuberculosis InhA.
Also, theoretical calculations using the MP2/6-311+G(d) and

the DFT/CAM-B3LYP/6-311+G(d) were performed to evalu-
ate the NLO properties of DFC isolated and embedded mole-
cules. From the obtained values of the average linear

polarizability and of the average second hyperpolarizability,
the linear refractive index and the nonlinear third-order sus-
ceptibility for DFC crystal were determined. The static value

v(3) = 14,800 (pm/V)2 is several magnitude orders greater than
the v(3-values reported for other chalcone derivatives, indicat-
ing that the DFC crystal has good potential for study as a

NLO material. The effects of several solvent media on the
DFC electrical parameter (isolated molecule) complete our
studies of the NLO properties of DFC. In addition, this work
enabled a better understanding of the structural properties of

fluoride chalcones, as well as structural and supramolecular
characteristics.
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risco à saúde pública: uma revisão da literatura, Cad. UniFOA, pp.

85–94.

Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.

A., Cheeseman, J.R., Scalmani, G., Barone, V., Mennucci, B.,

Petersson, G.A., Nakatsuji, H., Caricato, M., Li, X., Hratchian, H.

P., Izmaylov, A.F., Bloino, J., Zheng, G., Sonnenberg, J.L., Hada,

M., Ehara, M., Toyota, K., Fukuda, R., Hasegawa, J., Ishida, M.,

Nakajima, T., Honda, Y., Kitao, O., Nakai, H., Vreven, T.,

Montgomery Jr., J.A., Peralta, J.E., Ogliaro, F., Bearpark, M.,

Heyd, J.J., Brothers, E., Kudin, K.N., Staroverov, V.N., Kobaya-

shi, R., Normand, J., Raghavachari, K., Rendell, A., Burant, J.C.,

Iyengar, S.S., Tomasi, J., Cossi, M., Rega, N., Millam, J.M., Klene,

M., Knox, J.E., Cross, J.B., Bakken, V., Adamo, C., Jaramillo, J.,

Gomperts, R., Stratmann, R.E., Yazyev, O., Austin, A.J., Cammi,

R., Pomelli, C., Ochterski, J.W., Martin, R.L., Morokuma, K.,

Zakrzewski, V.G., Voth, G.A., Salvador, P., Dannenberg, J.J.,

Dapprich, S., Daniels, A.D., Farkas, Ö., Foresman, J.B., Ortiz, J.
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Gonçalves, L.M., Valente, I.M., Rodrigues, J.A., 2014. An overview

on cardamonin. J. Med. Food. 17, 633–640. https://doi.org/

10.1089/jmf.2013.0061.

Gordon, J.C., Myers, J.B., Folta, T., Shoja, V., Heath, L.S., Onufriev,

A., 2005. H++: a server for estimating pKas and adding missing

hydrogens to macromolecules. Nucl. Acids Res. 33, W368–W371.

https://doi.org/10.1093/nar/gki464.

Günter, P., 2000. Nonlinear Optical Effects and Materials. Springer,

Berlin Heidelberg, Berlin, Heidelberg http://doi.org/10.1007/978-3-

540-49713-4.

Hameed, A., Abdullah, M.I., Ahmed, E., Sharif, A., Irfan, A.,

Masood, S., 2016. Anti-HIV cytotoxicity enzyme inhibition and
molecular docking studies of quinoline based chalcones as

potential non-nucleoside reverse transcriptase inhibitors (NNRT).

Bioorg. Chem. 65, 175–182. https://doi.org/10.1016/j.bioorg.

2016.02.008.

Hawkins, P.C.D., Skillman, A.G., Warren, G.L., Ellingson, B.A.,

Stahl, M.T., 2010. Conformer generation with OMEGA: algorithm

and validation using high quality structures from the protein

databank and Cambridge structural database. J. Chem. Inf. Model.

50, 572–584. https://doi.org/10.1021/ci100031x.

He, X., Alian, A., Ortiz de Montellano, P.R., 2007. Inhibition of the

Mycobacterium tuberculosis enoyl acyl carrier protein reductase

InhA by arylamides. Bioorg. Med. Chem. 15, 6649–6658. https://

doi.org/10.1016/j.bmc.2007.08.013.

Jakalian, A., Jack, D.B., Bayly, C.I., 2002. Fast efficient generation of

high-quality atomic charges. AM1-BCC model: II. Parameteriza-

tion and validation. J. Comput. Chem. 23, 1623–1641. https://doi.

org/10.1002/jcc.10128.

Jioui, I., Dânoun, K., Solhy, A., Jouiad, M., Zahouily, M., Essaid, B.,

Len, C., Fihri, A., 2016. Modified fluorapatite as highly efficient

catalyst for the synthesis of chalcones via Claisen-Schmidt

condensation reaction. J. Ind. Eng. Chem. 39, 218–225. https://

doi.org/10.1016/j.jiec.2016.06.003.

Kleinman, D.A., 1962. Nonlinear dielectric polarization in optical

media. Phys. Rev. 126, 1977–1979. https://doi.org/10.1103/

PhysRev.126.1977.

Krawczyk, P., Pietrzak, M., Janek, T., Jezdrzejewska, B., Cysewski, P.,
2016. Spectroscopic and nonlinear optical properties of new

chalcone fluorescent probes for bioimaging applications: a theo-

retical and experimental study. J. Mol. Model. 22, 125. https://doi.

org/10.1007/s00894-016-2990-4.

Liu, X., Ouyang, S., Yu, B., Liu, Y., Huang, K., Gong, J., Zheng, S.,

Li, Z., Li, H., Jiang, H., 2010. PharmMapper server: a web server

for potential drug target identification using pharmacophore

mapping approach. Nucl. Acids Res. 38, W609–W614. https://

doi.org/10.1093/nar/gkq300.

Macrae, C.F., Edgington, P.R., McCabe, P., Pidcock, E., Shields, G.

P., Taylor, R., Towler, M., van de Streek, J., 2006. Mercury:

visualization and analysis of crystal structures. J. Appl. Crystallogr.

39, 453–457. https://doi.org/10.1107/S002188980600731X.

Mahapatra, D.K., Asati, V., Bharti, S.K., 2015. Chalcones and their

therapeutic targets for the management of diabetes: structural and

pharmacological perspectives. Eur. J. Med. Chem. 92, 839–865.

https://doi.org/10.1016/j.ejmech.2015.01.051.
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