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ABSTRACT: Detection and removal of metal ion contaminants have attracted great interest due to the
health risks that they represent for humans and wildlife. Among the proposed compounds developed for
these purposes, thiourea derivatives have been shown as quite efficient chelating agents of metal cations
and have been proposed for heavy metal ion removal and for components of high-selectivity sensors.
Understanding the nature of metal−ionophore activity for these compounds is thus of high relevance.
We present a theoretical study on the interaction between substituted thioureas and metal cations,
namely, Cd2+, Hg2+, and Pb2+. Two substituent groups have been chosen: 2-furoyl and m-
trifluoromethylphenyl. Combining density functional theory simulations with wave function analysis
techniques, we study the nature of the metal−thiourea interaction and characterize the bonding
properties. Here, it is shown how the N,N′-disubstituted derivative has a strong affinity for Hg2+,
through cation−hydrogen interactions, due to its greater oxidizing capacity.

■ INTRODUCTION

Among the most toxic environmental pollutants are heavy
metals.1−3 In addition to their toxicity, their persistence in the
environment, since they are non-biodegradable; their tendency
to biomagnificate; and their bioaccumulative nature make
them contaminants whose detection and removal are
essential.4−7 Several kinds of heavy metal-detection sensors
have been developed,8 such as biosensors,9−13 electrochemical
sensors,14−18 nanomaterial-based sensors,19−22 and optical
sensors.23−25 Today, intense research activity is focused on
increasing both the sensitivity and selectivity in detection by
these devices.26−31 In this way, thiourea derivatives have been
developed as a new type of organic ionophores for heavy metal
ion selective electrodes.32,33 One of the processes to eradicate
such pollutants is chemical remediation, which consists of the
complexation of the ions using chelating ligands.34−38

Thiourea derivatives are promising chelating agents of metal
cations that have also been proposed for heavy metal ion
removal.39−51 Both for sensing and for removal reasons,
understanding heavy metal−ionophore activity by organic
compounds is thus of high relevance.52−54 In this context,
several studies have focused on metal complexes with thiourea
derivatives. Coordination chemistry of alkyl and acyl(aroyl)
thioureas of Pt(II), Pd(II), and Rh(III) was reviewed by
Koch;55 the chemistry and metal complexes of acyl-thiourea
compounds were recently reviewed in ref 56 ; and uranyl
complexes have also been reported with thiourea derivatives.57

Quantum chemistry emerges as a reliable tool to predict
ionophore properties of organic compounds. Indeed, the
investigation of interactions between metallic cations and

organic compounds has attracted huge interest in the last few
decades, where an important activity has been developed by
means of computational chemistry.58−75 In many studies, the
theory has been combined with experiments, typically carried
out with mass spectrometry techniques.76−97 The nature of the
metal ion−molecule interaction, the reactivity of the new
compounds, and the change in structural and spectroscopic
properties of the organic molecules upon ion complexation are
among the most important aspects investigated in these
studies.
We present here a theoretical study on the interaction

between substituted thioureas and three heavy metal ions,
namely, Cd2+, Hg2+, and Pb2+, all of them well-known
pollutants. First, we focus on the interactions of these cations
with the canonical thiourea, mainly characterizing the metal−
sulfur and metal−nitrogen bonds. In this part of the study, we
have also performed molecular dynamics simulations allowing
us to evaluate the evolution of the complexes over time.
Among the different identified channels, Coulomb explosion is
dominant for Hg2+ complexes. In the second part, we study
mono- and N,N′-disubstituted thioureas. We have chosen as
substituents 2-furoyl and m-trifluoromethylphenyl, inspired by
the studies of Otazo-Sańchez and collaborators.32,33 These
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studies evaluate the stereoelectronic factors that can influence
the nucleophilicity of the sulfur atom as the main coordination
center of thiourea derivatives in the search for the best
ionophores for the development of selective electrodes to
detect pollutant metal ions, such as Pb(II), Cd(II), and Hg(II).
These studies point out N-(2-furoyl) and N-(m-
trifluoromethylphenyl)thiourea derivatives as good candidates.
In ref 33, the intramolecular hydrogen bond in N,N′-
disubstituted acyl thioureas is confirmed, suggesting an
enhancement in the metal affinity of these compounds.
These substituents are Lewis bases with lone pair electrons
available to interact with the metal cation; different binding
sites in each substituent can act independently or in a
coordinated way linking the metal. The aim of the study is to
understand the nature of such interactions and to evaluate the
effect of the substituents. To do this, we first evaluate the
interaction between the ions and the bare thiourea, then with
just one of the substituents, and finally with both of them. We
also study the effect of the heavy metal ion interaction in the
thioketone−thioenol tautomerism. The different behavior in
the bonding properties of each ion points toward the selectivity
of the proposed derivatives, in particular, due to the
cooperative effect when both substituents are present.

■ COMPUTATIONAL DETAILS

All electronic structure calculations have been performed in the
framework of the density functional theory (DFT) using the
Gaussian09 package.98 In particular, we have employed the
well-known B3LYP hybrid functional99,100 with the all-electron
6-31++G(d,p) Pople’s double-zeta basis set101 for nonmetallic
atoms (H, C, N, O, F, and S) and the valence+pseudo SDD
basis set102 for the metallic centers (Pb, Cd, or Hg). The use of
pseudopotentials allows us to minimize the computational
effort by a reduction of the explicit number of electrons in the
calculation. Under this approach, we can correctly describe the
effect of the core electrons in the valence states without
performing relativistic corrections that might be important for
heavy atoms. All stationary points have been proved to be
minima in the potential energy surface (PES) through the
calculation of the second derivatives. To obtain a wide set of
isomers, we have performed a conformational analysis
constraining the rotation around specific dihedral angles.
Accordingly, the N−C−N−H angles have been selected for all
compounds. Although in the case of the N-monosubstituted
and N,N′-disubstituted derivatives, the H−N−RC−X angles
have also been added, where X = RC or RO which represent the
C and O atoms in the functional group, respectively.
Molecular dynamics (MD) simulations were performed with

the atom-centered density matrix propagation (ADMP),103−105

imposing a full self-consistent calculation in each propagation
step (FullSCF option in Gaussian09), thus ensuring
adiabaticity along the simulation (tmax = 1 ps with a time
step of Δt = 0.1 fs). We have computed 100 trajectories
starting from the most stable minimum of each thiourea−metal
complex and with internal excitation energy (kinetic energy of
the nuclei) equal to the difference between the energy of the
initial structure and the thiourea + M2+ at infinite distance.
This energy was initially randomly distributed between all
nuclear degrees of freedom of the system.
To obtain further insights into the electronic structure and

the bonding of the thiourea−metal complexes, we performed
an exhaustive analysis using the quantum theory of atoms in

molecules (QTAIM).106 To do this, we used the AimAll
software.107

The Gibbs free energy for the complexation reaction

cation molecule complex+ → (1)

has been computed as

G G G G( )complex cation moleculeΔ = − + (2)

where Gi is the Gibbs free energy of the molecule, complex, or
cation. We use as Gmolecule the Gibbs free energy of the thione
or thiol form of the molecule to which the cation binds.

■ RESULTS AND DISCUSSION
In this section, we analyze the interaction between Cd(II),
Hg(II), Pb(II) and the canonical (1), N-monosubstituted (2,
3), and N,N′-disubstituted (4) thiourea structures. The results
are systematically presented in the corresponding subsections.
In each subsection, we first present the study of the free
molecule focusing on its tautomerization equilibrium. Sub-
sequently, the cation−molecule interaction is discussed for the
most stable conformations and tautomers in each case by
means of energetic parameters and wave function analysis. In
the particular case of cation−thiourea systems, a molecular
dynamics study is also included. In the following, the
tautomers are distinguished from their isomers by a superscript
index; e.g., structure 1a is the canonical thione form of the
thiourea and 1a’ is the thiol form. In the case of the complexes,
the labeling of structures follows the same idea: thione and
thiol forms are separately indicated in parentheses with a
number for each complex; e.g., structure 9(1a) corresponds to
Hg(II) interacting with the thione form of 1a and 19’(1a’) is a
complex formed by Pb(II) and the thiol form of 1a’. Each
tautomerization equilibrium is described with a double arrow,
the smallest one pointing to the less stable structure.
Consequently, Gibbs free energies in these equilibria are
always given with respect to the less stable reaction, therefore
remaining a positive value. On the other hand, Gibbs free
energies of complex formation are negative values due to the
metal−thiourea interaction. Further information on the
cation−molecule complexes is presented in the Supporting
Information.

Canonical Thiourea. The canonical thiourea is charac-
terized by a thione−thiol tautomeric equilibrium (see Scheme
1), which results in proton migration and the formation of a
double C=N bond.108−110 The thione conformation, 1a, of
thiourea is the most stable form, as can be seen from the Gibbs
free energy difference. This equilibrium is displaced in favor of
1a by 54.58 kJ·mol−1, which is in close agreement with
previous theoretical predictions at the MP2 level.111 More

Scheme 1. Thione−Thiol Tautomeric Equilibrium of
Thioureaa

aSmall and large arrows represent the unfavorable and favorable
reactions, respectively. Relative Gibbs free energy between both forms
is given in kJ·mol−1; notice that it does not correspond to the
taumerization barrier.
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conformers of the thione and thiol forms are depicted in the
Supporting Information.
To explore the interaction of the cations with 1a and 1a′,

several initial spatial configurations were considered by placing
them at the nucleophilic centers: nitrogen and sulfur atoms
(see all obtained geometries in the Supporting Information and
the most relevant ones in Scheme 2). The DFT-optimized

complexes can exhibit a monodentate character with the metal
cation linked through the sulfur atom (M−S) or to the
nitrogen atom (M−N) or a bidentate interaction (N−M−N or
S−M−N). Examples of monodentate interaction with nitrogen
are structures 10(1a) or 16′(1a′); with the sulfur atom, 1(1a)
or 9(1a); bidentate, N−M−S 2’(1a’) or 10’(1a’); and
bidentate N−M−N 3’(1a’) or 19’(1a’).
Although the cation can bind through different nucleophilic

centers, the most stable interaction is the S-monodentate
structures for the three metal cations: 1(1a), 9(1a), and
19(1a) for Cd(II), Hg(II), and Pb(II), respectively (see
Scheme 2). A similar trend has been observed in the reaction
between thiourea and other divalent cations, such as Ca(II),
Cu(II), and Zn(II).83,112,113 In these complexes, the geometry
does not suffer strong deformations; only some elongation of
the C=S bond due to a charge transferred from the πC=S orbital
toward the new metal−S bond. However, in those complexes
where the metal cation binds to nitrogen atoms, either N−M
monodentate or N−M−N/S−M−N bidentate, much more
marked changes in the geometry are observed upon complex-
ation (see Figure 1). The geometry shows that the N atoms
involved in the interaction present a tetrahedral-sp3 chemical
environment. This is a clear indication of the cation−molecule
interaction, which modifies the original planar-sp2 bonding of
NH2.
Table 1 shows Gibbs free energies of formation for all S-

monodentate complexes in their thione or thiol forms.
According to these values, the formation of the complexes is
more favored for the thione form of the thiourea. Furthermore,
it can also be observed that the complexation energy decreases
in the order Hg(II) > Cd(II) > Pb(II) for both forms,
indicating a trend in the chemical affinity of the cations.
Interestingly, this chemoselectivity for Hg(II) makes more
stable its thiol S−M−N bidentate complex (747.9 kJ·mol−1)
than the thione S-monodentate complex with Pb(II) and

Cd(II) (459.5 and 669.9 kJ·mol−1, respectively); see structures
10′(1a′), 1(1a), and 19(1a) in Scheme 2.
As can be seen in Table 1, none of the cations retain the

positive divalent charge (q) after complex formation, an
indication of the cation−molecule charge transfer. All of the
cations act as oxidant agents, attracting electron density from
the molecule. The highest positive charge is observed for
Pb(II) while for Hg(II), it decreases considerably. The highest
oxidation character shown by Hg(II) can be explained by the
polarizability of this cation, which allows for a stronger electron
cloud deformation, easing the accommodation of the charge
transferred from the molecule.
The chemical nature of the cation−molecule interaction has

been studied from a topological analysis of the electron density
distribution. To do this, several properties at the most relevant
bond critical points (BCPs) in the cation−molecule complexes
were studied: (i) the total electron density (ρ); (ii) the
Laplacian of the electron density (∇2ρ), which is used to
distinguish between closed shell (CS) interactions if this
magnitude is positive or shared shell (SS) if it is negative; and
(iii) the kinetic (G), potential (V), and total (H = G + V)
energy density. The potential energy density V is always
negative and gives the contribution of the covalent character to
the interaction; the kinetic energy density G is always positive
and provides the contribution of the ionic character. The sum
of both gives the total electronic energy density H, and hence,
one can easily predict the character of the interaction with the
sign of H in the BCP: H < 0 is an indication of covalent with
SS interactions and on the contrary, H > 0 reflects the ionic

Scheme 2. All of the Cation−Molecule Interactions
Observed after Geometry Optimizationa

aA “ball-and-stick” model of these structures is given in Figures 1 and
S2.

Figure 1. DFT-optimized structures of the N-monodentate and N−N
and S−N−bidentate complexes. The NH2 bonding angle is
highlighted with a red dashed line. In the top view, the cation has
been omitted for better visualization.

Table 1. Gibbs Free Energy of Formation (ΔG) and Cation
Charge (q) for the Thione (1a) and Thiol (1a′) Forms of
the Cation−Molecule Complexes

thione thiol

ΔG
(kJ·mol−1) q (e−)

ΔG
(kJ·mol−1) q (e−)

Cd 1(1a) −669.8 1.13 Cd 2′(1a′) −643.8 1.33
Hg 9(1a) −826.6 0.91 Hg 10′(1a′) −747.9 1.15
Pb 19(1a) −459.5 1.39 Pb 20′(1a′) −473.6 1.48

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01068
Inorg. Chem. 2021, 60, 11984−12000

11986

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01068/suppl_file/ic1c01068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01068/suppl_file/ic1c01068_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01068?fig=sch2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01068/suppl_file/ic1c01068_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01068?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01068?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01068?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01068?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01068?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


character of the bond with CS type of interactions.114 Due to
the mixed effects of valence shells acting in the cation−
molecule interactions studied here, the full bond chemical
nature is not always attained from a straightforward
comparison of these properties (ρ, ∇2ρ, and H). Thus, a
better description can be obtained with the ratio |V|/G, which
allows for the classification of pure CS interactions (|V|/G < 1)
or pure SS interactions (|V|/G > 2), as well as the intermediate
region between them;115,116 thus, a value of |V|/G close to 2 is
an indication of a covalent bond, and close to 1 of an ionic
bond.
In Figure 2, we show the BCPs (green points) for the

complexes of Cd(II) interacting with the thione and thiol

forms as an example, and Table 2 summarizes the electron
density properties at the BCPs involving the cation−molecule
interactions for the most stable structures. A decrease of the
electron density ρ at the C−S BCP is observed in all complexes
with respect to the free molecules either in their thione or thiol
forms (1a, 1a′). Accordingly, a clear elongation of the C−S
bond in the complexes is noted. These two features highlight
the charge transfer process from the C=S bond of the molecule
to the cation. Positive values of ∇2ρ at the cation−S BCP
illustrates the presence of CS interactions, which can be

characterized as a combination of charge transfer and ion-
induced dipole interactions. The smaller values of ∇2ρ around
the cation−S BCP for the thiol forms of the complexes
(2′(1a′), 10′(1a′), 20′(1a′)) is a consequence of the electron-
deficient C−S bond of 1a′. On the contrary, the ∇2ρ exhibited
noticeable positive values at the cation−N BCP of the thiol
complexes, evidence of the more electrostatic-type interactions
in this case. However, for all complexes, we observe that H < 0
in the studied BCPs, which indicates a short degree of covalent
cation−molecule interactions. The ratio |V|/G in complexes
with the thione form 1a shows that the degree of covalency in
Pb(II) is closer to a pure SS interaction (|V|/G > 2) than in
Cd(II) and Hg(II). This is due to the valence shell of the
cations: while Pb(II) has a d10s2 electronic configuration, for
Cd(II) and Hg(II), it is d10. Since overlapping of the atomic
orbitals requires resemblance in symmetry and closeness in
energy to build the covalent bonding, the s orbitals of Pb(II)
present a higher overlapping with the lone pairs of the S atom
than in the case of the d orbitals of Cd(II) and Hg(II).
However, Pb(II) complexes present the lowest stabilization in
the complexation process (according to the values in Table 1).
This finding highlights the importance of the electrostatic and
the ion-induced dipole kind of interactions, commonly present
in cation−molecule complexes, on increasing the binding
strength.117−119

To get a deeper insight into the stability of the complexes
formed with thiourea, we have performed molecular dynamics
(MD) simulations using the ADMP method (see the
computational details). The initial geometry chosen for such
simulations is the most stable structure found for each metal,
i.e., 1(1a) for Cd(II), 9(1a) for Hg(II), and 19(1a) for Pb(II).
For each structure, we have performed 100 trajectories where
the excitation energy is randomly redistributed into nuclear
degrees of freedom; the excitation energy is the complexation
energy in each case. At the end of the propagation time, we run
statistics on the populated channels (see Figure 3). We
consider that two molecular fragments have been formed when
the distance between the atoms in each fragment is larger than
3.5 Å. No fragmentation is observed for the Pb(II) complex,
and the only channel detected is formation of the complex.
This is also observed as the main channel for Cd(II), although

Figure 2. Representation of the cation−molecule BCPs, in green, for
the most stable Cd−molecule complexes. Due to structural
resemblance, the Pb and Hg complexes have been omitted. The
bond length and the atomic radius have been resized for better
visualization of the BCPs. In addition, the ring critical point in the
thiol form (2′(1a′)) is represented in red.

Table 2. Electron Density Properties at the BCPs of Interest
in the Cation−Molecule Complexes

BCP
ρ

(a.u.) r (Å)
∇2ρ
(a.u.) H (a.u.) |V|/G

1a C−S 0.212 1.675 0.003 −0.249
Cd 1(1a) C−S 0.186 1.805 −0.330 −0.139

Cd−S 0.068 2.443 0.122 −0.016 1.339
Hg 9(1a) C−S 0.185 1.810 −0.329 −0.136

Hg−S 0.076 2.442 0.108 −0.019 1.415
Pb 19(1a) C−S 0.187 1.793 −0.337 −0.145

Pb−S 0.066 2.599 0.120 −0.017 1.898
1a′ C−S 0.190 1.799 −0.348 −0.139
Cd 2′(1a′) C−S 0.179 1.842 −0.301 −0.121

Cd−S 0.041 2.721 0.094 −0.005 1.182
Cd−N 0.084 2.141 0.345 −0.013 1.128

Hg 10′(1a′) C−S 0.182 1.831 −0.317 −0.128
Hg−S 0.037 2.847 0.087 −0.003 1.119
Hg−N 0.095 2.150 0.319 −0.021 1.208

Pb 20′(1a′) C−S 0.184 1.824 −0.325 −0.130
Pb−S 0.030 3.013 0.060 −0.003 1.319
Pb−N 0.078 2.303 0.262 −0.014 1.453

Figure 3. Identification of the channels observed during the MD
simulation of cation−molecule complexes over the 100 trajectories
considered. The fragmentation difference in different channels is
highlighted.
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in this case, fragments of different species are also observed to
a lesser extent. For Hg(II), fragmentation is predominant over
complex formation: repulsion between the two positive charges
leads to a dominant Coulomb explosion channel in Hg+ + 1a+.
It can be followed by the release of neutral moieties from the
cationic thiourea: Hg+ + NH2 − C=S+ + NH2. Similar
Coulomb repulsion processes have been reported in previous
theoretical studies that addressed the reaction between
thiourea and Ca(II).120

We have further evaluated the cleavage time of the cation−
molecule bonding for metals showing Coulomb explosion:
Cd(II) and Hg(II). The goal is to clarify the stability and
lifetime of such species before fragmentation occurs. For this
purpose, we have analyzed trajectories that lead to a molecule−
metal repulsion and have considered that the metal−S bond is
broken when a distance greater than 3.0 Å is achieved for the
first time in the trajectory; we assume that at longer distances,
the system evolves toward dissociation since the charge is
divided and both fragments repel each other. Then, the
simulation time at which this event occurs is recorded (see the
statistics in Figure 4). For Cd(II), bond weakening is a process

that constitutes 15% of the total events within the MD
propagation time. These events occur mainly in a time interval
typically ranging from 150 to 350 fs, although above 500 fs
some individual events are also observed. Bond weakening in
Hg(II) represents 80% of the events and is a much faster
process, taking place in the first 100 fs in most trajectories, a
phenomenon that highlights the short time required to attain
the Coulomb explosion between Hg(II) and the thiourea after
complexation. The marked difference of Hg(II) with respect to
the other cations may be related to the ease with which the
charge transfer process occurs. Coulomb explosion requires
that the metal atom and the molecule are positively charged, as

well as that the corresponding repulsion forces overcome the
bond formation energy.121 Therefore, in Hg(II), the cause of
Coulomb explosion can be explained by its higher ionization
potential in comparison to Cd(II) and Pb(II):122 Hg(II)
shows higher preference than Cd(II) and Pb(II) to host
electrons; consequently, charge transfer occurs in a lower time
regime for Hg(II) provoking the ionization of the molecule to
surpass bond formation. The relationship between the
ionization potential of the cation and the occurrence of
Coulomb explosion follows a trend that has been previously
pointed out in other molecule−cation systems.63,123,124 Other
channels might occur at lower energy, but Coulomb explosion
is dominant, mainly for Hg complexes, due to favorable
entropic effects. The different behavior of Hg is also reflected
in the monosubstituted and disubstituted thiourea complexes.

Effects of N-Monosubtitution. The functionalization of
thiourea with the fragments 2-furoyl (structure 2) and m-
trifluoromethylphenyl (structure 3) modifies some of the
chemical properties previously discussed. First, hydrogen
migration caused by the tautomeric equilibrium can occur in
two different ways as can be seen in Scheme 3 (all computed
structures can be found in the Supporting Information). Thiol
forms can adopt different configurations depending on the
hydrogen position and which nitrogen donates it.125 Thiol
tautomers with an amine group (−NH2) have been labeled
with a single superscript (2a′, 3a′) and thiol forms with an
unsaturated −NH group with a double superscript (2a″, 3a″).
Different letters have been used to distinguish when the
tautomeric forms attain a structural change caused by
isomerization (e.g., 2a″, 2c″). Positive Gibbs free energies
allow us to recognize that the thione form (2a for 2-furoyl and
3a for m-trifluoromethylphenyl) remains the most stable
structure. Furthermore, the less stable form 2d shows an
energetic difference with respect to 2a′ below 5 kJ·mol−1. Such
a difference between tautomers is not a considerable threshold
and highlights the stability of thione forms125−127 (see also
Scheme 3, where relative energies between both forms in each
equilibrium are given).
According to the results given in Scheme 3, for 2-furoyl

thiourea, the thiol form 2a′ is more stable than 2a″. This
difference is a consequence of the structural changes during
tautomerization that provoked 2a′ to exhibit a hyper-
conjugation effect from the C=N bond on the furan ring.
Hyperconjugation is a well-known stabilizing interac-
tion,128−130 thereby explaining the energetic difference
between 2a′ and 2a″. Further stabilization of 2a′ occurs
when it is isomerized to 2c′. The appearance in 2c′ of SH···O
hydrogen bonding enhances the hyperconjugation effect and
simultaneously increases the structural stability.131−134 Evi-
dence of the effect of SH···O bonding is also noticeable in the
equilibrium 2a″ → 2d″. Notice also in Scheme 3 that the cis-
trans conformers 2a″ and 2k″ are almost degenerated. Similar
to 2-furoyl thiourea, m-trifluoromethyl thiourea exhibits
preponderance of the thione form (3a) over the thiol
forms.135 Moreover, the hyperconjugation effect is also
observed in the case between 3a′ and 3a″. However, in this
case, stabilization of 3a′ → 3b′ by isomerization is attributed
to a long-range SH···π interaction.136−138 A simple compound
from the family of 1-acyl thioureas has been reported
recently;139 intramolecular hydrogen bond also occurs in this
species, between the carbonyl (C=O) and thioamide (−NH2)
groups, explaining tautomeric equilibria.139

Figure 4. Counting of bond weakening events for the fragmentation
channels of Cd(II) and Hg(II) describing the Coulomb explosion
during the MD simulation.
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Although intramolecular interactions play a key role in
stabilizing structures 2a, 2c′, 3a, and 3b′, the stronger cation−
molecule interactions mainly occur with other thione−thiol
derivatives. Scheme 4 displays the representation of the most
relevant cation−molecule complexes (further details of the
structure of all studied complexes are given in the Supporting
Information). Considering the thione/thiol derivatives bonded
to the cations, we can infer that complex formation depends on
the nucleophilic centers available in the molecule. A

comparison between the molecular structures in 3 and 4
allowed us to reinforce this assumption. Except for 3b′, the
remaining cation−molecule complexes are stabilized through
interactions between the metal cation and the free electron-
donor atoms; intramolecular interactions observed in 3 prevent
these electron-donor atoms from being available as nucleo-
philic centers.
Table 3 gives complexation energies and the charge localized

on the metal for the cation−molecule complexes with the
lowest Gibbs free energy either with thione or with thiol forms.
According to the energetic values observed, the number of
available nucleophilic centers is not the only aspect controlling
the cation−molecule binding, but the chemical nature of these

Scheme 3. Tautomeric Equilibria of the 2-Furoyl and m-
Trifluoromethylphenyl Thiourea Derivativesa

aSmall arrows identify the less favorable reaction in the equilibrium.
Relative Gibbs free energy between both forms in each equilibrium is
given in kJ·mol−1; notice that it does not correspond to the
taumerization barriers.

Scheme 4. Most Stable Cation−Molecule Interactions for
the 2-Furoyl and m-Trifluoromethyl Thiourea Derivativesa

aThiol forms are described by the superscript notation. Numbers have
been added to identify the different sets of positions of the cations
with respect to the molecules Cd: 1−6, Hg: 7−13, and Pb: 14−18.

Table 3. Gibbs Free Energy of Formation (ΔG) and Cation
Charge (q) for the Most Stable Cation−Molecule
Complexes of the 2-Furoyl and m-Trifluoromethylphenyl
Tautomers

thione thiol

ΔG
(kJ mol−1) q (e−)

ΔG
(kJ mol−1) q (e−)

Cd 6(2d) −848.7 1.22 Cd 1″(2d″) −743.1 1.03
Hg 9(2d) −1012.3 0.31 Hg 7″(2d″) −863.6 0.76
Pb 15(2d) −652.2 1.39 Pb 15″(2c″) −611.5 1.50
Cd 1(3b) −783.0 1.12 Cd 1″(3a″) −750.7 1.30
Hg 7(3b) −967.6 0.90 Hg 7′(3b′) −905.9 0.56
Pb 15(3b) −532.8 1.29 Pb 14″(3a″) −522.4 1.41

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01068
Inorg. Chem. 2021, 60, 11984−12000

11989

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01068/suppl_file/ic1c01068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01068/suppl_file/ic1c01068_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01068?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01068?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01068?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01068?fig=sch4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


centers is also relevant in the interaction strength between the
cation and the molecule. Complexes formed with 2-furoyl
thiourea (2) exhibit lower Gibbs free energies than those
formed with m-trifluoromethyl thiourea (3). This is due to the
presence of the oxygen atoms in 2 that are more polarizable
and, therefore, share more easily the electron density than the
fluorine atoms in 3. In other words, the oxygen atoms act as
nucleophilic centers with higher metal−cation affinity, in
particular, the carbonyl one. Some exceptions are found for
thiol forms of complexes with 3, which appear more stable
than those with 2. This is the case for 1″(2d″) and 1″(3a″)
and 7″(2d″) and 7′(3b′). These exceptions reflect a different
type of cation−molecule binding. While complexes 1″(3a″)
and 7′(3b′) show bidentate interactions, 1″(2d″) and 7″(2d″)
exhibit monodentate ones. One can intuitively think that the
more the number of nucleophilic centers interacting with the
cation, the stronger the interaction. Other interesting cases are
9(2d) and 7(3b), where the cation−molecule interactions
occur also through the H atoms.140

A close inspection of the cation charge (q) in Table 3
indicates an intense charge transfer process from the molecule
to Hg(II). The strongest ones occur in 9(2d) and 7′(3b′)
where Hg(II), which is connected to multiple nucleophilic
centers, becomes almost neutral. The strength of the charge
transfer is such that it can produce a reallocation of the
electron density in the complex, allowing for the binding of
Hg(II) even through two H atoms, as in 7(3b) (see Figure 5).
Charge transfer is also present in the complexes of Cd(II) and
Pb(II) but to a lesser extent, and it does not show the same
trend as in the case of Hg(II). In fact, 1″(2d″) is the complex
with the strongest charge transfer among those with Cd(II)
and Pb(II), but, interestingly, the cation binds monodentally to
the molecule. In general, Cd(II) can accept charge more easily
than Pb(II) as seen by the (q) values in Table 3. This points
out to different processes taking place in the interaction of the
molecule within the three cations. While strong charge transfer
with a predominance of electrostatic interactions strengthens
the metal−molecule binding for Hg(II), in the case of Pb(II),
the different chemical nature of the cation leads to a linkage
with the nucleophilic centers that seems to present a higher
covalent contribution, and it is likely that Cd(II) exhibits an
intermediate behavior. We now analyze the structural proper-
ties and the bonding characteristics in the most relevant
complexes to unveil the interaction nature.
Structural changes predicted upon complexation with

thioureas were first reported in the neutral monocoordinated
mode of acyl thiourea toward Au(I).141 Structural modifica-
tions of the molecules induced by the cations also reflect
differences between Cd(II), Hg(II), and Pb(II). Fully
optimized models of the most stable cation−molecule
complexes are displayed in Figure 5; for further representa-
tions, we refer the reader to the Supporting Information. The
bidentate interaction of Cd(II) and Pb(II) in 6(2d) and
15(2d) modifies the molecule resulting in a planar structure
with ∠CNCO = −0.02 and 0.07°, respectively. Similarly, in
9(2d), ∠CNCO = 0.07°. However, Hg(II) bidentally interacts
with S and H inducing cyclization of the molecule. A simple
visual inspection of 9(2d) and 16(2d) allows for under-
standing the difference between Cd(II), Pb(II), and Hg(II). It
is important to point out that the 9(2d) structure is analogous
for Cd(II), although it is not more stable for this cation (see
4(2c) in Scheme 4). In 9(2d), ∠HNH = 119° and for Cd(II),
∠HNH = 116°; therefore, NH2 retains its sp2 character.

However, this hybridization is broken in 16(2d) as shown by
∠HNH ∼108°, i.e., close to tetrahedral geometry. For the thiol
forms 1″(2d″) and 7″(2d″), the common features are the
molecular flatness and formation of a hydroxyl (OH) group
caused by the migration of a proton from the SH (see Scheme
4). Despite the cations being S-monodentally bonded to the
molecule in both models, we do not observe any other
structural similarities. The bidentate interaction of Hg(II) in
7(3b) resembles that in 9(2d), causing the same cyclization of
the molecule. Cd(II) and Pb(II) bidentally bind to the
nucleophilic centers available (S and F) in 1(3b) and 15(3b),
respectively. In 1″(3a″), the cation strongly interacts with N
and F atoms, which is reflected in ∠CdNH = 120° and

Figure 5. Full geometry-optimized structures of the cation−molecule
complexes are denoted in Table 3. Model 15(2d) has been omitted as
it is analogous to 6(2d) and, similarly, 15(3b) and 14″(3a″), which
are analogous to 1(3b) and 1″(3a″), respectively. Model 16(2d) has
been included for comparison with 9(2d).
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elongation of the C−F bond in ∼0.18 Å. Finally, modification
of the π electron density of the phenyl ring in 7′(3b′) upon
complexation with the cation is clearly shown in the loss of the
SH···π interaction (see Supporting Information). All of these
observations indicate that Pb(II) interacts with the molecules,
mainly leading to big changes in the chemical nature of the
nucleophilic centers. On the other hand, the structural
modifications induced by Hg(II) are mainly caused by the
huge charge transfer. For Cd(II), both effects are simulta-
neously observed.
So far, we have been able to identify two processes involved

in the cation−molecule interaction: charge transfer and the
chemical nature of the nucleophilic centers. However, the
trends observed have been only analyzed for those complexes
in Table 3. To gain a deeper understanding of the cation−
molecule interactions, a wider set of structures is needed. For
this purpose, we applied the quantum theory of atoms in
molecules (QTAIM) over the 10 most stable thione and thiol
structures for each cation. For all of them, electron density
properties at the BCPs have been computed. Similar to the
case of nonsubstituted thiourea, we have focused on two
descriptors ρ and |V|/G, which provide the bonding strength
and the covalent/ionic character in the cation−molecule
interaction, respectively.115,116 In Figure 6, we present ρ as a
function of |V|/G for the cation−molecule complexes with the
2-furoyl (2) and m-trifluoromethyl (3) thioureas. Cations have
been denoted with different colors. Symbols are used to label
the more relevant bonds.

Most of the BCPs in bonds formed between thione
structures of 2 and Hg(II) lie below or close to |V|/G = 1.0;
for Cd(II), it is close to 1.0−1.3, and in Pb(II), it exhibits
greater dispersion ranging from 1.1 to 2.0. These findings show
that the chemical nature of Hg(II) bonding is mainly ionic.
Otherwise, Pb(II) and Cd(II) can show either a more ionic or
more covalent character, achieving in some cases a noticeable
covalent bonding (|V|/G ≥ 2). This is in agreement with our
aforementioned discussion, which described charge transfer as
the main factor in the Hg(II)−molecule interaction. In terms
of the bonding strength (ρ at the BCPs), the strongest
interaction in Hg(II) complexes is found for the Hg−S bond,
followed by the Hg−O one. Interestingly, Hg(II) is the only
cation exhibiting a weak Hg−H ionic interaction, which is
likely evidence of the charge transfer taking place through the
H atoms. The ordering in the bonding is the opposite in
Cd(II) and Pb(II) as compared to Hg(II), with first the
cation−O and then the cation−S bonds. As expected, the Pb−
S bond had the highest covalent character (see the preceding
section). Noteworthily, only Pb(II), of the three cations, is able
to interact with the thione forms of 2 through Pb−N bonds.
The interactions between the cations and the thiol forms of

2 are concentrated in the range of |V|/G = 0.9−1.4, except for
Pb−S interaction caused by the proton migration of the SH
group (see 13″(2d″) and 13″(2c″) in Figure S6 and Table
S4). The studied bonds in the considered structures have a
mixed character, closer to ionic than to covalent interaction,
except for Pb(II) complexes that are slightly more covalent. In
terms of strength, the cation−S bond is the weakest

Figure 6. Plots of ρ vs |V|/G for the more common BCPs of thione and thiol forms of each thiourea derivative. Ten most stable structures either in
their thione or thiol forms have been used for graphical representation. Cation−molecule BCPs are distinguished using color, and symbols denote
the specific atoms connected.
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interaction, likely due to the fact that more electron density is
available for the bonding in the other nucleophilic centers,
since, in the thiol forms, the S atom is compromised in the SH
group or in S···HO hydrogen bonding. Indeed, contrary to
what was observed for the thione form, in thiol complexes,
Cd(II) and Hg(II) bind strongly to the O and N atoms, even
more than Pb−N. However, similar to the thione form, Pb−O
remains the strongest in the thiol form.
The lower number of points in the plot of ρ vs |V|/G for

thione structures of m-trifluoromethyl thiourea (3) reflects the
lack of nucleophilic centers interacting with the cations. For
the three metal atoms, the interaction cation−F, mostly ionic,
is observed only in a few cases, indicating the difficulty to
donate electrons from the F atoms.142 The cation−S bond is
the main interaction with a similar ionic/covalent character as
observed in the thione forms of 2. However, in thione 3, Cd−
H and Hg−H are present and show a lower extent of ionic
character than for thione 2, with values in some cases above
|V|/G = 1.0. As was previously pointed out, here also, Pb(II) is
the only cation with a Pb−N interaction. Values of ρ indicate
stronger bonding of the cation−S interaction, which is
explained by the easier polarizable electron density of the S
atom. In comparison, Cd−H and Hg−H are mainly weak
interactions that likely exist due to the cation−molecule charge
transfer process.
Clearly, modification of 3 in the thiol structures produces a

change in the chemical properties of the nucleophilic centers,
as can be inferred from the increase of points in the ρ−|V|/G
plot. This stands out in the cation−F and cation−N
interactions that were hardly present in the thione forms. On
the other hand, Cd−H and Hg−H interactions completely
disappear, suggesting that the main reason for Hg bonding in
thione, charge transfer, strongly depends on the chemical
environment of the linkage points. The former assumption is
reinforced by the appearance of a weak Hg−F ionic interaction
in the thiol forms, which points to charge transfer taking place
through the F atoms. Another consequence of the electron-
density loss in the S atom, caused by the SH bond in thiol
forms, is the increase in the ionic character of the Pb−S
interaction. The strongest bonds, the highest ρ values, occur
for the cation−N interactions in the order Cd > Hg > Pb. This
increasing trend can be explained using a simple hard/soft−
acid/base principle.143,144 Cd(II) is a softer acid than Hg(II)
and subsequently Pb(II). Therefore, N atom being a softer
base than F and O atoms, the Cd−N interaction is stronger.
Representation of the BCPs in Figure 7 demonstrates that

cation−molecule formation induces the appearance of
nonexistent intramolecular interactions in the bare molecules
(without cations). Structures 15(2d) and 15″(2c″) exhibit
NH···O hydrogen bonding with the furan ring. Such
interactions were not present in the free molecules 2d and
2c″. Furthermore, in 2-furoyl thiourea, the NH···O hydrogen
bonding using the furan ring is uncommon,145,146 and in the
metal complexes, it appears frequently. Interestingly, for 1(3b)
and 14″(3a″), BCP representation allowed us to distinguish a
tridentate interaction where the cations bind to the C atom in
the ortho-position in the phenyl ring. Similarly, the bidentate
interaction in 7′(3b′) also shows the binding of the cation with
the phenyl ring but in this case to the C atom in the para-
position. Clearly, these observations reflect the ability of the
cation to provoke charge reordering in the molecules despite
the deactivating effect of the CF3 group in the meta-
position.147,148

Chemical Synergy of N,N′-Disubstitution. The joining
of both substituents to different N atoms results in a new
compound , N - (2 - fu roy l) -N ′ - (m - t r ifluoromethy l) -
phenylthiourea (4), with new chemical features. First, the
intramolecular hydrogen migration provoked by tautomeriza-
tion can occur through any of the −NH groups connected to
each fragment.149 We have denoted the tautomers according to
the hydrogen migration direction. If the hydrogen is released
by the −NH group joined to the m-trifluoromethylphenyl
substituent, a double superscript notation is used, and if
migration occurs from the −NH group joined to the 2-furoyl
substituent, we have employed a single superscript notation.
Thiones and thiol forms of 4 are illustrated in Figure 8.
According to the results of the previous section, a wide set of
structures is needed to understand the cation−molecule
interaction. Therefore, another group of structures has been
included besides the more stable ones for each form, namely,
4f, 4a′, and 4a″.
Isomerization of the most stable isomer, 4f, into the

subsequent thione structures reflects the breakdown of the

Figure 7. Representation of the BCPs (green) in the structures where
peculiar binding sites are noted. Ring critical points (red) and bond
paths (dashed line) are included. The atom radius and bonds have
been modified for better visualization of the critical points.
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intramolecular interactions, especially hydrogen bonding. This
is remarkable in the 4e → 4k isomerization with the
disappearance of both NH···O bonds. Consequently, the loss
of intramolecular interactions destabilizes the structure, and an
increase of almost 40 kJ·mol−1 in the Gibbs free energy is
obtained. However, the resulting structures of such isomer-
ization allowed us to obtain precursors to achieve different
stable tautomeric forms. Starting from 4f, 4e, and 4k, a
diversity of thiol forms of type 4′ and 4″ were found. Despite
having two types of thiol forms, some structural similarities are
preserved. Structures 4a′ and 4a″ differ in the intramolecular
hydrogen migration, which in the case of 4a′ results in the
formation of a hydroxyl group (−OH), causing higher stability
against 4a″. A double hydrogen bond with the S atom, CH···S
and OH···S, further stabilizes 4a′ with respect to 4a″.150,151 In
fact, the double effect of the hydrogen bonds allows for
isomerization of 4a′ into 4d′ and 4m′ with very low energetic
thresholds. In contrast, the isomerization of 4a″ → 4d″
requires more energy since it implies cleavage of the SH···O
bond.13,151 Nevertheless, it is possible to find energetic paths of
analogous thiol forms where intramolecular interactions are
discarded due to −OH formation. Furthermore, the formation
of the −OH bond is also remarkable since nucleophilic centers
N and O atoms remain free and can be important anchoring
points for the binding of the cation to the molecule. Further
isomerization leads to the formation of thiol structures 4h″ or
4h′, which, although very unstable, have available lone pairs in
the N and O atoms to bind with the cations. All of these
structures have been considered in metal-complexation studies.
In the case of complexation with disubstituted species, the
steric demand of the ligand toward metal coordination must be
taken into account.152

A full study of the cation−molecule interaction strength
cannot be accomplished by analyzing only the structures of the
most stable complexes. Therefore, aiming to obtain a deeper
understanding, we have considered ∼13 structures in each
case, i.e., for each of the three metal cations interacting with
thiourea either in its thione (4) or thiol (4′ and 4″) forms
using the conformers in Figure 8. In total, we have analyzed 37,
43, and 38 structures for Pb(II), Cd(II), and Hg(II),
respectively. To do this, we grouped those lying within an
energy range of 15 kJ·mol−1 to construct the histogram plots
shown in Figure 9. The charge hosted by the cation (q) in each
complex is also shown in the figure.
For the three cations, the complexes formed with the thione

form 4 are more stable than those with any of the thiol
structures 4′ and 4″. A large number of structures lying at
lower energies with 4 can be noticed. This is due to the fact
that typically S and O atoms in the thiones are available to
bind with the cations, resulting in strong interactions, while in
thiol forms, these atoms appear as −SH or −OH groups.
Furthermore, differences in the relative stability of structures
formed between the two thiol forms can also be distinguished.
Complexes with 4′ show higher stability with respect to those
with 4″ for Cd(II) and Hg(II). However, for Pb(II),
complexes with 4′ are mainly in the range from −500 to
−620 kJ·mol−1, while some with 4″ appear below −620 kJ·
mol−1. This behavior reflects the preference of Pb(II) to
bidentally bind to close free nucleophilic centers such as N and
O atoms153 (see Figure 7 and the Supporting Information).
The O atom in the carbonyl group of the 4′ structures is
compromised in −OH formation or in an NH···O hydrogen
bond (see, e.g., 4d′ and 4h′ in Figure 7) and, consequently,
this site, which is the one to which Pb binds most strongly, is

Figure 8. Energetic paths of the main tautomeric forms of N-(2-furoyl)-N′-(m-trifluoromethyl)phenylthiourea (4). Thiol forms are distinguished
from the thione form by superscript notations. Relative Gibbs free energy between both forms in each equilibrium is given in kJ·mol−1; notice that
it does not correspond to the tautomerization barriers.
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occupied, thus weakening the cation−molecule interac-
tion154,155 (see also the previous section on the effects of N-
monosubstitution).
Although no clear trends are observed in the cationic charge,

q, vs ΔG graphs, it is possible to highlight some general aspects
that differentiate each cation. Clearly, charge transfer occurs to
a greater extent in complexes formed with Hg(II). Values of q
in Figure 9 can almost achieve the neutral oxidation state,

especially for those formed with the thione form 4, where q <
0.2 in most cases. Complexes of Hg(II) with the thiol forms
(either 4′ or 4′) also reach low q values (q < 0.8). On the other
hand, the charge donation from the molecule to the cation
takes place at a different level for Cd(II) and Pb(II); in Cd, the
charge q ∼ 1.0, and in Pb, it is slightly higher, q ∼ 1.4. These
results imply that charge transfer is dominant in Hg(II) and
has a minor effect on Cd(II) and even less on Pb(II), which is
in agreement with our observations in previous sections.
Using QTAIM, we have performed an in-depth analysis of

the bonding properties for the most stable complexes (see
Figure 10 and Table 4). Depending on the metal, the
interaction with the molecule is chemically specific. Cd(II)
binds to C, S, and F atoms to form tridentate complexes,
regardless of the tautomeric form of the molecule, being the
only cation achieving such a level of complexation. In the case
of 2″(4b″), the Cd−molecule interaction changes the S−H−O
bonding properties, while in the free molecule, hydrogen
bonding takes place with the oxygen atom, S−H···O (see 4b″
in Figure 7) and in the complex, it takes place with the sulfur
atom, S···H−O. As already shown in the previous section,
Hg(II) has a clear preference to interact with H atoms.
Interestingly, Hg(II) produces strong structural modifications
that result in the cyclization of the molecule through the S and
C-ortho atoms. Similar cyclization induced by cation has been
previously reported for other molecules.156−158 A comparison
between 10′(4d′) and 9(4o) points out that such a cyclization
process depends on the binding of cation to the H atom and,
in fact, we have also obtained other cyclic structures with
Hg(II) complexes (see Supporting Information). Nevertheless,
cyclization probably requires a particular orientation of the m-
trifluoromethylphenyl fragment with respect to the S atom
because in 7″(4b″), it is not seen. Finally, Pb(II) is the most
chemospecific of the three cations, with a preference for S, N,
and O as linkage sites; in some cases, a disruption in the
structure of the free molecule is imposed with complexation
(see, e.g., 15(4k) in Figure 10 and 4k in Figure 7).
From Table 4, we can obtain further insight into the cation−

molecule interaction of the structures shown in Figure 10. The
three bonds between the metal and the molecule present very
similar characteristics when Cd(II) forms a complex with the
thione or thiol forms. Indeed, the values of q, ρ, and |V|/G are
almost identical in each bond for the three structures. We can
thus conclude that the cation bonding strength is analogous for
the three Cd(II) complexes. Therefore, the difference between
them in terms of relative energy relies on the intramolecular
forces, 3(4p) being most stable with two H bonds involving
both oxygen atoms of the furoyl group. In the case of Hg(II),
we clearly observe that complexation is enhanced by charge
transfer. High stabilization (see ΔG) is accompanied by very
low q for 10′(4d′) and 9(4o). In these two structures, the
cation is bonded to a H atom, with the value of |V|/G close to
1, indicating ionic character in both Hg−H bonds. However,
structure 7″(4b″) shows some differences: Hg(II) is in this
case bonded to S and C atoms and although the Hg−S and
Hg−C bonds exhibit the same degree of ionicity (|V|/G ∼ 1),
the bonds have a higher electron density in BCP, ρBCP, and the
charge is slightly higher in the metal (qHg = 0.55). Finally, for
Pb(II) complexes, the ΔG values reflect that the cation
preference for O atoms can also depend on the chemical
nature of the binding sites. We observe a noticeable difference
in the cation bonding strength to the O atoms in the carbonyl
and the furan ring. In fact, the smallest ρ value is observed at

Figure 9. Number of structures vs ΔG, histograms and cation charge
(q) vs ΔG, dashed-dotted lines. Colors have been used to identify the
complexes of each cation, and the corresponding tautomeric forms are
given in each panel: upper 4, medium 4′, and lower 4″.
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the BCP of the Pb−O bond with furan in 13′(4n′). This is
understood by the higher electron density present in the O
atom of carbonyl than in that of furan.159 Accordingly, the
higher ionic character of the Pb−O bond in furan is also
indicative of this difference in electron density.
The small ρ values in the BCPs obtained in the bonds

involving Hg reflect the lowest bond strengths, an apparently
contradictory fact if we consider that the highest complexation
Gibbs free energies are obtained for this metal. Even in the
case of 10′(4d′), where the only anchoring point is a weak
Hg···H bond, stabilization of this complex with more than
1000 kJ·mol−1 is observed. Precisely, Hg complexes are those

with the highest electron density transferred from the molecule
to the cation (lowest qmetal), highlighting the importance of
charge transfer.

■ CONCLUSIONS

In conclusion, we have theoretically studied the complexation
of three metal cations, namely, Cd(II), Hg(II), and Pb(II),
with four thiourea molecules: (1) bare thiourea, (2) 2-furoyl
thiourea, (3) m-triflouromethylphenyl thiourea, and (4)N-(2-
furoyl)-N′-(trifluoromethyl)phenylthiourea; both the thione
and the thiol forms of these compounds have been considered.
Several isomers were computed for each compound, giving a
total of 479 structures (all shown in the Supporting
Information). The analysis of the interaction energies and
bonding properties was carried out for the most stable
structure in each case. A summary of the complexation
Gibbs free energy is given in Figure 11. Hg(II) is the ion with
higher binding energy, followed by Cd(II) and Pb(II). The
thione conformers are most stable in each case, except for the
complex of Pb(II) with the bare thiourea (1), where the thiol
form is slightly more stable. N-monosubsituted thioureas lead
to higher stabilization than the bare thiourea, (2) being more
stable than (3) for the thiones and the thiols with Pb and (3)
more stable than (2) for the thiols with Cd and Hg. In all
cases, N,N′-disubstitution is accompanied by a remarkable
stabilization of the complex, showing the synergy effect of both
substituent groups. This effect is especially marked in the case
of Hg, for which an increase in stabilization of up to 260 kJ·
mol−1 can be seen with respect to the nonsubstituted thiourea.
The higher affinity of the proposed thiourea derivatives to form
a complex with Hg(II) is mainly due to the large amount of
charge transferred in such complexes, which, in some cases,
leads to total neutralization of the cation. In other words, the
higher oxidizing capacity of Hg(II) leads to a molecule2+···Hg
compound, where the charge is stabilized in the molecule,
mainly along the thiourea N2CS core. This is in contrast with
the weaker bonds that Hg(II) establishes with the molecule,
which are mainly Hg−H bonds, while Pb(II) and Cd(II) form

Figure 10. Structures of the most stable complexes of N-(2-furoyl)-N′-(m-trifluoromethyl)phenylthiourea (4) at its different tautomeric forms. The
bond critical points (BCPs) are represented by green dots and the ring critical points by red dots. In addition, the dashed lines describe the bond
paths.

Table 4. Gibbs Free Energies (ΔG) in kJ mol−1, Electron
Density Properties at the BCPs (ρ, |V|/G) in Atomic Units,
and Cation Charge (q) for the Structures in Figure 10

ΔG q BCPs ρ |V|/G

3(4p) −865.6 1.10 Cd−S 0.074 1.34
Cd−F 0.048 1.03
Cd−C 0.040 1.16

3′(4l′) −803.2 1.07 Cd−S 0.075 1.34
Cd−F 0.046 1.04
Cd−C 0.039 1.16

2″(4b″) −819.2 1.09 Cd−S 0.071 1.32
Cd−F 0.041 1.05
Cd−C 0.051 1.24

9(4o) −1059.8 0.15 Hg−H 0.021 1.12
10′(4d′) −1008.0 0.06 Hg−H 0.013 1.01
7″(4b″) −970.7 0.55 Hg−S 0.044 1.18

Hg−C 0.025 1.01
15(4k) −671.0 1.37 Pb−S 0.060 1.82

Pb−Oa 0.072 1.11
13′(4n′) −579.7 1.55 Pb−Oa 0.099 1.26

Pb−Ob 0.040 1.08
13″(4h″) −622.3 1.47 Pb−N 0.075 1.43

Pb−Oa 0.075 1.14
aOxygen atom of carbonyl. bOxygen atom of the furan ring.
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stronger bonds with nucleophilic centers such as S, O, or N
atoms. The proposed N,N′-disubstituted thiourea is thus a
potential candidate to be implemented in heavy metal ion
sensors and for the removal of these cations. Of particular
interest is the higher affinity for binding Hg(II) through H
atoms, since the S atom of thiourea is free to be anchored to a
support, for instance, a metal surface. This can be part of an
effective nanosensor simply by connecting the metal with the
processing circuit for electronic control. We hope that the
results reported in this work stimulate further studies with the
aim of including solvent effects, which are expected to be
highly important in metal−cation complexation by disubsti-
tuted thioureas.
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(81) Corral, I.; Mó, O.; Yáñez, M.; Salpin, J.-Y.; Tortajada, J.;
Moran, D.; Radom, L. An Experimental and Theoretical Investigation
of Gas-Phase Reactions of Ca2+ with Glycine. Chem. Eur. J. 2006, 12,
6787−6796.
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J.; Léon, E.; Mó, O.; Yáñez, M.; Montero-Campillo, M. M. Alkylation
of uracil and thymine in the gas phase through interaction with
alkylmercury compounds. Int. J. Mass Spectrom. 2019, 436, 153−165.
(97) Lamsabhi, A. M.; Mó, O.; Yáñez, M.; Salpin, J.-Y. Combined
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(124) Brea, O.; Yáñez, M.; Mó, O.; Lamsabhi, A. M. On the stability
of [(uracil)2-Cu]2+ complexes in the gas phase. Different pathways
for the formation of [(uracil-H)(uracil)-Cu]+ monocations. Org.
Biomol. Chem. 2013, 11, 3862−3870.
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