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Abstract. A theoretical investigation was probed to shed
light on the correlation between low detection limit
(LOD) in AdSV technique and metal trace complexes
stability energy. The study was conducted by means of
DFT calculations of copper traces complexation by using
three different organic molecules as chelating agents,
such as: morin, red pyrogallol and thymolphtalexone.
The quantum chemistry calculations were carried out at
the B3LYP/6-31G(d) level implemented in Gaussian 09
program package. The results of the electrophilicity
index o indicate that all the studied molecules have a
tendency to exchange electron with copper. The negative
values of free energy G and enthalpy H show that the
complexation reactions are spontaneous in nature and
exothermic. According to DFT calculations, copper-red
pyrogallol complex with better detection limit (0.07 ng-mL™)
has the lowest total energy (-5100.213 a.u.). Thus, there
is a very strong relationship between the total energy of
the three complexes and their detection limits in AdSV
technique. Hence, the more stable complex has the better
detection limit value.
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1. Introduction

Copper is a fundamental trace element and
essential to support biological functions of human
organism. It forms part of many copper-dependent
enzymes and proteins joined to copper.’ In human
organism, copper shifts between the cuprous (Cu**) and
cupric (Cu?*) forms even though the most of the body's
copper exists in the second oxidation form.?

Electrochemical methods offer many advantages
compared to spectrometric and chromatographic methods,
since the equipments are less expensive, faster, easier to
be operated and the measurements can be carried out
directly on site.®> Moreover, spectroscopic methods analyze
the total concentration of metal, while electrochemical
techniques allow analysis of metals under different
oxidation numbers. These techniques are founded on
current measurement as a function of voltage.*® The
applications of various voltammetric analytical techniques
cover many fields going from environment, chemical,
medical, pharmaceutical, and food to metal industry.
Among the electroanalytical methods used for the
determination of ultra-trace elements, the adsorptive
stripping voltammetry (AdSV) is considered as a
powerful technique because of its wide linear dynamic
range and low detection limit. The adsorptive stripping
voltammetry can be analyzed at very low concentrations
of organic and inorganic species.®’” The technique is
based upon adsorptive accumulation of the analyte ions
complexed with suitable ligands that are converted into
stable complexes with adequate surface-active ligands to
be adsorbed on the working electrode by means of a non-
electrolytic process prior to the voltammetric scan.®

In literature, there are several reports on the
application of adsorptive stripping voltammetry for the
determination of trace metal, using different organic
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substances as ligand such as chloranilic acid,”*
pyrogallol,*? cupferron,** and calcon.™*

In all literature reviews on electroanalysis, the
concept of low detection limit (LOD) is one of the
important parameters of any analytical method, which
allows the comparison between different analytical
techniques and choosing the most efficient and appropriate
one for particular analytical task.”® It is defined as the
smallest concentration or absolute amount of analyte that
has a signal significantly larger than the signal from a
suitable blank.'®

To the best of our knowledge, there have been
only two works that showed the relationship between the
limit of detection and the energy of stability by
theoretical DFT calculations.”*® In the complex ion
formation, there is a great change in the global energy
between the ligand, metal and the metal complex. DFT
method based on the quantum modeling is an important
tool to understand the reason of best detection limit in
electroanalysis. Therefore, based on experimental results,***
our study is subdivided as follows. First, we have
analyzed whether the experimental results are given
under the same conditions by using 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
complexes. Lastly, the LOD values given by AdSV
technique for each metal are correlated with the results
of DFT study.

DFT

Metal trace Ligand

AdSV

LOD
Scheme 1. Flowchart followed in the study

Thus, a theoretical study has been conducted to
shed some light on the molecular and electronic structure
of three organic molecules (morin, thymolphtalexone
and red pyrogallol) and their corresponding complexes
with copper ion. Our aim is to calculate several
parameters to elucidate the importance of the
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relationship between the energy of stability of the
complex and the detection limit in AdSV technique. A
research methodology flowchart is given to clarify the
steps that are followed in this study (Scheme 1).

2. Theoretical

2.1. Computational Details

Density Functional theoretical calculations at
B3LYP/6-31G(d) level of theory?**® were used to study
the energy stability of some organic molecules and their
complexes with copper ion.”® All calculations were done
by using the Gaussian 09 program package.”’ Density
functional theory (DFT) is a very successful
computational quantum modeling method based on
determining functionals that relate the electronic density
to the energy. It is also used in several fields such as
physics, chemistry and materials science to investigate
the electronic structure of many species, in particular
atoms, molecules, and condensed phases.

The full geometry optimizations followed by
frequency calculations at the same level of theory were
performed for all the stationary points. The Fukui indices
were calculated using the finite difference approximation
(FDA). We note that the cationic and anionic systems,
required in the calculations of local indices, were kept at
the same geometry of the neutral system. The electronic
populations were computed using both MK (Merz-
Singh-Kollman) and NPA (natural population
analysis).?®

2.2. Global Reactivity Indices

Rigorous definitions of popular qualitative
chemical concepts such as electronegativity »*° and
hardness 5°° have been given from the standpoint of
conceptual density functional theory (DFT).***? The
electronegativity y is defined as the negative quantity of
chemical potential .3 The physical expression is:

_ aeﬂEt;; 1)

where N is the number of electrons, E is the total energy
and o(r) is the external potential.

The hardness # is expressed as the first derivative
of chemical potential as: *
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Using electron affinity (A) and ionisation potential
(1), y and y may be calculated as: ***'

x=2(+) 3)

1
'7=§(| -A) 4
According to Koopman’s theorem, the frontier
orbital energies enomo and e umo are related to the
ionization potential I, and the electron affinity A by the

following relations: *
A= —€Lumo ©)
I =-e HOMO (6)
By using the energies of the highest occupied

eromo and lowest unoccupied molecular orbitals & ymo,
the latter equations can be written as: *

X = '%(8 tumo t € wowmo) (7)
1
n = E(SLUMO = € omo ) 8

The electrophilicity index is calculated by the
equation (7):

w=t- )

This ratio is somehow a measure of the electrophilic
power of a given system.

The nucleophilicity (N) of a molecule is defined
as the negative value of the gas phase ionization
potentials IP: **

=-IP (10)

The nucleophilicity descriptor defined by Domingo’s
group by a practical expression is given as: *

N = &nomo(Nu) ~ EHOMO(TCE) (11)
where &nomorregy IS the highest occupied molecular
orbital energy of tetracyanoethylene (TCE) taken as a
reference since it presents the lowest HOMO energy.*?

2.3. Local Reactivity Indices

The reactivity of each site in a molecule toward a
given attack is described by the local quantities. For
instance, Fukui function is defined as: *

f= 0L ¢ on )
& N Hv(r) gov(r,
where p(r) is the electronic density of a system, N is the
number of electrons and o»(r) is a constant external
potential.

(12)
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The condensed form of the Fukui function
introduced by Yang and Mortier™ can be calculated by
the formulae:

For a nucleophilic attack

=l -] (13a)
For an electrophilic attack
fie = [N - py(N -1)] (13b)

Where pk(N), p(N-1) and pc(N+1) are the gross
electronic populations of the site k in neutral, cationic,
and anionic systems, respectively.

The population analysis (Mulliken, natural,
electrostatic, etc.) can be used to calculate the charges.
The latter equations have been applied to a variety of
systems in order to look for reactivity trends.*®*’

3. Results and Discussion

Three molecules under study are of particular
interest since they contain oxygen atoms as source of
high electronic density. The complexation phenomenon
on the metal surface (copper) is closely related to this
heteroatom. The main goal of this research work is to
show the ligands effect on the complexation mechanism
in terms of stability of the formed complexes and find
any possible relationship with the detection limit. In
Fig. 1 the optimized structures of the three studied
ligands are given.

In order to get more insight on the local reactivity,
we have calculated the Fukui indices f,~ using the
labelling shown in Fig. 2.

The obtained results are presented in Tables 1, 2
and 3. The Fukui indexes, f,~, corresponding to
electrophilic attack are calculated using two types of
population analysis: Merz-Singh-Kollman (MK) and
natural population analysis (NPA) in order to put in
evidence the most reactive sites.

As it can be seen, the highest values of the local
nucleophilicity indices (Ni) are attributed to oxygen
atoms of morin, red pyrogallol and thymolphtalexone
molecules at both populations used. For morin, atoms
025 and 032 are the most reactive sites with the
highest Ny values at all. For red pyrogallol, either
atoms O17 and O19 or 021 and 023 can form the
complex since both couples are symmetrical. Indeed,
for this molecule O25 is characterised by the highest
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value of Ny but it is not able to chelate with the metal
atom due to the steric hindrance. For thymophtalexone,
031 and 043 present higher values than 012 and
013. However, the 031 and 043 are very far from
each other and therefore the possibility of complexation
is very weak and excluded. As a result, the oxygen
(O) atoms of the three studied molecules are the most
reactive centres. Consequently, this involves a greater
ability to bind to the metal surface. Hence, the
analysis, based on the static DFT-based indices,
correctly predicts the regioselectivity observed for
these complexes.

Boulanouar Messaoudi, Tarik Attar, Naceur Benhadria

The distribution of electron density of frontier
molecular orbitals of the three molecules is another key
factor when dealing with reaction investigation. The
HOMO (Fig. 3) density distribution is clearly scattered
and bulky in the area containing the reactive oxygen
atoms. In contrary, the HOMO-1 electronic distribution
is somehow confusing since it covers almost all atoms
and thus it does not give any clear response about the
reactive region. Hence, the large electronic distribution
on the oxygen atoms obviously shows that this region is
a reactive centre where the transfer of electrons takes
place from oxygen atoms of the three concerned ligands
to the copper ion surface.

Fig. 2. Atoms labelling for morin (a), red pyrogallol (b) and thymolphtalexone (c)
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Table 1. Fukui (f") and DFT-based (N) indexes of the selected atoms for the morin using MK
and NPA population analyses at B3LYP/6-31G(d) level of theory
MK NPA
Atom k
f* f- Ny i f- N,
021 0.04321 0.06232 0.24816 -0.31638 0.39110 1.55731
023 0.01226 0.01528 0.06083 -0.32547 0.36765 1.46394
025 0.02789 0.09007 0.35865 -0.34026 0.47021 1.87232
027 0.01589 0.03969 0.15804 -0.30513 0.34902 1.38975
029 0.03629 0.03799 0.15126 -0.31740 0.35868 1.42822
031 -0.00564 0.01390 0.05535 -0.19224 0.25921 1.03214
032 0.10522 0.07446 0.29648 -0.16497 0.37081 1.47652
Table 2. Fukui (f") and DFT-based (N) indexes of the selected atoms for the red pyrogallol using MK
and NPA population analyses at B3LYP/6-31G(d) level of theory
MK NPA
Atom k
f* f- Ny i f- N,
017 0.02602 0.03024 0.10719 0.01755 0.02690 0.09534
019 0.02816 0.06811 0.24139 0.01403 0.07088 0.25122
021 0.02816 0.06811 0.24139 0.01403 0.07089 0.25126
023 0.02603 0.03024 0.10717 0.01755 0.02690 0.09534
025 -0.02831 0.01568 0.05559 0.00831 0.07703 0.27302
037 0.04906 -0.01416 -0.05019 0.01761 -0.00150 -0.00532
S38 -0.02560 0.00847 0.03002 0.00584 -0.00343 -0.01216
039 0.06076 0.02735 0.09695 0.04070 0.01839 0.06518
040 0.06075 0.02736 0.09699 0.04071 0.01841 0.06525
Table 3. Fukui (f ) and DFT-based (Ny) indexes of the selected atoms for the thymolphtalexone using MK
and NPA population analyses at B3LYP/6-31G(d) level of theory
MK NPA
Atom k
f* f Ny f* f N,
012 -0.03513 0.01338 0.04441 0.03981 0.00189 0.00627
013 0.09734 0.04896 0.16250 0.10117 0.04276 0.14193
031 0.01319 0.05311 0.17629 0.01321 0.06732 0.22345
043 0.01611 0.06567 0.21799 0.01498 0.06611 0.21944
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HOMO

LUMO

LUMO+1

9

Red pyrogallol
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Thymophtalexone

Fig. 3. Calculated HOMO, HOMO-1, LUMO and LUMO+1 molecular orbitals of the studied molecules
at the B3LYP/6-31G(d) level of theory

HOMO and LUMO energies from Table 4 have
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

(Evomo — ELumo) can be used to provide useful
information on the chemical reactivity and kinetic
stability of each ligand.”**® The band gap between
the HOMO and LUMO orbitals energy has been
found to increase in the order: morin < red
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pyrogallol < thermophtalexone (Table 4). Consequently,
according to the obtained values of AE, morin presents
the lowest reactivity, followed by red pyrogallol and
thermophtalexone. In experimental point of view, the
possible way of enhancing the adsorptive process and the
sensitivity of the method is the use of adequate
substituents which can change the stability of the
complex, the net charge, and the solubility of the ligand
and the complex as well. On the other hand, the
sulfonate derivative is soluble in water and is more
useful for analytical purposes.”® Hence, the chemical
reactivity of red pyrogallol is more adequate in this
process.

The electronegativity y has been proven to be a
useful parameter in chemical reactivity theory. For
instance, when copper and morin are joined together,
electrons will flow from the entity having lower y value
(morin) to the one with higher y value (Cu) until the
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equalization of chemical potentials. Actually, the red
pyrogallol presents a medium y value of 3.35 eV with
respect to the two other substrates, 3.24 eV for morin
and the value of 3.52 eV for thymolphtalexone (Table 4).

Moreover, the electrophilicity index w gives
indication whether a molecule has tendency to exchange
electron(s). It is worthy to note here (see Table 4) that
the studied molecules show electrophilicity values of
2.77, 2.71 and 2.52 eV for morin, thymolphtalexone and
red pyrogallol, respectively. Therefore, the unoccupied
d-orbitals of copper atom can accept electrons from these
molecules to form a coordinate bond. Theoretically
speaking, these molecules can exchange electrons with
copper atom via its anti-bonding orbitals to form a back-
donating bond. Donation and back-donation processes
strengthen the interaction of organic molecules with the
metal ion. From the analysis given above, we can see
that both the theoretical and experimental trends.

Table 4. HOMO and LUMO energies, global reactivity indices Y, #, o, N, y and Gap for the three studied

compounds B3LYP/6-31G(d) level of theory

Substrate HOMO, a.u. | LUMO, a.u. H, a.u. 7, a.u. w (eV) N (eV) x (V) | Gap (a.u.)
Morin -0.18877 -0.04943 -0.1191 0.07 2.77 3.98 3.24 0.14
Red Pyrogallol -0.20485 -0.04116 -0.1230 0.08 2.52 3.54 3.35 0.16
Thymolphtalexone -0.21312 -0.04536 -0.1292 0.08 2.71 3.32 3.52 0.17

Copper-di-Morin

E=-3847.480 a.u.

Copper-di-Red pyrogallol

E=-5100.213 a.u.

Copper-di-Thymophtalexone

‘e
LR

E=-4412.236 a.u.

Fig. 4. Molecular structures of copper-morin, copper-red pyrogallol and copper-thymolphtalexone complexes
at the B3LYP/6-31G(d) level of theory

The comparative study dealing with relative
stabilities of the formed complexes, i.e. copper-morin,
copper- red pyrogallol and copper-thymolphtalexone
(Fig. 4) gives in all evidence a clear idea about the

relationship between the detection limit and the complex
stability. From the results presented in Fig. 4 and Table 5,
we can see that copper-red pyrogallol complex presents
the lowest values of both energy and free energy.
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Basically, this means that this complex is more stable
energetically and thermodynamically than the two other
complexes. The thermodynamic parameters such as
negative G values confirm the spontaneous nature and
feasibility of the reaction process. The negative value of
H strongly supports the exothermic nature of the reaction
(Table 5).

The stability order finding is in good accordance
with the detection limit order too, which is 0.07, 0.4
and 0.6 ng-mL™ for copper-red pyrogallol,"® copper-
thymolphtalexone®® and copper-morin,? respectively.
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Consequently, a stability/detection limit relationship
could be established and we can conclude that the more
stable the complex, the better its detection limit.

As it is indicated in Table 5, the entropy value of
copper-thymolphtalexone complex is somehow larger
than that of copper when bended to morin and red
pyrogallol. Then, the former complex presents a high
disorder with respect to the two left ones due to its
important asymmetry. This puts in evidence that the
stability of complexes depends on the nature of central
atom and ligands.”

Table 5. Values of energy, enthalpy, free energy, and entropy calculated in the gas phase at B3LYP/6-31G(d) level

of theory

) E, a.u. H, a.u. G, a.u. S, J K mol™

“ -1640.172 -1640.170 -1640.189 166.009

Morin -1104.145 -1103.897 -1103.959 546.895

Red pyrogallol -1731.121 -1730.815 -1730.890 667.662

Thymolphtalexone -1385.972 -1385.422 -1385.517 837.860

Complex morin -3847.480 -3847.005 -3847.111 927.605

Complex red pyrogallol -5100.213 -5099.644 -5099.777 1173.468

Complex thymolphtalexone -4412.236 -4411.134 -4411.304 1499.972

4. Conclusions

The study looks for a relationship between the
limit of detection of trace element in AdSV technique
and the energetic stability of the formed complexes.
Following this idea, we have performed some quantum
chemical calculations at B3LYP/6-31G(d) level of
theory on three organic molecules to investigate the
structural and electronic properties and to elucidate the
reactivity and selectivity of the molecules’ centres. The
results show that the main selective centre is oxygen
(when bonding with copper) for all molecules. Since the
oxygen O atom presents the highest electronic density, it
can be easily favoured as a target for copper electrophilic
attack. The electrophilic index values show that copper
atom can accept electrons from organic molecules to
form a coordinate bond. All the reactions of complexation
are spontaneous and exothermic. The theoretical study
at this level of theory revealed that chemical stabilities
of complexes decrease in the order copper-red
pyrogallol > copper-thymolphtalexone > copper-morin
in line with experimental values of LOD. This finding

can be familiarized to other complex systems used in
AdSV technique.
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A®T AOCIIUKEHHS AESIKUX MITHUX
KOMILJIEKCIB TA iX MEJKA BASIBJIEHHSA

Anomauia. I[Iposedeno meopemuyte 00CHIONCEHHA KO-
penayii mige Huzvkoio medceto sussrenns (LOD) memooy
aocopoyitnoi eonemamnepomempii (AdSV) ma enepzicio
cmadinbHoCmi KOMNIEKCi@ Memaniynux eiemenmie. 3a 0ono-
Mmozoro DFT-pospaxynkie 00CHioNceHO KOMNIEKCOYMBOPeHH s
MIKpoenemMeHmie Mioi 3 GUKOPUCMAHHAM 5K Xeiamoymeo-
PIOIOYUX PEUOBUH MPLOX OP2AHIYHUX MONEKYJ. MOPUH, yep-
60HUIL nipozanon ma mumoagmanexcon. Ilpogedeno xkeanmogo-
Ximiuni pospaxymnku na pisni B3LYP/6-31G(d), peanizosani ¢
npocpamuomy naxemi Gaussian 09. Ooeporcana eeruuuna
iHOexcy enekmpoginbHocmi @ 6Kasye Ha me, wo 6ci 0oc-
JALOACYBAHT MONEKYIU MAIOMb MEHOCHYII0 00 0OMIHY eieKmpo-
HOM 3 MiOOw. Heeamuseni 3mauenns einvnoi emepeii G ma
enmanvnii H nokaszyioms, wo peaxyii komnjiekcoymeopeuus
Marmes CHOMMAHHULL XapaKkmep i € ek3omepMivHumu. 32i0Ho 3
DFT pospaxynkamu ecmanogneno, wo KoMHIeKC MiOb-
uepBOHULL NIPO2ANON 3 OiTbU ePEKMUBHOIO MEICEIO BUABTEHHS]
(0,07 newn™) mae nasivenury sazansny enepeiro (-5100,213
a.u). [osedena 3anexcnicmo Midic 3a2a1bHOI0 eHEP2icio Mpbox
KoMneKcie ma Mmexcamu ix eusigienus 3a memoodom AdSV.
Yum cmabinbHiwull Komniekc, mum Kpawe paHuyHe 3HA-
UEHHS GUAGITCHHSL.

Kntouosi cnosa: mioHuii Komniexc, mMexca GUs61eHHs,
cenexmuenicmo, inoexcu @yxyi, DFT pospaxyuxu.
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