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Structural, vibrational and electronic characterization
of 1-benzyl-3-furoyl-1-phenylthiourea: an
experimental and theoretical study†

Marı́a Eliana Defonsi Lestard,‡*a Diego M. Gil,a Osvaldo Estévez-Hernández,bc

Mauricio F. Erben‡d and Julio Duquebc

1-Benzyl-3-furoyl-1-phenylthiourea is a thiourea derivative synthesized and characterized by means of

vibrational spectroscopy (IR and Raman) multinuclear NMR (1H and 13C) and elemental analysis. The

geometrical parameters of this compound obtained from XRD studies were compared with the

calculated values [B3LYP/6-311++G(d,p)] showing a good agreement. As determined by XRD analysis

performed previously, the title compound exhibits the U-shape conformation with the CQO and CQS

double bonds in anticlinal geometry. This conformational feature is mainly dictated by the substitution

degree on the thiourea core and the ability to form an intramolecular N–H� � �OQC hydrogen bond. The

UV-visible absorption spectra of the compound in methanol solution were recorded and analyzed using

time dependent density functional theory (TD-DFT). Molecular stability was investigated by applying the

natural bond (NBO) analysis. Intermolecular interactions were evaluated by means of the AIM approach.

The calculated HOMO and LUMO energies show that the charge transfer occurs in the molecule. The

molecular electrostatic potential map was calculated by the DFT method. Non-linear optical (NLO) behavior

of the title compound was investigated by determining the electric dipole moment, polarizability a, and

hyperpolarizability b using B3LYP/6-311++G(d,p) approximation.

1. Introduction

The importance of thiourea (NH2CSNH2) and its derivatives
largely lies in heterocyclic syntheses and their interesting
biological activity such as antibacterial, antifungal, antitubercular,
antithyroid, antihelmintic, insecticidal, herbicidal and plant
growth regulator properties.1–4 Electrochemical sensors based
on aroylthioureas as ionophores have been successfully devel-
oped and some basic approaches to describe the interaction
mechanism of the ionophore with the heavy metal ions have

been investigated.5–8 Thiourea compounds are very useful
building blocks for the synthesis of a wide range of aliphatic
macromolecular and heterocyclic compounds.9–11 These com-
pounds are remarkable chelating agents in analytical chemistry
and a variety of metal complexes have been described in the
literature.12–18 The presence of hard and soft donor sites in
these compounds offers a huge bonding potential since both
carbonyl and thiocarbonyl groups can coordinate metallic ions
in a different manner. Thiourea derivatives usually behave as
planar ligands where both S and N atoms are donor sites able
to participate in the coordination with the metal center. Sub-
stituted thioureas, however, show more diverse coordination
chemistry due to their conformational isomerism, steric effects,
the presence of donor sites on substituent groups and intra-
molecular interactions.10

In continuation of our work focused on the chemistry and
structure of thiourea derivatives, herein we report the synthesis
and spectroscopic characterization of 1-benzyl-3-furoyl-1-phenyl-
thiourea by means of IR, Raman and UV-visible spectroscopy.
These experimental measurements were complemented with
quantum chemical calculations. The molecular geometry opti-
mizations have been performed using ab initio and DFT methods
with different basis sets to assist the interpretation and assignment
of experimental vibrational spectra. The geometrical parameters
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computed were compared with those obtained by X-ray diffrac-
tion methods. UV-visible absorption wavelengths, HOMO and
LUMO energies, electronic transitions, vertical excitation energies
and oscillator strengths were computed by the time dependent
DFT method taking into account the solvent effect. The frontier
molecular orbitals such as the HOMO and LUMO determine the
way in which the molecule interacts with other species and help
us to characterize the chemical reactivity and kinetics of the
molecule.19 Global reactivity descriptors like potential (IP),
electron affinity (EA), electronegativity (w), electrophilicity index
(o), hardness (Z), softness (s) and chemical potential (m) have
been computed to predict reactivity of the molecule. The
natural bond orbital (NBO) analysis has been applied to study
the stability of the molecule arising from hyperconjugative
interactions and charge delocalization. The computational
study includes the atoms in molecules (AIM) analysis to study
the hydrogen bond interactions observed experimentally in the
crystal structure of the substance in the solid state reported
previously.20,21 Non-linear optical (NLO) properties of the title
compound have been investigated.

2. Materials and methods
2.1 Experimental

2.1.1 Synthesis and characterization. The 1-benzyl-3-furoyl-
1-phenylthiourea compound was prepared according to a pro-
cedure reported by Otazo et al.5 In the synthesis, furoyl chloride
was converted into furoylisothiocyanate and then condensed
with N-benzyl-N-phenylamine. The solid obtained was re-crystallized
from ethanol. Yield: 70%. Elemental analysis for C19H16N2O2S;
found: C (59.95%), H (4.60%), N (10.74%), S (11.21%); calculated:
C (60.00%), H (4.62%), N (10.76%), S (11.31%). 1H NMR (DMSO-d6):
d = 5.57 (s, 2H, H-35, 36); 6.54 (dd, 1H, H-27); 7.10–7.39
(m, 11H, H-15, 16, 17, 26, 31, 32, 33); 7.77 (s, 1H, H-28); 10.58
(s, 1H, H-25). 13C NMR (DMSO-d6): d = 58.19 (C-13); 111.6 (C-5);
115.7 (C-4); 125.4 (C-8); 126.9 (C-9); 127.3 (C-10); 127.9 (C-15);
128.2 (C-16); 135.1 (C-14); 142.9 (C-7); 145.6 (C-3); 146.1 (C-6);
153.2 (C-1); 181.8 (C-2).

2.1.2 Instrumentation. The UV-Vis spectrum in methanol
was recorded at room temperature in the 250–700 nm wave-
length range using a Cary 50 spectrophotometer. The sample
was placed in a quartz cuvette (1 cm path length).

1H (250 MHz) and 13C (62.89 MHz) NMR spectra were
recorded on a Bruker AC-250F spectrometer at 25 1C. The samples
were dissolved in DMSO-d6 and the solution was introduced
within a NMR tube. Chemical shifts (d) are given in ppm and
referenced to TMS (d = 0 ppm).

2.1.3 Vibrational spectra. Fig. 1 shows the experimental IR
and Raman spectra of the substance in the solid state. The
infrared spectrum of the solid was recorded on a FT-IR spectro-
photometer (Atti Mattson, Genesis Series) using the KBr
pressed disk technique in the range of 4000–400 cm�1 in
transmission mode with 10 scans at a resolution of 2 cm�1.
The Raman spectrum was collected by a capillary sample
technique on a Perkin Elmer system 2000 NIR-FT-RAMAN and

a Lexel model 98 krypton ion laser (l = 647.1 nm). The laser
power at the sample surface was restricted to 40 mW.

2.1.4 Computational details. Theoretical calculations were
performed using the Gaussian 03 program.22 Geometry optimi-
zations were performed at the MP2/6-31G(d,p) level of approxi-
mation23 and DFT (B3LYP24–26 and mPW1PW9126) levels using
the 6-31G(d,p) and 6-311++G(d,p) basis sets. All calculations were
performed using standard gradient techniques and default con-
vergence criteria. The vibrational modes were assigned by means
of visual inspection using the Gaussview 05 program.27 A compar-
ison was performed between the theoretically calculated normal
modes and the experimentally measured (FT-IR and Raman)
frequencies. The prediction of Raman intensities was carried out
by following the procedure outlined below. The Raman activities
(Si) were calculated using Gaussian 03 and converted to relative
Raman intensity (Ii) using the following relation from the basic
theory of Raman scattering:28

Ii ¼
f n0 � nið Þ4Si

ni 1� exp �hcni=kTð Þ½ � (1)

where n0 is the laser exciting wavenumber in cm�1 (in this work,
we have used the excitation wavenumber n0 = 15453.5 cm�1, which
corresponds to the wavelength of 780 nm of the solid state laser), ni

is the vibrational wavenumber of the ith normal mode (in cm�1),
h, c and k are universal constants, and f is the suitably chosen
common scaling factor for all the peaks intensities (10�12). The
potential energy distribution (PED) analysis is conducted at the
B3LYP/6-311++G(d,p) calculated vibrational frequencies using
the VEDA4 program.29,30

The DFT method was also used to calculate the dipole
moment, mean polarizability hai and the total first static
hyperpolarizability btotal. The hai and b values of the Gaussian
output are in atomic units (a.u.) therefore they have been
converted into electrostatic units (esu) [for a; 1 a.u. = 0.1482 �
10�24 esu and for b; 1 a.u. = 8.6393 � 10�33 esu]. The mathe-
matical details used for the calculation of dipole moment,

Fig. 1 Experimental IR and Raman spectra for 1-benzyl-3-furoyl-1-
phenylthiourea in the solid state.
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polarizability and hyperpolarizability were reported in the
literature.31,32

The natural bond orbital (NBO) approach was performed at
the B3LYP/6-311++G(d,p) approximation using the NBO 3.1
program33 as implemented in the Gaussian 03 package. This
analysis has been performed to understand various second
order donor - acceptor interactions between the filled orbitals
of one subsystem and vacant orbitals of another subsystem, in
order to have a measure of intra-molecular delocalization and
hyper-conjugation. The topological properties of the electron
density at the bond critical points (BCPs) have been characterized
using the atoms in molecules (AIM) approach at the B3LYP/
6-311++G(d,p) level by using the AIM2000 code.34 To investigate
the reactive sites and to identify the sites of intra- and inter-
molecular interactions of the compound, the molecular electrostatic
potential surface was evaluated by using B3LYP/6-311++G(d,p)
approximation. The molecular properties such as ionization
potential, electronegativity, chemical potential, chemical hardness
and softness have been deduced from HOMO–LUMO analysis
employing B3LYP/6-311++G(d,p) approximation. Electronic transi-
tions were calculated by TD-DFT method using 6-31G(d,p) basis
sets in the gas phase and taking into account solvent effects
(methanol) through the polarizable continuum model (PCM).35

3. Results and discussion
3.1 Quantum chemical calculations

Stable low energy conformers of the title molecule were obtained
by varying the torsional angle C(1)–N(20)–C(2)–N(21). The B3LYP/
6-31G(d,p) level of approximation has been applied allowing
geometry optimizations with the corresponding dihedral angle
varying from 01 to 3601 in steps of 101. The potential energy curve
is shown in Fig. S1 (ESI†). As a result of theoretical conforma-
tional analysis, three energetically favorable conformations were
distinguished. The molecular geometries of the obtained con-
formers of the title compound are illustrated in Fig. S2 (ESI†).
The energy difference between the global conformer (CIII) and
the other two conformers (CI and CII) are found to be 13.29 and
1.875 kJ mol�1, respectively. Conformers I and II differ from each
other with respect to the orientation of CQO and CQS bonds.
Conformers II and III present a nearly planar structure of the
central –C(O)–NH–C(S)– moeity with opposite orientation between
CQO and CQS double bonds (S-shape conformation). Conformer
I shows a non-planar synclinal conformation (U-form). Only the
conformer with U-shape conformation is observed in the crystal
structure of the title compound.

The optimized structure of the title compound has been
calculated at different levels of theory. The bond lengths, angles
and torsional angles calculated by different methods and basis
sets are summarized in Table 1. These values are compared
with the experimental data reported by X-ray diffraction.20

The experimental and theoretical results are in reasonable
agreement according to the values reported in Table 1. As a
general trend, the theoretical bond distances are overestimated
compared to the experimental ones. Every method yields

similar root-mean-square deviations (RMSDs) for bond dis-
tances (BÅ) while the difference between the experimental
and theoretical results for bond angles becomes more impor-
tant. The lowest RMSD value for bond angles was obtained at
the B3LYP/6-311++G(d,p) level (see Table 1) indicating that this
method reproduces better the experimental structure for the
title compound. Fig. 2 shows the optimized molecular structure
of the title compound calculated at B3LYP/6-311++G(d,p) approxi-
mation. The structure of the 1-acylthioureas 3-monosubstituted
and 3,3-disubstituted derivatives generally shows a significant
influence of intramolecular hydrogen bonding, which results in
substantial differences between the preferred conformation
observed for these compounds.12 Generally, in 3-monosubstituted
derivatives, the CQO and the CQS groups are located in opposite
orientation (S-shaped conformation). The prevalence of the
S-shaped conformation is clearly established for different
thioureas.36–39 In this conformation, the CQO and the N–H
group form a pseudo 6-membered ring, favoring the intramolecular
interaction through hydrogen bonding. 3,3-Disubstitued thiourea
derivatives assume a twisted conformation in the solid state, with
the sulfur and oxygen atoms pointing approximately in same
directions.7,20,40–42 The nature of the substituents and the steric
effects play an important role in determining the molecular
structure.42 As shown in Fig. 2, in the title compound, the
–C(O)–NH–C(S)–N– moiety has a nearly planar structure with
the same orientation between CQO and CQS double bonds
(U-shaped conformation), as indicated by the dihedral angle
C(1)–N(20)–C(2)–S(24) = �24.11 calculated by B3LYP/6-311++G(d,p)
approximation (experimental value = �23.11). The bond lengths of
carbonyl (C(1)QO(22) = 1.209 Å) and thiocarbonyl (C(2)QS(24) =
1.665 Å) groups of the title compound have a typical double-bond
character. However, the C(1)–N(20) = 1.399 Å, C(2)–N(20) = 1.396 Å
and C(2)–N(21) = 1.376 Å bond lengths are shorter than the
C(7)–N(21) = 1.441 Å and C(13)–N(21) = 1.477Å bond lengths
indicating that electronic delocalization occurs around these
atoms. These results are in agreement with the expected delo-
calization in the molecule and confirmed by the bond angles
C(1)–N(20)–C(2) = 128.91 and C(2)–N(21)–C(13) = 121.51. These
angles show a sp2 hybridization on the N(20) and N(21) atoms.

NBO analysis is a useful tool for understanding delocaliza-
tion on electron density from occupied Lewis-type (donor)
NBOs to properly unoccupied non-Lewis type (acceptor) NBOs
within the molecule. The stabilization of orbital interaction is
proportional to the energy difference between interacting orbitals.
Therefore, the interaction having the strongest stabilization takes
place between effective donors and effective acceptors. This bond-
ing–antibonding interaction can be quantitatively described in
terms of the NBO approach that is expressed by means of second
order perturbation interaction energy E(2). This energy represents
the estimate of the off-diagonal NBO Fock matrix element. The
stabilization energy E(2) associated with i (donor) - j (acceptor)
delocalization is estimated from the second order perturbation
approach as given below:

Eð2Þ ¼ qi
F2ði; jÞ
ej � ei

(2)
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Table 1 Experimental and calculated geometrical parameters for 1-benzyl-3-furoyl-1-phenylthiourea

Parametersa

B3LYP mPW1PW91 MP2 B3LYP

Experimentalb6-31G(d,p) 6-311++G(d,p)

Bond lengths (Å)
C(1)–C(3) 1.477 1.474 1.477 1.478 1.462
C(1)–N(20) 1.402 1.394 1.393 1.399 1.373
C(1)–O(22) 1.214 1.209 1.224 1.209 1.209
C(2)–N(20) 1.392 1.383 1.398 1.396 1.389
C(2)–N(21) 1.379 1.372 1.377 1.376 1.350
C(2)–S(24) 1.670 1.661 1.648 1.665 1.659
C(3)–C(4) 1.367 1.363 1.372 1.364 1.332
C(3)–O(23) 1.375 1.364 1.372 1.374 1.361
C(4)–C(5) 1.427 1.423 1.421 1.428 1.407
C(5)–C(6) 1.364 1.361 1.369 1.361 1.309
C(6)–O(23) 1.360 1.352 1.367 1.359 1.368
C(7)–C(8) 1.401 1.397 1.399 1.398 1.378
C(7)–C(12) 1.400 1.396 1.401 1.397 1.377
C(8)–C(9) 1.395 1.391 1.396 1.394 1.376
C(9)–C(10) 1.396 1.392 1.397 1.394 1.368
C(10)–C(11) 1.396 1.392 1.398 1.394 1.368
C(11)–C(12) 1.395 1.391 1.394 1.393 1.380
C(13)–C(14) 1.516 1.584 1.504 1.515 1.505
C(13)–N(21) 1.477 1.465 1.470 1.477 1.478
C(14)–C(15) 1.403 1.399 1.402 1.401 1.372
C(14)–C(19) 1.399 1.394 1.399 1.397 1.373
C(15)–C(16) 1.394 1.390 1.395 1.392 1.370
C(16)–C(17) 1.398 1.394 1.398 1.396 1.343
C(17)–C(18) 1.394 1.390 1.396 1.392 1.361
C(18)–C(19) 1.394 1.393 1.396 1.395 1.396
RMSD (Å) 0.011 0.0112 0.0113 0.0104

Bond angles (1)
C(1)–N(20)–C(2) 129.4 129.5 128.1 128.9 129.3
C(3)–C(1)–N(20) 112.6 112.3 111.9 112.8 113.5
N(20)–C(2)–(21) 112.3 112.1 110.6 112.4 112.5
C(2)–N(21)–C(13) 121.6 121.6 121.8 121.5 122.0
N(21)–C(13)–(14) 113.6 113.2 110.6 113.7 112.4
C(7)–N(21)–C(13) 115.5 115.6 114.9 115.7 114.8
C(7)–N(21)–C(2) 122.9 122.9 122.0 122.7 122.0
N(21)–C(2)–S(24) 124.1 123.8 125.3 124.4 127.7
N(20)–C(2)–S(24) 123.7 124.1 123.9 123.1 122.7
N(20)–C(1)–O(22) 126.7 126.9 121.9 126.3 125.7
C(3)–C(1)–O(22) 120.7 120.7 121.0 120.9 120.8
C(1)–C(3)–C(4) 130.3 130.2 130.8 130.6 131.4
C(1)–C(3)–O(23) 119.8 119.8 119.0 119.7 119.1
C(4)–C(3)–O(23) 109.9 110.0 110.1 109.8 109.5
C(3)–C(4)–C(5) 106.5 106.3 106.3 106.5 107.3
C(4)–C(5)–C(6) 106.3 106.1 106.6 106.3 106.6
C(5)–C(6)–O(23) 110.5 110.6 110.3 110.4 110.9
C(8)–C(7)–C(12) 120.0 120.1 120.7 120.0 120.5
C(8)–C(7)–N(21) 119.7 119.6 119.9 119.7 119.6
C(12)–C(7)–N(21) 120.3 120.2 119.9 120.3 119.9
C(7)–C(8)–C(9) 119.9 119.9 119.5 120.0 119.4
RMSD (1) 0.3825 0.4175 0.4475 0.3475

Dihedral angles (1)
C(4)–C(3)–C(1)–N(20) 179.2 179.5 179.9 179.7 172.4
N(20)–C(3)–C(1)–O(23) �0.571 �0.320 1.2 �0.6 �6.5
O(22)–C(1)–C(3)–C(4) 0.047 �0.07 0.8 �0.13 �6.4
O(22)–C(1)–C(3)–C(23) 179.7 �179.9 178.1 179.8 174.7
C(3)–C(1)–N(20)–C(2) 176.7 178.9 179.4 174.1 175.0
O(22)–C(1)–N(20)–C(2) �4.2 �1.6 �0.18 �7.1 �6.2
C(1)–N(20)–C(2)–N(21) 165.3 172.9 155.6 158.5 159.1
S(24)–C(2)–N(20)–C(1) �16.7 �8.00 �27.2 �24.1 �23.1
N(20)–C(2)–N(21)–C(7) �7.1 �3.1 �16.9 �8.5 �2.9
N(20)–C(2)–N(21)–C(13) 174.1 177.2 176.8 171.8 170.7
S(24)–C(2)–N(21)–C(7) 174.9 177.8 166.0 174.1 179.4
S(24)–C(2)–N(21)–C(13) �4.0 �1.8 �0.4 �5.6 �7.0
C(1)–C(3)–C(4)–C(5) �179.8 �179.8 �179.2 �179.8 �179.5
O(23)–C(3)–C(4)–C(5) �0.03 �0.02 �0.18 �0.1 �0.5
C(6)–O(23)–C(3)–C(4) �0.02 �0.01 0.11 0.04 0.5
C(3)–C(4)–C(5)–C(6) 0.06 0.03 0.18 0.1 0.5
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where qi is the donor orbital occupancy, ei and ej are diagonal
elements (orbital energies) and F(i,j) is the off-diagonal Fock matrix
element. The different types of donor–acceptor interactions
and their stabilization energies are determined by second order
perturbation analysis of the Fock matrix of the 1-benzyl-3-furoyl-1-
phenylthiourea compound as presented in Table 2. The hyper-
conjugative interactions are formed by the orbital overlap between
the p (C–C) bond orbital to the p* (C–C) anti-bonding orbital,
which results in intra-molecular charge transfer causing the
stabilization of the system. These interactions can be identified
by finding the increase in electron density in the anti-bonding
orbital. The strong intermolecular hyper-conjugative interaction of
the p electrons of the C–C to the anti C–C and C–O bond in the
ring leads to stabilization of some part of the ring as shown in
Table 2. The bond pair donor p C–C - p* C–C and p C–C - p*
C–O (B20 kcal mol�1) give more stabilization than s C–C - s*
C–C, s C–C - s* N–C, s N–C - s* N–C and s C–S - s* C–C
(r8 kcal mol�1). On the other hand, a very strong interaction
has been observed between the lone pair LP N(21) and s* C(2)–
S(24) with an energy of 40.79 kcal mol�1. The lone pair LP N(20)
participates in LP N(20) - p* C(1)–O(22) and LP N(20) - s*
C(2)–S(24) interactions with energies of 52.81 and 18.89 kcal
mol�1, respectively. According to the values reported in Table 2,
the interactions LP N(20) - p* C(1)–O(22) and LP N(20) - s*
C(2)–S(24) are the responsible of the stabilization of the mole-
cule. The high value of energy for the interaction LP N(20) - p*
C(1)–O(22) indicates that the delocalization is more probable in
the amide group compared with the thioamide group. The
energy values of the interactions LP O(23)- p* C(3)–C(4) and

LP O(23) - p* C(5)–C(6) are 26.8 and 25.0 kcal mol�1,
respectively.

The quantum theory of atoms in molecules (AIM) has been
used in the characterization of bonds through a topological
analysis of the electronic charge density and their Laplacian at
the bond critical point (BCP).34 In the AIM theory the nature of
the bonding interaction can be determined through an analysis
of the properties of the charge density, r, and its Laplacian
r2(r) at the BCP, and through the properties of the atoms,
which are obtained by integrating the charge density over the
atom orbitals.34 The molecular graph of the title compound
using the AIM program calculated at B3LYP/6-311++G(d,p)
approximation is presented in Fig. S3 (ESI†). Table 3 shows
the bond critical point data for the 1-benzyl-3-furoyl-1-phenyl-
thiourea compound. The values of charge density for the

Table 2 Second-order perturbation theory analysis of the Fock matrix on
the NBO basis for 1-benzyl-3-furoyl-1-phenylthiourea calculated at the
B3LYP/6-311++G(d,p) level

Donor (i) - acceptor ( j) interactiona E(2)b

p C(3)–C(4) - p* C(5)–C(6) 15.90
p C(3)–C(4) - p* C(1)–O(22) 17.92
p C(5)–C(6) - p* C(3)–C(4) 15.37
p C(7)–C(8) - p* C(9)–C(10) 18.93
p C(7)–C(8) - p* C(11)–C(12) 20.32
p C(9)–C(10) - p* C(7)–C(8) 21.39
p C(9)–C(10) - p* C(11)–C(12) 20.82
p C(11)–C(12) - p* C(7)–C(8) 23.07
p C(11)–C(12) - p* C(9)–C(10) 21.60
p C(14)–C(19) - p* C(15)–C(16) 21.11
p C(14)–C(19) - p* C(17)–C(18) 19.09
p C(15)–C(16) - p* C(14)–C(19) 22.03
p C(15)–C(16) - p* C(17)–C(18) 23.43
p C(17)–C(18) - p* C(14)–C(19) 18.77
p C(17)–C(18) - p* C(15)–C(16) 22.29
p O(23)–C(18) - p* C(5)–C(6) 25.00
LP N(20) - p* C(1)–O(22) 52.81
LP N(20) - s* C(2)–S(24) 18.89
LP N(21) - s* C(2)–S(24) 40.79
LP O(22) - s* C(1)–C(3) 19.01
LP O(22) - s* C(1)–N(20) 27.66
LP O(23) - p* C(3)–C(4) 26.81
LP O(23) - p* C(5)–C(6) 25.00
LP S(24) - s* C(2)–N(20) 14.35
LP S(24) - s* C(2)–N(21) 12.32

a See Fig. 2 for atom numbering. LP denotes the lone pair on the
specified atom. b E(2) means the energy of hyper-conjugative interactions
in kcal mol�1.

Table 1 (continued )

Parametersa

B3LYP mPW1PW91 MP2 B3LYP

Experimentalb6-31G(d,p) 6-311++G(d,p)

C(4)–C(5)–C(6)–O(23) �0.07 �0.04 �0.12 �0.1 �0.1
C(5)–C(6)–O(23)–C(3) 0.05 0.03 0.01 0.04 �0.30
C(12)–C(7)–C(8)–C(9) 0.03 0.14 0.51 0.22 0.00
C(9)–C(8)–C(7)–N(21) 178.3 178.5 178.1 178.6 177.9
C(11)–C(12)–C(7)–C(8) �0.3 �0.22 �1.0 �0.5 �1.0
N(21)–C(7)–C(12)–C(11) �178.5 �178.6 �178.6 �178.8 �178.8
C(8)–C(7)–N(21)–C(2) 99.9 94.2 111.6 103.0 97.7
RMSD (1) 1.4403 2.0209 2.2933 1.1085

a See Fig. 2 for atom numbering scheme. b Experimental values are taken from ref. 20.

Fig. 2 Molecular structure of 1-benzyl-3-furoyl-1-phenylthiourea calcu-
lated at B3LYP/6-311++G(d,p) approximation.
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C(1)–O(22), C(2)–S(24), C(7)–N(21), C(13)–C(14), C(2)–N(21) and
N(20)–C(2) bond critical points are relatively high and r2(r) is
negative. Analyzing the sign of the Laplacian, one can define
the regions where the charge density is concentrated (r2(r) o 0)
or depleted (r2(r) 4 0). These results indicate that the charge
density has been concentrated in the inter-nuclear region
according to the results reported previously by Roohi et al.43

and calculations performed for different kinds of molecules
studied in our group.39,42,44–47 The AIM methodology self-
consistently partitioned any system and its properties into its
atomic fragments, considering the gradient vector field of its
electron density distribution. Koch et al. have proposed criteria
on the basis of the AIM theory to establish hydrogen bonding;
the electron density at the BCP and its Laplacian are the most
representative for this kind of interaction.48,49 Moreover, the
energy density at the bond critical point (HBCP) has proved to be
a more sensible and appropriate index than r2(r) to character-
ize the nature of hydrogen bonds.50 The results obtained for the
electron density (rBCP), its Laplacian (r2(r)BCP), electron kinetic
energy density (GBCP), electron potential energy density (VBCP)
and total electron energy density (HBCP) at the bond critical
points (BCPs) evaluated by means of the AIM approach at the
B3LYP/6-311++G(d,p) level are presented in Table 4. The values
of electron density at the BCP are in agreement with the range of
values reported by Koch and Popelier (0.002–0.004). Rozas et al.

have suggested criteria that can be used to characterize hydrogen
bonds (HBs).51 Weak HB interactions show both r2(r)BCP and
HBCP 4 0, and medium HB interactions show r2(r)BCP 4 0
and HBCP o 0, while strong HB interactions show both r2(r)BCP

and HBCP o 0. According to the values reported in Table 4, all
r2(r)BCP and HBCP parameters were greater than zero indicating
that O(23)� � �H(25), S(24)� � �H(35) and S(24)� � �H(36) are weak
interactions. These values are in agreement with the experi-
mental structure obtained by single crystal XRD measurements.
The crystal structure of the title compound is stabilized princi-
pally by the intramolecular O(23)� � �H(25) hydrogen bond.20 The
ellipticity (e) at the BCP is a sensitive index to monitor the
p-character of bond. The e is related to l1 and l2, which
correspond to the eigen values of Hessian and defined by
the relationship: e = (l1/l2) � 1. The ellipticity values for bonds
C(1)–N(20), C(2)–N(20), C(2)–S(24), C(5)–C(6), C(5)–C(4) and
C(3)–C(4) were 0.0064, 0.1845, 0.0427, 0.3271, 0.1653 and
0.3127, respectively. The lower values of the ellipticity index
confirm that the electron delocalization is around the corres-
ponding atoms. However, the higher ellipticity values for C(5)–C(6)
and C(3)–C(4) indicate that the electrons of these bonds are
not delocalized.34

The molecular electrostatic potential has been used primar-
ily for predicting electrophilic and nucleophilic attacks, and in
studies of biological recognition and hydrogen bonding inter-
actions.52 To predict reactive sites for electrophilic or nucleo-
philic attacks of the investigated molecule, MEP at B3LYP/
6-311++G(d,p) approximation for the optimized geometry was
calculated. The different values of the electrostatic potential at
the MEP surface are represented by different colors: red, blue
and green representing the regions of most negative, most
positive and zero electrostatic potential, respectively. The nega-
tive electrostatic potential corresponds to an attraction of the
proton by the aggregate electron density in the molecule
(shades in red), while the positive electrostatic potential corre-
sponds to a repulsion of the proton by the atomic nuclei (shade
of blue). The negative (red and yellow) regions of MEP were
related to electrophilic reactivity and the positive regions (blue)
to nucleophilic reactivity. The MEP surface for the title com-
pound calculated at the B3LYP/6-311++G(d,p) level is shown in
Fig. 3. From the MEP it is evident that the negative charge

Table 4 Electron density (rBCP), Laplacian (r2(r)BCP), electron kinetic
energy density (GBCP), electron potential energy density (VBCP) and total
electron energy density (HBCP) at the bond critical point (BCP) calculated
by AIM analysis at the B3LYP/6-311++G(d,p) level

Interactiona rBCP r2(r)BCP GBCP VBCP HBCP

O(23)� � �H(25) 0.01618 0.0824 0.01674 �0.003870 0.01287
S(24)� � �H(35) 0.01980 0.0577 0.01318 �0.001235 0.01195
S(24)� � �H(36) 0.00649 0.0181 0.00377 �0.000755 0.00302

a See Fig. 3 for atom numbering scheme.
Fig. 3 MEP plot of 1-benzyl-3-furoyl-1-phenylthiourea calculated at
B3LYP/6-311++G(d,p) approximation.

Table 3 Bond critical point (BCP) data and BCP distances (in a.u.) to
attractors calculated at B3LYP/6-311++G(d,p) approximation using AIM
analysis

Bond (X–Y)a rb r2(r)b BCP–X BCP–Y Bond length (Å)

C(6)–O(23) 0.2774 �0.0630 0.8560 1.7170 1.3608
C(3)–O(23) 0.2714 �0.1250 0.8688 1.7296 1.3746
C(3)–C(1) 0.2726 �0.7013 1.4160 1.3787 1.4775
C(1)–N(20) 0.2927 �0.8217 1.0164 1.6329 1.4017
N(20)–C(2) 0.2993 �0.8693 1.6282 1.0017 1.3916
C(2)–N(21) 0.3075 �0.8727 1.0066 1.5999 1.3792
N(21)–C(13) 0.0447 �0.5844 1.7122 1.0798 1.4774
C(13)–C(14) 0.25067 �0.5917 1.4357 1.4289 1.5155
N(21)–C(7) 0.27219 �0.7447 1.6517 1.0698 1.4401
C(2)QS(24) 0.21266 �0.0574 1.9190 1.2374 1.6703
C(1)QO(22) 0.4123 �0.2775 0.7889 1.5054 1.2140

Interaction
O(23)� � �H(25) 0.0127 0.0409 2.6755 3.1843 3.0957
S(24)� � �H(35) 0.0198 0.0577 3.0018 1.8285 2.4980
S(24)� � �H(36) 0.0065 0.0181 3.6178 2.1820 3.0314
O(22)� � �S(24) 0.0162 0.0824 2.4372 2.0175 2.4292

a See Fig. 2 for atom numbering. The first and the second atom to the
bond critical point (BCP). b Values in a.u.
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covers the CQO and CQS groups and the positive region is
over the hydrogen of the furan ring and over the hydrogen
corresponding to the aromatic rings. The value of the electro-
static potential is largely responsible for the binding of a
substrate to its receptor binding sites since the receptor and
the corresponding ligand recognize each other at their mole-
cular surface.53,54

The highest occupied molecular orbital (HOMO) energy and
the lowest unoccupied molecular orbital (LUMO) energy are
very important parameters in quantum chemistry. The energies
of HOMO, LUMO, LUMO+1, HOMO�1 molecular orbitals and
the energy gap of the HOMO and LUMO are calculated at
the B3LYP/6-31G(d,p) level in methanol as the solvent, in order
to evaluate the energetic behavior of the title molecule. The
energies and the pictorial illustration of HOMO, LUMO,
HOMO�1 and LUMO+1 frontier molecular orbitals are shown
in Fig. S4 (ESI†). The positive and the negative phase is
represented in red and green color, respectively. Both HOMO
and LUMO molecular orbitals play an important role in the
electrical and optical properties, as well as in UV-visible spectra
and chemical reactions.55 The bio-activity and chemical activity
of the molecule depend on the eigen value of the HOMO,
LUMO and DEHOMO–LUMO energy gap. The HOMO represents
the ability to donate an electron, and the LUMO as an electron
acceptor represents the ability to obtain an electron. As shown
in Fig. S2 (ESI†), the plots reveal that the HOMO is primarily
composed of p-type orbitals located on N(20), S(24), N(21) and
O(22) atoms from the thiourea moiety. The LUMO is spread
over the entire molecule except on the C atoms of the phenyl
ring linked to the methylene group. The HOMO�1 is spread
over the thiourea moiety and the LUMO+1 is spread over both
phenyl groups. The energy gap (DEHOMO–LUMO) is an important
value, which serves as a stability index. In fact, a large HOMO–LUMO
energy gap implies high molecular stability in the sense of its
lower reactivity in different chemical reactions.56,57 The energy
values for the HOMO and LUMO frontier molecular orbitals with
the corresponding DEHOMO–LUMO energy gap is shown in Fig. 4.

The HOMO–LUMO energy gap value is predicted to be 2.634 eV.
This value explains the eventual charge transfer interaction with
the molecule, which influences the biological activity of the
compound. For a parent thiourea reported recently, a large value
of the DEHOMO–LUMO band gap was obtained (3.865 eV).39 The
lower DEHOMO–LUMO obtained for the title molecule indicates
that this compound is more reactive and less stable than
1-benzyl-3-(2-furoyl) thiourea.39 In order to understand biological
properties including drug design and the possible eco-toxicological
characteristics of the drug molecules, several new chemical reac-
tivity descriptors have been proposed. Conceptual DFT based
descriptors have helped in many ways to understand the
structure of molecules and their reactivity by calculating the
chemical potential, global hardness and electrophilicity index.
Using HOMO and LUMO orbital energies, the ionization
potential (IP) and electron affinity (EA) can be expressed as:
IP = �EHOMO and EA = �ELUMO. Using these values we can
calculate other chemical descriptors such as electronegativity
w = (IP + EA)/2, chemical potential m = �w, hardness Z =
(IP � EA)/2, softness s = 1/2Z and global electrophilicity index
o = m2/2Z.58 The global electrophilicity index was proposed by
Parr et al.59 and it measures the stabilization in energy when
the system acquires an additional electronic charge from the
environment. Electrophilicity encompasses both the ability of
an electrophile to acquire additional electronic charge and the
resistance of the system to exchange electronic charge with the
environment. It contains information about both electron
transfer (chemical potential) and stability (hardness) and is
the better descriptor of global chemical reactivity. The energy of
the frontier molecular orbitals HOMO and LUMO, DEHOMO–LUMO,
electronegativity, chemical potential, hardness, softness and global
electrophilicity index for the title compound calculated at the
B3LYP/6-31G(d,p) level (in methanol as the solvent) are listed in
Table 5. The chemical potential is negative indicating that the
compound is stable and does not decompose spontaneously into
its elements. The hardness signifies the resistance towards the
deformation of the electron cloud of chemical systems under small
perturbations encountered during the chemical process. Consider-
ing the chemical hardness, if a molecule has a large HOMO–
LUMO gap, it is a hard molecule or a small HOMO–LUMO gap it is
a soft molecule. One can also relate the stability of a molecule to
hardness: smaller HOMO–LUMO gaps are associated with more

Fig. 4 HOMO and LUMO plots for 1-benzyl-3-furoyl-1-phenylthiourea
with the corresponding band gap calculated at the B3LYP/6-31G(d,p) level.

Table 5 Frontier molecular orbital energies, HOMO–LUMO gap and
global reactivity descriptors for 1-benzyl-3-furoyl-1-phenylthiourea cal-
culated at the B3LYP/6-31G(d,p) level in methanol solution

Molecular parameters B3LYP/6-31G(d,p)

EHOMO (eV) �8.191
ELUMO (eV) �5.557
DEHOMO–LUMO (eV) 2.634
Ionization potential, IP (eV) 8.191
Electron affinity, EA (eV) 5.557
Electronegativity, w (eV) 6.874
Chemical potential, m (eV) �6.874
Chemical hardness, Z (eV) 1.320
Chemical softness, s (eV�1) 0.379
Global electrophilicity index, o (eV) 17.89
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reactive species. Soft systems are large and highly polarizable,
while hard systems are relatively small and much less polarizable.
Electrophilicity index (o) is one of the most important quantum
chemical descriptors to describe the toxicity of various pollutants
in terms of their reactivity and site selectivity. Also the electro-
philicity properly quantifies the biological activity of drug–receptor
interaction. For the title compound, the value of o is higher than
1-benzyl-3-(2-furoyl)thiourea.39 These results indicate that 1-benzyl-
3-furoyl-1-phenylthiourea is potentially more toxic than the related
compound 1-benzyl-3-(2-furoyl) thiourea.39

NLO effects arise from the interactions of electromagnetic
fields in various media to produce new fields altered in the
phase, frequency, amplitude or other propagation characteris-
tics from the incident fields. NLO is at the forefront of current
research because of its importance in providing the key func-
tions of frequency shifting, optical modulation, optical switching,
optical logic and optical memory for the emerging technologies in
areas such as telecommunications, signal processing and optical
iterconnections.60,61 Urea is one of the prototypical molecules
used in the study of NLO properties of molecular systems. There-
fore it was used frequently as a threshold value for comparative
purposes.62 The total electric dipole moment (m), the mean
polarizability (a) and the total first hyperpolarizability (btotal) have
been calculated using the x, y and z components of the electric
moments (see Table S1, ESI†). The dipole moment in a molecule
is an important property that is mainly used to study the inter-
molecular interactions involving the non-bonded type dipole–
dipole interactions, because higher the dipole moment, stronger
will be the intermolecular interactions. The highest value of the
dipole moment is observed for component mx. In this direction the
value is equal to 3.0109 Debye. The calculated mean polarizability
(amean) and the first hyperpolarizability (btotal) are 3.959 � 10�23

esu and 4.765 � 10�30 esu, respectively. The total first hyper-
polarizability of the title compound is 25 times greater than urea
(0.1947 � 10�30 esu) indicating that the title molecule possesses
non-linear optical properties and it is a potential candidate for
non-linear optical applications.

3.2 UV-visible analysis

In order to understand the nature of electronic transitions
within the 1-benzyl-3-furoyl-1-phenylthiourea molecule, TD-DFT
calculations on electronic absorption spectra in methanol were
performed. The lmax values are obtained from the UV-visible
spectra analyzed theoretically with B3LYP/6-31G(d,p) approxi-
mation in methanol. The calculated UV absorption maxima,

theoretical electronic excitation energies, and oscillator
strengths are detailed in Table 6. The experimental and theore-
tical predicted UV-visible spectra are visualized in Fig. 5. As can
be seen from Table 6, the calculated absorption maxima values
for the title compound have been found to be 430, 323 and
312 nm. The oscillator strength f is a dimensionless quantity that
describes the strength of an electronic transition. Transitions
with extremely low or zero f values are forbidden. The oscillator
strength for the transition at 312 nm is higher in magnitude
than the other transitions and its corresponding experimental
value is observed at 277 nm. The maximum absorption at
277 nm in the experimental spectrum is assigned to the transi-
tion from the HOMO to the LUMO+1 molecular orbital. This
transition is predicted to be of n - p* nature (see Fig. 4(a)). The
absorption band located at 323 nm in the calculated spectrum
( f = 0.0226) is assigned to the HOMO�1 - LUMO transition
(n - p* nature). This band is observed experimentally as a
shoulder located at 299 nm. The wavelength calculated at
430 nm ( f = 0.0019) is mainly generated by excitations from
the HOMO to the LUMO molecular orbital. This band was not
observed experimentally. Recently, Saeed et al. have reported
the electronic spectra for two 1-(1-naphthoyl)-3-(halo-phenyl)-
thioureas.63 These compounds showed two principal bands at
296 nm with another band located at 256 nm. These bands are
assigned to the HOMO�2 - LUMO and HOMO - LUMO+4
transitions, respectively.63

Table 6 Theoretical electronic absorption spectra of 1-benzyl-3-furoyl-1-phenylthiourea calculated at the B3LYP/6-31G(d,p) level of theory in
methanol solution

Excited state

Wavelength (nm)

Excitation energies (eV) Oscillator strengths ( f ) AssignmentTheoretical Experimentala

S1 430 — 2.883 0.0019 HOMO - LUMO
S2 323 299 3.836 0.0226 HOMO�1 - LUMO
S3 312 277 3.976 0.0514 HOMO - LUMO+1

a Experimental UV-visible spectra measured in methanol solution.

Fig. 5 Experimental (in methanol) and calculated UV-visible spectra for
1-benzyl-3-furoyl-1-phenylthiourea.
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Table 7 Observed and calculated mode frequencies (in cm�1) and tentative assignments for 1-benzyl-3-furoyl-1-phenylthiourea vibrations

Mode

Experimental Calculatedb

Tentative assignmentc,d (% PED)IRa Raman Unscaled Scaled

1 3371 m 3374 3557(50) 3324 n N–H (100)
2 3134 w 3136 3279(o1) 3081 n C–H (R1) (95)
3 — — 3267(2) 3071 n C–H (R1) (95)
4 3115 w 3116 3248(1) 3054 n C–H (R1) (95)
5 3086 vw — 3199(2) 3011 n C–H (R2) (88)
6 3060 sh 3060 3192(12) 3005 n C–H (R2) (88)
7 3051 w — 3188(20) 3001 n C–H (R3) (96)
8 — — 3183(11) 2997 n C–H (R2) (92)
9 — — 3181(11) 2995 n C–H (R3) (86)
10 — — 3175(3) 2990 n C–H (R2) (96)
11 — — 3172(14) 2987 n C–H (R3) (93)
12 3036 vw 3036 3167(o1) 2983 n C–H (R2) (93)
13 — — 3162(1) 2978 n C–H (R3) (97)
14 — — 3153(6) 2970 n C–H (R3) (95)
15 2971 vw 2973 3099(15) 2922 na CH2 (93)
16 2930 vw 2932 3045(32) 2875 ns CH2 (93)
17 1711 s 1704 1776(219) 1718 n CQO (85)
18 1602 sh 1603 1643(4) 1593 n C(15)QC(16) (45) + n C(19)QC(18) (20) + d CCH (16)
19 — — 1635(13) 1586 n C(8)QC(9) + n C(11)QC(12) (R2) (65) + d CCH (17)
20 — 1595 sh 1624(2) 1576 n C(14)QC(15) + n C(17)QC(18) (R3) (63)
21 1585 s 1587 sh 1621(5) 1573 n C(7)QC(8) + n C(10)QC(11) (R2) (53) + d CCC (16)
22 — 1585 1618(108) 1570 n C(3)QC(4) (R1) (62)
23 1528 vs 1529 1559(655) 1514 d C(2)–N(20)–H (70)
24 1492 s — 1526(11) 1483 d CCH (R3) (59) + n CQC (10) + d CCC (13)
25 1486 sh 1486 sh 1522(47) 1479 d CCH (R2) (59) + n CQC (12)
26 1471 s 1471 1503(73) 1461 n C(5)QC(6) (R2) (53) + d HCO (19)
27 1455 m 1456 1485(11) 1444 d CH2 (56) + n CQC (25)
28 1438 vw 1437 1479(5) 1439 d CCH (R2) (55) + n CQC (26)
29 — — 1471(4) 1431 r CH2 (87) + g C–H (11)
30 1395 s 1394 1411(14) 1374 d CCH (R1) (25) + d CCO (37) + d HCO (11)
31 1395 s 1394 1402(97) 1366 n C(2)–N(21) (20) + d CCH (37) + g C–H (10)
32 1380 sh 1379 1383(50) 1348 o CH2 (75)
33 — — 1356(14) 1322 d CCH (R3) (66) + n CQC (13)
34 1349 w 1345 1398(o1) 1362 d CCH (R2) (70) + n CQC (14)
35 — — 1333(39) 1300 n CQC (R3) (44) + d CCH (10)
36 1317 vw 1320 1318(44) 1286 n C(7)QC(12) + n C(9)–C(10) (R2) (79)
37 1287 s 1288 1291(195) 1260 n C(2)–N(20) (51) + d CCH (R1) (15)
38 1275 vs 1273 1275(475) 1245 n C(1)–C(3) (26) + n CN (20) + n CO (13)
39 — — 1244(17) 1216 d CCH (R1) (70)
40 — 1227 1229(139) 1201 n C(3)–O(23) (46) + n C(14)QC(13) (44)
41 1221 m — 1221(123) 1194 n C(7)–N(21) (62) + d CCH (17) + g C–H (10)
42 — 1216 sh 1214(38) 1187 d CCH (R2) + d CCH (R3) (44) + n CQC (14)
43 1209 sh 1207 1204(5) 1177 d CCH (R3) (74) + n CQC (22)
44 1193 m 1194 1194(4) 1168 d CCH (R3) (67) + n CQC (16)
45 — 1176 1183(o1) 1157 d CCH (R2) (79) + n CQC (12)
46 — — 1182(o1) 1156 d CCH (R3) (77)
47 1156 m 1158 1177(57) 1152 d O(23)–C(6)–H(26) (R1) (45) + n C–O23 (15) + d HCO (35)
48 1126 w 1131 1141(42) 1117 n C(1)–N(20) (42) + n CO (11)
49 — — 1106(28) 1084 d CCH (R3) (36) + n CQC (25) + n CO (16)
50 — — 1102(2) 1080 n C(6)–O(23) (34) + d CCH (R3) (21) + n CQC (11)
51 1074 w 1074 1098(9) 1076 d CCH (R2) (38) + n CQC (30)
52 1056 vw 1051 sh 1054(48) 1034 n C(13)–N(21) (44) + d CCH (R3) (24)
53 1042 m 1045 1049(21) 1029 d CCH (R3) (34) + n CQC (27) + d CCC (26)
54 — — 1041(68) 1021 d CCC (R2) (38) + n CQC (19)
55 1025 w 1026 1029(18) 1010 d CCH (R1) (59) + d CCO (12)
56 — — 1018(5) 999 d CCC (R2) (44) + n CQC (46)
57 — — 1017(2) 998 d CCC (R3) (38) + n CQC (43)
58 1007 w — 1010(o1) 991 g C–H (R2) (65) + g CCC (23)
59 999 sh 1001 1007(3) 988 g C–H (R3) (66) + g CCC (10)
60 967 w 970 994(37) 976 r CH2 (41) + g C–H (R2) (11)
61 — — 992(1) 974 g C–H (R2) (62) + g CCC (16)
62 — — 990(5) 972 g C–H (R3) (62) + g CCC (14)
63 943 vw — 942(14) 926 g C–H (R2) (42) + d COC (R1) (21)
64 — — 938(7) 922 g C–H (R2) (69)
65 932 vw 931 931(1) 915 g C–H (R3) (78)
66 892 vw 892 sh 908(1) 893 g C–H (R1) (88)
67 882 vw 883 902(16) 887 d CCO (81)
68 870 vw — 864(75) 850 d C(2)N(20)C(1) (35) + d C(3)C(4)C(5) (R1) (15)
69 — — 862(o1) 848 g C–H (R3) (89)
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3.3 Vibrational analysis

A tentative assignment of the 3N � 6 = 114 vibrational modes
expected for the title compound is presented in Table 7. The
analysis of the experimental IR and Raman spectra of the solid
sample of 1-benzyl-3-furoyl-1-phenylthiourea was supported by
theoretical calculations using the B3LYP/6-311++G(d,p) level of
approximation and complemented in terms of the potential
energy distribution (PED) analysis. The normal modes com-
puted for the benzyl and phenyl rings involve strong mixing
of their symmetry coordinates, as expected. In this work, the
vibrational mode wavenumbers calculated at the B3LYP/
6-311++G(d,p) level were scaled using the equation proposed

by Yoshida et al. to correct the theoretical error (scale factor
0.96).64 Fig. 6 and 7 show graphical comparisons between the
experimental and theoretical (scaled) spectra obtained for
1-benzyl-3-furoyl-1-phenylthiourea. The theoretical Raman
spectrum was simulated considering irradiation of the sample
using a 647.1 nm laser.

The N–H stretching vibrations generally appear in the region
3500–3300 cm�1.65–67 The medium intensity band observed in
the IR spectrum at 3371 cm�1 is assigned to the N(20)–H
stretching mode. The calculated wavenumber calculated for this
mode is 3557 cm�1. The very strong band located at 1528 cm�1

(1529 cm�1 in Raman) is assigned to the CN–H in-plane bending
mode. The very weak intensity band observed at 626 cm�1 in the

Table 7 (continued )

Mode

Experimental Calculatedb

Tentative assignmentc,d (% PED)IRa Raman Unscaled Scaled

70 856 m — 857(2) 844 g C–H (R2) (83)
71 — 849 853(9) 840 g C–H (R1) (88)
72 824 vw 825 828(5) 815 d CCC (R3) (45) n CC (26)
73 — 809 sh 818(2) 806 n CQS (60)
74 786 sh 783 798(9) 786 g C–H (62)
75 779 m — 768(17) 757 g C(15)C(14)C(19) (R3) (20) + g C–H (33)
76 — 761 761(77) 750 g OC–H (50) + g CQO (27)
77 755 w 758 750(3) 740 g CQO (81) + g CCO (10)
78 738 w — 723(43) 713 g C–H (R2) + g C–H (R3) (69)
79 712 m 713 715(23) 706 g C–H (R2) (52) + g CCC (R3) (33)
80 696 m 698 710(39) 701 g CCC (R2) (39) + g CCC (R3) (35)
81 642 w 644 644(8) 636 g SCN (60)
82 — 640 635(o1) 628 d CCC (R3) (83)
83 626 vw 627 630(6) 623 d CCC (R3) (42) + s78 g SCN (24)
84 — — 620(1) 613 g COC (R1) (57)
85 615 vw 618 618(15) 611 d N(21)C(13)C(14) (32) + d CCC (18) + d CCC (17)
86 — 607 609 602 d SCN (46) + g SCN (29) + g N–H (23)
87 604 w 599 600(11) 593 d CCO (33) + g CCO (54)
88 592 vw 592 585(47) 579 g N–H (65)
89 551 m 551 561(32) 555 g CCC (R2) (40) d CNC (36)
90 — 494 497(3) 492 d C(1)C(3)O(23) (22) + g OCC (15)
91 488 w — 490(5) 486 d C(3)C(1)O(2) (25) + g CCC (R2) (�25)
92 443 vw — 443(3) 439 d C(2)N(21)C(13) (25) + d NCC (38)
93 — 421(o1) 418 g CCC (R2) (76) + g N–H (12)
94 — 417(29) 414 g NCC (43) + g CCC (R3) (12)
95 — 410 414(o1) 411 g CCC (R3) (62) + g C–H(20)
96 — 375 sh 374(2) 371 d N(20)C(2)N(21) (35) + g C–H (22)
97 — 360 357(3) 355 d C(3)C(1)N(20) (30) + d OCN (20)
98 — 391 290(4) 288 d C(3)C(1)N(20) (35) + d CCC (R3) (24) + n CN (13)
99 — 257 254(3) 253 d C(2)N(21)C(7) (20) + d CNC (13) + g CCC (R2) (21)
100 — 240 237(o1) 236 t CCCC (R2) (23) + t CCCC (R3) + g CCC (R2) (14)
101 — 227 216(o1) 215 t CCCC (R3) (61)
102 — 216 201(2) 200 t C(1)C(3)O(23)C(6) (R3) (46)
103 — 198 182(2) 181 t CCCC (22) + CCOC (38)
104 — — 162(1) 162 t N(20)C(2)N(21)C(13) (30) + d NCC (11) + g CCC (R3) (27)
105 — — 120(1) 120 t C(3)C(1)N(20)C(2) (70)
106 — — 95(2) 95 t N(20)C(1)C(3)C(4) (30) + d CCN (44)
107 — — 69(o1) 69 t C(2)N(20)C(1)C(3) (63)
108 — — 65(2) 65 t SC(2)N(21)C(7) (63)
109 — — 49(o1) 49 t N(21)C(7) (51)
110 — — 43(o1) 43 d CNC (12) + t CNCC (41)
111 — — 32(o1) 32 t C(13)C(14) + t N(21)C(7) (73)
112 — — 26(o1) 26 t C(13)C(14) (67)
113 — — 23(o1) 23 t C(13)N(21) (72)
114 — — 16(16) 16 t C(1)N(20) (67)
RMSD 51.65 26.71

a sh, shoulder; s, strong; w, weak; m, medium; v, very. b Calculated at the B3LYP/6-311++G(d,p) level of theory. IR intensities are shown in
parentheses. c n: stretching, d: in-plane deformation, g: out-of-plane deformation, r: rocking, o: wagging, to: twisting, and t: torsion modes. d See
Fig. 2 for the atom numbering scheme. R1: furan ring; R2: benzyl group, and R3: benzene ring.
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IR spectrum is assigned to the CN–H out-of-plane bending
mode.

The very weak bands located at 2971 and 2930 cm�1 in the
IR spectrum are assigned to the antisymmetric and symmetric
stretching mode of the CH2 group, respectively. These values
are in agreement with the values calculated theoretically. The
band observed in the IR spectrum at 1455 cm�1 (1456 cm�1 in
Raman) is assigned to the CH2 bending mode. This band was
predicted at 1485 cm�1 in the calculated spectrum.

The aromatic and heteroaromatic C–H stretching vibrations
generally occur between 3100 and 2800 cm�1.68 These bands
are not much affected in this region for the nature and position
of the substituents. The aromatic C–H stretching vibrations
present in the benzyl and phenyl rings appear as very weak bands
in the IR spectrum located at 3086, 3060, 3051 and 3036 cm�1.
The C–H stretching modes are almost pure modes with the
85–100% contribution of PED. The aromatic C–H in-plane

bending modes of benzene and its derivatives are observed in
the region 1500–1000 cm�1. The bands observed at 1492, 1486,
1438, 1349, 1209, 1042 and 1074 cm�1 in the IR spectrum are
assigned to the aromatic C–H in-plane bending mode. These
modes are strongly coupled with C–C stretching modes of the
aromatic ring. The benzene C–H out-of-plane bending modes
appear in the IR spectrum as weak bands located at 1007, 999,
943, 932 and 856 cm�1.

One characteristic of the five-membered rings is that the
ring QCH stretch bands have somewhat higher frequencies
than those in six-membered ring analogues, which generally
appear at 3150–3000 cm�1.68 The bands located at 3134 and
3115 cm�1 in the IR spectrum are assigned to the C–H stretch-
ing vibrations of the furan ring.

The very strong band observed at 1711 cm�1 in the IR
spectrum is immediately assigned to the CQO stretching mode
(calculated at 1776 cm�1). This assignment is in agreement with
those previously reported for related substituted thioureas.39,63

The medium intensity band located at 755 cm�1 is assigned to
the CQO out-of-plane mode according to the theoretical value
(758 cm�1).

The band observed in the Raman spectrum at 809 cm�1 is
assigned to the CQS stretching mode. This mode appears in
the region 810–600 cm�1 in related compounds39,63 but higher
wavenumbers values, up to 1100 cm�1, are also reported.69

These differences suggest that the CQS stretching mode is very
sensitive to the presence of intermolecular interactions invol-
ving the CQS group, which originates an intense Raman
dispersion due to the polarizability of the CQS bond.63 The
band corresponding to the N–C–N bending mode appears as a
weak band in the IR spectrum at 552 cm�1. This value is in
agreement with the value calculated theoretically (585 cm�1).

The identification of the C–N stretching frequency is a
difficult task, since in this region there is possibility of mixing
bands. The bands corresponding to N(21)–C(7) and N(20)–C(1)
stretching modes appear at 1221 and 1126 cm�1 in the IR
spectrum, respectively.

The ring C–C stretching modes usually appear in the range
1625–1430 cm�1.68 The bands located at 1602, 1585 and 1317 cm�1

in the IR spectrum are assigned to the C–C stretching mode of the
aromatic ring. The bands corresponding to the C–C stretching
modes of the furan ring appear at 1585, 1471 and 1395 cm�1 in
the IR spectrum. The bands observed at 825 and 640 cm�1 in the
Raman spectrum are assigned to the CCC in-plane bending
mode and the bands located at 786, 779, 712 and 551 cm�1 in
the IR spectrum are assigned to the CCC out-of-plane bending
mode of the aromatic rings.

4. Conclusions

The molecular structure of the thiourea derivative 1-benzyl-3-
furoyl-1-phenylthiourea was determined by DFT calculations
using the B3LYP method and different basis sets. The calcu-
lated IR and Raman spectra of the title compound are com-
pared with the experimental ones. A complete assignment of

Fig. 6 Graphical comparison of experimental and calculated (scaled) IR
spectra of 1-benzyl-3-furoyl-1-phenylthiourea at B3LYP/6-311++G(d,p)
approximation.

Fig. 7 Graphical comparison of experimental and calculated (scaled)
Raman spectra of 1-benzyl-3-furoyl-1-phenylthiourea at B3LYP/6-
311++G(d,p) approximation.

NJC Paper

Pu
bl

is
he

d 
on

 2
3 

Ju
ly

 2
01

5.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

oe
tti

ng
en

  o
n 

01
/0

9/
20

15
 1

5:
51

:5
7.

 
View Article Online

http://dx.doi.org/10.1039/c5nj01210d


7470 | New J. Chem., 2015, 39, 7459--7471 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015

the observed bands in the IR and Raman spectra was per-
formed using the frequencies obtained by calculations. The
geometrical parameters obtained by calculations are in agree-
ment with the XRD data previously reported. A topological
analysis by means of the AIM approach was performed in order
to evaluate intramolecular interactions. The analysis reveals
that the molecule shows weak hydrogen bonding interactions
and according to the values of ellipticity the p-character of
bonds is located in the aromatic rings. According to NBO
analysis, the interactions LP N(20) - p* C(1)–O(22) and LP
N(20) - s* C(2)–S(24) are the responsible of the stabilization of
the molecule. The TD-DFT calculation assisted the assignment
of electronic transitions observed in the UV-visible absorption
spectrum. The HOMO–LUMO energy band gap is calculated to
be 2.634 eV. This value explains the eventual charge transfer
interaction with the molecule, which influences in the bio-
logical activity of the compound. The lower DEHOMO–LUMO

obtained for the title molecule compared with related thioureas
indicates that this compound is more reactive and less stable
than 1-benzyl-3-(2-furoyl) thiourea. Non-linear optical (NLO)
behavior of the title molecule has been investigated by the
dipole moment, the polarizability and the first hyperpolariz-
ability. The predicted NLO properties of the 1-benzyl-3-furoyl-1-
phenylthiourea molecule are much greater than the values
reported by urea indicating that the title compound is a good
candidate NLO material.
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Jr and J. Duque, Acta Crystallogr., Sect. E: Struct. Rep. Online,
2008, 64, o695.

41 A. Saeed, U. Florke and M. F. Erben, J. Mol. Struct., 2014,
150, 1065.
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