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ABSTRACT

In view of the importance of quercetin and its derivatives in trace metal analyses, two organometallic complexes formed between
quercetin (Q) and quercetin-5-sulfonic acid (QSA) with antimony metal, were theoretically studied via density functional theory
(DFT) calculations. In this study, the concept of detection limitin electroanalysis was correlated to quantum chemical calculations
for antimony trace analysis in aqueous solution by using Q and QSA as ligands. Based on two previous reports, the study
was carried out experimentally using polarography where the working electrode was a dropping mercury electrode. The DFT
calculations were performed with B3LYP and LSDA functionals as implemented in Gaussian 09 program and by employing the
6-31G(d) and 3-21G(d) basis sets, respectively. The results show a very strong relationship between the total energy of antimony
complexes and the detection limit; thus, the more stable complex has a better detection limit value. Based on the Fukui functions,
the calculated parameters such as local nucleophilicity indices and HOMO-1 electronic density of the ligands show a high
interaction of antimony ion (III) with quercetin-5-sulfonic acid than that with quercetin. This finding was in good accord with

the experimental results.

KEYWORDS

Antimony complexes, quercetin derivatives, detection limit, Fukui indices, DFT calculations.

1. Introduction

Antimony (Sb) is a silvery white metal that is used in alloys for
pewter, sheet metal, ammunition, solder, bearings, castings and
lead batteries. It is further employed for medications, flame-
proofing fabrics, pigments, and abrasives.! Sb is minor metal and
is also used in pharmaceuticals. It is generally present in the
environment in very low amounts.? Exposure to antimony
concentrations of 9 mg m=3 of air will result in skin, lung and
eye irritation, in addition to that long-term exposure to Sb in
smelting plants may result in the formation of antimoniosis, a
particular form of pneumoconiosis. > The contamination by
this kind of pollutant came from water or fruit juices bottled
commercially in plastics because antimony trioxide was used in
the polymer industry as a polycondensation catalyst for poly-
ethylene terephthalate production.* In natural systems, Sb exists
principally in the trivalent Sb(IIl) and pentavalent Sb(V) oxida-
tion states. Elemental antimony is more toxic than its salts,
whereas Sb(III) compounds are more toxic than those of Sb(V) by
a factor of 10.% Electroanalytical techniques typically allow the
development of rapid and inexpensive methods to determine
analytes in a highly sensitive, accuracy, a selective manner and
a wide linear dynamic range.® This could be the case when
dealing with several analytical issues such as; environment,
food, biomedical research, drug discovery, process industries,
chemical research, biomedical, security and defense, and partic-
ularly relevant nowadays in clinical diagnosis.’ The adsorptive
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stripping voltammetric (AdSV) method is capable to analyse
metallicions with concentration up to ppb level.!%! Thus, AASV
analysis is becoming a widely accepted tool to determine trace
amounts, like antimony ions.'?

Quercetin (Q) is a flavonoid with biological properties, such as
antitumor activity, antibacterial, and antioxidant. This molecule
is classified as a polyphenol with five hydroxyl groups and a
carbonyl.!3 The introduction of a sulfonic group to the quercetin
increases the ligand’s acidity and inhibits the metal ions from
hydrolysis.'* When a ligand coordinates with a metal ion, a big
change takes place in the global energy between the ligand and
the metal complex. In the framework of the density functional
theory (DFT) method, the values of the energy band gap, the
frontier molecular orbitals, chemical potential, electronegativity,
global hardness and global softness are important tools to
understand the reason for low detection limit in electroanalysis.
The limit of detection (LOD) is an important performance
parameter that is applied both for characterizing the analytical
method as well as interpreting the analysis results.’> LOD is
defined as the very small concentration or amount of analyte in
the test sample that can be reliably distinguished from zero.!®

This study includes the DFT calculations of the antimony reac-
tion with two Q derivative ligands, with the aim to elucidate the
importance of the relationship between the complex stability
and the detection limit in electroanalysis. This can provide a
novel way for the prediction of such reactions and can be consid-
ered as a complementary work to the experimental results. As a
comparative study between our recent publication on antimony
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complex with quercetin-5-sulfonic acid (QSA) realized in the
same conditions of another study on antimony-quercetin com-
plex, a detection limit of 3.6 ng L-! was measured to be better
than when quercetin was used as ligand (76 ng L1).1718

2. Experimental

2.1. Computational Details

The calculations were carried out using DFT with the Local
Spin Density Approximation(LSDA) method! and 6-31G(d)
basis set, implemented in Gaussian 09 program.?’ In DFT, the
LSDA is the most used approximation for the exchange-corre-
lation energy E,. [n(r)].%!

E In()] = E_ o\ [n@] = &, (n 1 @)n | ()n()d’s (1)

where, ¢ is 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 quan-
titiesn? 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. E _ depends upon electron density (p) at each point in
space (i.e local value of p).

Itis worthy to mention that the LSDA method allows electrons
with opposite spins to have different spatial Kohn-Sham
orbitals.

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. The calculations of electronic populations were
carried out using both MK (Merz-Singh-Kollman) and NPA
(natural population analysis).??

2.2. Global Reactivity Indices

The electronegativity () and hardness () of a substance?*
have been given with rigorous definitions within the purview of
conceptual DFT.? Electronegativity is defined as the negative of
chemical potential. The latter is defined as the first derivative of
the Kohn-Sham energy (E), with respect to the change of the
number of electrons (N) at constant external potential ¥(r) due to
the nuclei.?®

- _[%E
X=-u= (aNlm )

where u is the Lagrange multiplier associated with the normal-
ization constraint of DFT

Hardness () is defined as the corresponding second deriva-
tive:?8

o’E [8/1 )
n=|l——=%| =|== 3)
(aNzlm N ),

By using a finite difference method, the two terms y and # can
be also calculated as follows?:

_I+A
2 @

n=1-A 5)

where A and I are the electron affinity and ionization potential,
respectively. Within the Koopmans’ theorem, if &, and &, ;0
are the energies of the highest occupied molecular orbitals
(HOMO) and lowest unoccupied molecular orbitals (LUMO),
respectively, then the earlier equations can be rewritten® as:

&€ + &
x=- HOMO LUMO (6)
2
7= €m0 ~ EHomo (7)

Another global reactivity descriptor to be cited is the global
electrophilicity index (@), which can be given by:

=i ®

21

The electrophilicity is a descriptor of reactivity that allows a
quantitative classification of the global electrophilic nature of a
molecule within a relative scale. Domingo et al.3? proposed that
when a molecule is lesser electrophilic, it is more nucleophilic.
For complex molecules with several functional groups as the
captodative ethylenes (CD), good nucleophiles and good
electrophiles could be concurrently present in the same mole-
cule.?® Recently, Domingo’s group has shown that the nucleo-
philic character of a molecule can be related with the feasibility
to delete electron-density. This simplest approach to nucleo-
philicity can be written as a function of the negative value of the
gas phase (intrinsic) ionization potentials (IPs) calculated within
the framework of molecular orbital theory, namely;

N = -IP )

From which high (low) nucleophilicities become naturally
associated to low (high) ionization potentials. Within this con-
text, the intrinsic nucleophilicity (i.e. associated to the negative
of the gas-phase IPs) is thereafter corrected by differential solva-
tion energies of species.? The nucleophilicity (N) index can be
defined as the difference between the HOMO energies obtained
within the Kohn-Sham scheme for a molecule (000 and
that for tetracyanoethylene (TCE) (egonmorcr)->

N=¢ € (10)

HOMO(Nu) — “HOMO(TCE)

Note that 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 Diels-Alder (DA)
cycloadditions.3

2.3. Local Reactivity Indices

DEFT s a powerful tool for the study of reactivity and selectivity
in a molecule. The most important local reactivity parameter is
the Fukui function. The reactivity/selectivity of a specific sitein a
molecule was quantified by the local quantities, such as Fukui
functions f(r). The Fukui function is defined as the first deriva-
tive of the electronic density p(r) of a system with respect to the
number of electrons N at a constant external potential »(r). The
function f(r) can be expressed as:¥

) = [PD) o[
N )y L) )y

The Fukui function provides information about a highly
electrophilic/nucleophilic centre in a molecule. Several methods
have been proposed to approximate the derivative. Among the
convenient methods of calculating the Fukui functions (FF) at
atomic resolution is the condensed Fukui functions introduced
by Yang and Mortier.3® This method is based on the finite differ-
ence approximation (FDA) and consists of assigning one value f;
on each atom k of the molecule. Due to the discontinuity of the
electron density with respect to N for a given system, the FDA
approximation leads to:%

(11)
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for nucleophilic attack £ = [p (N + 1) - p,(N)] (12a)

for electrophilic attack f = [p,(N) - p, (N - 1)] (12b)
where p,(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 charges on each molecule can be calculated by Mulliken,
natural and electrostatic population analysis. The two equations
above (12a and 12b) have been applied to a variety of systems
looking for reactivity trends.**4! However, the main concern in
using FDA approximation is that their accuracy depends on the
type of population analysis used, which is critical for the anionic
systems.

Figure 1S (see supplementary information) shows the molecu-
lar structures used in this study. These two molecules can be
ligands in the formation of a complex. The presence of high
electronic density on the neighbouring oxygen atoms in each
molecule could be the reason of the formation of a complex in
this case. This heteroatom has an important effect on the adsorp-
tion phenomenon on the metal surface in addition to their large
molecularsurface thatinduces a widespread covering of the sur-
face of the metal. The aim of the present study is to shed more
light on the ligand effect on the detection limit and its direct link
to the stability of the studied compounds (Fig. 15) by means of
DFT-based reactivity indices.

3. Results and Discussion

In order to rationalize the local reactivity, we have calculated
the Fukui indices f,~ using the labelling shown in Fig. 1. The
results are shown in Tables 1 and 2.

The analysis of the local nucleophilicity indices given in Table 1
shows that the four oxygen atoms 024, 026, 027, and O32
(0.30107, 0.18990, 0.21467, and 0.24432) for the quercetin are
characterized by the highest values of this index. 024 and O32
have the highest values and are also very close to each other to
get complexed with the antimony, but it cannot be done as
proved experimentally. This can be explained by the steric
hindrance enhanced by the neighbouring cycles and atoms.
Even though the C10 and C18 atoms have higher N, values, they
are very far from a complex formation with the antimony atom.
For the quercetin sulfonic acid molecule, in Table 2, the oxygen
atom O23 has the highest N, value (0.32217). O27 and O29 are
characterized by lower Ny values (0.15087 and 0.21074 respec-
tively). 019, 021, and O30 atoms have much lower values of the
local nucleophilicity indices N,. In this case, only O25 and O30
enter into complexation. Again, even though these two atoms
have lower N, values, they are more capable to form the
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Figure 1 Atoms labelling for Q (a) and QSA (b).

Table 1 Fukui (f) and DFT-based (N,) indices of the selected atoms for
the Q using NPA population analysis at BALYP/6-31G(d) level of theory.

Atom k £* f- N,
C1 0.01729 0.02502 0.09698
C2 0.06437 0.02340 0.09071
C3 —0.02362 0.00409 0.01585
C4 0.00832 -0.01422 —-0.05512
C5 0.03083 0.04769 0.18486
C6 0.05377 0.02434 0.09435
C9 0.09523 0.04411 0.17098
C10 0.00136 0.09735 0.37736
Cl1 -0.00478 0.03340 0.12947
Cl12 0.03581 0.06719 0.26045
C13 0.04787 0.00871 0.03376
Cl14 0.01391 0.00602 0.02334
Cl6 0.00873 0.03514 0.13621
C18 0.07038 0.07909 0.30658
020 0.02855 0.02844 0.11024
022 0.01760 0.02356 0.09133
024 0.02787 0.07767 0.30107
026 0.01860 0.04899 0.18990
028 0.02537 0.05538 0.21467
030 0.03122 0.02551 0.09888
C31 0.12703 -0.00478 —-0.01853
032 0.10587 0.06303 0.44320

quercetin sulfonic acid complex, because the steric hindrance
is unnoticeable around them with respect to the other oxygen
atoms.

The Fukui indices, f, -, corresponding to electrophilic attack are
also calculated (see Tables 1 and 2) using natural population
analysis (NPA) in order to have a clear view of the most reactive
sites of the studied compounds. It turns out that these indices go
hand in hand with the N, calculated ones for both studied
ligands Q and QSA.

As aresult, the oxygen atoms of the two studied molecules are
the most reactive centres andhas a greater ability to bind to the
metal surface. Consequently, the analysis based on the static
DFT-based indices correctly predicts the regioselectivity of
these complexes and it is in good accordance with experimental
results.

On the other hand, the distribution of electron density of
frontier molecular orbitals is crucial when dealing with such
reactions. As it can be seen from Fig. 2S (see supplementary
information), the HOMO provides evidence of this region reac-
tivity. The density is important in the area containing the
oxygens. Its visualization shows a large distribution on the two

24
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Table 2 Fukui (f) and DFT-based (N,) indices of the selected atoms for
the QSA using NPA population analysis at B3LYP/6-31G(d) level of
theory.

Atom k £* - N,
C1 0.01891 0.03453 0.11667
C2 0.04382 0.03148 0.10637
C3 -0.01763 0.00548 0.01852
C4 0.00418 -0.01850 -0.06251
C5 0.01995 0.08175 0.27622
Co6 0.03904 0.01981 0.06694
c9 0.05237 0.08075 0.27284
C10 0.02248 0.08762 0.29606
C11 0.03951 -0.00840 —0.02838
C12 0.03210 0.00247 0.00835
C13 0.03106 0.04506 0.15225
C14 0.02470 0.03518 0.11887
C16 0.03826 0.01236 0.04176
C17 0.07287 0.03741 0.12640
019 0.02298 0.03328 0.11245
021 0.01319 0.03515 0.11877
023 0.02340 0.09535 0.32217
025 0.02204 0.01825 0.06166
027 0.02071 0.04465 0.15087
C28 0.08932 -0.00781 -0.02639
029 0.08734 0.06237 0.21074
030 0.01827 0.03698 0.12495
032 0.01364 0.00903 0.03051
O34 0.03255 0.02405 0.08126
035 0.03737 0.02776 0.09380
S36 0.01883 -0.00310 -0.01047

oxygen atoms responsible of the complexation and the neigh-
bouring region. However, the corresponding LUMO visualiza-
tions are characterized with a very small density for the two
ligands. Therefore, we can conclude that this area is the region of
reactive centres that transfers electrons from oxygen atoms to
the antimony surface.

One of the most important parameters is the electrophilicity
index, w, which indicates the tendency of the molecule to accept
electron(s). As is shown in Table 3, the two studied molecules
present the electrophilicity values of 1.51 eV for Q and a little bit
larger value of 1.92 eV for QSA. Hence, the QSA is classified as
a strong electrophile on the electrophilicity scale.*> Thus, the
unoccupied d-orbitals of the Sb atom can accept electrons from
these molecules to form a coordinate bond. The studied mole-
cule can accept electrons from the Sb atom with its anti-bonding
orbitals to form a back-donating bond. These donation and
back-donation processes strengthen the adsorption of the two
ligands onto the metal surface, which is similar to the previously
drawn conclusion in the literature.#3# The nucleophilicity
values N show that Q is more reactive than QSA, with corres-
ponding values of 3.88 and 3.38 eV, respectively. This means that
Q is classified as a strong nucleophile on the nucleophilicity
scale*® and has a high tendency to bind with antimony surface
and hence is a very strong metal-organic interaction.

The quantum chemical calculations using thermodynamics
parameters, such as Gibbs free energy, have given a good corre-

lation between the theoretical and experimental results. From
the energy values presented in Table 4 and Fig. 3S (see supple-
mentary information), we can see that the QSA complex is more
stable energetically and thermodynamically than the Q com-
plex. In addition, the detection limit is 76 and 3.6 ng L-! for Sb-Q
and Sb-QSA, respectively. So, we can conclude that the more
stable the complex is, the better its detection limit is.4047 As is
indicated in Table 4, the entropy value of the QSA complex is
somehow larger than that of the Q complex. Thus, the former
complex shows a high disorder with respect to the latter, due to
the substituent effect of sulfonic acid. This clearly proves that the
stability of complexes depends on the nature of the central atom
as well as the ligands.*

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

E H G S
/a.u. /a.u. /a.u. /cal. K" mol™
Sb3* -6284.2190 -6284.2167  —6284.2365 41.661
Q -1092.3342  -1092.0898  -1092.1529 132.783
QSA -1710.9936 -1710.7308  -1710.8036 153.118
Q complex -8466.8872 -8466.4400 —-8466.5482 227.749
QSA complex -9704.1777 -9703.6937 -9703.8246 275.492

4. Conclusion

Quercetin derivatives are extensively used as reagents in trace
metal analyses. In this paper, we have presented a DFT study by
means of LSDA/3-21G (d) and B3LYP 6-31G(d) methods which
allowed us to treat the complexation of two organic substances
like quercetin and quercetin-5-sulfonic acid by antimony Sb(III).
The structural and electronic properties of the organic ligands
and their complexes are examined in order to elucidate the
reactivity and selectivity of the molecules centres and to find a
relationship between the detection limit and the energetic stabil-
ity of the formed complexes. Obviously, we have found that the
selective centre is only the neighbouring oxygens (O) (when
bonding with antimony). The calculated energies show that the
complex formed with quercetin-5-sulfonic acid is more stable
energetically and thermodynamically than that with the
quercetin, which is in the same trend of their corresponding
detection limits. As a result, a great accord between the theoreti-
cal calculations and the experimental studies was put in
evidence on the related compounds.

Supplementary Material
Supplementary information is provided in the online supple-
ment.
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Figure 1S Molecular structures of the quercetin and its derivative.
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Figure 2S Calculated HOMO, LUMO, HOMO-1 and LUMO+1 molecular orbitals of the

studied molecules at the HF/3-21G level of theory.



Figure 3S Molecular structures of Sb-Q and Sb-QSA complexes at the LSDA/3-21G(d) level

of theory
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