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Complexation of Lead(Il) by Chlorogenic Acid: Experimental and Theoretical Study
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Density functional theory (DFT) structure calculations and time-dependent DFT electronic excitation
calculations have been performed on chlorogenic acid (H;CGA), a polyphenolic compound, used as a model
molecule of humic substances. The different deprotonated forms of H;CGA have also been investigated.
H3;CGA is a multisite ligand that presents several metal complexing sites in competition, notably the carboxylic
and catechol moieties. In low acidic aqueous medium, the complexation of Pb(Il) has been followed by
electronic absorption spectrometry. The formation of two complexes of stoichiometry metal:ligand 1:1 (log
B =3.39) and 2:1 (log 2.1 = 7.12) has been highlighted with use of chemometric methods. The theoretical
spectrum of the 1:1 complex obtained by TD-DFT methodology shows the formation of a chelate
[Pb(H,CGA)(H,0);]" with the metal fixation at the level of the carboxylate function. The second complexing
site, the catechol moiety, is rapidly involved in the formation of the 2:1 complex from molar ratios [metal]/
[ligand] higher than 0.1. The electronic transitions calculated for both free ligand and complexes involved
the same molecular orbitals, and no ligand—metal or metal—ligand charge transfer is observed.

1. Introduction

The problem of environmental pollution with heavy metals
due to anthropogenic activities is becoming increasingly urgent
to the living world. Excessive levels of heavy metals introduced
to soil can lead to elevated uptake of these pollutants by plants,
which causes damage to plants and affects human health upon
consumption of crops grown in the soil. Different forms of heavy
metals have different mobility and phytoavailability.! Generally,
the plant uptake of heavy metals is correlated to extractable
forms of the metals rather than to the total metal contents in
the soils.? Lead is a major pollutant in terrestrial ecosystems.
Lead pollution occurs through a variety of activities, including
mining, metal processing, battery manufacture and disposal, the
burning of leaded fuels, and application of sludge to agricultural
land.? Indeed, under some circumstances, soils subjected to
anthropogenic pollution have been reported to contain Pb
concentrations of up to 20 mg/g.* Natural organic matter (NOM)
plays a significant role in the binding of this toxic metal in the
natural environment. NOM is a complex mixture of organic
compounds derived mostly from decaying vegetation in the
environment.> Present in soils, but also in sediments and water,
these substances have defied molecular-level characterization
for nearly a century, owing primarily to the fact that they exist
mostly as highly functionalized polyelectrolytes and, as such,
do not lend themselves to analytical techniques for molecular
characterization. Soluble extracts of NOM can be recovered
from soils and sediments by well-established alkaline extraction
protocols,” and these are referred to as humic substances (HS).
The main difficulty in predicting interactions of metal ions with
HS is that organic materials exhibit strong chemical heterogene-
ity. HS can trap metals by van der Waals interactions or by
complexation with various potential groups, such as carboxylic,
carboxylate, catechol, and hydroxy-carbonyl functions.® How-
ever, the binding mechanisms for metal cations are not fully
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understood. To advance understanding of metal -NOM interac-
tions, it is useful to study over a wide range of conditions the
complexation of smaller, well-characterized molecules contain-
ing the functional groups of HS. While simple organic acids
do not possess the complexity of HS, their complexing properties
can be remarkably similar to those of the supramolecular
structure.”~ 12

Phenolic acids are naturally occurring compounds, omnipres-
ent in the vegetable kingdom, and are at the origin of the HS
formation. The amount of phenolic acids (e.g., caffeic, ferulic,
gallic, protocatechuic, and chlorogenic acids) is evaluated to
be up to 35% of HS, depending of their origin. Chlorogenic
acid (5-O-caffeoylquinic acid), an ester of caffeic acid with
quinic acid, has received considerable attention for its wide
distribution and potential biological effects.'3~16 Chlorogenic
acid (H3CGA), a multifunctional natural organic acid, presents
several metal fixing sites in competition and has already been
used as a model molecule of HS.!7~23 Several papers report the
complexing ability of H3CGA toward different metal ions in
aqueous solution, such as iron,?*~2 copper,'82+2027 manganese,?*
zinc,?*?% and aluminum,”®732 but to our knowledge the
Pb(II)—H3CGA system has never been studied.

The objective of this paper is to study the Pb(II) complexation
by H3CGA in aqueous solution by jointly using UV —visible
absorption spectroscopy and quantum chemical calculations. The
methodology, which consists of combining electronic spectros-
copy and time-dependent density functional theory (TD-DFT),
already proved reliable to identify the preferential fixing site of
a metal ion by a multisite ligand.>3=3 In the first step,
chlorogenic acid and its different deprotonated forms were
theoretically studied to determine their most stable conformation;
the spectral features of these ligands were also investigated. Then
the complexation reaction of Pb(II) by chlorogenic acid was
followed by electronic spectroscopy. The pH of the solution
was slightly acidic (pH 6) to be close to the pH generally found
in the soils.
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Figure 1. Chemical structure and geometry of chlorogenic acid with the atomic numbering used in the text.

2. Experimental and Theoretical Methods

2.1. Reagents and Chemicals. Chlorogenic acid was ob-
tained from Sigma. Pb>" stock solutions were prepared from
lead chloride. Water was delivered by a Milli-Q-water purifica-
tion system. The stoichiometry of the complexes was determined
by the molar ratio method from the UV—visible data set. For
this method, solutions containing a constant concentration (6
x 1073 M) of chlorogenic acid in water and variable concentra-
tion of Pb%™ (from 6 x 107% to 1.5 x 10™* M) were used. A
broad range of metal-to-ligand molar ratios was used in the
equilibrium studies. The pH was kept constant during the dosage
(pH 6). Ionic strength was fixed to 0.1 M with NaCl.

2.2. Instrumentation. The UV—visible spectra were re-
corded on a Cary-1 (Varian) spectrophotometer with cells of 1
cm path length, at 25 °C. A flow cell was used to allow
successive additions of small amounts of lead chloride directly
in the ligand solution

2.3. Chemometric methods. The absorption spectra col-
lected during the course of the metal-binding experiment were
analyzed with the fitting program SPECFIT (version 3.0).3¢ This
software allows the determination of the number of species that
contribute to the absorption spectra, using a factor analysis
procedure (EFA),3773 and of the electronic spectrum of each
pure species. The Specfit software has also been used to estimate
the apparent stability constants () of the different complexed
forms. To obtain the best fit between the complexation model
and the experimental data, several models of complexes have
been envisaged for the refinement of the stability constants. The
apparent stability constant

= [Pb,L,J/[Pb]" - [L]”

results from the equilibrium between the free ligand L and the
complex Pb,L, (without taking into account the protonation state
of the ligand):

aPb(Il) + bL<Pb L,

2.4. Quantum Chemical Calculations. All calculations were
performed at the density functional level of theory with the
B3LYP hybrid functional,**#! using the Gaussian (G03) program
package.*? Geometry optimizations were carried out without any

symmetry constraints. A double-§ quality LANL2DZ effective
core potential*’ was used for the lead atom and the 6-31+G(d,p)
basis set, including polarization functions to improve the
description of intramolecular H-bonding in the ligand, for the
other atoms. Vibrational frequency calculations have been
performed to ensure that all the optimized structures of free
and complexed ligands correspond to energy minima. The low-
lying excited states were treated within the adiabatic approxima-
tion of time-dependent density functional theory (DFT-RPA)*
with the B3LYP hybrid functional. Vertical excitation energies
were computed for the first 40 singlet excited states, in order
to reproduce the UV—visible spectra of free and complexed
ligands. As it is well-known that the UV —visible absorption
spectra are very sensitive to the solvent effects, these latter were
introduced by the SCRF method, via the Polarized Continuum
Model (IEF-PCM)*#¢ implemented in the Gaussian program.

3. Results and Discussion

3.1. Structure of Chlorogenic Acid and Its Deprotonated
Derivatives. The necessary first step of this work was the
determination of the most stable conformation of H3CGA.
Indeed, this molecule is very flexible, with several rotational
degrees of freedom that must be explored to ensure its geometry.
Furthermore, the presence of a six-membered ring induces taking
into account both its chair and boat conformations. The dihedral
angles manipulated to investigate all the possible forms are
indicated in Figure 1. o controls the orientation of the hydroxyl
groups of the catechol moiety. Only one dihedral angle is needed
(to rotate simultaneously both OH groups) because of the
stabilizing effect of the presence of a hydrogen bond (O10H13).
The S angle monitors the orientation of the benzene ring with
respect to the chain and consequently the electronic delocal-
ization between these two entities, depending on their planarity.
The variation of the y angle allows forming a cis or a trans
conformer and & accounts for the rotation of the carboxylic
function bonded to the six-membered ring. The conformation
reported in Figure 1 will be taken as reference, in which all the
dihedral angles have the value 0.

To determine the most stable geometry of chlorogenic acid,
32 structures were optimized. The starting point of each
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TABLE 1: Main Dihedral Angles Calculated for the 16
Most Stable Conformers of H;CGA with Their ZPVE
Energy®

o B y o

energy (hartrees) AE (kcal-mol™')

1 1.5 07 05 33 —1297.257314 0

2 0.0 177.8 1.9 44 —1297.256923 0.2
3 1796 07 0.1 3.9 —1297.256557 0.5
4 1799 175.1 20 51 —1297.256053 0.8
5 0.8 0.1 1752 2.7 —1297.255882 0.9
6 2.1 176.6 172.5 1.2 —1297.255387 1.2
7 1798 34 1733 23 —1297.255055 1.4
8 1795 178.6 176.7 3.3 —1297.254744 1.6
9 0.8 176.5 3.5 159.7 —1297.253206 2.6
10 1.2 1.3 1.5 1623 —1297.253188 2.6
11 179.8 2.7 25 159.8 —1297.252927 2.8
12 1.4 1773 173.1 150.8 —1297.252904 2.8
13 179.8 1757 2.0 163.7 —1297.252068 33
14 07 1.7 1779 165.7 —1297.251751 3.5
15 1799 24 1741 1639 —1297.250957 4.0
16 179.7 1795 1763 163.1 —1297.250616 4.2

@ AE is the relative energy with respect to the most stable one
(conformer 1).

optimization corresponds to a set of values of the previously
defined dihedral angles, associated to either the chair or the boat
conformation of the six-membered ring. A systematic approach
was taken to generate these initial structures: the dihedral angles
were set to 180° one by one, then two by two, and so on. All
the combinations are reported in Table 1 for the chair conformer.
The corresponding optimized conformers are labeled 1 to 16 in
the order of increasing energy. It can be seen in Table 1 that
the lowest energy is associated with the conformer in which
all the angles are close to 0, i.e., the geometry depicted in Figure
1. When only one angle is modified, the energy does not vary
very much except for d. The rotation of the carboxylic group
is very destabilizing, and the 8 conformers in which it occurs
have the highest energy. This is probably due to the presence
of the H39042 H-bond that is broken when the rotation is
performed. The cis or trans conformation of the chain also has
a great importance. Indeed, the 4 conformers with lowest energy
have y ~ 0, showing that the trans isomers are preferred. The
same calculations have been performed with a boat six-
membered ring, but results are not presented here because all
the energies are higher than those obtained for the chair form.
A recent paper reports the structure of H3CGA optimized at
the B3LYP/6-31G(d) level of theory, but the reported conforma-
tion is not the most stable.*’” This conformation corresponds to
conformer 8 found in this study.

The optimized geometry of the most stable conformer 1
(Figure 1) is reported in Tables 2 and 3. It is characterized by
the coplanarity of the benzene ring and the chain. It is interesting
to note that the geometrical parameters of both these moieties
are quasi-identical as in caffeic acid (trans-3-(3,4-dihydrox-
yphenyl)propenoic acid).*® Indeed all the bond lengths are
strictly identical in both compounds as well as the angles with,
however, two exceptions: the C16C18020 and C16C18019
angles that increase by 1.1 and 0.5°, respectively, in chlorogenic
acid with respect to caffeic acid. These very small variations
show that the substitution of a hydrogen atom by the substituted
six-membered ring present in chlorogenic acid has quasi-no
effect on the structural properties of this moiety. In the saturated
ring, all the CC bonds have similar lengths with a maximum
difference of 0.012 A. The CO bond lengths of the cyclohexane
ring considerably differ (1.413 to 1.430 A) according to the
formation of intramolecular H-bond with their H atom. Indeed,
C22034 is the shortest one because H35 is not involved in the
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TABLE 2: Bond lengths A) of Chlorogenic Acid and Its
Deprotonated Forms

H;CGA H.CGA™ HCGA?" CGA3~
Cic2 1.393 1.396 1.384 1.379
C2C3 1.392 1.392 1.445 1.451
C3C4 1.411 1.407 1.465 1.525
C4Cs 1.383 1.386 1.376 1.418
C5C6 1.412 1.411 1.428 1.435
Co6C1 1.405 1.406 1.417 1.433
CoCl14 1.457 1.464 1.434 1.416
Cl14C16 1.347 1.345 1.369 1.403
C16C18 1.472 1.485 1.455 1.417
C18020 1.361 1.346 1.377 1.401
020C21 1.442 1.461 1.445 1.446
C21C22 1.535 1.535 1.535 1.542
C22C25 1.546 1.543 1.539 1.549
C25C30 1.534 1.530 1.540 1.535
C30C27 1.546 1.539 1.530 1.543
C27C23 1.542 1.539 1.542 1.540
C23C21 1.534 1.529 1.538 1.540
C27C40 1.527 1.575 1.575 1.577
C3012 1.357 1.367 1.264 1.264
C4010 1.376 1.382 1.387 1.279
C18019 1.218 1.220 1.229 1.259
C22034 1.413 1.426 1.427 1.416
C25036 1.429 1.437 1.439 1.433
C27038 1.430 1.442 1.445 1.447
C40041 1.342 1.248 1.249 1.250
C40042 1.215 1.269 1.271 1.275
O12H13 0.970 0.969
O10H11 0.965 0.966 0.966
O41H43 0.973
010--H13 2.113 2.147
H37--038 1.916 1.865 1.861 1.874
H39--042 2.002 1.731 1.736 1.738
042--H43 2.000
019--H35 1.709

H-bond; the two other ones present a similar longer length and
their hydrogen atoms form H-bonds of comparable strength.

Upon deprotonation of the carboxylic function to give
H,CGA™, the aromatic ring remains unchanged, contrary to the
carbon chain (Tables 2 and 3). Indeed, the three bonds linking
C16 to C21 alternatively increase and decrease reflecting a more
localized character of the electronic distribution. The CC bonds
of the saturated ring exhibit only minor modifications, whereas
the substituents are much more affected. As expected, the
carboxylate group presents an electronic delocalization between
its two CO bonds with an opening of the OCO angle,
accompanied by a shortening of the C27C40 bond length. All
the CO bonds of the hydroxyl functions increase and the H39--
042 hydrogen bond shows an important reinforcement. Con-
cerning the relative position of the different moieties of the
anion, it can be seen that cyclohexane is rotated by ~36° with
respect to the chain compared to its position in the neutral
compound.

For the bideprotonated form, HCGA2~, two possibilities must
be envisaged for the departure of the second hydrogen: H11 or
H13 of the catechol group. It will be exhibited later that the
second deprotonation occurs at the O12H13 hydroxyl. The
geometrical parameters of HCGA?™ are reported in Tables 2
and 3. The major changes with respect to the previous
compounds concern the electronic distribution in the phenyl ring
and the carbonated chain. Indeed, the ring acquires a quinoidal
conformation with a decrease of C1C2 and C4C5 bond lengths
associated to an increase of the four others. This is accompanied
by a modification of the electronic distribution of the substituents
to preserve the conjugation: a great shortening of C3012 bond
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TABLE 3: Valence and Main Dihedral Angles (deg) of
Chlorogenic Acid and Its Deprotonated Forms

Hi;CGA  H.CGA~  HCGA?>™  CGA*"
c1c2c3 119.9 120.0 123.2 123.3
C2C3C4 119.3 119.1 113.3 117.0
C3C4Cs 120.8 120.9 122.8 116.1
C4Cs5Co 120.5 120.6 122.4 125.1
C5C6C1 118.1 117.8 116.1 117.2
ceCl1C2 121.5 121.5 122.3 121.3
C1C6C14 118.9 119.3 120.0 116.3
Co6Cl14C16 128.2 127.6 129.6 130.5
C14C16C18 120.1 121.0 121.2 121.4
C16C18020 110.4 109.7 110.7 113.3
C18020C21 116.9 119.6 119.0 118.8
020C21C22 106.7 107.1 108.3 112.1
C21C22C25 111.5 111.2 111.6 111.5
C22C25C30 112.6 111.7 111.6 110.3
C25C30C27 111.1 111.7 111.8 111.7
C30C27C23 110.1 109.7 109.7 109.7
C27C23C21 110.6 111.2 112.2 113.6
C23C21C22 112.8 112.6 111.8 110.7
C3C4010 114.4 114.9 115.7 119.6
C4C3012 120.3 120.6 122.7 122.2
C16C18019 126.1 124.6 126.8 127.9
C21C22034 111.6 111.6 112.3 114.1
C22C25036 109.2 108.9 109.6 113.5
C30C27038 109.2 108.9 108.8 109.1
C30C27C40 110.3 110.7 110.2 109.8
C27C40041 113.8 117.1 117.5 118.0
C27C40042 122.6 112.8 113.2 113.5
C2C1C6C14 179.5 179.9 179.7 179.6
C1C6C14C16 179.7 179.4 179.7 179.6
C6C14C16C18 178.9 179.5 179.3 179.1
C14C16C18019 0.4 0.6 0.4 29
C14C16C18020 179.5 179 179.9 176.0
C16C18020C21 175.6 176.6 176.6 164.9
C18020C21C22 149.2 113.7 111.1 85.8
C18020C21C23 88.5 124.6 127.4 153.5
C23C27C40042 122.0 120.8 120.3 120.2

length that acquires a double character, and alternative decrease
and increase of the bond lengths of the chain, beginning by the
shortening of C6C14. The rest of the molecule is only slightly
affected by the second deprotonation.

And finally, the structure of the trideprotonated chlorogenic
acid, CGA3~, with the departure of H11, has been inspected.
In this species, all the bonds of the phenyl ring lengthen except
C1C2 which decreases, compared to HCGA?™. The formation
of two CO double bonds in place of the hydroxyl groups induces
a strong increase of C3C4 that acquires a single character.
Concerning the chain, a reinforcement of the previous trend is
observed with a decrease of C6C14 and alternative increase and
decrease of the following bond lengths. And once more, the
cyclohexane part of the molecule is only slightly affected by
deprotonation. The major change is the rotation of this ring with
respect to the chain of about 25°.

3.2. Electronic Spectroscopy of Chlorogenic Acid and Its
Derivatives. Figure 2 shows the absorption electronic spectra
of chlorogenic acid in aqueous solution at different pH (from 2
to 12). In very acidic conditions, H3CGA presents a double
absorption band at 324 and 295 nm. By increasing the pH to
~5 the general shape of the spectrum is quasi-unmodified, then
for higher pH, a new band appears at 371 nm. An isosbestic
point is observed at 341 nm until pH 10. For higher pH values,
an important decrease of the absorption is observed. The set of
spectra treated by evolving factor analysis (EFA) has allowed
the determination of the pure UV —visible spectrum of each form
of chlorogenic acid. The two first forms, fully protonated and
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Figure 2. Evolution of the chlorogenic acid absorption spectrum with
the pH in the range 2—12. [H;CGA] = 6 x 1075 M.

TABLE 4: Comparison of the pK, Values Obtained in This
Study with Those Reported in the Literature (with the
references)

this work lit.

pK.(COOH) 3.52 3.36%
3.35%
3.35%
3.37!
pK.(OH1) 8.68 8.25%
8.21%
8.30%
.27
pK.(OH2) 11.8 12.3%
12.5%
11.5%
12.15!

monodeprotonated, have exactly the same absorption profile.
The bideprotonated form is characterized by the absorption at
371 nm, whereas the spectrum of the trideprotonated form is
less well defined (bad fit), which can be explained by a
degradation of the molecule occurring for high pH. From the
data set, the acidity constants were calculated and refined with
the Specfit program. The estimated values of the dissociation
constants are shown in Table 4, along with the values obtained
by potentiometric titrations reported in the literature,?#*~>! and
a good agreement is found. The results collected in literature
seem to confirm that the CGA3~ species is more difficult to
characterize insofar as the set of pK, values is less homogeneous
than for the other species.

For each of the previously studied derivatives of chlorogenic
acid, the electronic transitions have been calculated by time-
dependent DFT, taking into account the solvent effects. The
UV —vis spectrum of H3CGA (Figure 3) is characterized by four
absorption bands in the 200—400 nm spectral range. The
calculated spectrum of conformer 1 is in very good agreement
with the experimental one as shown in Figure 3a and Table 5.
The longest wavelength transition largely corresponding to the
HOMO — LUMO transition (H — L) presents mainly a zz*
character with an electronic density localization on the benzene
ring and the carbon chain (Figure 4), as well as the transition
calculated at 289 nm (H — 1— L). The two other transitions,
calculated at 239 and 217 nm, also present the same sor*
character with the same electronic localization, showing that
only one part of the molecule is responsible for the observed
transitions. It can be seen that the L + 1 MO, involving the
carboxylic function, does not participate to the calculated
transitions. The electronic transitions have also been calculated
for the more stable isomers 2, 3, and 4. The calculated
wavelengths are reported in the Table 6 and compared to the
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Figure 3. Absorption spectrum of H;CGA, H,CGA™~, and HCGA?~
obtained by numerical treatment of the data set and theoretical spectrum
of H;CGA (a), H,CGA~ (b), HCGA?~ with a deprotonation of the
OI12H13 hydroxyl, (c) and HCGA?™ with a deprotonation of the
O10H11 hydroxyl (d). The theoretical spectra have been plotted by
considering a constant fwhm of 3000 cm™".

experimental ones. It can be seen that conformers 1 and 3 present
very close theoretical electronic spectra. In a same way, the
theoretical spectra of conformers 2 and 4 are quasi-identical.
In these two pairs, only the orientation of the hydroxyl functions
of the catechol moiety differs, revealing that this orientation
has very little influence on the calculated electronic transition
positions. In opposition, the calculated wavelength difference
between these two pairs is more important, showing the greater
impact of the rotation of the benzene ring with respect to the
carbonated chain. Although the differences are not so important,
the spectra of conformers 2 and 4 are in worse agreement with
the experimental data than that of conformer 1.

The HoCGA™ absorption spectrum extracted by chemometric
methods is identical to that of the neutral species (Figure 3).
From a theoretical point of view, some little differences exist
but the agreement with experiment remains very satisfying
(Table 5). The H — L transition, calculated at 330 nm, involves
MOs that have the same shape as those of H;CGA (Figure 4).
The H — 2 MO has the same electronic localization as H — 1
in H3CGA, so the transitions calculated at 289 and 293 nm in
H3CGA and H,CGA™, respectively, are equivalent. In the same
way, L + 1 and H — 8 for H,CGA™ correspond to L + 2 and
H — 5 for H3CGA, respectively. So, the absorption bands
observed at 236 and 214 nm for both compounds are associated

J. Phys. Chem. A, Vol. 112, No.

TABLE 5: Experimental and Calculated Absorption Wavelengths (in water) of H;CGA, H,CGA~, and HCGA2~ and MO’s (with monoexcitation) Contributions Involved in Each

Transition®

HCGA?*"

spectrum ¢

spectrum d

H,CGA~

H;CGA

MO

contribution

f
025
0.65
0.15

;Lcalc (nm)

MO contribution (%)
H— L (76)

f

;Lexp (Ill‘l'l) Acalc (Ill’l’l)

MO contribution (%)

0.74 H—L (81)

f

}vexp (nm) ;Lcalc (nm)

(%)
H— L (79)

f
0.71
021

;Lexp (Ill‘l'l) Acalc (Ill’l’l)

435
325
270

1

393
304
280

371
307
261

330
293
245

324
295
236

328
289
239

324
395
236

005 H-—1—L(85)
007 H—L+2(78)

017 H-—2—L (79
005 H—L+ 1 (44),

H-1—L@82)

0.08 H—L +2(64),

H-5—1L@35)

023 H-8—L (74

H-5—L(10)

0.17 H-—5—1L @47,

S
_
(=}

243

0.13 H — 6 — L (60),

233

227

220

217

217

217

H—L+8(12)
023 H—1—L+246),H—1—L+8(0)

H-6—L (26)

48, 2008

S
—
(=)

220

203

013 H—L+4(G4,H-2—L+1(33)

214

4 fis relative to the oscillator strength. The spectra ¢ and d are relative to the Figure 4.
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H,CGA  H,CGA- HCGA*
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Figure 4. Molecular orbitals involved in the calculated transitions of
H3;CGA, H,CGA™, and HCGA?", with their energies.

TABLE 6: Experimental Absorption Wavelengths of
H;CGA and Electronic Transitions Calculated from the
Optimized Structures of Conformers 1 to 4

Acalc (IllTl)
j-exp (nm) 1 2 3 4
324 328 334 329 336
395 289 287 291 288
236 239 239 238 239
217 217 206 216 206

to the same calculated transitions. Furthermore, it can be noted
that H — 1 of HoCGA™, which is a nonbonding orbital (not
shown) localized on the carboxylate group, is not involved in
the calculated electronic transitions.

For the bideprotonated species HCGA2™, two cases must be
envisaged according to the hydroxyl function that loses its
hydrogen: O12H13 or O10H11. The corresponding electronic
spectra have been calculated (Figure 3 and Table 5) and, by
comparison with experimental spectrum, it is obvious that
deprotonation occurs at the O12H13 hydroxyl. The experimental
absorption spectrum is characterized by an intense band at 371
nm and three others of lower intensity in the short wavelength
range. This is well reproduced by calculations that give an
intense transition at 393 nm and the others with smaller oscillator
strengths. Even if the calculated wavelengths are not in perfect
agreement with the experimental ones (as expected for calcula-
tions on negatively charged species) an unambiguous assignment
of the observed bands can be realized. The long wavelength
transition (H — L) involves MOs with the same shape of the
corresponding ones in H3CGA. In fact, all transitions in
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Figure 5. UV—vis spectra of chlorogenic acid at pH 6, in the absence
and the presence of PbCl, for metal/ligand ratios varying from 0O to 3.

HCGA?™ are strictly comparable to that of H;CGA as H — 1,
H, L, and L + 2 MOs are the same in both compounds, and H
— 5 of H3CGA is equivalent to H — 6 of HCGA?™. It should
be noted that the spectra of the three studied species are due to
the same transitions that are only shifted for the bideprotonated
form.

3.3. Complexation of Pb(II) by Chlorogenic Acid. The
dosage of the complexation reaction of Pb(II) by chlorogenic
acid, in aqueous solution at pH 6, has been followed by UV—vis
spectroscopy, for [Pb(II)]/[ H-CGA™] molar ratios from O to 3
(Figure 5). At this pH, only the HyCGA™ species is initially
present in the solution. The lead(II) complexation induces only
a few spectral modifications. The characteristic absorption band
of H,CGA™, localized at 324 nm, is not very affected by the
metal salt addition, and the main modifications are observed in
the low wavelengths range where an important increase in the
absorbance is observed around 225 nm. A new band, of low
intensity, appears with a wavelength slightly lower than 400
nm. Using the molar ratio method, the curves of absorbance
variations versus [Pb(II)]/[H,CGA™] molar ratio plotted at
different wavelengths (214 and 380 nm) allow the observation
of two complexed forms of stoichiometry (metal:ligand) 1:1 and
2:1 (results not shown). From the UV—vis spectra set, the
determination of the number of different absorbing species was
estimated by the EFA method. With this method, four absorption
spectra corresponding to pure species have been determined.
The characteristic spectra obtained with the chemometric
methods of HCGA™, 1:1 complex, 2:1 complex, and free Pb(II)
are represented in Figure 6a. The 1:1 complex spectrum is
perfectly identical with that of HyCGA™. The free Pb(Il) in
solution presents a low absorbance under 270 nm that has been
taken into account in the numerical treatment. The calculated
values of the stability constants, fitted from experimental data,
of the two complexes are respectively log £1.1 = 3.39 + 0.21
and log 8.1 = 7.12 = 0.09. The concentration variations of the
different species versus the quantity of Pb(II) added are plotted
in Figure 6b. The 1:1 complex, where only one complexing
site is implied, is formed at the beginning of the metal addition.
However, the formation of the 2:1 complex, where a second
metal fixing site is involved, starts for a molar ratio of 0.1. This
observation tends to show that the two sites in competition for
the metal fixing have relatively close complexing capacities.
The curves of the concentration evolution of the various species
reveal that the formation of complex remains weak, even with
a molar ratio of 3. For a molar ratio of 1, scarcely 15% of the
chlorogenic acid is complexed, whereas studies carried out with
AI(III) show that with this same ratio, more than 60% of the
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Figure 6. UV—vis spectra of the free ligand, 1:1 and 2:1 complexes
obtained by numerical treatment of the data set (a) and distribution
curves of the concentration of the different species in solution as a
function of [Pb(II)]/[H,CGA~] molar ratio.

ligand is complexed (results not published). For the purpose of
comparison, in the same medium, caffeic acid, which involves
the same complexing sites in competition, forms complexes of
the same stoichiometry, with stability constants of log f;.; =
5.77 and log f2; = 10.8.3% Thus, H,CGA™ presents a com-
plexing power clearly lower than that of the caffeate ion.

To determine the preferential complexing site of Pb(II), in
other words, the site involved in the 1:1 complex, the theoretical
spectra have been calculated from different possible complexed
forms. In all cases, the structure of these forms has been
optimized and solvent effects have been taken into account in
the TD-DFT calculations. Our previous works3*3 suggest that
in such experimental conditions (water solution, pH ~6), the
Pb ion has a pentacoordinated environment. So, in all the
calculations, water molecules have been added to Pb(II) to reach
a coordination number of 5. Even if the most probable sites of
metal fixing are the carboxylate and catechol functions, the other
functions such as the carbonyl C18019 were tested. In the same
way, the two fixing modes mono- and bidentate were considered.
For the sake of clarity, only the three theoretical spectra nearest
the experimental spectrum of the 1:1 complex were reported in
Figure 7. In this figure, the theoretical spectra correspond to
complexes involving the carboxylate group in bidentate and
monodentate mode [Pb(H,CGA)(H,0)3] i and [Pb(H,CGA)-
(H20)4] " monos respectively, and to a complex obtained by metal
chelation via the catecholate group [Pb(CGA)(H20)3] bi. The
calculated wavelengths are reported in Table 7. The electronic
transition, mainly implicating H — L, calculated in the long
wavelengths range allows the identification of the complex
structure. Indeed, the wavelength calculated at 333 nm for
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Figure 7. Absorption spectrum of 1:1 and 2:1 complexes obtained by
numerical treatment of the data set and theoretical spectrum of
[Pb(H2CGA)(H20)31 i (), [PE(H2CGA)(H20)4] " mono (b), [PH(CGA)-

(H20)3] i (¢), and [Pby(CGA)(H20)s] " (d). The theoretical spectra have
1

been plotted by considering a constant fwhm of 3000 cm™".
[Pb(H,CGA)(H,0)3]™; (Figure 7a) is in good agreement with
the experiment (324 nm), with the same error range as the value
calculated for the monodeprotonated ligand. For
[Pb(H,CGA)(H20)4] " mono (Figure 7b) and [Pb(CGA)(H,0)3] 1
(Figure 7c¢) the difference between theoretical and experimental
values is much more pronounced: 26 and 38 nm, respectively.
So what makes it possible to exclude these two structures. So,
the Pb(Il) ion is preferentially coordinated to the carboxylate
function to form a chelate. In this complex, all the MO involved
in the different electronic transitions have exactly the same shape
as those involved in the transitions calculated for H,CGA™
(Figure 8). So neither ligand-to-metal nor metal-to-ligand charge
transfer is observed in the 1:1 complex spectrum; the electronic
density is always localized on the benzene ring and carbon chain
of the ligand. The electronic density is localized on the metal
ion for the L + 1 and L + 2 MOs, but these orbitals are never
involved, even with a low contribution, in the calculated
transitions with non-negligible oscillator strength. In opposition,
in [Pb(H,CGA)(H0)4] " mono, these two MO are identical with
those of [Pb(H,CGA)(H,0)3] i, but they participate with a
minor contribution (15—20%) to the calculated transitions. This
fact could explain the difference in the calculated spectra of
[Pb(HzCGA)(HzO)z]er, and [Pb(HzCGA)(HzO)4]+mono. Finally,
in the three 1:1 complexed forms reported in Figure 7, the H
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TABLE 7: Experimental and Calculated Absorption Wavelengths (in water) of the Complexes 1:1 and 2:1 and MO’s (with

Monoexcitation) Contributions Involved in Each Transition?

1:1 complex 2:1 complex
[Pb(H,CGA) [Pb(H.CGA) [Pb(CGA)
(H20)3]0" (H20)4]mono ™ (H2O)s]wi ™ [Pba(CGA)(H20)]*
MO
lexp 2fcalc contribution lculc lcalc iexp icalc MO
(nm) (nm) f (%) (nm) f (nm) f (nm) (nm) f contribution (%)
324 333 0.73 H—L (79) 350 0.79 362 0.74 367 369 0.76 H— L (80)
295 292 0.22 H-1—1L (83 305 0.24 308 0.21 311 310 0.29 H-1—1L1 (84
236 240 0.09 H—L + 3 (66), 242 0.08 227 0.24 267 260 0.10 H—L + 4 (86)
H-5—L(I3)
217 220 0.22 H—-5—1L(63) 225 0.14 209 0.14 229 0.17 H—4—L (53),
H-5—LQ@3D)
219 0.14 H— L + 8 (46),
H—-1—L+4@30
“fis relative to the oscillator strength.
a
@
L]
J
.9
i ®
e L+8 0.041eV
£l
- 3
& o4
per 4 .&
» ;o’ %
4

-0.282eV
Figure 8. Molecular orbitals involved in the calculated transitions of [Pb(H,CGA)(H,0)s] %, and [Pbo(CGA)(H,O)6]™, with their energies.

— L transitions involve MOs having the same shape, but that
differ in energy giving rise to very different absorption
wavelengths.

Even if the carboxylate site is the first to be involved in the
complexation of Pb(II), the catechol moiety rapidly takes part
in the metal fixation with the formation of the 2:1 complex.
The electronic spectrum of [Pby(CGA)(H,O)s]™ has been
calculated from its optimized structure and is reported in Figure

0.009eV
4

H-1 -0.225eV

e

4
‘:8269 eV

4

9

?‘ H-4

7d. This theoretical spectrum is in very good agreement with
the experimental spectrum of 2:1 complex (Table 7).
[Pba(CGA)(H20)6] has been obtained by Pb(Il) chelation with
both carboxylate and fully deprotonated catechol groups. Once
more, the two transitions calculated in the long wavelength
range, H— L and H — 1 — L, computed at 369 (exptl 367
nm) and 310 nm (exptl 311 nm), respectively (Figure 8), involve
MOs with the same shape as those calculated for the different
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TABLE 8: Structural Parameters of [P‘!)(HZCGA)(H20)3]MJr
and [Pby(CGA)(H,0)s]"Bond Lengths (A), Valence Angles
(deg), and Main Dihedral Angles (deg)

valence angles
1:1 2:1 1:1 2:1

dihedral angles

CiC2 1.392  1.39 C1C2C3 119.9  120.5
C2C3 1.393 1404 C2C3C4 119.4 1188
C3C4 1414 1433  C3C4C5 120.7  120.0
C4Cs 1.382 1.387 C4Cs5C6 120.4  121.1
C5C6 1414 1416 C5C6Cl 1182 118.2
C6Cl1 1.406 1409 C6Cl1C2 1214 1214
Co6C14 1.453 1447 CIC6Cl14 118.8  118.7
Cl14C16 1.351  1.356  C6C14C16 128.3 1284
C16C18 1.465 1457 C14C16C18 120.0  120.2
C18020 1.368  1.375  C16C18020 110.7 1109
020C21 1435 1429 C18020C21 116.7  115.8
C21C22 1.537  1.535 020C21C22 106.7  180.1
C22C25 1.547 1548 C21C22C25 111.5 1109
C25C30 1.538  1.537  C22C25C30 1129 1133
C30C27 1.548  1.540  C25C30C27 1109  111.8
C27C23 1.539  1.545 (C30C27C23 110.2  110.1
C23C21 1.535 1.538 C27C23C21 111.2  110.7
C27C40 1522  1.526 C23C21C22 112.0 1115
C3012 1.352  1.335 C3C4010 1142 118.2
C4010 1.372 1.365 C4C3012 1203 119.3
C18019 1.222  1.224 C16C18019 126.7 1274
C22034 1.407 1407 C21C22034 112.0 1119
C25036 1426 1426 C22C25036 109.6  109.4
C27038 1431 1426 C30C27038 110.7  106.8
C40041 1.279  1.277  C30C27C40 110.1 1114
C40042 1.274  1.280 C27C40041 1213 121.0
O12H13 0.970 C27C40042 119.8  120.3
O10H11 0.965 C40041Pb 95.0 91.6

0O41H43 C40042Pb 89.2 92.8

010--H13  2.115 C3012Pb 113.3
H37--038 1985 1996 (C4010Pb 110.5
H39--042 2.153 2.616 C2C1C6C14 179.6  179.3

0O41Pb 2256 2317 CIC6C14Cl16 176.0  179.4
042Pb 2387 2288 C6C14C16C18 179.0 1782
O10Pb 2.193  Cl14C16C18019 0.9 0.8

O12Pb 2.124  Cl14C16C18020 1787 1794

C16C18020C21  173.6 1733
C18020C21C22 1609  158.1
C18020C21C23  77.5 80.1
C23C27C40042 1312 1034
C27C40041Pb 171.6  176.1
C3C4010Pb 32

protonation states of chlorogenic acid. For this complexed form,
the two long wavelength bands red shift with respect to the
free ligand or 1:1 complex and a new band appears at 267 nm.
This band is characterized by a low ligand—metal charge
transfer, with a displacement of the charge density from the
carbon chain to the Pb atom bound to the catechol (H — L +
4 transition).

3.4. Complexe Structures. Only the structures of the two
identified complexes [Pb(H,CGA)(H,0)3] i and [Pby(CGA)-
(HyO)g] " are reported in Table 8. Even if the Pb(II) coordination
occurs at the level of the carboxylate group in the 1:1 complex,
a low electronic effect is observed on the conjugated part of
the ligand. Indeed, a low quinoidal form is adopted by the
benzene ring, inducing noticeable variations in the CC and CO
bond lengths in the carbon chain. At the level of the cyclohexane
ring, the main modifications consist of a strengthening of all
the CO bonds of the hydroxyl functions, and a rotation of 47°
of this ring around the O20C21 bond is calculated. The two
CO bonds of the carboxylate function acquire similar lengths
in opposition to the free ligand HCGA™. Moreover, the
041C40042 valence angle significantly decreases (118.8°) with
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respect to the free ligand (130.1°) to form the chelate. Due to
the presence of lone pair on the Pb atom, the ligands (H,CGA~
and 3 water molecules) adopt a hemidirected arrangement>>-3
(as can be seen in Figure 8) that induces structural distortions.
This leads to two PbO bond lengths with the carboxylate that
differ by 0.13 A. The PbOy,o bond lengths are longer with an
average value of 2.505 A.

As expected, for the structure of [Pby(CGA)(H,0)6]", the
main changes with respect to [Pb(H,CGA)(H,0)3]™; are local-
ized at the catechol site level. An increase of the C2C3 and
C3C4 bond lengths is achieved with a decrease of the C3012
great dissymmetry is observed in the second chelate, in which
the two CO and PbO bonds differ of 0.03 and 0.07A,
respectively.

4. Conclusion

Interest for the mechanism of metal cation complexation has
grown in recent years. One key aspect of this interest resides in
the quest for a better understanding of the metal—ligand
interactions in chemical, environmental, and biochemical pro-
cesses. However, the majority of these interactions occur in
aqueous medium with very weak metal ion concentrations and,
consequently, their studies require very sensitive techniques of
molecular investigation. The UV —visible absorption spectros-
copy combined with chemometric methods makes it possible
to easily obtain information concerning the complexation
processes (stoichiometry, stability constants, spectrum of pure
species) but gives no information of structural nature about the
complexed species. In this paper, we show that, from the spectral
shape obtained by electronic spectroscopy, it is possible with
quantum chemical methods, and in particular TD-DFT meth-
odology, to identify the structure of a complex. That requires
considering all the possible interactions between the ligand and
metal ion and comparing the theoretical spectra obtained starting
from the hypothetical structures of the various complexes with
the experimental spectrum.

This methodology was successfully applied in the case of
the Pb(II) complexation by a multisite ligand: the chlorogenic
acid, which is a precursor of humic substances. We have shown
that the Pb cation forms a chelate with the carboxylate function
of the ligand.
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