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Abstract
This study aims to experimentally and theoretically examine the nature and energy of intermolecular bond interactions between
thiourea and water molecules using natural bond orbital (NBO), non-linear optical (NLO), atoms in molecules (AIM), and
reduced density gradient (RDG) analyses based on the quantum chemical approach and spectroscopic analysis on X-ray and
FTIR. Geometry optimizations of Thio-(H2O)1–5 complexes were carried out in the gas phase by B3LYP/6-311++G(d,p) level of
density functional theory. The nature of the molecular interactions between the water and thiourea through hydrogen bonding has
been investigated using RDG and AIM methods. NBO analysis shows that the Thio-(H2O)5 complex has higher stabilization
energy values than the other complexes. The non-linear optical properties, such as dipole moment (μ), the polarizability (α0), and
the first hyperpolarizability (βtot), and thermodynamic functions, such as entropy (S), specific heat capacity (Cv), and thermal
energy (E), were calculated using the same method. It was observed that thermodynamic parameters, polarizability, and the first
hyperpolarizability increased with the number of water molecules. X-ray diffraction analysis confirmed that thiourea is single
crystal, and the thiourea/water complexes are crystalline in nature. Besides, the infrared spectrum shows the existence of water
molecules and it is used to get details of the structure of the complex.
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Introduction

Thiourea (thiocarboxylic acid diamide) is an important sub-
stance in organic synthesis and is intensively used in the pro-
cesses of obtaining drugs. It is a fairly simple organic mole-
cule (with a thioamide group); due to its active use in organic
synthesis, its structure and properties have been actively

studied by various methods for many years [1–4]. Due to the
properties of its complex, thiourea is also actively used on an
industrial scale [5]. It, like its derivatives, has been widely
used as corrosion inhibitors [6] in industrial equipment for
disposal of scale [7]. It is known that thiourea derivatives have
a number of unique properties for use in agriculture, analytical
chemistry, rubber industry, in the development of photo-
graphs [5], as well as in pharmacology [8–15]. Studies of
thiourea complexes with various types of molecules are given
special attention [16, 17]. Much attention in such studies is
given to interactions occurring at the intermolecular level, in
particular, hydrogen bonds, since this characteristic is impor-
tant for a number of fundamental areas, such as physical,
chemical, and biological [18–21]. One of the fundamental
and most important processes in chemistry are reactions in
aqueous solution and solvation. Currently, these processes
are actively studied, both experimentally and theoretically. A
complete understanding of the various processes occurring in
aqueous solution is currently lacking, despite intensive re-
search in this area [22, 23]. However, quantum mechanical
calculations give the most complete ideas about the
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mechanisms of these processes, because it allows the study of
such mechanisms at the molecular level [18]. Thus, it was
previously shown [24–26] that the addition of water mole-
cules can increase the size of the clusters of thiourea/water
complexes. Also, using the density functional theory, the rel-
ative stability of thiourea in water was studied using the ex-
ample of thiourea/water clusters. It was shown that this
thiourea/water complex is gradually stabilized by the addition
of water molecules, as evidenced by an increase in the binding
energy [18]. In the literature, numerous theoretical studies
have been conducted on the complex (even thiourea/water
complex [18]) and applications. However, we have brought
different perspectives to these complexes by using different
methods such as natural bond orbital (NBO), AIM, X-ray, and
RDG in here. The aim of this study is to investigate thiourea/
water complexes by means of X-ray diffraction and intermo-
lecular hydrogen bond interaction with NBO, AIM, and RDG
analyses.

Experimental details

Samples of the thiourea/water complex were obtained by dis-
solving thiourea in distilled water at 50 °C, followed by pre-
cipitation of the complex at room temperature. The introduc-
tion of water into thiourea crystals is proved by the X-ray
diffraction method. The X-ray diffraction (XRD) phase anal-
ysis was performed on a DRON-3 X-ray diffractometer using
CuKα monochromatized radiation (λ = 0.154 nm), voltage
30 kV, and current 25 mA. The scanning step is 0.02°; inter-
vals for 1 s per data point. Themeasurement was carried out in
the interval of the Bragg angles 2Θ from 5.00 to 70.00°. The
FTIR spectra of pure thiourea and thiourea/water complex
were registered using a Shimadzu IR Tracer-100 spectrometer
(Japan) within the wavelength range of 400–4000 cm−1. The
spectral data was analyzed using the OPUS program (version
5.0). Solid samples for analysis were prepared in the form of
pills in a KBr matrix (2 mg sample/1000 mg KBr).

Theoretical calculations

All density functional theory (DFT) computations were made
using Gaussian 09 program package [27] and GaussViewmo-
lecular imaging program [28]. To calculate optimized geomet-
rical molecular structure, DFT with Becke’s three-parameter
hybrid exchange function combined with the Lee-Yang-Parr
correlation functional (B3LYP) [29, 30] and 6-311++G(d,p)-
extended basis set were utilized. The fact that the vibration
frequencies obtained by frequency calculations are all positive
indicates that all fixed points are present on the potential en-
ergy surface as true minima. In such complex, to determine
the energy of intermolecular interaction, many analyses have

been used such as NBO analysis, by computing donor accep-
tor interaction energy and the atoms in molecules (AIM) the-
ory of Bader. Using this theory, many topological parameters
were calculated by the means of the Multiwfn program [31].
The non-covalent interactions and strong repulsions in the
complexes are determined using reduced density gradient
(RDG) analysis. Finally, the results were drawn using VMD
program [32, 33].

Results and discussion

Determination of most stable complexes of
Thio-(H2O)n

In order to investigate the interactions of the thioureamolecule
in water, complexes of thiourea/water were designed using the
sites of the thiourea molecule that have the potential to make
hydrogen bonds with water, and the most stable complexes
were identified. The most stable complexes possible, such as
Thio-(H2O)1, Thio-(H2O)2, Thio-(H2O)3, Thio-(H2O)4, and
Thio-(H2O)5, were optimized at B3LYP level of theory with
the basis set 6-311++G(d,p) and are represented by atomic
numbers in Fig. 1a–e. Optimized parameters (bond lengths,
bond angles) for the pure thiourea and Thio-(H2O)1–5 were
obtained using the same method and compared to each other.
The optimized bond parameters of the pure thiourea and
Thio-(H2O)1–5 molecules are given in Table 1. As seen in
the Table 1, the pure thiourea and Thio-(H2O)1–5 complexes
have two C-N, one C=S, and four N-H bond lengths. The
bond lengths of C-N1 and C-N2 in pure thiourea are slightly
longer than those in the complexes, and these bonds are grad-
ually shortened in complexes with an increasing number of
water molecules. The bond length of C=S in pure thiourea is
found to be as 1.67 Å and its value slightly lower than that of
complexes, because it appears to be in a more sensitive inter-
action against hydration. The highest and lowest bond lengths
were calculated for N2-H in Thio-(H2O)5 found to be 2.099 Å
and for N1-H and N2-H in pure thiourea and N2-H in
Thio-(H2O) found to be 1.007 Å, respectively. The highest
and lowest bond angles that were calculated for N1-C-S in
Thio-(H2O) were found to be 123.432°, and for N1-C-N2 in
pure thiourea, they were found to be 114.686°, respectively.
Thio-(H2O)1–5 complexes that were formed through intermo-
lecular hydrogen-bonding interactions of the water molecules
with sulfur and hydrogen atoms of thiourea were computed at
the B3LYP/6-311++G(d,p) level of theory and are listed in
Table 2. From Fig. 1 and Table 2, Thio-(H2O)1 complex has
two intramolecular hydrogen bonds O-H⋯S and N-H⋯S of
lengths 2.369 and 1.937 Å, respectively. Thio-(H2O)2–5 com-
plexes have four, five, nine, and eight intramolecular hydro-
gen bonds, respectively. The largest intramolecular hydrogen
bond N5-H⋯O11 is formed in Thio-(H2O)4 complex with
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bond length of 3.519 Å. Geometric parameters that define
interactions between thiourea and water molecules are the
distance and angle between donor and acceptor groups in the
aqueous solutions of thiourea. Geometric parameters deter-
mine the shape of the molecule, and it is seen that all com-
plexes form a ring structure. The intermolecular hydrogen-
bonding interaction energies calculated by the B3LYP/6-
311++G(d,p) method and Table 3 gives the intermolecular

hydrogen-bonding interaction energy in Thio-(H2O)1–5 com-
plexes calculated using the formula below:

Eint ¼ E complexð Þ− E thioð Þ þ n� E waterð Þ
� �

From Table 3, the interaction energy of the ring dimer com-
plex is − 38.94 kcal mol−1. The interaction energy of the ring

(a) Thiourea-(H2O) (b)Thiourea-(H2O)2

(c) Thiourea-(H2O)3 (d)Thiourea-(H2O)4

(e) Thiourea-(H2O)5

Fig. 1 Optimized structures of thiourea/water complexes. a Thiourea-(H2O). b Thiourea-(H2O)2. c Thiourea-(H2O)3. d Thiourea-(H2O)4. e Thiourea-
(H2O)5
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dimer complex (Fig. 1a) is lower than that of the other ring
complexes. In this ring dimer, two and N-H⋯O bonds cause
the formation of a ring shape between the water and thiourea
molecules. The O-H⋯S hydrogen bond is 2.369 Å and larger
than the O-H⋯O hydrogen bond. In the Thio-(H2O)2 (Fig. 1b),
the interaction energy is − 76.75 kcal mol−1 and its ring struc-
ture formed by four hydrogen bonds such as N-H⋯O8, N-
H⋯O11, O8-H⋯S, and O11-H⋯S. The bond lengths of N-
H⋯O8 and N-H⋯O11 are equal to 1.937 Å; likewise, O8-
H⋯S and O11-H⋯S equal to 2.391 Å. In the Thio-(H2O)3
(Fig. 1c), the interaction energy is − 119.12 kcal mol−1 and its
ring structure formed by five hydrogen bonds such as N-
H⋯O11, N-H⋯O14, O8-H⋯S, O14-H⋯S, and O8-
H⋯O11. In the Thio-(H2O)4 (Fig. 1d), the interaction energy
is − 176.38 kcal mol−1 and its ring structure formed by nine
hydrogen bonds such as N2-H⋯O14, N5-H⋯O14, N5-
H⋯O17, N5-H⋯O8, N5-H⋯O11, O8-H⋯S, O11-H⋯O8,
O17-H⋯O17, and O14-H⋯O. In the Thio-(H2O)5 (Fig. 1e),
the interaction energy is − 192.59 kcal mol−1 and its ring struc-
ture formed by eight hydrogen bonds such as N2-H⋯O17, N2-
H⋯O14, N5-H⋯O14, N5-H⋯O11, O8-H⋯S, O20-H⋯S,
O11-H⋯O8, and O17-H⋯O20.

X-ray and FTIR analyses

X-ray diffraction analysis showed that thiourea single crystals
and the thiourea/water complex are crystalline in nature; their
diffraction peaks were indexed and are shown in Fig. 2. As
shown in Fig. 2, the introduction of water molecules into the

crystalline structure of thiourea is affected by a change in the
intensity of peaks in X-ray diffractograms: an increase inten-
sity in peaks at 4.27, 3.494, 3.14, and 3.09° (2 theta) and a
decrease intensity in peaks at 3.83 and 2.474° (2 theta); also,
there is a slight peak shift from 2.856 to 2.847 and from 2.32
to 2.314° (2 theta). Clearly defined, sharp peaks in X-ray
diffraction patterns indicate the single-phase and good crys-
talline nature of pure thiourea crystals [34, 35] and the
thiourea/water complex. An analysis of the FTIR spectra of
thiourea and the thiourea/water complex using known data on
the characteristic frequencies of individual functional groups
made it possible to assign absorption bands and establish
some patterns [36, 37]. The FTIR spectra (Fig. 3; Table 4),
which contain absorption bands at 3380, 3276, 1614, and
730 cm−1 for thiourea and thiourea/water, correspond to
asymmetric and symmetric stretching vibrations of NH2; ab-
sorption bands at 1469 and 1412 cm−1 correspond to vibra-
tions of C-N groups; 489 cm−1 corresponds to vibrations of N-
C-S groups; and 1082 cm−1, corresponds to stretching vibra-
tions of C-N bonds. In the FTIR spectrum of thiourea/water,
an increase in the intensity of vibration of bands is observed at
3380, 3276, 1614, and 1082 cm–1 as a result of superposition
of the vibration of OH groups [37].

NBO analysis

Natural bond orbital analysis is an important method that ac-
curately demonstrates interaction between bonds and intra-/
intermolecular hydrogen bonding and allows to investigate

Table 1 Comparison between the calculated bond lengths and the bond angles in pure thiourea and the different thiourea/water complexes

Pure thiourea Thio-(H2O)1 Thio-(H2O)2 Thio-(H2O)3 Thio-(H2O)4 Thio-(H2O)5

Bond length in (Å)

C-N1 1.365 1.349 1.348 1.342 1.342 1.351

C-N2 1.365 1.362 1.348 1.348 1.348 1.347

C=S 1.671 1.690 1.708 1.713 1.713 1.703

N1-H 1.010 1.009 1.008 1.009 1.009 1.015

N1-H 1.007 1.019 1.018 1.023 1.023 1.006

N2-H 1.007 1.007 1.018 1.018 1.018 2.099

N2-H 1.010 1.009 1.008 1.008 1.008 1.008

Bond angle in (°)

N1-C-N2 114.686 115.992 117.170 117.298 115.839 116.931

N1-C-S 122.664 123.432 121.415 122.078 121.322 121.530

N2-C-S 122.650 120.575 121.415 120.621 122.826 121.534

C-N1-H 120.194 120.692 121.062 120.670 119.783 119.463

C-N1-H 115.948 118.623 119.290 122.274 117.339 122.182

H-N1-H 116.595 118.103 118.566 116.920 119.625 118.346

C-N2-H 116.005 116.750 119.290 119.741 118.439 122.182

C-N2-H 120.266 120.973 121.062 121.388 119.481 119.464

H-N2-H 116.644 117.334 118.566 118.870 119.301 118.344
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the delocalization of electron density for takes place between
the lone pair bond orbital or the occupied and the unoccupied
antibonding orbital [38]. These interactions can be quantita-
tively identified in the way of NBO analysis denoted by the
second-order perturbation stabilization energy (E(2)). The sta-
bilization energies (E(2)) correlated with delocalization can be
given as follows:

E 2ð Þ ¼ ΔEij ¼ qi
F i; jð Þ2
ε j−εi

where F(i, j)→ the off-diagonal NBO Fock matrix element, εj
and εi→ the diagonal elements, and qi→ donor orbital occu-
pancy. The large second-order perturbation stabilization ener-
gy (E(2)) values obtained by NBO analysis indicate greater
interaction between electron-acceptors and electron-donors,
and the degree of conjugation of the entire system is higher.

Natural bond orbital (NBO) analysis of Thio-(H2O)1–5
complexes was performed at using NBO 3.1 program [39]
as applied in the Gaussian 09 program at the B3LYP/6-
311++G(d,p) method of theory owing to understand second-
order interactions of the H-bonded complexes in thiourea/
water mixture, and the possible intensive interaction is listed
in NBO in Table 5. It has been found that hydrogen bonds
such as N-H⋯O and O-H⋯S between thiourea and water
molecules and hydrogen bond between water molecules are
formed, and these bonds help the stability of the possible
complexes. Looking at the NBO analysis of Thio-(H2O)1
complex, it is noted the strong intermolecular hydrogen-
bonding interactions between LP(O8) lone pair as donor or-
bital and σ*(N2-H4) antibonding orbital as acceptor, which
have the highest E(2) value around 9.71 kcal mol−1 and be-
tween LP(S11) lone pair as donor orbital and σ*(O8-H9) an-
tibonding as acceptor with a stabilization energy of
8.99 kcal mol−1. In Thio-(H2O)2 complex, it is noted the
strong intermolecular hydrogen-bonding interactions between
LP(O8) and LP(O11) lone pair as donor orbitals and σ*(N2-
H4) and σ*(N5-H6) antibonding orbitals as acceptor, which
have the highest E(2) values around 9.87 kcal mol−1 and, that
is, they are equal to each other. The intermolecular hydrogen-
bonding interactions between LP(S14) lone pair as donor or-
bitals and σ*(O8-H10) and σ*(O11-H12) antibonding or-
bitals as acceptor are quite high with 7.7 kcal mol−1 energy
values and equal to each. Besides, it is noted the interactions
between LP(N2) and LP(N5) lone pair as donor orbitals and
σ*(C1-S14) antibonding orbitals as acceptor, which have the
highest E(2) values around 80.77 kcal mol−1 and, that is, they
are equal to each other. In Thio-(H2O)3 complex, it is noted
the strong intermolecular hydrogen-bonding interactions be-
tween LP(O8) lone pair as donor orbital and σ*(O11-H12)
antibonding orbital as acceptor, which have the highest E(2)

Table 2 Intermolecular hydrogen bond lengths (X-H⋯X and X⋯X,
where X = N, S, O) within the different molecular associations in the
Thio-(H2O)n complexes (n = 1–5)

X-
H⋯X

X⋯X

Thio-(H2O)1 O8-H9⋯S11 2.369 3.236

N2-H4⋯O8 1.937 2.893

Thio-(H2O)2 N2-H4⋯O8 1.937 2.900

N5-H6⋯O11 1.937 2.900

O8-H10⋯S14 2.391 3.244

O11-H12⋯S14 2.391 3.244

Thio-(H2O)3 N2-H4⋯O11 1.869 2.882

N5-H6⋯O14 1.939 2.903

O8-H10⋯S17 2.301 3.272

O14-H15⋯S17 2.379 3.237

O11-H12⋯O11 1.786 2.733

Thio-(H2O)4 N2-H3⋯O14 2.009 2.978

N5-H7⋯O14 2.030 2.927

N5-H7⋯O17 3.439 3.951

N5-H6⋯O8 2.313 3.100

N5-H6⋯O11 3.519 3.876

O8-H10⋯S20 2.208 3.169

O11-H12⋯O8 1.800 2.779

O17-H18⋯O11 1.758 2.741

O14-H16⋯O17 1.738 2.717

Thio-(H2O)5 N2-H4⋯O17 1.917 2.926

N2-H3⋯O14 2.173 3.099

N5-H7⋯O14 2.172 3.099

N5-H6⋯O11 1.917 2.926

O8-H9⋯S23 2.277 3.253

O20-H22⋯S23 2.277 3.253

O11-H13⋯O8 1.790 2.738

O17-H18⋯O20 1.790 2.738

Table 3 Energy spectrum of different thiourea/water complexes

Energy (E) of complexes (au) Energy of pure thiourea (au) Energy of water molecules (au) Interaction energy (kcal mol−1)

Thio-(H2O)1 − 624.776028 − 548.302519 − 76.4585308 − 38.94
Thio-(H2O)2 − 701.249099 − 548.302519 − 76.4585308 − 76.75
Thio-(H2O)3 − 777.723928 − 548.302519 − 76.4585308 − 119.12
Thio-(H2O)4 − 854.20448 − 548.302519 − 76.4585308 − 176.38
Thio-(H2O)5 − 930.669246 − 548.302519 − 76.4585308 − 192.59
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values around 14.39 kcal mol−1. Besides, the interactions be-
tween LP(N5) lone pair as donor orbitals and σ*(C1-S17)
antibonding orbitals as acceptor are quite high with
74.19 kcal mol−1 energy value. In Thio-(H2O)4 complex, it
is noted the strong intermolecular hydrogen-bonding interac-
tions between LP(S20) lone pair as donor orbital and σ*(O8-
H10) antibonding orbital as acceptor, which have the highest
E(2) values around 13.36 kcal mol−1. The strong interactions
between π*(C1-S20) bonding orbital as donor orbital and
σ*(C1-S20) antibonding orbital as acceptor, which have the
highest E(2) values around 66.18 kcal mol−1. Besides, the in-
teractions between LP(N5) lone pair as donor orbitals and π
*(C1-S20) antibonding orbitals as acceptor are quite high with
29.22 kcal mol−1 energy value. In Thio-(H2O)5 complex, it is
noted the strong intermolecular hydrogen-bonding interac-
tions between LP(O8) and LP(O20) lone pairs as donor orbital
and σ*(O11-H13) and σ*(O17-H18) antibonding orbital as
acceptor, which have the highest E(2) values around

14.24 kcal mol−1. It is noted the strong interactions between
LP(N2) lone pair as donor orbital and σ*(C1-N5) antibonding
orbital as acceptor, which have the highest E(2) values around
82.21 kcal mol−1. Besides, the interactions between LP(S23)
lone pair as donor orbitals and σ*(C1-N5) antibonding or-
bitals as acceptor are quite high with 54.79 kcal mol−1 energy
value. As seen in the NBO analysis, the highest energy inter-
actions were seen in the Thio-(H2O)5 complex.

AIM and RDG topological analysis

The theory of atoms in molecules (AIM) recommended by
Bader has been widely used to determine the type of dif-
ferent interactions in several molecular systems and to
analyze the bonding interactions from the point of the real
space functions as electron density at the bond critical
points (BCPs) [40]. The properties of hydrogen bonds
between compounds can be seen using topological

Fig. 3 FTIR spectra: thiourea (1)
and thiourea/water complex (2)

Fig. 2 XRD analysis of thiourea (a) and thiourea/water complex (b)
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parameters such as Laplacian of electron density ∇2ρ(r),
the electron density ρ(r), Lagrangian kinetic energy G(r),
the potential energy density V(r), Hamiltonian kinetic en-
ergy H(r) = G(r) + V(r), and bond energy Eint = V(r)/2.
For AIM analyses, the optimized thiourea and water com-
plexes were used to obtain at the intramolecular BCPs and
ring critical points (RCPs) between thiourea and water
molecules. The calculation of AIM analysis was done
using the Multiwfn program. The molecular graph of the
Thio-(H2O)1–5 complexes in the RCP and BCP of the
noted molecular interactions obtained with the Multiwfn
program is illustrated in Fig. 4, and the topological pa-
rameters of these complexes in all the BCP and RCPs are
listed in Table 6.

According to Rozas et al. [41], the hydrogen bond interac-
tions can be classified as follows:

(1) Weak hydrogen bonds are determined by ∇2ρ(r) > 0 and
H(r) >0

(2) Moderate hydrogen bonds are determined by ∇2ρ(r) > 0
and H(r) < 0

(3) Strong hydrogen bonds are determined by ∇2ρ(r) < 0
and H(r) < 0

Electron density ρ(r) and its Laplacian ∇2ρ(r) help deter-
mine the nature of interactions. In general, the large values of
electron density ρ(r) and its Laplacian ∇2ρ(r) show the power
of hydrogen interactions [42]. The positive values of
Laplacian ∇2ρ(r) are ascribed to the reducing of the charge
in the internuclear region, while the negative values are indic-
ative of a strong covalent character. In the Thio-(H2O) com-
plex, we observed N2-H4⋯O8 and O2-H9⋯S11 type of in-
teraction, where the electron density values are 0.0201 and
0.0144 a.u. and the values of Laplacian are 0.1220 and

0.0764 a.u., respectively. In the Thio-(H2O)2 complex, we
observed two N-H⋯O (N2-H4⋯O8 and N5-H6⋯O11) and
two O-H⋯S (O8-H10⋯S14 and O11-H12⋯S14) types of
interaction, where the electron density values are equal to
0.0200 and 0.0143 a.u. and the values of Laplacian are equal
to0.1219 and 0.0736 a.u., respectively. In the Thio-(H2O)3
complex, we observed two N-H⋯O (N5-H6⋯O14 and N2-
H4⋯O11), two O-H⋯S (O14-H15⋯S17 and O8-
H10⋯S17), and O11-H12⋯O8 types of interaction, where
the electron density values are 0.0198 and 0.0223 a.u.,
0.0146 and 0.0150 a.u., and 0.0256 a.u. and the values of
Laplacian are 0.1208 and 0.1456 a.u., 0.0757 and
0.0866 a.u., and 0.1742 a.u., respectively. In the
Thio-(H2O)4 complex, we observed three N-H⋯O (N2-
H3⋯O14, N5-H7⋯O4, and N5-H6⋯O8), O8-H10⋯S20,
and three O-H⋯O (O14-H16⋯O17, O17-H18⋯O11, and
O11-H12⋯O14) types of interaction, where the electron den-
sity values are 0.0160, 0.0183, 0.0107 a.u.; 0.0163 a.u.; and
0.0270, 0.0259, 0.0241 a.u. and the values of Laplacian are
0.0810, 0.0975, 0.0478 a.u.; 0.1012 a.u.; and 0.1962, 0.1856,
0.1644 a.u., respectively. In the Thio-(H2O)5 complex, we
observed four N-H⋯O (N5-H7⋯O14, N2-H3⋯O14, N5-
H6⋯O11, and N2-H4⋯O17), two O-H⋯S (O8-H9⋯S23
and O20-H22⋯S23), and two O-H⋯O (O11-H13⋯O8 and
O17-H18⋯O20) types of interaction, where the electron den-
sity values are equal to 0.0139 and 0.0207 a.u.; equal to
0.0158 a.u.; and equal to 0.0255 a.u. and the values of
Laplacian are 0.0670, 0.0671, 0.1282, 0.1285 a.u.; 0.0945,
0.0944 a.u.; and 0.1722, 0.1723 a.u., respectively. As known,
positive values of Laplacian ∇2ρ(r) and low values of electron
density ρ(r) in BCPs indicate the presence of hydrogen bond
interactions [40]. According to the BCP analysis of Table 6,
all hydrogen bond interactions in all the Thio-(H2O)1–5 com-
plexes are with bond energies in a range of − 11.66 to −
53.72 kJ mol−1. The two O-H⋯O (O14-H16⋯O17 and
O17-H18⋯O11) types of interaction in Thio-(H2O)4 complex
are considered the strongest interactions with hydrogen bond
energies − 53.72 and − 50.19 kJ mol−1, respectively. The
powerfulness of these hydrogen bonds in Thio-(H2O)4 com-
plex is verified by the highest positive values of the Laplacian.
The non-covalent interaction index (NCI) is used to character-
ize intermolecular interactions and evaluate the nature of weak
interactions. The NCI index supplies more evidence of non-
covalent interaction, and it is based upon the reduced density
gradient (RDG). The reduced density gradient (RDG) is a
basic non-dimensional quantity, which consists of the density
and first derivative, and it is expressed by the formula below
[43].

RDG rð Þ ¼ 1

2 3π2ð Þ1=3
j∇ρ rð Þj
ρ rð Þ4=3

The electron density quantity of the RDG versus sign (λ2) ρ
peaks gives us information about the nature and power of

Table 4 Assignment of absorption bands in the FTIR spectra of
thiourea and thiourea/water

Wavenumber (cm−1) Assignment of absorption bands

Thiourea Thiourea/water

3379 3380 as(NH2), as(OH)

3276 3276 as(NH2), s(OH), as(NH)

3174 3175 as(NH)

1614 1613 δ (NH2), δ (OH), δ (NH)

1469 1473 as(N-C)

1412 1413 (C-S)

1082 1084 (C-N)

729 730 δ (NH2)

629 634 δ (OH)

489 486 δ (N-C-S)

as: asymmetric stretching vibration; s: symmetric stretching vibration
δ:bending vibration
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Table 5 Second-order perturbation stabilization energies ΔE(2) (kcal mol−1) of the H-bonded complexes in thiourea/water mixture

Donor NBO (i) Acceptor NBO (j) ΔE(2) (kcal mol−1) E(j)-E(i) (a.u.) F(i,j) (a.u.)

Thio-(H2O)1 σ(C1-N2) σ*(N5-H6) 1.95 1.28 0.045

σ(C1-S11) σ*(C1-S11) 6.21 0.2 0.037

π(C1-S11) σ*(N2-H3) 3.36 1.07 0.054

π(C1-S11) σ*(N5-H7) 3.32 1.07 0.053

σ(N2-H3) π*(C1-S11) 5.31 0.96 0.064

σ(N2-H4) σ*(C1-N5) 4.6 1.11 0.064

σ(N5-H6) σ*(C1-N2) 4.44 1.14 0.064

σ(N5-H7) π*(C1-S11) 4.78 0.97 0.061

LP(N2) σ*(C1-S11) 74.32 0.21 0.118

LP(N5) σ*(C1-S11) 62.23 0.22 0.113

LP(S11) σ*(C1-N2) 4.18 1.15 0.062

LP(S11) σ*(C1-N2) 8.91 0.66 0.07

LP(S11) σ*(C1-N5) 11.4 0.64 0.078

LP(S11) σ*(O8-H9) 8.99 0.63 0.069

LP(O8) σ*(N2-H4) 9.71 0.87 0.082

Thio-(H2O)2 σ(C1-S14) σ*(C1-S14) 6.69 0.2 0.038

π(C1-S14) σ*(N2-H3) 3.63 1.06 0.056

π(C1-S14) σ*(N5-H7) 3.63 1.06 0.056

σ(N2-H3) π*(C1-S14) 5.38 0.94 0.064

σ(N2-H4) σ*(C1-N5) 4.54 1.14 0.065

σ(N5-H6) σ*(C1-N2) 4.54 1.14 0.065

σ(N5-H7) π*(C1-S14) 5.38 0.94 0.064

LP(N2) σ*(C1-S14) 80.77 0.2 0.121

LP(N5) σ*(C1-S14) 80.77 0.2 0.121

LP(S14) σ*(C1-N2) 9.29 0.67 0.072

LP(S14) σ*(C1-N5) 9.29 0.67 0.072

LP(S14) σ*(O8-H10) 7.7 0.64 0.064

LP(S14) σ*(O11-H12) 7.7 0.64 0.064

LP(O8) σ*(N2-H4) 9.87 0.87 0.083

LP(O11) σ*(N5-H6) 9.87 0.87 0.083

Thio-(H2O)3 σ(C1-S17) σ*(C1-S17) 9.23 0.22 0.047

π(C1-S17) σ*(N2-H3) 3.6 1.04 0.055

π(C1-S17) σ*(N5-H7) 3.48 1.04 0.054

σ(N2-H3) π*(C1-S17) 5.65 0.92 0.065

σ(N2-H4) σ*(C1-N5) 4.44 1.13 0.064

σ(N5-H6) σ*(C1-N2) 4.47 1.15 0.064

σ(N5-H7) π*(C1-S17) 5.12 0.92 0.062

LP(N2) σ*(C1-S17) 80.37 0.2 0.121

LP(N5) σ*(C1-S17) 74.19 0.2 0.117

LP(S17) σ*(C1-N2) 8.65 0.68 0.07

LP(S17) σ*(C1-N5) 9.68 0.67 0.074

σ*(C1-S17) π*(C1-S17) 4.51 0.31 0.061

LP(S17) σ*(O8-H10) 1.92 1.13 0.042

LP(S17) σ*(O8-H10) 9.61 0.64 0.072

LP(S17) σ*(O14-H15) 1.03 1.13 0.03

LP(S17) σ*(O14-H15) 7.85 0.64 0.065

LP(O8) σ*(O11-H12) 14.39 0.93 0.103

LP(O11) σ*(N2-H4) 14.26 0.9 0.101

LP(O14) σ*(N5-H6) 9.72 0.87 0.082
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interactions of molecules. The interaction of the power in the
molecular system, which indicates the stronger attractiveness
of blue color and the push of red, is analyzed with Multiwfn
and VMD software. The value of sign (λ2) ρ is very important
in predicting the nature of interaction, that is, if the sign (λ2)

ρ > 0 shows a repulsive interaction (non-bonded) and the sign
(λ2) ρ < 0 shows an attractive interaction (bonded). The RDG
scatter graphs of Thio-(H2O) complexes are shown in Fig. 4.
As seen on the left side of Fig. 5, the blue colors indicate the
hydrogen-bonding interaction, green colors are van der Waals

Table 5 (continued)

Donor NBO (i) Acceptor NBO (j) ΔE(2) (kcal mol−1) E(j)-E(i) (a.u.) F(i,j) (a.u.)

Thio-(H2O)4 σ(C1-S20) σ*(C1-S20) 4.28 0.71 0.051

σ(C1-S20) π*(C1-S20) 11.8 0.58 0.081

π(C1-S20) σ*(C1-S20) 9.19 0.54 0.065

π(C1-S20) π*(C1-S20) 13.47 0.41 0.073

σ(N2-H3) σ*(C1-S20) 3.19 0.83 0.049

σ(N2-H3) π*(C1-S20) 3.39 0.7 0.049

σ(N2-H4) σ*(C1-N5) 4.49 1.14 0.064

σ(N5-H6) σ*(C1-N2) 4.51 1.13 0.064

σ(N5-H7) σ*(C1-S20) 3.29 0.83 0.049

σ(N5-H7) π*(C1-S20) 3.56 0.69 0.05

LP(N2) σ*(C1-S20) 12.26 0.43 0.066

LP(N2) π*(C1-S20) 26.93 0.3 0.084

LP(N5) σ*(C1-S20) 12.32 0.43 0.066

LP(N5) π*(C1-S20) 29.22 0.3 0.086

LP(S20) σ*(C1-N5) 4.49 1.15 0.064

LP(S20) σ*(C1-N2) 11.14 0.67 0.079

LP(S20) σ*(C1-N5) 7.34 0.68 0.065

π*(C1-S20) σ*(C1-S20) 66.18 0.13 0.145

LP(S20) σ*(O8-H10) 13.36 0.6 0.082

LP(O8) σ*(O11-H12) 13.32 1.02 0.104

LP(O11) σ*(O17-H18 15.98 1.02 0.114

LP(O14) σ*(N2-H3) 3.28 0.81 0.046

LP(O14) σ*(N5-H7) 5.82 1.01 0.069

LP(O17) σ*(O14-H16) 17.74 0.98 0.118

Thio-(H2O)5 σ(C1-N5) σ*(C1-N5) 3.74 0.31 0.035

σ(C1-S23) σ*(N2-H3) 3.37 1.08 0.054

σ(C1-S23) σ*(N5-H7) 3.36 1.08 0.054

σ(N2-H3) σ*(C1-S23) 5.85 0.92 0.065

σ(N2-H4) π*(C1-N5) 4.31 1.14 0.063

σ(N5-H6) σ*(C1-N2) 4.28 1.14 0.063

σ(N5-H7) σ*(C1-S23) 5.86 0.92 0.065

LP(N2) σ*(C1-N5) 82.21 0.21 0.126

LP(S23) σ*(C1-N2) 8.95 0.68 0.072

LP(S23) π*(C1-N5) 8.97 0.68 0.072

LP(S23) σ*(C1-N5) 54.79 0.16 0.089

LP(S23) σ*(O8-H9) 10.4 0.63 0.074

LP(S23) σ*(O20-H22) 2.48 1.11 0.047

LP(S23) σ*(O20-H22) 10.36 0.63 0.074

LP(O8) σ*(O11-H13) 14.24 0.93 0.103

LP(O11) σ*(N5-H6) 12.13 0.89 0.093

LP(O17) σ*(N2-H4) 12.14 0.89 0.093

LP(O20) σ*(O17-H18) 14.24 0.93 0.103
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interactions, and the red color is defined as strong repulsion
(steric effect). As seen on the right side of Fig. 5, the blue color
shows the hydrogen bond, while the green color corresponds
to the van der Waals interaction and the red color the steric

cyclic effect. When looking at complexes, van der Waals in-
teractions were more seen between the thiourea and water
molecules. The results show the attractive van der Waals
and repulsive interactions in our complexes.

(a) Thiourea-(H2O) (b)Thiourea-(H2O)2

(c) Thiourea-(H2O)3 (d) Thiourea-(H2O)4

(e) Thiourea-(H2O)5

Fig. 4 AIM molecular graphs of thiourea/water complexes (RCP is shown as small yellow spheres, BCP is shown as small red spheres, bond paths is
shown as yellow lines). a Thiourea-(H2O). b Thiourea-(H2O)2. c Thiourea-(H2O)3. d Thiourea-(H2O)4. e Thiourea-(H2O)5
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Thermodynamic and NLO properties

The standard thermodynamic functions such as entropy
(S), specific heat capacity (Cv), thermal energy (E), and
the other parameters were calculated by using B3LYP
methods with the 6-311++G(d,p) basis set and are listed
in Table 7. These functions are important in predicting the
reactivity of chemical reactions and determining the prob-
ability of different reaction routes [44]. As seen in
Table 7, the values of Cv, S, and E all increase with the
increase in the number of water molecules from 1 to 5,
which is attributed to the increase in molecular vibration
as the number of water molecules increases. The variation

of thermodynamic parameters as a function of the number
of water molecules are shown in Fig. 6. Besides, the non-
linear optical (NLO) properties such as dipole moment (μ)
the polarizability (α0) and the first hyperpolarizability
(βtot) for the thiourea/water complexes were calculated
by using the mentioned method and given in Table 8.
The variation of the polarizability (α0) and the first
hyperpolarizability (βtot) as a function of the number of
water molecules are shown in Fig. 7.

According to Fig. 7 and Table 8, the values of the
polarizability (α0) and the first hyperpolarizability (βtot)
increase with the increase in the number of water mole-
cules from 1 to 5.
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Fig. 5 Reduced density gradient analysis (RDG) to know weak and strong interaction in these complexes
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Conclusions

The interactions of the thiourea molecule in water investigated
using NBO, AIM, and RDG analyses based on DFT method.
All calculations of Thio-(H2O)1–5 complexes were performed

in the gas phase by B3LYP/6-311++G(d,p) level of theory.
Firstly, the most stable complexes possible with water were
identified, and the shape of the thiourea/water complexes
forming a ring structure was determined with the help of geo-
metric parameters. The structures of these complexes were

Table 7 Calculated thermodynamic parameters (at 298.15 K) for the different thiourea/water complexes with DFT/B3LYP/6-311++G(d,p)

Parameters Values

Complexes Thio-(H2O)1 Thio-(H2O)2 Thio-(H2O)3 Thio-(H2O)4 Thio-(H2O)5

E(RB3LYP) (a.u.) − 624.77603 − 701.2491 − 777.72393 − 854.20448 − 930.66925
Point group C1 C2 C1 C1 C1

Electronic energy (EE) (a.u.) − 624.77603 − 701.2491 − 777.72393 − 854.20448 − 930.66925
Zero-point energy correction (a.u.) 0.085598 0.110091 0.134954 0.161404 0.184736

Thermal correction to energy (a.u.) 0.093397 0.120972 0.148755 0.177423 0.204777

Thermal correction to enthalpy (a.u.) 0.094342 0.121916 0.149699 0.178367 0.205721

Thermal correction to free energy (a.u.) 0.053895 0.074584 0.093782 0.117458 0.133949

EE + zero-point energy (a.u.) − 624.69043 − 701.13901 − 777.58897 − 854.04308 − 930.48451
EE + thermal energy correction (a.u.) 624.68263 − 701.12813 − 777.57517 − 854.02706 − 930.46447
EE + thermal enthalpy correction (a.u.) 624.68169 − 701.12718 − 777.57423 − 854.02611 − 930.46353
EE + thermal free energy correction (a.u.) 624.72213 − 701.17452 − 777.63015 − 854.08702 − 930.5353
E (thermal) (kcal mol−1) 58.608 75.911 93.345 111.335 128.499

Heat capacity (Cv) (cal mol−1-Kelvin) 26.539 36.328 45.51 53.517 64.701

Entropy (S) (cal mol−1-Kelvin) 85.127 99.619 117.688 128.194 151.057
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Fig. 5 (continued)
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experimentally illuminated by FTIR and X-ray analyses. NBO
analysis showed the presence of strong hydrogen bonds in the
aqueous solutions of thiourea. Besides, thiourea/water com-
plex is gradually stabilized by the addition of water molecules,
as evidenced by an increase in the binding energy. The inter-
actions formed within the complexes such as Van der Walls,
hydrogen bond interactions, and steric effect are classified by
the means of RDG surface analysis. The strongest and

weakest intermolecular hydrogen bond interactions were ob-
served in Thio-(H2O)4 complex with 53.72 and
11.66 kJ mol−1, respectively. The first hyperpolarizability
values of Thio-(H2O)1–5 complexes are 1.04, 1.33, 1.97,
2.50 and 2.72 × 10−30 e.s.u. which is larger than the value of
NLO material urea (0.13 × 10−30 e.s.u.)

Fig. 7 The variation of the first hyperpolarizability (βtot) and the
polarizability (α0) as a function of the number of water molecules

Fig. 6 The variation of thermodynamic parameters as a function of the
number of water molecules

Table 8 The calculated electric dipole moment (D), the polarizability α0 (a.u.), and the first hyperpolarizability βtot (a.u.) for the thiourea/water
complexes

n = 1 n = 2 n = 3 n = 4 n = 5

μ (Debye) 4.2541469 2.9335647 2.8995444 4.0192092 5.8778064

α0 (a.u.) 63.425902 72.862365 82.992473 91.557341 102.54019

βtot (a.u.) 121.68246 155.22218 229.17304 290.78901 316.73179

However,α and β values of the Gaussian output are in atomic units (a.u.), so they have been converted into electronic units (e.s.u.)) (α; 1 a.u. = 0.1482 ×
10−24 e.s.u., β; 1 a.u. = 8.6393 × 10−33 e.s.u.)
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