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ABSTRACT

Caffeic (CFA) and p-coumaric (p-CA) acids are biologically active compounds commonly found in plants and food of plant origin. Metal complexes of these acids
exhibit diverse bioactivity, sometimes even higher than the free ligands. Lanthanide (Ln) complexes with organic ligands also attract the attention of researchers, due
to their potential application as novel potential biologically active agents. The aim of the present study was the evaluation of the interactions of CFA and p-CA with
representative lanthanides (Ln®* = Eu®*, Gd%*, and Dy3+) in aqueous solution. Potentiometric, spectrophotometric, and H NMR techniques were used to study the
acid-base behavior of CFA and p-CA, as well as their complexing ability towards Ln3* cations, over a wide range of pH values (2 < pH < 8), in KCl(aq) at I = 0.2 mol
dm~3 and T = 298.15 + 0.1 K. The evaluation of the sequestering ability of both ligands towards the studied lanthanides, by means of pM and pLg 5 parameters, show

that CFA is a better chelating agent.

1. Introduction

Hydroxycinnamic acids are phenylpropanoids, derivatives of cin-
namic acid, biosynthesized as secondary metabolites by plants [1,2].
Among them, caffeic (CFA) and p-coumaric (p-CA) acids are the most
representative (Scheme 1). p-CA is synthesized via the phenylpropanoid
route, mainly from phenylalanine and tyrosine. It occurs in plants, both
in free and conjugated form, forming derivatives of mono-, oligo- and
polysaccharides, organic acids, and amines. p-CA can be found in fruits,
vegetables, nuts, grains and mushrooms [3,4]. CFA is also one of the
most common hydroxycinnamic acids, biosynthesized by hydroxylation
of p-CA and found in vegetables, fruits, herbs, mushrooms, and plant-
derived beverages (e.g., wine and coffee) [2].

CFA and p-CA are known for their diverse physiological functions,
including antioxidant, antibacterial, antitumor, anti-inflammatory, and

antidiabetic activity, which leads to their use in many fields of industry,
such as chemical, food, cosmetics, and pharmaceutical industry [1,4].
Lanthanides (Ln) are actively studied for their unique properties, in
particular optical and magnetic [5,6]. The study of Ln complexes with
organic ligands continuously attracts research interest, due to their po-
tential application as electronic luminescent materials, biosensors,
antimicrobial or anticancer drugs [7-9]. Their complexes are used, for
example, as emission probes in optical spectroscopy and microscopy and
as contrast agents in magnetic resonance imaging and angiography
[10-12]. Furthermore, it has been reported that Ln complexes exhibit
interesting biological activity [13-18]. In many countries (e.g., China,
Austria, Switzerland) Ln both in organic and inorganic forms are also
applied in zootechnics and agriculture [19,20]. The complexation with
Ln®" could enhance antibacterial [1 0,15-18], antifungal [15,17], anti-
oxidant [17] or anticancer [14] activity of free organic ligands, as well
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Scheme 1. Chemical structure of cinnamic and hydroxycinnamic acids.

as the bioactivity of free metal ions [14-16].

Despite their importance, relatively few data are available for Ln>*
complexes with natural antioxidant molecules such as phenolic com-
pounds [21,22] and there is very limited information in literature on the
structure and the solution thermodynamic behavior of phenolic acids/
Ln>* complexes. In this context, the study of the coordination properties
of Ln®" in relation to natural antioxidant molecules may deserve great
interest in the search for compounds that are safe for use by humans and
can be applied in, for example, the food industry. Therefore, the main
goal of the present study was the evaluation of the chelating ability of
CFA and p-CA towards different Ln®>* (Eu®*, Gd**, and Dy*").

2. Materials and methods
2.1. Reagents and solutions

Caffeic acid (3-(3,4-dihydroxyphenyl)-2-propenoic acid, CFA, HsL),
p-coumaric acid (4-hydroxycinnamic acid, p-CA, HyL), europium(III)
chloride hexahydrate (EuCls-6H20), gadolinium(III) chloride hexahy-
drate (GdCl3-6H20), and dysprosium(Il) chloride hexahydrate
(DyCl3-6H20) were purchased from Sigma-Aldrich Chemie GmbH
(Steinheim, Germany). Hydrochloric acid (HCl) TitraFix™, potassium
hydroxide (KOH) TitraFix™, potassium chloride (KCl), ethyl-
enediaminetetraacetic acid disodium salt dihydrate
(C10H14N2Nag0g-2H,0, EDTA) were purchased from POCH S.A. (Gli-
wice, Poland). KCl solutions were prepared by weighing the pure salt,
previously dried in an oven at T = 383.15 K for two hours. The stock
solutions of Eu®*, Gd**, and Dy*" (cy &~ 10 mmol dm™>) were obtained
by dissolving an appropriate amount of salt in Milli-Q water (25 cm®),
and were standardized against standard EDTA solutions [23]. HCI and
CO,-free KOH solutions were prepared by diluting the concentrated
TitraFix™ ampoules in Milli-Q water and standardized against tris
(hydroxymethyl)aminomethane (Tris, ACS reagent, 99.8%, Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) and potassium hydrogen
phthalate (Standard Reference Material, Merck, Germany), respectively,
previously dried at T = 383.15 K for two hours. Soda lime traps were
used to preserve the KOH solutions from atmospheric CO». All solutions
were prepared in grade A glassware and with ultrapure water, obtained
from a Milli-Q water purifying system (Millipore Direct-Q 3, Merck). All
chemicals had an analytical purity and were used without further
purification.

2.2. Potentiometric measurements

All potentiometric titrations were performed under an argon atmo-
sphere, at the constant ionic strength of I = 0.2 mol dm~2 in KCl(aq) and
at T=298.15 + 0.1 K in thermostatted cells, using an Orion Star™ T910
Series Potentiometric Titrator (Thermo Scientific™) equipped with an
automatic burette and a combined glass electrode Orion™ 8102BNUWP
ROSS Ultra™ (Thermo Scientific™). The estimated accuracy was +0.20
mV and £0.001 cm? for potential readings and titrant volume additions,
respectively.

Before each potentiometric titration, independent strong acid—strong
base titrations were performed, in the same experimental conditions (I
= 0.2 mol dm2 in KClag), T = 298.15 + 0.1 K) that were used for
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titrations of phenolic acid/complex solutions. These measurements were
necessary for the determination of electrode potential (EO) and the acidic
junction potential (Ej = j,[H"]). Only in this way, the pH scale can be
used, with pH = —1og[H+], where [H'] is the free proton concentration
(not activity). pKw values were also calculated in order to evaluate the
reliability of electrode calibration over the alkaline range [24-26]. For
the determination of the acid-base properties of the free ligands (CFA
and p-CA) and to study their interaction with Ln>*, several potentio-
metric measurements were carried out by titrating 25 cm® of the titrand
solution with standard KOH solutions, up to pH =~ 8.0-8.5. Titrand so-
lutions consisted of different amounts of ligand (¢, ~ 1.0 — 1.3 mmol
dm™3) and lanthanide cation (¢, ~ 0.5-1.3 mmol dm™2) in different
ratios (1:1 < ¢y, < 1:2), HCI (cyg ~ 2.0-5.0 mmol dm™3) and the
necegsary amount of KCl(,q) to reach the ionic strength of I = 0.2 mol
dm™.

2.3. UV-Vis spectrophotometric measurements

UV-Vis spectrophotometric measurements were carried out with an
Evolution One UV-Vis Spectrophotometer (Thermo Scientific™)
equipped with an optical fiber probe, with a fixed 1 cm path length. The
same conditions of temperature (T = 298.15 + 0.1 K, maintained by
circulating thermostated water) and ionic strength (I = 0.2 mol dm~3in
KCl(aq)) of potentiometric measurements were used. Several spectro-
photometric UV-Vis titrations were carried out in the wavelength range
of 220-450 nm by titrating 25 cm® of solutions containing the ligand
(CFA or p-CA, ¢, ~ 4.0-6.0 x 10> mol dm™>), HCl (cy ~ 1.0-2.0 x 1073
mol dm~%) and KCl(ag), with standardized KOH solutions, up to pH ~ 12.
The titrant additions and the potential readings were done with the same
system used for potentiometric measurements. Also, the combined glass
electrode was calibrated according to the procedure described before.
To evaluate the formation of complexes of Ln>* with both ligands and to
determine the corresponding stability constants, several measurements
were carried out on solutions prepared as above described, with suitable
additions of Ln®* to obtain different metal to ligand ratios (1:1 < cp:cy,
< 1:3).

2.4. 'H NMR measurements

'H NMR titrations were performed using a Bruker Avance II 400
spectrometer and were performed in solutions with a known ligand
concentration (¢, ~ 10~3mol L™1) in KCl(aq) at1= 0.2 mol dm3and T=
298.15 K, in 5 mm NMR tubes, following the procedure described in our
previous works [27,28]. As an external reference, a DO capillary was
introduced in each NMR tube, avoiding the preparation of the samples in
H»0/D50 mixtures, as commonly done [29,30]. This was done to avoid
the need for evaluation of the isotopic effect, as the binding affinities of
protonating groups are slightly different for D™ and H' [31,32]. In
addition, a pre-saturation pulse sequence technique was used to sup-
press the residual water signal. A standardized KOH solution was used to
adjust the pH, measured with a calibrated Orion™ 8103BNUWP ROSS
Ultra™ semi-micro tipped glass combination electrode, calibrated as
described above.

2.5. Thermodynamic calculations

The parameters of the electrode calibrations (B, PKy, acidic junction
potential coefficient j,, analytical concentrations of reagents), the pro-
tonation constants of phenolic acids, and the stability constants of their
Ln(III) complexes were determined by refinement of the experimental
data using the non-linear least squares software BSTAC4 [33]. Hyp-
Spec2014 program was used to analyse the spectrophotometric data,
and to determine the stability constants and the molar absorbance
spectra of the absorbing species [34]. 'H NMR data were analyzed by
HypNMR [35], while ES4 [33] and HYSS [36] computer programs were
applied to draw the speciation and the sequestration diagrams.
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Table 1
Protonation constants of CFA and p-CA acids in KCl(,q) at = 0.2 mol dm 2and T
= 298.15K.

Species (p:q:r) 10g fipqr * (log Ko1r)
CFA p-CA
LH 0:1:1 11.93 9.028 + 0.004
LH, 0:1:2 20.59 (8.66) 13.401 + 0.004 (4.37)
LH3 0:1:3 24.92 (4.33) -

2 10g fpqr refer to the equilibrium: p Ln®' + q L* + r H = Ln,LH, ®P2at0 ¢
SD

b log Ko, refer to the equilibrium: H* + LH{Z? = LHE?,

¢ values from ref. [27].

The stability constants of complexes of Ln>" with CFA and p-CA are
expressed according to Eq. (1), considering the overall equilibrium:

pLn*T + g L” + rH' = Ln,LH, %" log Byg, )

The same equation is valid for the Ln®* hydrolysis (g = 0 and r < 0)
and ligand protonation constants (p = 0).

The stability constants, concentrations of reagents and ionic strength
of solutions are expressed as the molar concentration (c, mol dm’?’),
while uncertainties are presented as +standard deviation (SD). For
simplicity and when it is not relevant, the charges of the species are
omitted.

2.6. Evaluation of the sequestering ability

The assessment of the sequestering ability of CFA and p-CA towards
the investigated metal ions has been carried out by calculating a semi-
empirical parameter, pLg s, which represents the total concentration of
the ligand (L, as —log c1) required to bind 50 % (as mole fraction, xy, =
0.5) of a given metal ion (M) in a given solution when M is present as
trace (in this case, for computational purposes, cy = 1072 mol dm™3).
By plotting the fraction xy;, of the metal bound only to L vs. —log ci, we
obtain a sigmoidal curve (sequestration diagram) that can be fitted to
Eq. (2), a Boltzmann-type equation, where pL = —log ¢y, and pLg 5 is the
only adjustable parameter.

1

T 1 ¥ 100l ko) @

Xy,

The higher the pLg 5 value, the greater the sequestering ability of the
evaluated ligand is. The method of calculating the pLos parameter
shows the effective sequestering ability of a tested ligand L, representing
the metal selectively taken up by the ligand, even in the presence of
competing reactions. pLg s can therefore be determined in systems of all
possible complexity, in which many other metal cations and ligands are
simultaneously present (e.g., in biological and environmental samples).
Bearing in mind that, the sequestering ability depends on the

a)

Absorbance
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experimental conditions of the investigated system (e.g., ionic strength,
pH, temperature). For cy approaching to zero (ie., at very low con-
centrations like those used in our calculations), pLg s usually tends to
become constant and can be used for comparison purposes. In fact,
although Eq. (2) was not fully rigorous and was empirically derived from
sequestration diagrams, it proved to be excellent for modelling, in terms
of sequestration capacity, the behaviour of many systems of variable
complexity. Further details about this parameter and information on
how to calculate it can be found in refs. [26,37].

3. Results and discussion
3.1. Acid-Base properties of CFA and p-CA

For the determination of the stability constants of the Ln3*/CFA and
Ln®*/p-CA complexes, it is necessary to know the acid-base properties
of CFA and p-CA under the same experimental conditions. Table 1 shows
the protonation constants of CFA, previously determined [27], while the
same detailed study was performed in this work for p-CA, using poten-
tiometric and UV-Vis spectrophotometric techniques, complemented by
'H NMR studies.

Several independent potentiometric measurements were performed
and, from the data obtained, we could determine the values of two
protonation steps, corresponding to the protonation of the hydroxyl
group in the para position of the aromatic ring and of the carboxylic
acid, respectively. For a better characterization of the system, various
UV-Vis spectrophotometric measurements were also done (see example
in Fig. 1a). The spectra obtained for p-CA were processed by HypSpec
software, allowing the simultaneous determination of both the proton-
ation constants (log fp11 = 8.99 + 0.01 and log fp12 = 13.20 £+ 0.01,
which are in very good agreement with the potentiometric results re-
ported in Table 1) and the molar absorptivity spectra for each species
(Fig. 1b). The fully protonated form of p-CA, LHj, is characterized by an
absorption band with a Ay, = 310 nm. With the increase of the pH,
during the first step of deprotonation, a hypsochromic shift (blue shift) is
observed, reaching Amax at 283 nm for LH™. Further pH increase leads
then to a bathochromic shift (red shift), with the fully deprotonated
species Lz’, characterized by a band with maximum absorption at Ayax
=332 nm.

Despite the fact that p-CA is a very well know molecule, a good
assignment of the protonation steps cannot be done only using poten-
tiometric and/or UV-Vis spectrophotometric techniques. Nevertheless,
using similar molecules as reference, namely CFA, we can propose that
the first protonation step occurs on the phenolate group (at pH around
8-9) and the second on the carboxylate (around pH 4), like in the case of
CFA [27]. For a better insight into the system, 'H NMR experiments were
performed, as the change with pH of the chemical shifts of protons in the
vicinity of (de)protonable proton can be very informative. For this

=
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Fig. 1. a) Experimental representative absorption spectra of p-CA, measured at different pH values. ¢,.ca = 6 x 10> mol dm 2, in KCl(aq) at I = 0.2 mol dm 3 and T
= 298.15 K; b) calculated molar absorptivity spectra of p-CA for LHy, LH™, and L2~ species.
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Fig. 2. 'H NMR spectra obtained at different pH: a) p-CA spectra obtained at pH 2.30 with represented peak integrals and p-CA chemical structure with the cor-
responding 'H NMR peak attribution; b) some representative 'H NMR spectra of p-CA; c) graphical representation of the chemical shifts of each assigned peak

obtained from the experimental spectra recorded at different pH values.

Table 2
Calculated chemical shift (5 /ppm) of different (de)protonated species of p-CA, in
KClag) at I = 0.2 mol dm > and T = 298.15 K.

Nucleus
Species H, H, Hy H,

¢ /ppm
| 7.300 7.397 6.633 6.218
LH™ 7.323 7.512 6.904 6.357
LH, 7.685 7.575 6.932 6.383

purpose, we measured the 'H NMR spectra of different solutions of p-CA,
prepared under the same conditions of potentiometric experiments, at
different pH values. Some of the obtained spectra are presented in
Fig. 2a and b. By plotting the chemical shifts of the signal of each proton
vs. pH (Fig. 2¢), we can observe that, at pH between ~3 and 5, the peak
of Hy, shows a large change in its chemical shift to a higher field, and the
same occurs at pH above 8 for Hy. As both observations result from the
structural changes in the magnetic field around the mentioned protons
due to the deprotonation processes, we can conclude that: i) the
deprotonation of the carboxylic acid occurs between pH ca. 3-5, indi-
cating a pK, of around 4 (data processed by HypNMR gave log Ko12 = 4.5
+ 0.1); ii) at higher pH values, the deprotonation process mainly affects
the vicinity of proton Hq as the result of the deprotonation of the
phenolic group (determining log Kg1; = 9.37 + 0.03 by HypNMR). By
fitting the presented titration curves of chemical shift vs pH (Fig. 2c) we
could also determine the chemical shifts of the assigned protons for the

100 7.8
. JRN LH- L
2 30 I * - 7.6
[
> 2
= ® r 7.4
5 60 Vo el o @
2 Hy r72 3
S 40 1 3
] - 7.0
£ Aaadidd ‘0 o ® o
5 20 1 % L 6.8
S S —T 6.6

2 4 6 10 12

8
pH
Fig. 3. Speciation diagram of p-CA species (c,.ca = 1 mmol dm™3) as a function

of pH, in KCl(,q) at I = 0.2 mol dm~2 and T = 298.15 K, superimposed with the
chemical shifts of assigned peaks.

different protonated/deprotonated species (see Table 2), as well as the
calculated chemical shifts of each measured sample (see Table S1). It is
worth mentioning that the determined log K17 and log Ko 2 are slightly
higher than the analogous values obtained by both potentiometric and
UV-Vis spectrophotometric titrations. However, the uncertainty on the
determined values is higher, also due to the objective limitations of the
'H NMR technique in terms of the smaller number of recordable
experimental points. Taking into account this aspect, it can be concluded
that protonation constants obtained by H NMR are still in good
agreement with the values obtained in this work by the previously
mentioned techniques, as well as with the literature (e.g., Beltran et al.
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[38] reported log Ko11 = 8.98, log K12 = 4.36).

The obtained protonation constants were then used to draw the
speciation diagram (Fig. 3), in which it is evident that the first depro-
tonation starts already at acidic pH, leading to the formation of the LH™
species, the main species at neutral pH. The deprotonation of the hy-
droxyl group starts at pH ~ 8, resulting in the fully deprotonated L2~
species. The superimposition of the variation of the chemical shifts of Hy,
and Hy to the speciation diagram in Fig. 3 clearly evidence that the
change observed on Hjy, is in line with the formation of LH™, while Hq
changes with the formation of L2~, confirming the above statements
about the deprotonation sequence of p-CA.

3.2. Acid-base properties of Ln>* (hydrolysis)

As for the ligands, for the correct determination of the stability
constants of the LnyLiH; species in the studied systems, it is also
necessary to know the acid-base properties of Ln>* ions (i.e. their hy-
drolysis). Main hydrolysis reference books [39,40] report the formation
of three main species, namely [Ln(OH)]?", [Ln(OH),]", and Ln(OH)s.
According to Brown and Eckberg [40], while [Ln(OH)]?* formation is
well described in different experimental conditions, the same cannot be
said for other species. For example, there are four reported values for the
stability of [GA(OH),]" [41-43] and three for the stability of Gd(OH)3
(aq) [42,44], but none of the data appears to be consistent with the sta-
bility constant of [GA(OH)]?* [40]. The same is reported in the case of
Dy>": while for [Dy(OH)]?* there are several studies that present log
values in good agreement between them [45-47], there is only a single
work that reports data for the stability of the higher monomeric hy-
drolysis constants of Dy>* [44] where the proposed value for the sta-
bility constant of Dy(OH)3(aq) (log P10-3) is greater than 3 x log P10.1
[40]. In the case of Eu3+, there are many reported values determined for
log f10-1, obtained in different experimental conditions of temperature
and ionic strength, in good agreement among them. Nevertheless, also
for Eu®*, despite its hydrolysis is one of the most studied among lan-
thanides, only few studies report the hydrolysis constants of higher
monomeric species, as [Ln(OH),]" and [Ln(OH)3] [44,48-50]. In all of
them, values were considered as not reliable in the critical data revision
done by Brown and Ekberg in 2016 [40], who thus suggest to just
consider the formation of [Ln(OH)]** species as reliable (i.e., with
reliable hydrolysis constants available).

As such, we decided in this work to follow the above recommenda-
tion, considering in our calculations only the hydrolysis constants of [Eu
(OH)1?", [GA(OH)]?*, and [Dy(OH)]*>" species, taking them from the
work of Klungness and Byrne [46]. These authors determined the hy-
drolysis constants log f10.1(Ln) of the all lanthanide series by potentio-
metric and spectrophotometric experiments in NaClO4(,q) at different
temperatures (298.15 K, 313.15 K, and 328.15 K) and in a large ionic
strength range (0.04 < I/mol dm 2 < 5.7). From this complete and ac-
curate study, Klugness and Bryne derived an equation for the depen-
dence of [Ln(OH)]zJr hydrolysis constants on temperature (T) and ionic
strength (I) for all the investigated Ln3* cations in NaClO4(aq):

log Bro-1 (Ln) = log %B1o.1(Ln) - {2.044 1"%/(1 + 552 1"%) — 1.84 x 1073 I -
2446 KIT + 8.204 3)

with log %810.1(Ln) as the hydrolysis constant of the corresponding
[Ln(OH)]2+ species at T = 298.15 K temperature and zero ionic strength
[46]. In this work we thus used log f10.1(Eu) = -8.02, log $10-1(Gd) = -
8.09 and log f10.1(Dy) = —7.85, calculated using Eq. (3) at I = 0.2 mol
dm~2. It is worth to mention that, despite the fact that Eq. (3) was
defined for NaClO4(aq) media, at such low ionic strength values (I = 0.2
mol dm™), the activity coefficient of La®" in K/NaCl(aq) or NaClOy(aq)
solutions, calculated from the Pitzer equations is very similar, as
demonstrated by Millero [51], resulting in practically the same log f
values in those media. More recent papers report values consistent with
values calculated by Eq. (3) [50,52-55].
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Table 3
Stability constants of LnpL4H; species of CFA and p-CA in KCl(,q) at I = 0.2 mol
dm~®and T = 298.15K.

Equilibrium Species (p:q: 1og foqr *
r) Eut Gd3+ Dy3+
CFA
Ln+ L =LnL LnL 1:1:0 10.52" 10.57 + 11.03 £ 0.01
0.01
In+L= LnL 1:1:- 0.03" —0.24 + —0.083 +
LnLOH + H (OH) 1 0.01° 0.002°
p-CA
In+L+H= LnLH 1:1:1 12.02 + 11.81 + 11.99 £+ 0.01
LnLH 0.01(2.99 0.01(2.78 (2.87 £
+0.02) ¢ +0.03) ¢ 0.04) ¢
Ln+ L =LnL LnL 1:1:0 4.15 £ 0.01 4.09 £ 0.01 5.17 £ 0.01
(3.14 + (3.15 + (3.99 £
0.05) © 0.06) © 0.04) ©

2 10g fpqr refer to the equilibrium: pLn + gL + rH" = LnpLqH, =+ SD.
Y values from ref. [27].

¢ values obtained from spectrophotometric measurements.

4 log K refer to the equilibrium Ln + LH = LnLH.

¢ log K correspondent to the equilibrium Ln(OH) + LH = LnLH(OH).

3.3. Speciation of the Ln>*/CFA and Ln®*/p-CA systems

For the determination of the stability constants of the different Ln%*/
L metal complexes several potentiometric and UV-Vis spectrophoto-
metric independent titrations were performed.

Following the research undertaken in previous work on Eu®*/CFA
[27], we also evaluated the interactions of CFA with Gd*" and Dy3+. The
analysis of potentiometric and UV-Vis spectrophotometric data in-
dicates the formation of the same species for all three metal ions, namely
LnL and [LnL(OH)]~, where L = CFA and Ln = Gd*' and Dy*". By
potentiometry, due to the formation of sparingly soluble species, it was
only possible to determine the stability of LnL species. By spectropho-
tometry, working at much lower concentrations, higher pH values could
be reached without evident formation of precipitate, allowing the
further determination of the [LnL(OH)]™ hydroxo-species. The corre-
sponding stability constants are reported in Table 3. Fig. 4 shows an
example of spectrophotometric titration for the Dy>*/CFA system. The
obtained log f11¢ are in good agreement with the literature findings for
the structurally similar ligand, catechol (log 110 = 10.88 for Eu>*, log
B110 = 10.74 for Gd®* and log f119 = 10.60 for Dy>*) [56].

Since only three metal cations were investigated in this work, it is not
possible to infer about eventual regularities in the stability of CFA and p-
CA complexes along the lanthanide series. Nevertheless, it is possible to
affirm that slight differences observed in the stability constants given in
Table 3 are, at least, consistent with the results of our previous studies on
Ln3* sequestering ability of other ligands, in which the stability of
lanthanide complexes follow the so-called “tetrad”, “double-double”
effect or “gadolinium break” [57-59]. In this work, the stability of Gd3+
complexes with both CFA and p-CA is comparable (slightly lower) with
that of Eu®*, and lower than that of Dy>*. Considering the interaction
with CFA, this effect is better observed in the speciation diagrams
(Fig. 5a), which show that the higher stability of DyL species results on
its formation at slightly lower pH values (ca. pH 5.5 vs pH 6) than EuL or
GdL (see solid and dashed lines, respectively, in Fig. 5a), with a higher
percentage in solution over a larger pH range, leading also to the for-
mation of the [DyL(OH)]™ hydroxo species at higher pH (pH 10 vs pH 9).

The interaction of p-CA with Ln>" turned out to be different when
compared with that of CFA, due to the structural differences among the
two ligands, which lead to different coordination modes. While for CFA
the coordination most likely occurs via catecholate moiety, in the case of
p-CA the carboxylate group seems to be involved in the coordination of
lanthanide metal cations. This is in agreement with previous findings on
the interaction of CFA and p-CA with other trivalent metal cations, such
as AI®* [60]. Moreover, this hypothesis is also supported by the
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proposed speciation models and the stability constants of the species. In
particular, it is worth to pay attention to the ligand’s and cation’s species
effectively involved in the complex formation reaction. Table 3 reports
two distinct equilibria for the formation of the LnL* species. In fact,
LnL" species can be formed as the result of the interaction between the
free metal cation (Ln®") and the free ligand (Lz_), or between the pro-
tonated ligand and the hydrolysed cation. Though both equilibria are
perfectly equivalent concerning the final product, and no direct

information can be obtained by the above techniques for the species
effectively involved in the formation reaction of the “final” complex
[61-63], some speculation can be done. The LnL species starts to form at
pH = 6 (Fig. 6), where the phenolate of p-CA is still protonated (i.e., p-CA
is present as LH', deprotonation starts at pH > 8). In those conditions,
the coordination of the metal cation to the ligand to form the LnL species
would involve, like in the case of a strong metal-to-ligand binding, the
displacement of the proton that, considering the formation pH of the LnL
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Fig. 7. Experimental representative absorption spectra of Gd>*/p-CA system,
measured at different pH values and at 1:1 ratio, ¢p.ca = Cga = 6 X 107° mol
dm 3, in I = 0.2 mol dm > KClaqy and T = 298.15 K.

species, would necessarily be that of the phenolate group. However,
proton displacement can only occur if the stability constant of the
complex (i.e., the binding of the metal cation) is comparable (or higher)
with that of the (de)protonation equilibrium (this happens, for example,
in the case of CFA). As can be noted, comparing log i1, values in Table 3
with the first protonation constant of p-CA (Table 1), this is not the case.
As such, a different equilibrium seems to take place in our systems. By
taking into account that the metal cations start to hydrolyse (forming
[Ln(OH)]?*, Ln = Eu®*, Gd®*, and Dy*") roughly in the same pH range
of the LnL species, this let us suppose that the real reaction occurring in
solution is, of the two above proposed, that one involving the monop-
rotonated p-CA and the hydrolysed lanthanide, according to equilibrium
Ln(OH) + LH = LnLH(OH), as described in Table 3. Overall, the inter-
action of p-CA with the studied lanthanides can be explained as follows:
at acidic pH, the lanthanide cation binds to the monoprotonated ligand,
coordinating through the carboxylate, forming [LnLH]?*. Once the
metal complex is formed, the hydrolytic process of the metal cation
occurs anyway leading to the formation of [LnLH(OH)]" (stoichiomet-
rically represented as LnL). Furthermore, the [LnLH]?* species starts to
form in the same pH range where the deprotonation process of the
carboxylic moiety starts (pH 3-4).

As a further indication of the coordination of p-CA by the carboxylate
group, it is worth mentioning that the order of magnitude of the
determined formation constants is in full agreement with the literature
values for similar ligands, such as phenylacetic (log 179 = 2.06 for Eu3+,
log f110 = 1.96 for Gd®*, and log p110 = 1.96 for Dy3+) and hydrox-
ycinnamic acid (log 170 = 2.18 for Eu®* and log $110 = 1.96 for Dy>")
[56,64].

To get further insight into the system, mainly on the coordination

a)

caffeic acid®
B catechol®

PM ¢ 50
6.40
6.30
6.20
6.10
6.00
5.90
5.80

Eu Gd Dy
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mode, we also performed UV-Vis spectrophotometric titrations. Due to
the experimental limitations of working at relatively low ligand con-
centrations (both for solubility reasons and eventually too high absor-
bance readings) as well as because more diluted titrant solutions cannot
be used (i.e., due to the accuracy of standardization, significant pH
differences among each titration point, extreme dilution of the titrand
solution, etc.), it was not possible to determine the stability constants of
those species with sufficient accuracy. In fact, in the experimental
conditions of the Ln3+/p—CA systems, in which the stability of the
complex species is relatively low, a significant pH jump was inevitably
observed in the range where such species are formed, hampering the
collection of a sufficient number of experimental data points in that
range. This is better visualized in Fig. 7, which shows an example of UV/
Vis titration for the Gd>*/p-CA system.

Finally, for a global assessment of the sequestering ability of the two
investigated ligands towards the three studied lanthanides, pM and pLy 5
values were calculated. The use of these parameters is particularly
suitable for comparisons between ligands with different acid-base
properties and binding abilities, since in this case this information is
not directly achievable from a simple assessment of the stability con-
stants of the species formed [26]. The ability of both p-CA and CFA to
sequester lanthanides cations is not too high, as demonstrated by the
analysis of calculated pM values (6.1 < pM < 6.5), which are also in line
with pM of Ln*/catechol or Ln®"/phenylacetic acid systems (Fig. 8).
Nevertheless, a slightly higher affinity is observed for CFA when
compared with catechol, especially towards Dy>" (6.46 vs 6.13).

Although, as originally defined by Raymond and co-workers [65],
pM values are calculated at pH = 7.4, pLy 5 can be estimated in very
different conditions, even at various pH. Fig. 9 shows the sequestration
diagrams calculated at different pH values for the Dy>*/CFA (Fig. 9a)
and Dy3+/p-CA (Fig. 9b) systems. While, for CFA, pLg 5 increase with pH
(indicating a higher sequestering ability for higher pH values), for p-CA
they increase until pH ~ 8 and then decrease, as a clear indication that
the formation of lanthanide-hydroxo species is favored over the complex
(as also evidenced in the speciation diagrams presented in Fig. 6). The
sequestration diagrams of the other systems are presented in the sup-
plementary material (Fig. S1). Considering pLg s values we can easily
observe that, at pH 7.4, CFA has a better sequestering ability than p-CA
towards the studied Ln>* (Fig. 8¢).

4. Conclusions

The chemical speciation of CFA and p-CA in the presence of three
different Ln>* (Eu®", Gd3*, and Dy®") was evaluated in KCl(aqy atI=0.2
mol dm ™3 and T = 298.15 K. All the three investigated Ln>" form two
species with CFA, namely LnL and [LnL(OH)]~, while LnLH and LnL™"
are observed for p-CA. For each ligand, the stability of species with the

b)

pM
6.16 -
p-coumaric acid?®

6.14 I phenylacetic acid®
6.12
6.10
6.08
6.06

6.04
Eu Gd Dy

Fig. 8. Graphical representation of the pM values calculated at the recommended conditions (pH = 7.4 and ¢, = 10 ¢y, with ¢, = 1 x 107> mol dm > [65]) using data

a) determined in this work and reported in ref. [27], b) ref. [56] and c) ref. [64].
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Fig. 9. Sequestration diagrams of Dy>" by a) CFA and b) p-CA at different pH values, in KCl(aq) at I = 0.2 mol dm~3and T = 298.15 K. ) pLg 5 values calculated at pH

7.4 for the indicated Ln®**/CFA and Ln®*/p-CA systems.

same stoichiometry is comparable for the three investigated cations.
Obtained results support the hypothesis that Ln®* coordination occurs
via catecholate group for CFA, and via the carboxylate moiety in the case
of p-CA. Finally, CFA presents a slightly higher sequestering ability to-
wards Ln>" than p-CA, considering both pM and pLg 5 parameters.
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