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Qúımica de Recursos Naturales, Universida

Chile. E-mail: mgutierrez@utalca.cl
bLaboratory of Growth Regulators, Institu

Academy of Sciences, Palacký University,
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ne derivative incorporating the
pyrazolo[3,4-b]pyridine moiety; crystal structure,
spectroscopic characterization and quantum
chemical investigations†

Efráın Polo-Cuadrado, a Karoll Ferrer,*b Edison Osorio, c Iván Brito, d

Jonathan Cisterna,e Luis Espinoza,f Joel B. Alderete*g and Margarita Gutiérrez *a

A single crystal of a piperonal chalcone derivative was obtained, fully characterized, and crystallized by

a slow evaporation technique. The synthesized compound was characterized by UV-Visible, FT-IR,

HRMS, 1H NMR, and 13C NMR spectroscopic studies and X-ray crystallography, revealing that the crystal

belongs to a triclinic crystal system with a P�1 space group, Z = 2. In the present work, we focus on

molecular modeling studies such as Hirshfeld surface analysis, energy framework calculations, frontier

molecular orbital analysis, natural bond orbital analysis, and NLO properties of a p-conjugate system

combining the chalcone and the pyrazole[3,4-b]pyridine scaffolds to describe the in-depth structural

analysis thereof. Good agreement was found between the calculated results and experimental data. In

addition, Hirshfeld surface analysis of the crystal structure showed that the intermolecular stabilization in

the crystal packing comes mainly from H/H bond interactions. The chalcone crystal exhibits significant

NLO properties suggesting that it could be considered a potential candidate for application in nonlinear

optical devices.
1 Introduction

Nonlinear optical (NLO) materials possess optical properties
that depend on the intensity of incident light.1 NLO materials
signicantly impact different elds, such as medicine and
photonics. Additionally, they are widely used in industrial
applications such as second harmonic generation (SHG),
optical modulation, optical switching, laser technology, optical
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data storage, electro-optical switches, optical logic, signal pro-
cessing, ultra-fast optical communication, and for optical
limiting purposes.2–8

The NLO properties of a material depend on the degree of
charge separation (molecular hyperpolarizability) induced by
light and the photoinductive changes of the molecular dipole
moment.1,9 Thus, in general, the NLO properties of inorganic
substances depend on their constituent ions. In contrast, the
NLO properties of organic substances depend on the intermo-
lecular donor–acceptor interaction, delocalized p electron
systems, and their ability to crystallize non-symmetrically to the
center.8 Current research trends have been focused on organic
materials, mainly those with chromophore groups and widely
delocalized p electron structures, since their NLO coefficients
are higher than those of inorganic materials.

From the perspective of optical device applications, organic
materials could be considered the “materials of the future” due
to unique properties such as ultra-fast optical response, high
resistance to damage, broader transparency down to the blue
region, ease, and low cost of production. Furthermore, their
architectural exibility allows modication at the molecular
level of these compounds, which is suitable for obtaining large
crystals of high optical quality and desired optical properties.8,10

Molecular improvements such as increased planar conforma-
tions and chromophore groups in organic structures have
attracted attention, as they have been reported to enhance NLO
RSC Adv., 2023, 13, 5197–5207 | 5197
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activity. In this regard, increased planarity contributes to elec-
tron mobility within the p-conjugated molecular system, while
chromophore groups increase the hyperpolarizability of the
molecule.11,12

Among the organic compounds, chalcones stand out due to
their high tendency to crystallize, resistance to laser damage,
excellent second and third-order NLO responses, and extensive
applications in biological and pharmaceutical elds.5,13–15

Several experimental studies have been conducted on the NLO
properties of various chalcones, and encouraging results have
been reported for future applications such as nonlinear
frequency conversion, nonlinear refraction, optical limiters,
and SHG (15 times greater than urea).5,8,16–20

However, although chalcones are an essential group of
molecules in terms of NLO properties, structural building
blocks such as pyrazoles and pyridines are relevant groups that
confer planarity and extension of the delocalized p-electron
conjugation to the systems into which they are incorporated.
Specically, it has been found that the asymmetric electronic
distribution can be improved in either or both the ground state
and excited state congurations by adding the appropriate
functionality at the ends of the conjugated chalcone systems,
leading to an increase in NLO. Electron donor and acceptor
components result in a considerable change in
hyperpolarizability.9,12,21–24

Hence, prompted by the above observations and our interest
in pyrazolopyridine derivatives, we have focused on the struc-
tural properties of a piperonal chalcone derivative incorpo-
rating the pyrazolo[3,4-b]pyridine moiety. Apart from XRD, UV-
Visible, FT-IR, HRMS, and NMR experimental techniques,
conrmation of the stable crystal structure has been based on
the results of quantum chemistry such as geometry optimiza-
tion, Hirshfeld surface analysis, energy framework calculations,
frontier molecular orbitals (FMOs) analysis, natural bond
orbital (NBO) analysis, and nonlinear optical (NLO) properties
of the title compound.
2 Experimental
2.1 Materials and methods

All chemical reagents and organic solvents were obtained from
commercial suppliers and used without further purication.
The experiments were performed in a Discover microwave
apparatus (CEM Corporation, USA) and a Branson 1510 ultra-
sonic cleaning bath with a mechanical timer and a heater
switch, 47 kHz. Thin-layer chromatography (TLC) was
Scheme 1 Synthetic route of (E)-3-(benzo[d][1,3]dioxol-5-yl)-1-(3,6-dim

5198 | RSC Adv., 2023, 13, 5197–5207
performed to check the purity of compounds on silica gel 60
HF254 plates (Merck, Germany). The melting point ranges (mp)
were taken on an Electrothermal IA9100 apparatus (Stone, UK)
using the one-end open capillary method and were uncorrected.
IR spectra (KBr discs, 500–4000 cm−1) were recorded on
a NEXUS 670 FT-IR spectrophotometer (Thermo Nicolet, USA).
1H and 13C NMR spectra were recorded using DMSO-d6 and
CDCl3 as solvents and tetramethylsilane (TMS) as an internal
reference on an AM-400 spectrometer (Bruker, Germany) at
working frequencies 400 and 100 MHz, respectively. High-
resolution mass spectrometry (HRMS) analyses were carried
out using a Bruker “Compact” quadrupole time-of-ight mass
spectrometry (qTOF-MS, Germany) coupled with an Apollo II
ion funnel electrospray ionization (ESI) source. The UV-Vis
spectrum was recorded using a Spectroquant UV/VIS Pharo
300 Spectrophotometer (Merck, Germany) in the wavelength
range of 160–750 nm.

2.2 Synthesis of 1-(3,6-dimethyl-1-phenyl-1H-pyrazolo[3,4-b]
pyridin-5-il)etanone (4)

Pyrazolo[3,4-b]pyridine 4 was synthesized according to our
previously reported procedure (Scheme 1).25 A catalytic amount
of InCl3 (15% mol) was added to a solution of equimolar
amounts of 5-aminopyrazole 1 (1 mmol), p-formaldehyde 2 (1
mmol), and acetylacetone 3 (1 mmol) in water (3 mL). A focused
microwave reactor irradiated the mixture at 300 MW and 210 °C
for 17 min. The reaction mixture was poured into water and
extracted with ethyl acetate (2 × 10 mL). The combined organic
layers were dried over Na2SO4 and concentrated to afford the
title compound 4 (238.7 mg, 90% yield) as a yellow solid. mp:
100–102 °C; IR (KBr, cm−1): 3065, 2960, 2924, 2853, 1679, 1611,
1592, 1503, 1436, 1236, 1119, 1026, 944, 755, 692, 585; 1H NMR
(DMSO-d6, 400 MHz) dH: 2.63 (s, 3H, CH3), 2.67 (s, 3H, CH3),
2.77 (s, 3H, CH3), 7.31 (t, J = 7.4 Hz, 1H), 7.54 (t, J = 8.0 Hz, 2H),
8.25 (d, J = 7.7 Hz, 2H), 8.87 (s, 1H); 13C NMR (DMSO-d6, 100
MHz) dC: 12.2 (CH3), 25.8 (CH3), 29.4 (CH3), 114.4 (C), 120.1 (2×
CH), 125.7 (CH), 127.2 (C) 129.1 (2 × CH), 133.3 (CH), 138.9 (C),
144.3 (C), 149.5 (C), 158.5 (C), 199.6 (C); HRMS (ESI, m/z):
calculated for C16H16N3O [M + H]+ 266.1293 found 266.2751.

2.3 Synthesis and crystallization of (E)-3-(benzo[d][1,3]
dioxol-5-yl)-1-(3,6-dimethyl-1-phenyl-1H-pyrazolo[3,4-b]
pyridin-5-yl)prop-2-en-1-one (6)

Piperonal chalcone derivative 6 was prepared according to our
previously reported experimental procedure (Scheme 1).25 KOH
(1 mmol) was added to a solution of pyrazolo[3,4-b]pyridine 4 (1
ethyl-1-phenyl-1H-pyrazolo[3,4-b]pyridin-5-yl)prop-2-en-1-one (6).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mmol) and piperonal 5 (1 mmol) in ethanol (2 mL). The mixture
was sonicated for 10 min in an ultrasonic cleaning bath. The
end of the reaction was detected by TLC using a mixture of
solvent (dichloromethane/ethyl acetate 9 : 1) as an eluent. The
reaction mixture was allowed to cool down in an ice-cold water
bath. A yellow precipitate was collected by vacuum ltration and
washed with cold water, followed by recrystallization from
ethanol to obtain the desired compound 6 (250.3 mg, 63% yield)
as a yellow solid. mp: 186–188 °C; IR (KBr, cm−1): 3082, 2990,
2894, 1655, 1589, 1577, 1444, 1308, 1033, 984, 754; 1H NMR
(CDCl3, 400MHz) dH: 2.63 (s, 3H, CH3), 2.81 (s, 3H, CH3), 6.01 (s,
2H, CH2), 6.82 (d, J = 8.0 Hz, 1H), 7.12–7.04 (m, 3H), 7.28 (t, J =
7.5 Hz, 1H), 7.52–7.45 (m, 3H), 8.16 (s, 1H), 8.32 (d, J = 7.6 Hz,
2H); 13C NMR (CDCl3, 100 MHz) dC: 12.43 (CH3), 24.75 (CH3),
101.64 (CH2), 106.53 (CH), 108.59 (CH), 114.20 (C), 120.60 (2 ×

CH), 123.97 (CH), 125.34 (CH), 125.57 (CH), 128.72 (C), 128.76
(C), 128.91 (2 × CH), 129.87 (CH), 139.28 (C), 143.36 (C), 145.77
(CH), 148.41 (C), 150.12 (C), 150.16 (C), 158.01 (C), 193.85 (C]
O); HRMS (ESI, m/z): calculated for C24H20N3O3

+ [M + H]+

398.1499, found 398.1499.
2.4 X-ray crystal structure determination

Suitable crystals of the piperonal chalcone derivative 6 were
chosen for the X-ray crystallographic analysis. X-ray intensity
data were collected at 296 K in a Bruker D8 Venture diffrac-
tometer equipped with a bidimensional CMOS Photon 100
detector, using Mo-Ka radiation of wavelength 0.71073 Å. The
diffraction frames were integrated using the APEX3 package26

and were corrected for absorption effects using the multi-scan
method (SADABS). The crystal structure was solved by
intrinsic phasing27 using the OLEX2 program.28 Renement was
carried out by full-matrix least-squares methods based on F2

(SHELXL-2014).27 The gures of the X-ray structure of the title
compound were generated with the help of OLEX2 and ORTEP
program packages. Crystallographic information les were
deposited in the Cambridge Crystallographic Data Centre
(CCDC) with the deposition number 2218131.†
3 Computational methods
3.1 Theoretical calculations

The X-ray diffraction experimental result of the title compound
was directly taken for an initial molecular geometry. The
geometry optimization of the monomeric structure was carried
out using the M062X exchange–correlation functional and 6-
311++G(d,p) basis set29,30 in the gas phase. M062X is a hybrid
meta exchange–correlation functional with double the nonlocal
exchange (2×), which is parametrized for nonmetal and long
noncovalent range interactions.31 The calculations were per-
formed using Gaussian 09 soware.32

Optimized structural parameters were used to calculate the
1H and 13C NMR chemical shis in chloroform with the Gauge-
Independent Atomic Orbital (GIAO)33 method at M062X, TPSS,
and B3LYP levels using 311++G(d,p) basis set. The solvent effect
on theoretical NMR parameters was included using the
© 2023 The Author(s). Published by the Royal Society of Chemistry
Conductor polarizable Continuum Model (CPCM)34–37 provided
by Gaussian 09 program.32

The theoretical electronic spectrum of the monomeric
structure was performed through the time-dependent density-
functional theory (TDDFT) calculations38,39 at the M062X/6-
311++G(d,p) level. The solvent effect of methanol on the calcu-
lated electronic properties of the studied compound was
investigated using the polarizable continuum model (PCM).40,41

The frontier molecular orbitals (FMOs),42 the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO), which account for the ability to donate and
accept electrons, were calculated at DFT/M062X/6-311++G(d,p)
level. Some global reactivity descriptors, such as HOMO–LUMO
gap, chemical hardness (h), chemical potential (m), electrophi-
licity index (u), and chemical soness (S), which are based on
the HOMO and LUMO energies were studied to measure the
stability of the synthesized molecule.

The natural bond orbital (NBO)43 calculations of the title
compound were achieved at M062X/6-311++G(d,p) level of
theory using the NBO 3.1 program within the Gaussian 09
soware.32 Chemcra program package (https://
www.chemcraprog.com) was used to draw the molecular
graphs.
3.2 Nonlinear optical (NLO) details

The electric dipole moment, linear polarizability, and the rst
and second hyperpolarizability tensors were evaluated using FF
approach to explore the non-lineal optical (NLO) properties of
the title compound with a eld frequency of 0.0010 au at the
DFT/DCAM-B3LYP/6-311G++(d,p) level.

DFT functional has shown results close to CCSD and MP2
methodologies,44,45 indicating efficiency and accuracy for
calculation of second order hyperpolarizability. In the nite
eld (FF) method, when a molecule is subjected to a static eld
(F), the energy (E) of the molecule can be expressed as:

E ¼ E� � miFi � 1

2
aijFiFjFk � 1

2
gijklFiFjFkFl �.

where E° is the energy of the molecule in the absence of an
electronic eld, m is a component of the dipole moment vector,
and it is given as:

m = (mx
2 + my

2 + mz
2)1/2

On the other hand, a corresponds to the linear polarizability
tensor, while b and g are the rst and second hyper-
polarizability tensors, with i, j, and k as the labels for x, y, and z
components, respectively. The tensors equations are given as
follows:

hai ¼ 1

3

�
axx þ ayy þ azz

�

hbi = [(bxxx + bxyy + bxzz)
2 + (byyy + byzz + byxx)

2 + (bzzz + bzxy +

bzyy)
2]1/2
RSC Adv., 2023, 13, 5197–5207 | 5199
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Fig. 1 HMBC-assisted NMR-based structural determination of
compound 6.
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hgi ¼ 1

5

�
gxxxx þ gyyyy þ gzzzz þ 2

�
gxxyy þ gyyzz þ gxxzz

��

3.3 Hirshfeld surface analysis details

Hirshfeld surface analysis and 2D-ngerprint plots46 were
carried out using the CrystalExplorer 21.3 soware47 to deter-
mine signicant intermolecular interactions and contacts in
the crystal structure of the studied compound. For computa-
tions, the crystallographic information le (*.cif) was initially
used for the analysis. Two distances were calculated for each
point on the Hirshfeld isosurface, de and di, representing
distances from a point on the surface to the nearest nucleus
outside and inside the surface. All measures were normalized
using dnorm distance (normalized contact distance), which is
dened in eqn (1) and is based on de, di and the van der Waals
radius (vdW) for de and di atoms within the compound.48,49

dnorm ¼ di þ rvdWi

rvdWi

þ de þ rvdWe

rvdWe

(1)

The electrostatic potentials were mapped on the Hirshfeld
surface at B3LYP/6-31G(d,p) level of theory over a range of
±0.002 au.50 The bond lengths of hydrogen atoms involved in
interactions were normalized to standard values from neutron
diffraction measurements (C–H = 1.083 Å, N–H = 1.009 Å, O–H
= 0.983 Å)51 for the generation of ngerprint plots. The inter-
molecular energies of the molecular pairs in the crystal packing
were calculated at B3LYP/6-31G(d,p) level of theory in a cluster
of radius 3.8 Å around the molecule.52,53

4 Results and discussion
4.1 Chemistry and characterization

Piperonal chalcone derivative 6 was synthesized according to
our previously reported experimental procedure outlined in
Scheme 1.25 The one-pot condensation of 5-amino-3-methyl-1-
phenylpyrazole 1, p-formaldehyde 2 and b-diketone 3 under
microwave irradiation in aqueous media and catalyzed by InCl3
generated the pyrazolo[3,4-b]pyridine derivative 4 (90% yield)
followed by treatment with piperonal 5 to give the title
compound 6 (63% yield). The structure of the piperonal chal-
cone derivative 6 was characterized by 1H NMR, 13C NMR, FT-IR
and HRMS. The 1H- and 13C-NMR assignments have been
completed by 1D and 2D heteronuclear correlation HSQC and
HMBC techniques.

The 1H NMR spectrum of compound 6 was measured in
deuterated chloroform and revealed the presence of nineteen
protons (see Fig. S1 and Table S1†). The two singlets due to
methyl groups linked to the pyrazole and pyridine rings were
observed at dH = 2.63 ppm (s, 3H, CH3-6) and dH = 2.81 ppm (s,
3H, CH3-17), respectively. The methylene protons were found at
dH = 6.01 ppm (s, 2H, CH2). At the same time, the doublet
corresponding to H-24 was shown at dH = 6.82 (d, J = 8.0 Hz,
1H). The presence of signals at dH= 8.32 ppm (d, J= 7.6 Hz, 2H,
5200 | RSC Adv., 2023, 13, 5197–5207
H-12 and H-16), 7.52–7.45 (m, 2H, H-13 and H-15) and 7.28 (t, J
= 7.5 Hz, 1H, H-14) were assigned to aromatic protons of the
phenyl group attached to the pyrazolo[3,4-b]pyridine system. A
singlet observed at dH = 8.16 ppm (s, 1H) was due to the reso-
nance of the pyridine ring proton corresponding to H-11.

The 13C NMR spectrum of the title compound was measured
in deuterated chloroform and revealed the presence of twenty-
four carbon atoms consistent with the target compound (see
Fig. S2 and Table S1†). 13C NMR showed a signal at dC =

193.85 ppm assigned to the carbonyl carbon of chalcone, and
the signals at dC = 12.43 and 24.75 ppm were attributed to
methyl groups CH3-6 and CH3-17, respectively.

Additional evidence for the structure of piperonal chalcone
derivative (6) was provided from 2D HMBC spectrum, which
showed signicantly correlated couplings of the a,b-unsatu-
rated ketone system (see Fig. 1). The a-H (H-18) showed corre-
lations with carbonyl group (13C, at 193.85 ppm) and C-22 (13C,
at 128.76 ppm). In contrast, the b-H (21) showed correlations
with both C-23 (13C, at 123.97 ppm) and C-27 (13C, at 106.53
ppm). On the other hand, the methyl group CH3-6 (1H, at 2.63
ppm) showed correlations with C-3 (13C, at 143.36 ppm) and C-2
(13C, at 114.20 ppm), whereas the H-11 signal (1H, at 8.16 ppm)
showed HMBC correlation with both C-1 (13C, at 150.16 ppm)
and C-9 (13C, at 158.01 ppm).

The IR spectrum of the synthesized chalcone is presented in
Fig. S3† and showed the presence of absorption bands at 3082,
2990 and 2894 cm−1 due to aromatic and aliphatic C–H vibra-
tions, the C]O, C]N and C]C stretching vibrations were
identied as distinguishing absorption bands at 1655, 1589 and
1577 cm−1 (see Table S2†).

The electrospray ionization-mass spectrometry (ESI-MS) of
the title compound showed an [M + H]+ peak of 398.1499, cor-
responding to the molecular formula C24H20N3O3

+. Thus, based
on the above spectral data, the structure of the synthesized
chalcone was conrmed (see Fig. S4†).

4.1.1 Theoretical 1H and 13C NMR chemical shi analysis.
The 1H and 13C NMR chemical shis of each atom within the
title compound were studied both experimentally and theoret-
ically. Chemical shi values were computed in chloroform at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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three different levels of theory (M062X, TPSS and B3LYP) using
the Gauge-Independent Atomic Orbital (GIAO)33 and 6-
311++G(d,p) basis set and compared with the experimental
NMR spectra in CDCl3.

All computed and experimental 1H and 13C NMR chemical
shi values are listed in Tables S3 and S4.† M062X and B3LYP
systematically overestimated the chemical shi values in 13C,
with high errors, greater than 20 ppm for some atoms. We have
calculated the absolute errors in 13C and found the following
trend in the sum of the absolute errors: M062X > B3LYP > TPSS.
In the case of the 1H spectra, the next trend was found: M062X >
B3LYP > TPSS.

Correlation graphs were prepared and given in Fig. S5 and
S6.† A good linear correlation between experimental and theo-
retical 1H and 13C NMR chemical shi values of the title
compound was observed as indicated by the R2 values (see
corresponding graphs in ESI†).

4.2 X-ray single crystal studies

The molecular structure of the title compound corresponds to
a chalcone containing 2,2-dimethyl-1,3-benzodioxole and pyr-
azole[3,4-b]pyridine moieties. The piperonal chalcone shows
a centrosymmetric setting with normal bond distances and
angles.51 The compound shows the E isomer in the solid state,
being the most common conformation for this type of
Fig. 2 ORTEP view of the title compound drawn at 30% of probability t

Table 1 Crystallographic data and refinement details for title compound

Empirical formula C24H19N3O3 Crystal si
Formula mass, g mol−1 397.42 F(000)
Collection T, K 295.09 Abs coeff
Crystal system Triclinic 2q range
Space group P�1 Range h,
a (Å) 8.669(6) No. total
b (Å) 10.856(7) No. uniqu
c (Å) 11.092(7) Comp. qm
a (°) 95.470(16) Max/min
b (°) 97.788(14) Data/rest
g (°) 106.365(14) Final R [I
V (Å3) 982.5(11) R indices
Z 2 Goodness
rcalcd (g cm−3) 1.343 Largest d

© 2023 The Author(s). Published by the Royal Society of Chemistry
compound.54,55 The ORTEP diagram of the title compound
drawn at 30% probability thermal displacement ellipsoids with
the atom numbering scheme is presented in Fig. 2. The mole-
cule is essentially planar, which encourages us to study the NLO
properties54 of the title compound.

For the title compound, non-hydrogen atoms were rened
with anisotropic displacement parameters. All hydrogen atoms
were included in their calculated positions, assigned xed
isotropic thermal parameters, and constrained to ride on their
parent atoms. The crystallographic data and the parameters of
the renement process of the title compound are given in Table
1.

In the crystal structure, one C–H/N intramolecular
hydrogen bond interaction is observed with a graph-set motif56

S11(6). Additionally, the molecules are linked by p–p interac-
tions, observed between benzodioxole rings, and benzodioxole
and pyridine rings with mean distance of 3.945 and 3.962 Å,
distance plane-centroid of 1.602 and 1.872 Å, and angles
between rings a, b and g of 15.77(10)° and 0.02(11)°; 21.5° and
24.0°; 28.2° and 24.0°, respectively (see Fig. 3).

4.3 Comparison of geometry data

The root mean squared (RMS) value predicted by Chemcra
soware, which accounts for the difference between the
monomer from X-ray diffraction experiment and the
hermal displacement ellipsoids.

6

ze (mm) 0.446 × 0.269 × 0.184
416.0

. (mm−1) 0.090
(°) 5.692 to 54.052
k, l −11/10, −13/13, −13/14
re. 14 220
e re. 4213 [Rint = 0.0373, Rsigma = 0.0350]
ax (%) 98.1
transmission 0.984/0.971
raints/parameters 4213/0/274
> 2s(I)] R1 = 0.0521, wR2 = 0.1209
(all data) R1 = 0.0926, wR2 = 0.1544
of t/F2 1.021

iff. peak/hole (e Å−3) 0.19/−0.19

RSC Adv., 2023, 13, 5197–5207 | 5201
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Fig. 3 p–p interactions in compound 6.
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theoretically optimized geometry, was relatively low: 0.550 Å.
Then, a good agreement was found between the optimized
molecular geometrical parameters and experimental ones. Only
a slight difference in the dihedral angle (C11, C10, C19 and C18)
was shown between the monomer of X-ray diffraction experi-
ment and the optimized geometry, which have values of 20.62
and 32.34, respectively. However, these results demonstrate the
structural validity of the optimized geometry. A complete list of
coordinates, bond lengths, bond angles and dihedral angles
obtained by X-ray diffraction and DFT/M062X/6-311++G(d,p) of
the title compound are presented in the ESI (see Tables S6–S8†).

4.4 UV-Vis studies and electronic properties

The comparison of the experimental and simulated theoretical
UV-Vis spectra of piperonal chalcone has been studied. The
experimental spectrum scanned in methanol solution within
the range of 190–410 nm (Fig. 4a) includes two principal bands
localized around 280 and 345 nm. These two bands were
assigned to n / p* and p / p* electronic transitions. The
theoretical electronic spectrum (Fig. 4b) shows two principal p
Fig. 4 Experimental (a) and calculated (b) electronic absorption spectra

5202 | RSC Adv., 2023, 13, 5197–5207
/ p* electronic transitions located around 334 and 329 nm
near the experimental signal. On the other hand, the theoretical
electronic spectrum presents two local maximums with oscil-
lator strengths (f) of 0.2993 and 0.2574, which are localized
around 282 and 255 nm, respectively, and agree with the
experimental UV-Vis spectra. As can also be seen in Fig. 4, the
theoretical spectrum presents only values higher than 219 nm.
Those values lower than this wavelength could not be simulated
in our TDDFT calculations. Overall, the theoretical UV-Vis
spectrum shows that the absorption values are at the exact
location of the experimental average (x-axis in Fig. 4). However,
the calculated absorbance value does not match the experi-
mental value because this measurement is directly proportional
to the sample concentration, which cannot be calculated in our
Gaussian experiment. To obtain absorbance values close to the
experimental ones, it is necessary to model different geomet-
rical conformations using explicit solution methods involving
a long computational process, which is an unintended goal of
this work.
of title compound.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Frontier molecular orbitals of title compound.

Fig. 6 Schematic diagram of intramolecular charge transfer from
C]C p bond to C]C p antibonding and the second-order pertur-
bation energies (E(2)). (a) 1138.4 kcal mol−1 and (b), 161.2 kcal mol−1.
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4.5 Frontier molecular orbitals (FMOs) analysis and
molecular reactivity

The frontier molecular orbitals (FMOs), HOMO and LUMO, are
the main orbitals responsible for chemical stability or reactivity.
The HOMO–LUMO plots for the title compound is shown in
Fig. 5. The molecular form of HOMO shows a high electron
density located over N–C groups. In the case of LUMO, the
highest probability regions are in the same area as the HOMO,
thus an allowed electronic transition could occur between these
two states.

HOMO energy is associated with the electron-donating
ability of a compound, whereas LUMO energy with electron-
accepting. The frontier molecular orbital energy gap provides
information about the chemical reactivity and kinetic stability.
A molecule with a small frontier orbital gap is associated with
a high chemical reactivity and low kinetic stability.

The HOMO and LUMO energies, and frontier orbital energy
gap of the title compound were found to be 7.2861, −1.5934,
and 5.6926 eV, respectively. The calculated values of the
chemical hardness, chemical potential, electrophilicity index,
and chemical soness parameters for the compound described
above are 2.84, −4.43, 3.46 eV, and 0.17 eV−1, respectively.

The piperonal chalcone derivative is expected to be less
polarizable and associated with a low chemical reactivity due to
its larger molecular gap and chemical hardness values, indi-
cating a hard molecule with low polarizability with high kinetic
stability.
4.6 Natural bond orbital (NBO) analysis

The charge transfer and intramolecular interactions between
the occupied and unoccupied molecular orbitals of the title
compound were analyzed through the natural bond orbital
(NBO) analysis. The analysis of second-order perturbation
energy57 (E(2)) showed that the two most important donor–
acceptor intermolecular interactions (Fig. 6) presented in the
compound are interactions between C]C p and C]C p
© 2023 The Author(s). Published by the Royal Society of Chemistry
antibonding orbitals, with energies values of 1138.4 (Fig. 6a)
and 161.2 (Fig. 6b) kcal mol−1, respectively. This mixing of
donors and acceptors leads to an overall decrease in stabiliza-
tion energy.

4.7 Nonlinear optical (NLO) properties

The dipole moment, polarizability and hyperpolarizability
results are presented in Table 2. Urea has been used as
a prototype molecule for a comparative approach to NLO
properties.58

The relevance of polarizability and hyperpolarizability of
a molecular system depends on electronic communication
between two different parts of a molecule. The results showed
non-zero m values for the title compound, which should cause
microscopic quadratic and cubic hyperpolarizabilities, with
resulting non-zero values derived by the second numerical
derivatives of electric dipole moments to the eld implemented
(see Table 2). The calculated dipole moment (m) for the title
compound is 1.29 times higher than that obtained from urea.
The non-zero hai, hbi and hgi tensors values for the title
compound predict the ability to acquire second- and third-order
microscopic NLO responses. The of a, b and g calculated values
for the title compound are 10.5, 66.3 and 46.7 times higher than
those obtained from urea. Since we lack experimental data on
NLO properties, the implemented theoretical analyses provide
a predictive tool to show that the studied compound can be
usefully applied in this eld. To be more condent of these
results, we have added the same theoretical analysis for two
reported molecules with optical properties and structures
similar to our studied compound (Table 2). Surprisingly the a,
b and g calculated values of our compound present better
results than reference molecules. Hence, compared with urea
and the other two molecules with NLO properties, the title
compound may fulll many of the quadratic optical
RSC Adv., 2023, 13, 5197–5207 | 5203
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Table 2 Dipole moment, polarizability and hyperpolarizability values at CAM-B3LYP/6-311++g(d,p) level

m (D) a (×10−24 esu) b (×10−30 esu) g (×10−36 esu)

Urea 3.875 4.823 0.414 2.941
Studied compound (6) 5.007 50.830 27.464 137.399
(E)-1-(1,3-Benzodioxol-5-yl)-4,4-dimethylpent-1-en-3-one59 3.546 27.625 22.413 44.189
(2E)-1-(1,3-Benzodioxol-5-yl)-3-phenylprop-2-en-1-one (SSP1)60 3.011 31.346 8.344 67.879

Fig. 7 Overall Hirshfeld surface (left) of the title compound and its fingerprint plot (right).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
17

/2
02

5 
5:

54
:3

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
nonlinearity requirements and could have potential applica-
tions in NLO and electro-optic devices.
4.8 Hirshfeld surface analysis and 2D ngerprint plots

Visualization of intermolecular contacts through the crystal
structure was achieved by Hirshfeld surface analysis and was
performed as a complement to XRD analysis. The dnorm surfaces
were visualized with three colors, white indicates the contacts
with distances equal to the sum of the van derWaals radii (dnorm
= VdW radii), blue areas show the positive electrostatic poten-
tial (hydrogen-bond donors, dnorm > VdW radius), and red
regions indicate the negative electrostatic potential (hydrogen-
Fig. 8 Short H/H contact interactions in the crystal structure stabilizat

5204 | RSC Adv., 2023, 13, 5197–5207
bond acceptors, dnorm < VdW radii).50 All the contacts contrib-
uting to the total area of the surface are illustrated in Fig. 7.

A 48.2% contribution with pair of sharp needles and the tip
at di + de z 2.2 Å was noticed from H/H contacts, covering
a signicant region of the entire Hirshfeld surface. These
interactions generate an important effect on the molecular
packing in the intermolecular stabilization. These short H/H
contact links adjacent molecules into inversion related gener-
ating dimers (Fig. 8). The second important interaction is C–
H/C, contributing 18.8% to the overall crystal packing. More-
over, C–H/O and C–H/N bond interactions have contribu-
tions of 15% each.
ion of the title compound.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 dnorm surface of the title compound (left) and its fingerprint plot (right), showing p/p stacking interactions in the title compound.
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Another type of weak C/C contact gives only 7.5% of the
surface with the tip at de + di z 3.4 Å, which helps in under-
standing interactions p/p stacking (Fig. 9).
4.9 Energy frameworks

The energy framework61 was performed to obtain the intermo-
lecular interaction energies. This method allows analysis and
visualization of the three-dimensional crystal packing to
analyze the three-dimensional crystal topology. The interaction
energy is calculated and compared using the formula Etot = Eele
+ Epol + Edis + Erep (where Eele is the electrostatic component, Epol
the polarization energy, Edis the dispersion energy, and Erep the
exchange repulsion energy) based on the anisotropy of the
topology of pairwise intermolecular interaction energies. The
thickness of the cylinder radius indicates the grade of interac-
tion energies.62

According to the tube direction, it can be concluded that
the formation of the framework is directed by the translational
or centrosymmetric elements. However, this rearrangement
Fig. 10 Energy framework diagram for electrostatic (Eele, red), (b) disper
molecule.

© 2023 The Author(s). Published by the Royal Society of Chemistry
allows the formation of other weak interactions in the crystal
structure. The energy framework is presented in Fig. 10. The
dispersion (Edis) energy shows a zig-zag rod shape energy
topologies along c-axis, as a component of the framework
energy being less dominating than Eele. In this case, the rear-
rangement is reinforced by the presence of weak interactions
in the crystal structure, such as p/p and classic hydrogen
bond interactions, but not enough for the better stabilization
of the framework.

The total interaction energies are electrostatics (Eele =

−40.1 kJ mol−1), polarization (Epol = −7.7 kJ mol−1), disper-
sion (Edis = −210.2 kJ mol−1), repulsion (Erep =

104.7 kJ mol−1), and total interaction energy (Etot =

−153.3 kJ mol−1). The sum of dispersion energies
(−210.2 kJ mol−1) is greater than that of electrostatic energies
(−40.1 kJ mol−1) for the title compound and this low value is
attributed to the absence or few numbers of classical hydrogen
bonds (see Table 3). According to the result obtained, the
sion (Edis, green), and (c) total interaction energy (Etot, blue) of the title

RSC Adv., 2023, 13, 5197–5207 | 5205
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Table 3 Total energy force diagrams and interaction details with
symmetry operation (Symop) and distances between molecular
centroids (R) in Å for compounds

No. Symop R Eele Epol Edis Erep Etot

−x, −y, −z 4.43 −23 −3.3 −107 56.3 −77

x, y, z 10.9 1.4 −0.2 −3.2 0 −2.0

−x, −y, −z 6.71 −18.5 −4.2 −100 48.4 −74.3

Total energies −40.1 −7.7 −210.2 104.7 −153.3
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dispersion energy framework has a signicant contribution
over the electrostatic energy framework.
5 Conclusions

In this work, we have presented the data and results used in
conrming the structural properties of a p-conjugate system
combining the chalcone and the pyrazole[3,4-b]pyridine scaf-
folds. The chalcone crystal has been synthesized and fully
characterized by UV-Visible, FT-IR, HRMS, 1H NMR, and 13C
NMR spectroscopic studies and X-ray crystallography. The X-ray
ndings showed that the studied molecule has planar molec-
ular geometry and crystallizes in the triclinic system with a P�1
space group, Z = 2, and unit cell parameters a = 8.669(6) Å; b =

10.856(7) Å, c = 11.092(7) Å, b = 97.788(14)° and V = 982.5(11)
Å3. In general, good agreement was found between all the
theoretical properties investigated (structural, electronic, and
spectroscopic) and the experimental ones. Molecular stability
from hyper conjugative interactions and charge delocalization
was analyzed using NBO analysis. The FMOs analysis and
chemical reactivity descriptors revealed that the piperonal
chalcone is a less reactive and more stable molecule. Hirshfeld
surface analysis of the crystal structure indicated that the
largest contribution to the intermolecular stabilization in the
crystal packing comes from the H/H (48.2%) bond interac-
tions. Furthermore, the calculated interaction energy suggested
that the dispersion energy framework signicantly contributes
to the total energy framework. According to the computed a, b,
and g values, the chalcone crystal exhibits signicant NLO
properties. Thus, we concluded that the piperonal chalcone is
a promising candidate for future applications in nonlinear
optical devices.
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