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Two organometallic complexes, catechol-antimony and pyrogallo-antimony were theoretically
studied by means of density functional theory (DFT) calculations. The concept of detection limit
in electroanalysis was put in evidence by quantum chemical calculations onto antimony trace
analysis in aqueous solution by using pyrogallol (1, 2, 3-trihydroxybenzene) and catechol (1,2-
dihydroxybenzene) as ligands. Based on two previously published works, the study was carried
out experimentally by polarography technique where the working electrode was a dropping
mercury electrode. The DFT study, carried out at the 6-31G" and 3-21G" basis sets combined to
LSDA/B3LYP method, showed the existence of a very strong relationship between the total
energy of antimony complexes and the detection limit; thus the more stable complex has the
better detection limit value. Based on the Fukui indices, the calculated parameters such as local
nucleophilicity indices and HOMO-1 electronic density of the ligands showed a high interaction
of antimony(l1l) with pyrogallol than that with catechol. This finding was in good agreement

with the experimental results.
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Antimony is of a significant environmental concern
because of its high toxicity depending on the chemical
species and oxidation state. Antimony exists mainly in
the pentavalent Sb(V) and trivalent Sh(lll) oxidation
states in most natural systems. Sb(l11) compounds are
more toxic than Sb(V) compounds by a factor of 10.
The contamination caused by this kind of pollutant
comes from water or fruit juices bottled commercially
in plastics because antimony trioxide which is used in
the polymer industry as a polycondensation catalyst
for polyethylene terephthalate production [1]. Two
reviews dealing with the properties and the
environmental chemistry of antimony were published
by Filella et al. [2, 3]. The use of electrochemical
techniques is of considerable importance in analytical
techniques due to their high degree of sensitivity,
accuracy, precision, and selectivity as well as large
linear dynamic range, with relatively low-cost
instrumentation [4-6]. Its various applications cover
many fields going from environment, metal industry,
pharmaceutical, and clinical to food and industrial
samples. Among the electrochemical methods used for
the determination of trace element species, the
adsorptive  stripping  voltammetry (AdSV) is
considered as a powerful technique because of its wide
linear dynamic range and low detection limit which is
achieved as the result of performing the
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preconcentration steps directly into the voltammetric
cell [7]. The AdSV method is capable to analyze
metallic ions with concentration up to ppb level [8-
10]. Thus, adsorptive stripping analysis becomes a
widely accepted tool to determine trace amounts like
antimony ions [11, 12]. In this method, metal ions with
adequate surface-active ligands are converted into
stable complexes. Prior to the voltammetric scan, the
formed complexes are adsorbed onto the working
electrode by means of a non-electrolytic process [13,
14]. The AdSV method is relatively inexpensive,
small in size, requires low levels of electrical power,
and is sufficiently portable to permit its use in the field
[15]. It also has a convenient possibility to analyze
various samples without the need of a prior separation.
Adsorptive preconcentration of Sb(lll) can be
achieved using different organic ligands such as
catechol and pyrogallol, allowing antimony
determination with the best limit of detection (1.3 x
10° M for catechol and 1.03 x 10-1° M for pyrogallol)
[16, 17]. In principle, when a ligand is bound to a
metal ion, a metal-ligand complex is formed, resulting
in a great change in the global energy between the
ligand and complex.

The catechol molecule got attention and was
also studied theoretically. Many of the researches
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were focused on finding the kinetics and mechanism
of catechol decomposition, oxidation, and implication
in various domains such as in biology when dealing
with enzymes and its oxidative activity [18-21]. For
instance, Mohammednoor et al. probed the reaction
pathways for the unimolecular decomposition of
catechol and its kinetics [22]. Zhang et al. employed
B3LYP DFT method in conjunction with 6-31G(d,p)
basis set to reveal the substituent effects on O-H bond
dissociation enthalpies and ionization potentials of
catechol derivatives. They proved that 1,4-pyrone was
unlikely to be favorable to enhance the H-abstraction
activity of flavonoids [23]. Moreover, other
theoretical studies dealt with geometrical and
electronic properties of catechol. Vedernikova et al.
did a DFT investigation, using different basis sets, on
catechol and its conformers. Basically, they calculated
the geometry, electronic structure, and local charge
fluctuations in catechol. They paid more attention to
the effect of the hyperconjugation and used hardness
indices to describe the interrelationship between
internal hydrogen bonding and stabilization of neutral
or charged radicals. They found the effect of
hyperconjugation on the strong delocalization of the
responsible ¢ orbital and the strong localization of the

related 7 orbital [24]. Walther et al. studied the
molecular structure of catechol by microwave
spectroscopy combined with ab initio geometry
refinements of two different basis sets, 4-21G, and 4-
21G*. They showed that the experimental rotational
constants of catechol can be reproduced by a geometry
in which the C-O bond lengths are 1.409 and 1.395 A
[25]. More papers on chelated geometry of catechol
could be found in the literature such as the chelation
on TiO [26]. On the other hand, pyrogallol got too
much attention too in various theoretical studies.
Vedernikova et al. used the Kohn-Sham LCGTO-
DFT program deMon-KS to investigate the
conformational behavior of pyrogallol. They found
three characteristic structures on the potential energy
surface of the compound: the Anti form, in which the
hydrogen points away from the hydroxyl groups, and
the two Syn forms (the hydrogen points towards the
hydroxyl groups). They performed a DFT-based
theoretical analysis of hyperconjugation and orbital
delocalization effects using hardness indices in order
to study the subtle mutual influence of
hyperconjugation and hydrogen bonding in pyrogallol
compounds [27]. Riahi et al. calculated the oxidation
potentials of pyrogallol and some of its derivatives in
aqueous solutions using ab initio molecular orbital
calculations, and density functional theory (DFT). In
order to describe the solvent effect, they applied
polarizable continuum model. The obtained
experimental results with the aid of an electrochemical
technique (cyclic voltammetry) were found to be in
good agreement with the theoretical oxidation
potential values of the studied pyrogallol and its
derivatives [28]. Ji et al. studied and calculated four
homolytic O—H bond dissociation enthalpy (BDE) of
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pyrogallol by means of a coupled-cluster method with
single and double excitations (CCSD) at the 6-31+G*
level. While one of these calculations supported the
experimental value determined by time-resolved
photoacoustic calorimetry, the three remaining BDE
were reported for the first time and would provide
deeper insights into the H-atom donation behavior of
pyrogallol [29]. Add to this, the highest hydroxyl
radical scavenging efficiency and pyrogallol
autoxidation inhibition efficiency have been found,
both experimentally and theoretically, to be important
in developing antioxidants with high efficiency that
are fundamental for the protection of living cells and
engineering materials against oxidative damage [30-
33].

In the present study we used the DFT method
to provide a relevant insight into molecular electronic
properties of organometallic complexes, their
formation, and stability. To the best of our knowledge,
there is a lack of theoretical data about the metal trace
in terms of detection limit relationship to complex
formation energy and there is no scientific report on
the DFT study of this feature dealing with
polarography technique. The concept of the detection
limit has been defined as an analyte concentration that
yields a signal in the measurement instrument (y)
which is significantly different from that obtained for
the blank [34, 35]. Hence, based on the experimental
results [16, 17], our study was subdivided as follows.
Firstly, we have analyzed whether the experimental
results were obtained under the same conditions in the
AdSV technique. Among the parameters widely
controlled in this technique, we can cite potential and
time of adsorption. Secondly, we have conducted a
DFT calculus of ligands, metal, and formed
complexes. At the end, the LOD values given by the
AdSV technique for each metal would be correlated
with the results of the DFT study. A research
methodology flowchart is given to clarify the steps
that were followed in this study (Scheme 1). The
novelty of this theoretical study was to shed light on
DFT calculations of two antimony complexes and
their relationship in terms of energy of stability with
the limit of detection for each complex. Therefore, the
DFT method aimed to explore the geometrical,
electronic structure, and thermodynamic parameters
of catechol, pyrogallol, and their corresponding
complexes. In addition, several molecular descriptors
were calculated with the aim to explore some of their
electronic properties and to point out the most
probable reactive sites for electrophilic attack, in
particular for metal coordination. For this reason,
some quantum parameters like the energies of the
frontier molecular orbitals, the band gap,
electronegativity, chemical potential, global hardness,
and global softness, that are very useful tools to
understand the relationship between the best detection
limit and complex formation stability energy, were
investigated.
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Scheme 1. Flowchart of the study

COMPUTATIONAL METHODS
Computational Details

The calculations were carried out using the Density
Functional Theory (DFT) with the LSDA method [36]
and 6-31G(d) basis set, implemented in Gaussian 09
program package [37]. The geometry optimizations
and frequency calculations at this level of theory were
performed for all the stationary points. The finite
difference approximation (FDA) was used to calculate
the Fukui indices. We note that the geometry of the
neutral system was kept for both cationic and anionic
systems in the calculations of local indices. The
electronic population calculations were carried out
using both MK (Merz-Singh-Kollman) and NPA
(natural population analysis) [38].

In density functional theory (DFT), the local
spin density approximation (LSDA) is the most used
approximation for the exchange-correlation energy
Ex.[n(r)] [39]:

Exe[n(r)] = ExcLspaln(1)] = | & (n1(®),n}(0)n(r)d (1)

Where, exc means the exchange-correlation energy per
electron of the spin-polarized homogeneous electron
gas which is a model system frequently used in
electronic structure theory. The
quantities n" and n' denote spin-up and spin-down
densities. They are obtained by rotating the spin
quantization axis at each point in space in the direction
that yields a diagonal spin density matrix. Ex. depends
upon electron density (p) at each point in space, i.e.,
local value of p. The LSDA method allows electrons
with opposite spins to have different spatial Kohn-
Sham orbitals.

Global Reactivity Indices

The electronegativity [40] (») and hardness (7) of a
substance [41] have been provided with rigorous

definitions within the purview of conceptual density
functional theory (DFT) [42]. Electronegativity is
defined as the negative of chemical potential and for
an N-electron system with total energy E and external
potential v(r) [43]. This term is calculated by the
following equation [44]:

oE
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u is the Lagrange multiplier associated with the
normalization constraint of DFT [45]. Hardness () is
given by the following relationship [46]:

2
" =(GEJ {aﬂ) @3)
N )y Lon g

By using the finite difference method, y and n can be
also calculated as [47]:

o1y ®

n=I1-A (5)

Where A and | are the electron affinity and ionization
potential, respectively. If enomo and eLumo are the
energies of the highest occupied and lowest
unoccupied molecular orbitals, respectively, then the
above equations can be rewritten, using Koopmans’
theorem as [48]:

y=- € 1omo ;‘ € Lumo (6)
M = € umo - € Homo (7)

The electrophilicity index is given by [49]:
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The electrophilic power of a system can be
quantified by this equation. Basically, we cannot
define the nucleophilicity index by variational
procedure, due to the non-stabilization of molecular
electronic structure along the subtraction of electron-
density of a given molecule. In the case when a
nucleophilic descriptor is absent in simple molecules,
Domingo et al. [36] proposed that the lesser
electrophilic is a molecule, the more nucleophilic it is.
For complex molecules with several functional groups
as the captodative ethylenes (CD), good nucleophiles
and good electrophiles could be concurrently
presented in the same molecule [50]. Recently,
Domingo’s group has proved that the nucleophilic
character of a molecule can be related with the
feasibility to remove electron-density. This simplest
approach to nucleophilicity can be written as a
function of negative value of the gas phase (intrinsic)
ionization potentials (IPs) calculated within the
framework of molecular orbital theory, namely,

S 9)

from which high (low) nucleophilicities become
naturally associated to low (high) ionization
potentials. Within this context, the intrinsic
nucleophilicity (i.e., associated to the negative of the
gas-phase IPs) is thereafter corrected by differential
solvation energies of species [51]. The nucleophilicity
(N) index can be defined as [52]:

N = Eromo(Nu) ~ €Homo(rce)  (10)

Where & om0y @A Enomo(rer) are referred to the

highest occupied molecular orbital (HOMO) energies
obtained within the Kohn-Sham scheme for a
molecule and tetracyanoethylene (TCE), respectively.
Note that the TCE molecule is taken as a reference
because it presents the lowest HOMO energy in a large
series of molecules already investigated in the context
of polar DA cycloadditions [53]. The feasibility of
such N index describing the nucleophilic behavior of
an organic molecule has been previously tested in the
context of the analysis of the nucleophilic nature of
captodative ethylenes (CD ethylenes) [50].

Local Reactivity Indices

Catechol
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The reactivity/selectivity of a specific site in a molecule
was quantified by the local quantities such as the
Fukui function f(r). The Fukui function at a constant
external potential, v(r) is given by:

_| op(r) | ou
o[22 ], o

Where p(r) represents the electronic density of a
system and N the number of electrons [54]. Several
different methods have been proposed to approximate
the derivative. The condensed form of the Fukui
function introduced by Yang and Mortier [55] consists
to assign one value fi on each atom k of the molecule.
They further used the finite difference approximation
(FDA) yielding to the following definitions:

for Nucleophilic attack

o =l (N+1)— p, (N)] (122)
for Electrophilic attack
f =[P (N)=p (N -1)] (12b)

where (N), p,(N-1) and p, (N+1) are the gross

electronic populations of the site k in neutral, cationic,
and anionic systems, respectively.

The Mulliken, natural, electrostatic population
analysis can be used to calculate charges on each
molecule. The two above equations (12a, b) have been
applied to a variety of systems looking for reactivity
trends [56, 57]. However, the main concern in using
FDA approximation is that its accuracy depends on the
type of population analysis used and that is critical for
anionic systems. The molecular structures used in this
study are shown in Figure 1. These substances can be
used as ligands in the formation of complexes. The
tendency to form a complex in this case was explained
by the presence of high electronic density on the
neighbouring oxygen atoms in each molecule. This
heteroatom had an important effect on the adsorption
phenomenon on the metal surface, in addition to their
large molecular surface that induced a widespread
covering of the surface of the metal. The goal of this
study was to give a deeper insight of the ligand effect
on the detection limit and its relationship to the
stability of the studied compounds (Fig.1) by means of
DFT-based reactivity indices.

9

Pyrogallol

Figure 1. Molecular structures of catechol and pyrogallol.
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Figure 2. Atoms labelling for catechol (A) and pyrogallol (B).

RESULTS AND DISCUSSION

The structures of molecules can affect the adsorption
by influencing the electron density of the functional
groups. In order to rationalize the local reactivity, we
have calculated the Fukui indices, fcusing the labelling
shown in Figure 2. The results are given in Tables 2
and 3. The Fukui indices, fic corresponding to
electrophilic attack were calculated using natural
population analyses (NPA) to have a clear idea about
the most reactive sites of the studied compounds.

The analysis of the local nucleophilicity
indices given in Table 3 showed that oxygen atoms
011 and 013 and carbon atom C2 for catechol were
characterized by the highest values of the local
nucleophilicity indices. Although C2 had a higher N,
it was very far from a complex formation with the
antimony atom. For pyrogallol, oxygen atom 010 had
the highest Nk value. 012 and O14 were characterized
with lower Nk values with respect to C2 and C5. It was
obvious that the latter could not go through
complexation. 012 and 014 atoms had different
values of the local nucleophilicity indices which were
not realistic since the molecule was symmetrical, so
012 and 014 had to get similar Nk values.

As a result, the oxygen atoms of the two
studied molecules were the most reactive centers,
which involved a greater ability to bind to the metal
surface. Consequently, the analysis based on the static
DFT-based indices correctly predicted the
regioselectivity of these complexes and was then in
good accordance with experiment. On the other hand,
the distribution of electron density of frontier
molecular orbitals is of importance when dealing with
such reactions. The HOMO provides a good proof and
evidence on the reactivity of this region (Fig. 3).
Density is important in the area containing the oxygen
atoms. Its visualization showed a large distribution on
the oxygen atoms and the neighbouring regions.
Therefore, we could conclude that this area was the
region of reactive centers that transfer electrons from
oxygen atoms to the antimony surface. HOMO and
LUMO energies, from Table 1, had been examined in
order to find the tendency of each ligand to donate

electrons (to empty molecular orbitals with low energy
of convenient molecules), or to accept electrons,
respectively. The resulting band gap AE (Enomo -
ELumo) could be used to provide useful information on
the chemical reactivity and kinetic stability of each
ligand [58, 59]. The band gap calculated for the
HOMO and LUMO energies (Table 1) of pyrogallol
was higher than that of catechol. Thus, according to
the obtained values of AE, catechol presented the
lowest reactivity. From an experimental point of view,
the possible way of enhancing the adsorptive process
and the sensitivity of the method is to use adequate
substituents. This can change the stability of the
complex, the net charge, and even the solubility of the
ligand and complex as well. In our study, pyrogallol
was more soluble in water than catechol due to the
presence of three oxygen atoms and this was more
useful  for analytical purposes [60]. The
electronegativity, y has been proven to be a useful
quantity in chemical reactivity theory. When two
systems, in this case antimony and the two organic
molecules, are joined, electrons will flow from the
lower y value to the higher y value (Sb) until the
equalization of chemical potentials. As shown in
Table 1, catechol has a slightly larger  value of 0.099
a.u. with respect to pyrogallol that has only 0.090 a.u.

Another  important  parameter is the
electrophilicity index, » which indicates the tendency
of the molecule to accept electron (s). We have to
notice here that the two studied molecules showed the
electrophilicity values of 0.62 eV for catechol and
0.51 eV for pyrogallol. Thus, the unoccupied d-
orbitals of the Sb atom could accept electrons from
these molecules to form coordinate bonds. The studied
molecules could accept electrons from the Sb atom
with its anti-bonding orbitals to form back-donating
bonds. These donation and back-donation processes
strengthen the adsorption of the two ligands onto the
metal surface, which is similar to previously drawn
conclusions in the literature. The nucleophilicity
values showed that pyrogallol was more reactive than
catechol, which means high tendency of pyrogallol to
bind with antimony surface and hence very strong
metal-organic interaction.
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Table 1. HOMO and LUMO energies, global reactivity indices W, 1, ®, and N, at B3LYP/6-31G* level of theory.

Substrate HOMO LUMO M n o N (eV) Gap
(a.u.) (au.) (a.u.) (a.u.) (eV) (au.)

Catechol -0.206 0.008 -0.099 0.214 0.62 3.50 0.214
Pyrogallol -0.200 0.019 -0.090 0.219 0.51 3.67 0.219

Table 2. Fukui (f-) and DFT-based (Ny) indices of the selected atoms for catechol using NPA population analyses
at B3LYP/6-31G™ level of theory.

Atom k f* f- N\
C1 0.051 0.096 0.338
C2 0.048 0.155 0.541
C3 0.204 -0.001 -0.005
C4 0.067 0.107 0.376
C5 0.050 0.107 0.374
C6 0.203 0.025 0.088
011 0.043 0.146 0.513
013 0.036 0.094 0.329

Moreover, the Fukui (f°) indices also showed that the molecules could be very reactive at O1 and O12
oxygen sites for pyrogallol and O1; and O13 oxygen sites for catechol. This reactivity was also related to the high
nucleophilic character at these sites. The comparative study of the relative stabilities of the formed complexes. i.e.,
catechol and pyrogallol complexes (shown in Fig. 4), provided a clear idea about the relationship that could be
established between the detection limit and the complex stability.

Catechol Pyrogallol
d Y %
HOMO .g‘
9
¥y* 3 4‘
HOMO-1 'v
LUMO

‘DD

9

<
Figure 3. Calculated HOMO, HOMO-1, LUMO, and LUMO+1 molecular orbitals of the studied molecules at
the LSDA/6-31G level of theory
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Table 3. Fukui (f-) and DFT-based (Nx) indices of the selected atoms for the pyrogallol using NPA population
analyses at B3LYP/6-31G* level of theory.

Atom k fr f- Nk
C1 0.048 0.043 0.159
C2 0.222 0.147 0.541
C3 0.081 0.007 0.026
C4 0.026 0.068 0.252
C5 0.179 0.135 0.497
C6 0.049 0.042 0.157

010 0.055 0.154 0.568
012 0.036 0.091 0.337
014 0.031 0.054 0.199

E =-7039.323 a.u
Catechol complex

E =-7188.201 a.u
Pyrogallol complex

Figure 4. Molecular structures of the studied complexes at the LSDA/3-21G* level of theory.

The quantum chemical calculations using
thermodynamical parameters such as Gibbs free
energy have shown good correlations between the
theoretical and experimental results. In a manner to
confirm this tendency, a deep energetic comparison of
the two molecules revealed that the antimony
complexes were more stable energetically and
thermodynamically with respect to their linked
molecules (Table 4). From the energy values
presented in Figure 4 above, we can see that the
pyrogallol complex was more stable than the catechol
complex with detection limits of 1.03 x 10 M and
1.3 x 10° M, respectively. Fundamentally, the
stability of a metal complex can be explained with the
help of thermodynamic stability. In other words, the
thermodynamic stability of a metal complex is the
measure of tendency of a metal ion to selectively form
a specific metal complex and is directly related to the

metal-ligand bond energy. So, the bond energy in the
pyrogallol complex is greater than in the catechol
complex. The stable complex has a high formation
constant, which means that the metal is more
dissimulated in the metal complex structure. In fact, a
complex is any species involving coordination of
ligands to a metal center. The metal center can be an
atom or anion, and the complex can be a cation, an
anion, or a neutral molecule. A common feature
shared by the ligands in coordination complexes is the
ability to donate electron pairs to central metal atoms
or ions. Ligands are Lewis bases. In accepting electron
pairs, central metal atoms or ions act as Lewis acids.
Low energy of stability for the pyrogallol complex
indicated that antimony ion has a greater affinity for
pyrogallol (a stronger Lewis base) than catechol. So,
we can say that the more stable is the complex, the
better is its detection limit in AdSV technique.

Table 4. Values of energy, enthalpy, free energy, and entropy calculated in the gas phase at LSDA/3-21G* level

of theory
E (a.u.) H (a.u.) G (a.u.) S (cal.Kt.mol?)
Sh3* -6284.219 -6284.216 -6284.236 41.661
Catechol -378.547 -378.432 -378.470 79.408
Pyrogallol -452.988 -452.869 -452.909 85.472
Catechol complex -7039.323 -7039.136 -7039.192 118.403
Pyrogallol complex -7188.201 -7188.005 -7188.067 130.181
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CONCLUSIONS

In this paper, we have used the LSDA/B3LYP
theoretical method in conjunction with 6-31G™ and 3-
21G* basis sets to investigate the complexation of two
organic substances, pyrogallol and catechol, by
antimony Sh(I11). The study was conducted in order to
probe the structural and electronic properties, on one
hand to elucidate the reactivity and selectivity of the
molecule centers, and on the other hand to find a
relationship between the detection limit and the
energetic stability of the formed complexes. We have
found that the selective centers were only the
neighbouring oxygens atoms (when bonding with
antimony). The calculated energies showed that the
complex formed with pyrogallol was more stable
energetically and thermodynamically than the
catechol complex which was in the same trend of their
corresponding detection limits. Based on DFT
calculations and the experimental results, the study
has proved the possible existing link between the
stability energy of the formed complexes and the
detection limit. The study can give to the scientific
researches a quantum novel way for the prediction of
such phenomena and can be considered as a

complementary tool to better understand the
experimental results.
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