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Chapter 1

Introduction



1.1 Speciation

In recent years, a big attention has been paid to the study of molecules such as metals, organic and
inorganic compounds, that play fundamental roles in the human body and in the environment. It is
already known that the biological and chemical activity of these substances can be attributed only to
some of the chemical forms in which they are present in the biological and natural fluids [1]. To
understand better their mechanism of action, it is necessary to know not only their analytical
concentration, but also their "speciation". This term, also used in natural science but with a different
meaning, indicates the distribution of the different physical and chemical forms (isotopic
composition, electronic or oxidation state, inorganic compounds and complexes, organometallic
compounds, organic and macromolecular complexes) in which a component is present in a system,
where it can participate to various processes of formation of chemical species through different types
of reactions (strong and weak interactions, complex formations, etc), to the effect of parameters such
as temperature, pH, ionic strength and ionic medium [2]. In this context it is possible to obtain
important information on the behavior of molecules, such as their transport, adsorption, desorption,
dissolution, metal-complexation and toxicity, bioavailability.

Examples of applications of the speciation studies, diffused in the fields of food, clinical and
environmental chemistry, biogeochemistry, medicine, pharmacy, and industry, are reported in Table
1.1.

Due to the incredible variety and diversity of biological (blood, plasma, urine) and natural (seawater,
fresh water) fluids and to the high number of species that we can find on Earth, performing speciation
studies in conditions like these multi-component systems could appear a relevant issue. Considering
a drug, it can be transported, adsorbed, and performing its function if it is present in a specific
pharmacological form in the human body. On the other hand, if we focus our attention on a particular
neurotransmitter that must bind a specific receptor, its action could be speeded up, slowed down or
even blocked in the presence of a metal with which the neurotransmitter could form metal-ligand
complex species. A further example concerns the presence of potentially toxic metals (in ionic or
complexed form) that induce reactions leading to the formation of free radicals that can be harmful

from many points of view for the human body and in environmental matrices.



Table 1.1. Examples of applications of the speciation studies.

Element Application area of speciation analysis
(Symbol)
Aluminium Polymerization products.
(Al) Forms of aluminium (e.g., labile, complexed) in serum.
Antimony Redox forms and organoantimony compounds
(Sb) in the environment and food products.
Arsenic Redox forms and organoarsenic compounds in the environment.
(As) Arsenic-bound proteins in serum and hemoglobin.
Arsenic in food products.
Forms of arsine AsHj; (arsenious hydride) in indoor air at the workplace.
Cadmium Complex organic cadmium compounds,
(Cd) metallothionine.
Chromium Redox forms of chromium, Cr(VI) in the environment.
(Cr) Chemical forms of chromium coupled with proteins.
Iodine Iodine forms in the environment
D and biological fluids.
Lead Forms of lead compounds in the environment,
(Pb) e.g., trialkylated Pb compounds.
Phosphorus Phosphine (hydrogen phosphides) in indoor air at workplace
(P)
Mercury Forms of mercury compounds in the environment
(Hg) and food products (in particular methylmercury).
Platinum Inorganic forms in the environment.
(Pt) Metal-organic forms of cis-platinum in medicine (therapeutic).
Selenium Inorganic and organometallic selenium compounds
(Se) in the environment and food products (e.g., potatoes).
Tin Organometallic forms in the environment
(Sn) and food products (e.g., shellfish)
Actinide Chemical forms of compounds in the environment
series

and in radioactive waste storage places.

Furthermore, a chemical substance, at certain doses or concentrations or in different oxidation states,
could cause disturbances or damage to living organisms (animals or plants) to which it has been
administered or with which they have come into contact. For example, a high-dose mercury is very

toxic, but it can become even more dangerous if it is found in the organometallic form as



organomercury (methylmercury, ethylmercury, etc.). Furthermore, Cr(IlI) is essential and participates
in the metabolism of glucose, while Cr(VI) is highly toxic and carcinogenic [3]. Therefore, different
"species" or chemical forms of the same element can have different toxicity levels.
Using new instrumentation and analytical methods such as potentiometry (ISE-H"), UV-Vis
spectrophotometry, spectrofluorimetry, calorimetry, nuclear magnetic resonance (NMR),
voltammetry, electrophoresis, gas chromatography (GC), high performance liquid chromatography
(HPLC), hyphenated methods (e.g. GC-MS, LC-MS, GC-ICP-MS) is therefore possible to detect and
quantify the species present in a particular system.
The approach used by the research group where the PhD work presented in this thesis was performed,
to carry out speciation studies, has a thermodynamic nature, based on the determination of
thermodynamic properties (e.g. equilibrium constants K.q, dependence of thermodynamic parameters
on ionic strength and temperature) related to the formation of the species in the considered system.
In this thesis, although the investigated molecules are very different from each other in term of
molecular structures and have different functions, they are essential or have healthy or therapeutical
effects for the human body.
The ligands under study can be divided into three categories:

e neurotransmitters: Dopamine;

e antibacterials: Ornidazole and Ofloxacin;

e amino acids: Tryptophane and Histidine.
The investigated metal cations can be classified based on their position on the periodic table and on
their metallic or organometallic nature. Along the text the following three groups will be considered:

e group A metals: Ca?*, Mg?*, Sn’";

e group B metals: UO**, Cd**, Cu?**, Mn?*, Zn*";

e organometals: CH3Hg", (CH3CH2)>Sn?".

1.2 Neurotransmitters

1.2.1 Dopamine

Dopamine, also known as 4-(2-aminoethyl)benzene-1.2-diol as IUPAC name, is an important
molecule for the nervous system. It is part of the family of catecholamines, molecules featured by a

structure containing a catechol, an aromatic ring with two hydroxy groups in position 1 and 2 (Figure

1.1) and a lateral amino chain in position 4 [4].
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Figure 1.1. Catechol structure

In the human body, the most abundant catecholamines, in addition to dopamine, are epinephrine (or
adrenaline) and norepinephrine
Catecholamines are synthesized starting from precursors such as phenylalanine or tyrosine (synthesis

shown in Figure 1.2, are 50% water-soluble and are found bound to plasma proteins in blood vessels.
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Figure 1.2. Catecholamine synthesis

Catecholamines such as adrenaline and dopamine, act as central nervous system modulators and as
hormones in the bloodstream, while the release of adrenaline and norepinephrine from the adrenal
medulla of the adrenal glands is part of the fight or flight response [5].

In many cases, stress depends on high levels of catecholamines in the blood, which can be induced
by psychological reactions or environmental stressors such as high levels of noise, bright light, or
other hormonal response. If the concentrations of catecholamines are extremely high, catecholamine
toxicity can occur due to trauma to the central nervous system owing to stimulation and / or damage

to the nuclei concerning the sympathetic nervous system, responsible for the person voluntary actions.



Dopamine was for the first time synthesized in 1910 by George Barger and James Ewens at Wellcome

Laboratories in London, England [6]. Its structure is reported in Figure 1.3.

NH,

HO
OH

Figure 1.3. Dopamine structure

The neurotransmitter behavior was already known since 1958[7] by Arvid Carlsson and Nils-Ake
Hillarp, but only in the 2000s its hormonal action and its biogenic synthesis have been discovered.
As a medicinal agent, dopamine is synthesized by demethylation of 2-(3,4-
dimethoxyphenyl)ethylamine using hydrobromic acid [8, 9] and following the reaction reported in

Figure 1.4.

HBr

0]
HO

Figure 1.4. Dopamine synthesis

Dopamine is believed to be the primary neurotransmitter of the sympathetic nervous system.
Neurotransmitters are ligands used for the transmission of nerve impulses in the human body; they
are synthesized by the neurons and are released at the proper moment in different areas of the body
to act in a specific way with a postsynaptic cell. Dopamine is the main neuroendocrine inhibitor of
prolactin secretion from the anterior pituitary gland [10].

It is produced by neurons in the arcuate nucleus of the hypothalamus, it is secreted into the
hypothalamic-hypophysial blood vessels of the median eminence, which supply the pituitary gland.
It is also produced in several areas of the brain, including the substantia nigra and the ventral
segmental area.

Dopamine is a hormonal regulator of the cardiovascular and urinary system; induces natriuresis
(sodium loss) in the kidneys and has a diuretic effect [11, 12]; it is also used in patients with shock or

heart failure to increase cardiac output and blood pressure [13].



Diseases of the nervous system, such as Parkinson's one, are associated with a degenerative condition
linked to the loss of dopamine-secreting neurons in the substantia nigra. The opposite and widely
demonstrated [14, 15] condition occurs in patients with Schizophrenia, who have high levels of
dopaminergic activity in the mesolimbic pathway and low in the prefrontal cortex.

It is known that dopamine is also released at the level of the synapses of the central nervous system,
where it plays the role of a neurotransmitter by interacting with dopaminergic receptors. For this
reason and for being released at the end of a reflex pathway involving both the nervous and endocrine
systems, dopamine is one of the neurohormones.

Dopaminergic receptors are coupled to G proteins. There are two types of receptors, different in
pharmacological and biochemical characteristics, with a different binding affinity for both dopamine
itself and for other agonists and antagonists.

For example, dopaminergic D1 receptors have various functions, such as: the activation of adenylate
cyclase and through it they mediate the phosphorylation of some proteins; or they mediate the
response of peripheral blood vessels and ultimately activate phospholipases that cause calcium
mobilization.

Another example of dopaminergic receptors are those of class D2 coupled to different translation
systems that have many fundamental functions, such as: inhibition of adenylate cyclase, reduction of
CaAMP which determines the opening or closing of Ca and K channels [16].

Dopamine occurs as a white or almost white, odorless, microcrystalline or granular substance.
Exposure to light or air causes darkening. From the data reported in the literature it is clear that
dopamine is quite soluble in water and this solubility depends on the pH. The minimum solubility
values are obtained at pH~9.4, but the formation of ionic species following its solubility further
increases its solubility. It is a rather unstable compound and susceptible to decomposition in the solid
state. Its release is linked to the perception of motor stimuli; all these stimuli are processed at the
hypothalamic level, where they evoke a response of the parasympathetic nervous system.

In Parkinson's disease the concentration of dopamine has to be increased, but it cannot be introduced
as it is because it would be metabolized, therefore it is administered as L-DOPA and CARBO-DOPA
(which has no activity).

Dopamine which has performed its function has to be eliminated from the synaptic cleft and it can be
made in two ways: by degradation, by enzymes or by reuptake.

The latter mode is mediated by specific transport proteins. These proteins can be inhibited by creating
an increase in dopamine levels (ideal for Parkinson's). An inhibitor is cocaine which has a high
affinity for these proteins. Cocaine, depending on how it is administered, has a different action

(usually all drugs of abuse increase dopamine levels); it can also act as a local anesthetic if chewed.
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Cocaine, when used as an anesthetic, is found in the Na channels blocking the pumping system and

consequently blocking nerve impulses.

1.3 Amino acids

Amino acids are the most versatile small biomolecules. They fulfil a number of extremely important
roles in biology, such as building block of proteins, they are precursors of hormones and of molecules
with specialized physiological function, e.g., the neurotransmitter dopamine and the hormone

thyroxine are both derivatives of the Tyrosine [17].

Figure 1.5. Structure of a generic amino acid

The generic structure of an amino acid is based on a central a-carbon, where a carboxyl group, an
hydrogen atom, an amino group, and a variable side chain or R group are bound (see Figure 1.5).

In Figure 1.6 the structure of the 20 common amino acids is reported; 8 of them are essential for the
human diet since human lack the enzymes to synthesize them from scratch and 2 are semi-essential

(required for growth by the young human).
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Chemical structures of the twenty common amino acids

HZN\/Q\OH H2N\I/ﬂ\OH HZN\[:H\OH

Alanine (ALA,A) Sm.m%*ga 2

f ﬂ o, I

H — 0

Glycino (GLY,G)

Valine (Val, V) Threonine (The, T)

Aspartlc acid (Asp, D)

H,N ﬂ i H,N ﬂ 5 ﬂ -

H N

Loucino (Lou, L) Isoleucine (lle, 1)

NF,*
Lysino (tys, K)

iy ——

Glutamic acid (Glu. E) Glutamine (Gln, Q) Methionine (Met, M)

HN™ ™
—N
Histidine (His, H) Phonmylalanine (Phe, F) OH
Tyrosine (Tyr, ¥)

Figure 1.6. Amino acids structure

during childhood and for the growth and development of the child.
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The essential amino acids are: Phe, Val, Trp, Thr, Ile, met, Lys and Leu; His and Arg are essential

The amino acids are weak polyprotic acids. The carboxyl group is a rather strong carboxylic acid with
pKa around 2.5, whereas the amino groups is a base with pK, around 9.5. The particularity of the

amino acids is that the natural form is represented by the zwitterion ion that forms at a pH value



characteristic for each amino acid; in this form, the amino group is present as —NH3", while the

carboxylic group is deprotonated (see Figure 1.7).

cation zwitterion anion
“NH; “NH, NH,
| p K, | =) P K ‘ l =
R—C—COOH +=—= R—C—CO0 +—= R-—C—COO

| I |
H H H

e —S

low pH pH high pH

Figure 1.7. Generic amino acid deprotonation

In this thesis, particular attention was paid to the complex properties of Histidine and DL-Tryptophan.

1.3.1 Tryptophan

DL-Tryptophan (Trp, see Figure 1.8) is an essential amino acid.

Figure 1.8. Tryptophan structure

The isolation of Tryptophan was for the first time reported by Frederick Hopkins in 1901[18] through
hydrolysis of casein. In 1989, the importation of L-Tryptophan was banned in the United States after
cases of deadly autoimmune illness called eosinophilia-myalgia syndrome [19]. Since 1994
Tryptophan has been available and marketed as a dietary supplement in the United States, while
imported product remains limited by special regulations. From 600 grams of crude casein, it is
possible to obtain 4-8 grams of Tryptophan [20]. Plants and microorganisms commonly synthesize
Tryptophan from shikimic acid or anthranilate [21]. The latter compound condenses with

phosphoribosylpyrophosphate (PRPP), generating pyrophosphate as a bi-product. After ring opening
13



of the ribose moiety and following reductive decarboxylation, indole-3-glycerinephosphate is
produced, which in turn is transformed into indole. In the last step, Tryptophan synthetase catalyses

the formation of Tryptophan from indole and the amino acid serine (see Figure 1.9).
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Figure 1.9. Tryptophan synthesis

It is provided by food and transported into the brain through the high affinity LAT1/r4F2hc L-system
transporter [22]. It increases the amount of serotonin in the brain, allowing crucial “serotonin neural
circuits" to function more effectively and with greater reliability. Tryptophan plays a very important
role in many biological processes. For example, it is converted into niacin (vitamin B3) by the liver,
but perhaps most importantly, it is, like Tyrosine, an essential precursor of a big number of
neurotransmitters in the brain; in fact, it is the only component that can be converted into serotonin,
which in turn is converted into melatonin [23, 24]. Some studies have also shown some relations on
memory in patient with schizophrenia [25]. Tryptophan and Tyrosine create a delicate balance in the

brain, a balance that keeps us on a calm and even emotion keel (see Figure 1.10).
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Figure 1.10. Tryptophan conversion

1.3.2 Histidine

Histidine (His, see Figure 1.11) is another essential a-amino acid, important for the biosynthesis of
proteins and enzymes. Histidine is obtained from the diet. The WHO (World Health Organization)/
FAO (Food and Agriculture Organization of the United Nations) Histidine requirement for adults is
10 mg kg body weight! - d°!.
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Figure 1.11. Histidine structure

Like all the amino acids, His is featured by a protonated a-amino group and a deprotonated carboxylic
group at physiological conditions. In addition, a partially protonated imidazole side chain is bound to
the amino acid moiety. The imidazole of the Histidine side chain represents the aromatic part of the
molecule; moreover, it is an ionizable group with an acid ionization constant logK, = 6.5. His has the
tendency to coordinate metal cations such as Ca** and Zn**, which allow to catalyze many biological
processes [26].

Histidine was isolated for the first time by the German physician Albrecht Kossel and Sven Gustaf
Hedin in 1896 [27]. Histidine, whose acyl radical is histidyl, is also a precursor of histamine, a vital
inflammatory agent in immune responses.

The imidazole side chain of Histidine residue commonly acts as a ligand in metalloproteins. An
example is the axial base attached to iron ion in myoglobin and hemoglobin. Immobilized metal-
affinity chromatography (IMAC) can be employed to purify recombinant proteins featured by a short
affinity tag consisting of polyhistidine residues. This technique exploits the specific amino acid side
chains interactions with transition metals, such as Co?", Ni**, Cu?*, Zn?", immobilized on a matrix
[28].

Natural polyhistidine peptides found in the venom of the viper Atheris squamigera have been shown
to bind Zn?*, Ni*" and Cu?* and affect the function of the venom metalloproteases [29]. Furthermore,
low-complexity regions rich in Histidine are found in proteins binding metals such as nickel and

cobalt ions [30].
1.4. Antibacterials

1.4.1. Ofloxacin

Ofloxacin with [UPAC name [(+)-9-fluoro-2,3-dihydro-3-methyl-10-(4-methyl-1-piperazinyl)-7-
oxo-7H-pyrido[1,2,3-de][1,4]benzoxazine-6-carboxylic acid) (Figure 1.12) is a fluorinated
quinolones whose structure is related to Nalidixic acid.
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Figure 1.12. Ofloxacin Structure.

Quinolones characterized by the bicyclic basic structure of 4-quinolone (Figure 1.13) constitute a
large family of antibiotics [31].
Discovered in the early 1960s; have acquired increasing importance for therapeutic use from both

community-acquired and severe hospital-acquired infections [32].

R O O
Re

R, N

Rg R

Figure 1.13. Base structure of Quinolone there are 6 important positions for modifications to
improve the activity of the drug: R1, R5, R6, R7, RS,

Nalidixic acid is the first antibiotic of this class, synthesized at the Sterling-Winthrop Research
Institute in the 1930s [33], although its antibacterial abilities were studied in more detail in the 1950s
[31].

Nalidixic acid (like other classes of quinolones) was shown to act by inhibiting the activity of bacterial
enzymes of type Il topoisomerase, slowing bacterial replication [34], this discovery made its
application useful for different types of infections human [35], caused by Gram-positive bacteria.
The negative point of the first quinolones was the restricted spectral action, the bacterial resistance
[36] and side effects upon administration, with gastrointestinal reactions, CNS reactions,

genotoxicity, phototoxicity and some minor side effects.
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For this reason 4 successive generations (Figure 1.14) [37] of drugs have been synthesized which,

by substituting functional groups, have solved the problems of nalidixic acid.

1st generation
O
H
N N N N
H
Chioroquine by-product Nakdixe acid d-quncione skeleton
(Lead structure)
D o
OH )H
2nd generation
? N N N N
HN ' HN
Ciprofioxacn Norfloxacin
NH, O O (0]
. OH
3rd generation N N N 7 N —  Fluoroquinolones
HN ! HN O ~
Sparfioxacin Levofioxacin
NH; O
» OH ]
H ‘ ‘ N“F N
) N Y N i ¢
4th generation v O ) N
NH H ' HoN
Moxifioxacin Delafioxacin

Figure 1.14. The different classes of quinolones
The activity spectrum has been improved by adding a fluorine atom (F) in position R6 [38] and
leading to the classification of this new class of drugs as fluoroquinolones.
Furthermore, the addition of a piperazine ring in position R7 allowed to obtain a better bactericidal
action against Gram-negative bacteria.
In ofloxacin, the piperazine group is found alkylated, which also allows it to inhibit Gram-positive
microorganisms [39].
Ofloxacin is currently considered the most potent of the quinolones as it combines all the new
substituents and is still used for clinical treatment. Its enantiomer Levofloxacin is 4 times more active.
It can be administered orally or intravenously against a wide range of infections caused by Gram-
negative and Gram-positive bacteria from the gastrointestinal tract, Pseudomonas stuartii,

Providencia species and Gardnerella vaginalis MICoo.
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1.4.2 Ornidazole

Ornidazole [1-Chloro-3-(2-methyl-5-nitro-1H-1midazol-1-yl)propan-2-ol] (see Figure 1.15) is a drug
belonging to the class of 5-nitro-imidazoles (e.g. Metronidazole, Tinidazole, Secnidazole), initially
used for the treatment of trichomonas vaginitis, and then for the fighting of other protozoa such as

Helicobacter pylori and Gardnerella vaginalis and other anaerobic bacteria.

N
NN

HO O

Cl

Figure 1.15. Ornidazole structure

The antimicrobial action of nitroimidazoles is attributable to the reduction of the nitro fraction in
position 5 to anionic nitro radical and other highly active compounds including nitric and
hydroxylamine derivatives [40-44]. Among the 5-nitro-imidazoles class, ornidazole is the only
synthetic drug that has a halogen atom in position 1 of the side chain, for this reason it has a longer
half-life with respect to the other ligand belonging to the same family[45]. It has also recently been

used for patients with Chron's disease [46].
1.5. Metals
1.5.1. Cadmium

Cadmium (symbol Cd) is the chemical element with atomic number 48. Metallic in appearance, it is
toxic and is a naturally occurring minor element, one of the metallic components in the Earth’s crust
and oceans, and present everywhere in our environment.

It was discovered for the first time in Germany in 1817 [47] as a by-product of the zinc refining
process.

Cadmium-sulfide based pigments were used as early as 1850 and appeared prominently in the
paintings of Vincent Van Gogh in the late 1800s. Thomas A. Edison in the United States and

Waldemar Junger in Sweden developed the first nickel-cadmium batteries early in the 20" Century.
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Cadmium is a metal with a silvery appearance with bluish reflections; it is malleable, elastic, and soft
as it can be cut with a normal knife.

For many aspects it is like zinc but tends to form compounds with a more complex stoichiometry. It
has also similar characteristics to strontium but a lower reactivity. Cadmium has an oxidation number
of +2, only in some rare cases it assumes the state +1.

Nowadays, the 79% of total cadmium is used in Ni/Cd batteries applications, 11% for pigments, 7%
for coatings, 2% for stabilizers and 1% for minor applications (alloys etc.). Tobacco smoking is the
most important source of cadmium exposure in the general population. It has been estimated that
about 10% of the cadmium content of a cigarette is inhaled through smoking.

Cadmium was also the protagonist of major soil and water pollution in Japan that caused the onset of
the itai-itai disease.

Cadmium, when absorbed into plasma, binds mainly to metallothionein, a plasma protein containing
several sulthydryl groups; the cadmium-containing protein is eliminated by glomerular filtration and
then reabsorbed by the cells of the proximal tubule, where it causes toxicity.

The large reabsorbed quantity explains the reason why in the initial phases of exposure, cadmium is
weakly excreted in the urine (however significant excretion).

Exposure to this metal can also cause toxicity on tubular cells leading to the kidney's inability to

reabsorb the excreted cadmium with relative cadmiuria.

1.5.2. Calcium

Calcium (symbol Ca) has been known as an element since 1808 by Sir Davy and by Berzelius and
Pontin while in 1898 Moissan was the first person to produce the pure metal [48].

It constitutes about 3% of the Earth's crust essentially in the form of sedimentary rocks of biological
origin formed about 3 billion years ago.

Seawater has a calcium concentration that is between 5 and 50 times that of drinking water, which in
turn contains a calcium concentration about 10 times than of rainwater.

The amount of this metal on grass and other plants used for the nutrition of the animals such as goats,
cows and sheeps is between 1.2 and 17 g kg™!' dry weight [49].

An adult man owns in total about 1000 g of calcium distributed in the bone (99%), in the muscle
tissue (0.3%), in plasma, in the extracellular fluid and in other cells (0.7%). The calcium in the plasma
is represented by free calcium ions (50%), bound to the protein (40%) and complexed with anions

(10%) [48].
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Calcium has several roles in the human body, such as formation of the structures of bones, activation
of enzymes and other molecules in the processes of blood clotting, contraction of the muscles and the
heart, thanks to the bonding of calcium with actin and myosin, and participation to the cellular
communication, working as intracellular second messenger.

Calcium binds to proteins, possibly a related metal deficiency is the cause of stone formation. Vitamin
D3 regulates the absorption of both calcium and phosphate.

It is a hard metal and binds to oxygen with a bond length 0.25-0.3 A shorter than that with nitrogen.
The geometry of the bond varies accordingly to the ligands: with the carboxylates it can form
monodentate, bidentate and mixed complexes; generally, the preferred coordination number is 8 but
6 is also common. Magnesium can interfere in the binding between the metal and proteins because it
is very similar to calcium and is present in higher quantities in the cytosol. If the ligand is monodentate
there is not a significant difference in the behavior between calcium and magnesium. As the number
of electronic doublets present on the ligand structure increases, like in the case of EDTA, magnesium
does not present interferences with calcium.

The Recommended Daily Allowance (RDA) of calcium is 700 mg for children (1-3 years), 1000 mg
(4- 8 years), 1300 mg for adolescents, 1000 mg for young adults, 1200 mg for women over 51 and
1200 mg for men and women over 70.

Calcium used clinically is prescribed as a dietary supplement in the form of pills, or like calcium-
fortified juices (easier to take, more digestible). They can be used, for example, for the treatment of
diseases due to calcium malabsorption, (e.g. hypoparathyroidism, malabsorptive bowel disease) and
in the case of arising of the osteoporosis [50]. This latter pathology is characterized by symptoms
such as muscular and skeletal pain, ache at the ends of the fingers, forearm and lower back, cramps,
weakness, and bone fragility, especially in women. In rapidly growing children, the calcium
deficiency may provoke rickets. Low concentrations of this metal in the intestine, because of a not
correct dietary, is suspected to be associated with the increased risk of kidney stones and colon
cancer[51]. This aspect could be due to the decreased binding and increased absorption of oxalic acid,
the main constituent of kidney stones and of carcinogens such as bile acids [50].

Other problems linked to the deficiency of calcium are imbalances in the correct activity of thyroid,
liver and kidneys and also insomnia and tachycardia.

The decrease of the concentration of calcium ions in the plasma leads to an increase of neuromuscular
excitability and a syndrome called tetania [52]. The opposite condition, and so the increase of the

total blood calcium, causes symptoms such as anorexia, nausea, constipation, and depression.
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1.5.3. Copper

Copper (symbol Cu), even if present in traces, is an essential metal for the growth and development
of the human body, in fact it plays important roles in the normal activity of the brain, nervous and
cardiovascular systems, and in the protection of cells against oxidation, bone strengthening and the
functioning of the immune system.

The human body normally contains copper at a level of about 1.4 to 2.1 mg for each kg of body
weight. Copper is widely distributed in the body and occurs in liver, muscles and bone. Copper is
transported in the bloodstream on a plasma protein called ceruloplasmin. Copper is found in a variety
of enzymes, including the copper centres of cytochrome C oxidase and the enzyme superoxide
dismutase (containing copper and zinc). In addition to its enzymatic roles, copper is used for
biological electron transport. The blue copper proteins that participate in electron transport include
azurin and plastocyanin. The name "blue copper" comes from their intense blue colour arising from
a ligand-to-metal charge transfer (LMCT) absorption band around 600 nm. Most molluscs and some
arthropods such as the horseshoe crab use the copper-containing pigment hemocyanin rather than
iron-containing haemoglobin for oxygen transport, so their blood is blue when is oxygenated rather
than red.

It 1s also necessary for the formation and maintenance of myelin, the protective layer that covers
neurons, and through superoxide dismutase it fights cell oxidation, neutralizing free radicals that
would otherwise damage the cells themselves. The main manifestations of severe copper deficiency
in humans are at the level of the hematopoietic system with the onset of anemia and at the level of
the nervous system with the onset of myeloneuropathy: a serious alteration of the spinal cord and
peripheral nerves. Side effects due to copper deficiency also include enlarged heart, arteries with
degenerated smooth muscle, and aneurysms in the ventricular and coronary arteries. Copper has also
an environmental importance, linked to the use of copper-based products as agricultural fungicides,
especially since many of them are natural and particularly cheap. However, copper is a heavy metal
and as such it can represent a potential threat to human health and the environment, and in this regard
it is necessary to consider the dose that does not make it harmful and also the residence time of the
substance in the environment and its accumulation in living beings. The biocidal action of copper
determines a decrease in the microbial and fungal flora, the greater the accumulation of the same
metal in the soil, impoverishing the soil and even more the aquatic ecosystems of these two
fundamental components. Furthermore, the use of copper leads to a decrease in the organic substance
of the soil, a phenomenon that reduces the quality of the soil itself. In fact, the results obtained from

scientific research have shown that this metal has negative effects on most soil species (including
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micro and macrofauna), leading to a decrease in the biodiversity of the agricultural environment, an
effect that increases over time due to accumulation of copper.

In copper compounds, metal can have different oxidation states, but the most common is +2, where
Cu often imparts blue or green colours to natural minerals such as turquoise. Copper have also been
used historically widely as pigments. The metal as both metal and pigmented salt, has a significant
presence in decorative art. Copper(Il) ions are soluble in water, where they function at low

concentration as bacteriostatic substances and fungicides.

1.5.4. Magnesium

Magnesium (symbol Mg) is the eighth most abundant element and constitutes 2% of the Earth’s crust
and it is one of the essential elements for the correct functions and for the health of human body.
Due to its high reactivity, magnesium is not found in nature as a free metal, but in the form of various
salts and ionized in water. Although Sir Humphry Davy for the first time isolated magnesium metal
in 1808, the medicinal use of magnesium in the form of magnesium-rich mineral waters dates back
to ancient times. Indeed, it was during the 17" century that magnesium sulphate was discovered to be
the cathartic agent in mineral water. Only in the first part of the twentieth century Willstétter and Stoll
proved that magnesium is an essential constituent of the chlorophyll molecule.

However, the full extent of the functions of magnesium, and its regulation in living cells, has been
realized only during the past few decades when new analytical techniques have become available
[53]. Because of the important interaction between phosphate and magnesium ions, Mg?* is essential
to the basic nucleic acid chemistry of life, and thus are essential to all cells of all known living
organisms. Over 300 enzymes require the presence of magnesium ions for their catalytic action,
including all the enzymes utilizing or synthesizing ATP, or those that use other nucleotides to
synthesize DNA and RNA. ATP exists in cells normally as a chelate of ATP and a magnesium ion.
Magnesium is a vital component of a healthy human diet.

An adult man owns about 1 mol, namely 24 g of magnesium, distributed in: bone (60 — 65%), muscles
(27%), other cells (6 — 7%), extracellular (< 1%), erythrocytes, serum (55% free, 13% complexed
with citrate, phosphate, etc., 32% bound, primarily to albumin), mononuclear blood cells,
cerebrospinal fluid (55% free, 45% complexed), sweat, secretions [54].

Low levels of magnesium in the body have been associated with the development of human illnesses
such as asthma, diabetes, and osteoporosis [55]. Taken in the proper amount, magnesium plays a role
in preventing both stroke and heart attack. Excess magnesium in the blood is freely filtered at the

kidneys, and for this reason it is difficult to overdose on magnesium from dietary sources alone. With
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supplements, overdose is possible, however, particularly in people with poor renal function;
occasionally, with use of high cathartic doses of magnesium salts, severe hypermagnesemia has been
reported to occur even without renal dysfunction [56].

Magnesium has many therapeutic properties, which can bring benefits to the human body, it is
indicated for the treatment of states of depression, anxiety and nervousness because an increase of
these symptoms is linked to a higher consumption of this element.

The assumption of magnesium regulates digestion and intestinal functions in case of constipation and
diarrhea, it relieves any inflammation and has a mild laxative effect.

It has energizing properties to combat mental and physical fatigue.

1.5.5. Manganese

Manganese (symbol Mn) is a transition metal with atomic number 25. It is found as a free element in
nature (often in combination with iron), and in many minerals.

Manganese makes up about 1000 ppm (0.1%) of the Earth's crust, making it the 12" most abundant
element there [57]. Soil contains 7-9000 ppm of manganese with an average of 440 [57]. Seawater
has only 10 ppm manganese and the atmosphere contains 0.01 ug m [57]. Manganese principally
occurs as pyrolusite (MnQ,), braunite, (Mn?>"Mn3"¢)s(SiO12), psilomelane (Ba,H>0)2MnsO10, and to
a lesser extent as rhodochrosite (MnCO3).

The cave paintings in Gargas contain manganese as pigments and these cave paintings are 30,000 to
24,000 years old. Manganese compounds were used by Egyptian and Roman glassmakers, either to
remove color from glass or add color to it [58]. The use as glassmakers soap continued through the
Middle Ages until modern times and is evident in 14" century glass from Venice. Scheele and other
chemists were aware that manganese dioxide contained a new element, but they were not able to
isolate it. Johan Gottlieb Gahn was the first to isolate an impure sample of manganese metal in 1774,
by reducing the dioxide with carbon. In the 20" century, manganese dioxide has seen wide
commercial use as the chief cathodic material for commercial disposable dry cells and dry batteries
of both the standard (carbon-zinc) and alkaline type.

Manganese is essential to iron and steel production due to its sulfur-fixing, deoxidizing, and alloying
properties.

Manganese with +1 oxidation state forms an organometallic compound, namely the
methylcyclopentadienyl manganese tricarbonyl, employed as an additive in unleaded gasoline with
the aim of boosting octane rating and reducing engine knocking. Manganese(IV) oxide (manganese

dioxide, MnQ,) is used as a reagent for the oxidation of benzylic alcohols (i.e. adjacent to an aromatic
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ring). Manganese compounds are less toxic than those of metals such as nickel and copper. However,
exposure to manganese dusts and fumes should not exceed the ceiling value of 5 mg m= even for
short periods because of its toxicity level. Manganese poses a particular risk for children due to its
propensity to bind to CH-7 receptors. Manganese poisoning has been linked to impaired motor skills
and cognitive disorders. A form of neurodegeneration similar to Parkinson's Disease called
"manganism" has been connected to manganese exposure amongst miners and smelters since the early
19" century. Allegations of inhalation-induced manganism have been made regarding the welding
industry.

Manganese is an essential trace nutrient in all forms of life [57]. The classes of enzymes that have
manganese cofactors are very broad and include oxidoreductases, transferases, hydrolases, lyases,
1somerases, ligases, lectins, and integrins. The reverse transcriptase of many retroviruses (though not
lentiviruses such as HIV) contain manganese. The best-known manganese-containing polypeptides
may be arginase, the diphtheria toxin, and Mn-containing superoxide dismutase (Mn-SOD). The
human body contains about 10 mg of manganese, which is stored mainly in the liver and kidneys. In
the human brain the manganese is bound to metalloproteins, most notably glutamine synthetase in

astrocytes.

1.5.6. Methylmercury

Organomercury compounds consist of different chemical structures in which divalent mercury forms
one (R-Hg-X) or two (R-Hg-R) covalent bond with carbon. These compounds tend to be much more
toxic than the inorganic mercury ones and have been implicated in causing brain and liver damage.
Monomethylmercury cation (symbol CH3Hg") is one of the most dangerous pollutant in the Earth; it
is formed from inorganic mercury by the action of anaerobic organisms that live in aquatic systems
including lakes, rivers, wetlands, sediments, soils and the open ocean [59]. It presents the intrinsic
toxicity of the mercury cation and the lipophilicity of the methyl group. The organic part of this
molecule confers to methylmercury cation the possibility to pass through the cells’ membrane, and
readily reacting with biologically important ligands, where, for example, sulfhydryl groups of
cysteine [60] strongly interact with CH3Hg" producing toxic effects not only for ingestion but also for
contact and inhalation.

Methylation process converts inorganic mercury into methylmercury in the natural environment and,
for example, absorbed by fish. At each step of the food chain, the concentration of methylmercury in
the organism increases. This concentration in the aquatic predators can reach a level a million times

higher than the corresponding one in water. This aspect is because methylmercury has a half-life of
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about 72 days in aquatic organisms resulting in its bioaccumulation within these food chains.
Organisms, including humans, fish-eating birds and fish-eating mammals, such as otters and whales
that consume fish from the top of the aquatic food chain, receive the methylmercury that has been
accumulated through this process. Fish and other aquatic species are the only significant source of
human methylmercury exposure.

Ingested CH3Hg" is readily and completely absorbed by the gastrointestinal tract. In the adults,
methylmercury exposition may cause cardiovascular diseases [61], heart attacks and, despite no

confirmation have been published, also autoimmune diseases.

1.5.7. Tin

Tin (symbol Sn) is a silvery — white, soft and malleable metal and it is the 24" element as abundance
on the Earth’s crust, [62] with a concentration of 2 — 3 ppm compared with 94 ppm for zinc, 63 ppm
for copper and 12 ppm for lead.
Tin is mainly obtained from the mineral cassiterite, where it occurs as tin dioxide, SnO,. The first
alloy used in large scale since 3000 BC was bronze, an alloy of tin and copper. An important
application of tin is corrosion-resistant tin plating of steel. Because of its low toxicity, tin-plated metal
1s also used for food packaging, giving the name to tin cans, which are made mostly out of aluminium
or tin-plated steel.
It is a versatile metal and its compounds can be divided in two categories:
e metal and inorganic tin salts, with oxidation number of tin +2, in the stannous form, and
+4, in the stannic one;
e organotin compounds, with one to four atoms of carbon directly bound to the Sn atom,
giving the general formula R,SnX4.n, where R is an alkyl or phenyl group and X an ionic

species in the form of chloride, fluoride, oxide, hydroxide, carboxylate or thiolate [63].

Focusing on the inorganic tin, it can be mostly released to the environment from anthropogenic
sources, such as smelting and refining processes, industrial uses of Sn, waste incineration and burning
of fossil fuels producing gases, dusts and fumes containing this metal [64]. Furthermore, the wind
may transfer Sn particles over long distances before their deposition, that depends from the type of
emitting source, physical form and properties (e.g. size, density), physical or chemical changes that
could happen during the transport, adsorption processes and meteorological conditions [65]. In

waters, inorganic tin can exist in both its oxidation states under environmental conditions. [66].
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Tin concentrations in soil are low, with the exception of areas where tin-containing minerals are
present. Sn can also be bioaccumulated by plants, animals and humans. Indeed, marine macroalgae
bioconcentrate tin from seawater with concentrations of 0.5 - 101 mg kg'! dry weight [67].

In muscles and liver of juvenile Japanese squids, the inorganic metal reaches maximum 0.13 mg kg
I dry weight [68], more than 0.9 mg kg™ dry weight in fishes from the Great Lakes in North America
[69].

The bioaccumulation of inorganic tin on humans could be mostly due to the use of canned foods
because of the dissolution of the tin coating or tin plate [66].

The corrosion of tin-plated food cans by acidic food and beverages has caused several intoxications
due to soluble tin compounds. Nausea, vomiting and diarrhoea have been reported as symptoms
occurring after ingesting canned food containing 200 mg kg! of tin [70]. This observation led the
Food Standards Agency in the UK to propose upper limits of 200 mg kg!. A study showed that 99.5%
of the controlled food cans containing tin present lower Sn levels with respect to the mentioned limit.
Irritation of the skin or the eyes could occur for Sn intoxication.

Besides the packaging of food products and beverages, inorganic tin is used for holding paints, motor
oil, disinfectants, polishes and in the pharmaceutical industry in the fields of dentary, veterinary
medicine, radiopharmacology and chemotherapy.

The occupational exposure limit of inorganic tin compounds can cause diseases such as syndrome of

metal fume fever, stannosis, bronchial syndrome and hemolysis.

1.5.8. Diethyltin (IV)

As already mentioned in the previous paragraph, tin can be also found in organic form.

The first systematic studies on organotin compounds were performed by Sir Edward Frankland (1825-
1899) who synthesized diethyltin-diiodide and tetraethyltin in 1853 and 1859, respectively [71].
Other investigations followed and today more than 800 organotin compounds are known. Most of
them are of anthropogenic origin except methyltins, which can also be produced by biomethylation
[72].

"Organotin(IV)" are defined as all those compounds which have from one to four alkyl (or aryl)
groups covalently bonded to a central atom of Sn with oxidation state IV.

Chemically, these compounds are represented by the general formula R,SnX4-n), where R symbolizes
the organic group, X an anion (often halides, hydroxyls, acetates, etc.) and with 1 <n <4. The number
and nature of C-Sn bonds and the substituents influence the electronegativity of tin and consequently

the chemical and physical properties of its compounds.
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For example, tetrabutyltin is soluble in non-polar solvents and is insoluble and non-reactive in water,
while monobutyltin trichloride is soluble in polar solvents and in water.

The synthesis of the alkyltin(IV) compounds (industrial scale and laboratory), is carried out from
SnCly for full alkylation with an organometallic reagent (RMgX), with the classical method of
Friedel-Crafts alkylation; other derivatives are obtained from R4Sn and SnCls with the right
proportions, by heating to 200 °C.

Organotin compounds have a wide range of applications: dialkyltin is mainly used as a stabilizer for
plastics because the PVC polymer becomes unstable under the influence of heat and light, resulting
in discoloration and embrittlement [73]; the trisubstituted organotin compounds are used as biocides,
for example as active components of marine antifouling paints for boats and ships, in the agricultural
field as fungicides and acaricides, as additives in antifouling paints in order to avoid the attack to the
hulls of ships by algae and shellfish, as homogeneous catalysts, etc.

As for most of the organometallic compounds, the presence of organotin derivatives in the
environment is attributable to anthropogenic locations due, in particular, to industrial and agricultural
applications.

Numerous organotin compounds have been shown to be toxic: there is the growing concern that their
widespread use may cause adverse effects in both environmental and biological systems [74].

The biological effects of these substances depend on both the nature and the number of the organic
groups bound to the Sn cation.

Trimethyltin and triethyltin compounds are the most toxic ones and are well absorbed from the
gastrointestinal tract. Triethyltins produce specific edema in the white matter of the central nervous
system in several species, including humans. Diethyltin dichloride was found to be generally irritant
with the ability to produce nasal irritation and headache, but it also has an emetic action on the
intestine [71]. In particular, di- and trisubstituted organotins cause carcinogenic and neurotoxic
effects. Human exposure to organotin compounds can occur through the consumption of
contaminated fish and seafood.

Although the organotin compounds are mostly toxic, some of them have proved to be active in vitro

against human tumor cells. For this reason, in the last decade the interest in the possible interactions

between alkyltin cations and biologically relevant compounds increased a lot.
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1.5.9. Uranyl

The uranyl ion, (symbol UO,%%), represents the form of uranium existing in aqueous solution in the
oxidation state of +6. It is a well-characterized chemical species, which has a linear structure with
short double uranium-oxygen bonds. The compounds that contain this ion are characterized by a
yellow color. As examples, the uranyl dinitrate, more simply called uranyl nitrate, UO2(NO3), is a
crystalline substance with lemon-yellow color, while the uranyl acetate UO2(Ac),, is a yellow
powder. The uranyl ion is stable in water and retains its identity in many reactions, but its chemistry
is difficult, due to the presence of numerous complexation and hydrolysis reactions. Owing to the
hydrolysis reactions, the aqueous solutions of the uranyl ion are acidic, and the equilibria related to
these reactions are rather complicated, with the formation of polymeric species, influenced by the pH
and the presence of other ions. The UO,?" salts are toxic for humans and can cause severe renal failure
and acute tubular necrosis. Its accumulation in gonocytes causes congenital diseases, while its
accumulation in white blood cells provokes damage to the immune system. Studies carried out at the
Northern Arizona University have established that cells exposed to water-soluble uranyl salt,
particularly uranyl acetate, are prone to genetic mutations, resulting in tumors and other diseases,
however independent of its radioactive properties. Contamination by uranyl ions detected in the
vicinity of targets affected by depleted uranium can cause, regardless of the uranium, damages to the
kidneys and organs of the digestive system, but also to the lungs and the brain, showing cytotoxic and

carcinogenic effects in animals and causing teratogenic effects in humans.

1.5.10. Zinc

Zinc (symbol Zn) is a transition metal and an essential trace element for the life. It is a white-blue
metal, fragile and crystalline at room temperatures but ductile and malleable when heated between T’
=383.15 K and 423.15 K.

The abundance of this metal in the Earth’s crust is about 70 g ton™! [75]. Zinc is a chalcophilic
element, together with copper and lead and a trace constituent of most rocks. The amount of Zn in
soils and rocks is, for example, 10 — 30 mg kg™! in sand, 50 mg kg™ in granitic rocks, 95 mg kg! in
basalt [76, 77]. Sphalerite (zinc blende, ZnS) 1s the main ore mineral and the principal source for Zn
production, while the main impurities in zinc ores are iron (1 — 14%), cadmium (0.1 — 0.6%) and lead
(0.1 — 2%), changing on the base of the location of the deposit.

Zinc is the fourth most common metal in the use technological after iron, aluminum and copper. It is

estimated that about 50% of world production is used for anticorrosive coatings of steel, 30% is used
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for alloys (mostly brass), and the remaining for chemicals, pigments, coinage and other minor uses.
The galvanized products, that are obtained after the galvanizing process, are found in a wide variety
of industries (construction, transportation, machinery), while the remaining Zn compounds are widely
used in agriculture (fertilizer additive and dietary supplement livestock) in the chemical,
pharmaceutical, and rubber industry fields. ZnO is widely used as a pigment in paints and in the
cosmetics industry. ZnS is employed in devices that exploit the phenomena of electroluminescence
and photoconductivity as cathode ray tubes connected to the TV screen, ZnCl, as wood preservative
agent.

In recent years, its concentration in air, water and soil, is increasing due to the massive and
unregulated use of the metal in the industries.

In waters, the amount of this metal depends on factors such as biological and physical - chemical
conditions, from the seasonal variations and from the nature and the age of the geological formations
through which the water flows [75]. The ocean waters contain a concentration of zinc between 0.002
and 0.1 pg kg™!, with higher amounts at bigger depth and a lower ones in the surface [78]. Wastewater
can contain big amount of this metal, while in drinking waters its concentration is lower than 0.2 mg
L-'. Anthropogenic sources of zinc can be the following: mining, zinc and metal production facilities,
corrosion of galvanized structures, coal and fuel combustion, waste disposal and incineration, use of
fertilizers and agrochemicals which containing Zn, zinc smelters.

In plants the concentration of zinc depends on their vegetation state and by the geological origin of
the material for soil formation. The age of plants is also important because the amount of the metal
decreases with increasing the lifetime of the plant [79].

In animals, Zn is present in sea fish and mollusks with an average concentration of about 25 mg kg
!, in crustaceans between 7 and 50 mg kg'!. In mammals, the bones contain 75- 170 mg kg! of zinc,
while the white muscle tissue about 240 mg kg™! [75].

In the human body, zinc is the second most abundant transition element after iron; a man of 70 kg
body weight contains about 2 g variously distributed in different parts of the body, and the daily dose
to be introduced in the diet is equal to 15 mg [80].

Zinc has various biological functions within the human body such as regulation of immune functions
[81], wound healing, in particular leg ulcer healing [82], has antioxidant function [83], regulates
insulin production, helps for problems of memory and learning and it is important for the proper
growth and delopment of human body.

Zinc deficiency can be due to various factors such as an inadequate diet, or gastrointestinal problems,
leading to symptoms that could be anorexia, lethargy, diarrhea, delayed bone maturation, reduced

immune function and susceptibility to infections and, in severe cases, including sexual retardation of
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maturation, impotence, alopecia, dermatitis, intellectual disability, nerve conduction disturbance and
nerve damage, weight loss, altered taste, smell and wound healing [84].
In contrast, an excess of zinc in the diet prevents the absorption of other essential trace elements such

as iron and copper [85].

1.6. Aim of the thesis

The main objective of this thesis is to implement a systematic study on dopamine speciation in
electrolyte solutions that simulate biological fluids, both in terms of average and saline concentration,
and in terms of temperature. The complexing capacities of dopamine against various metal cations of
industrial, biological and pharmaceutical interest will be studied. The speciation of the system will
be defined through the determination of the formation constants, after which it will be possible to
determine the ionic strength dependence parameters and the specific interaction parameters by means
of the Specific lon Interaction Theory (SIT), as well as determining the corresponding gradients of
formation constants with respect to temperature.

The probable formation of mixed species of the MM’L type by dopamine (L) with uranyl (M) and
copper (M’) or cadmium (M’) and the mixed species of MLL’ type by dopamine (L) with zinc (M)
and tryptophan (L) or histidine (L) will be studied.

Furthermore, the solubilities and acid-base properties of two antibacterial drugs, Ofloxacin and
Ornidazole will be studied.

The possible knowledge of these properties, for the two antibacterials, it will allow us to carry out
speciation studies in the presence of metal cations.

The final stage of the work will be to calculate the objective sequestering capacity of the ligands
studied against the aforementioned metals. This will be possible by using the parameter pLo s already
extensively tested on a wide range of ligands. This parameter makes it possible to uniquely compare
the different sequestering abilities of different ligands towards a metal or of a ligand towards different
metals. Through the parameter pLos it will be possible to quantify the sequestering ability as the
conditions of (pH, temperature, ionic strength) vary, determining the concentration of ligand
necessary to sequester the 50% initial concentration of metal present in traces.

The modeling of thermodynamic parameters will allow to predict and model the behavior of these

components in environmental matrices.
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Chapter 2

Experimental part
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In this thesis many analytical techniques were used in order to gain the expected information. In this

chapter all common analytical techniques, procedures and computer program are described.

2.1. Potentiometry

Potentiometry is one of the most reliable and well-known analytical technique and its application
fields include acid-base, precipitation, complexation and redox titrations [1].

Potentiometric measurements are based upon the determination of the cell potential, i.e., the e.m.f.
between two electrodes in an electrochemical cell under equilibrium conditions (zero current

conditions), between two electrodes which are plunged into a sample solution:

e the external reference electrode, that is the electrochemical reference half- cell for which the
potential is constant with respect to that of the sample solution, once ionic strength and
temperature are fixed;

e the indicator electrode, also known as the working electrode, whose potential varies as a
function of the concentration of a single ion. It is separated from the sample solution by a
membrane, selectively permeable to the analyte being studied [86].

Figure 2.1 reports a generic potentiometric apparatus.

glass electrode

reference electrode

Figure 2.1. Potentiometric cell

The solution inside the electrode contains a known concentration of H' ion, either as dilute HCI or a

buffer solution. The solution is saturated in AgCl. The activity of H' inside the electrode is constant
and keeps the internal potential fixed. An internal reference electrode is sealed inside the tube and is
attached to one terminal of the potentiometer. The glass pH electrode is used in combination with a

reference electrode, either a separate Ag/AgCl electrode [87].
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Both electrodes are immersed in a solution of unknown pH and the cell potential developed, caused
by the addiction of the titrant, is a measure of the hydrogen ion concentration in the solution on the
outside of the glass membrane of the pH electrode, since all other potentials are fixed.

In the measurements performed during this thesis work in the laboratory, an ISE-H" combined glass
electrode was used, which includes both the reference electrode and the indicator electrode, such as

the one shown in Figure 2.2.

This particular electrode, also called glass electrode, is specific to H' ions and highly selective.
It consists of a thin hydrogen ion-sensitive glass membrane, often shaped like a bulb, sealed onto a

glass or polymer tube.

+

) Leads to pH Meter
O]
Liquid level
of outer reference
solution
/ Aqueous outer solution saturated
with AgCl and KCI
AgCl paste
with Ag wire

+—Porous plug to allow slow drainage
of electrolyte out of electrode

Glass Membrane
Inner solution
0.1 M HCI, saturated with KCl

Figure 2.2. Glass electrode

The glass electrodes have a Nernstian slope up to pH = 11 as described by the Nernst equation:

a,. (intern)

E=E°—slog (2.1)

a,. (extern)

where E is the measured potential, £° is the formal potential, and s (the Nernstian slope) is
2.303RT/nF (59.16 and 29.58 mV for monovalent and divalent ions, respectively, at 298 K). The
formal potential includes different contributions, such as the standard potentials of the internal and
external Ag/AgCl electrodes, the liquid junction potential and the asymmetry potential of the glass
membrane. It also includes the term s logyn, which is constant in the experimental conditions of the
study (constant ionic medium).

The typical setup, used during the works carried out in this thesis, for the acid/base potentiometric
titrations is schematically represented in Figure 2.3, and it basically consists of an automatic burette

and a pH-meter interfaced to a PC.
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Figure 2.3. Apparatus for a potentiometric titration

2.2. UV-Vis Spectrophotometry

A widely used technique for the study of solution equilibria is spectrophotometry.
The spectrophotometric methods are based on the measurements of the intensity of an
electromagnetic radiation absorbed by a molecule.
Electromagnetic radiation is a form of energy whose behavior is described by the properties of both
waves and particles. The optical properties of electromagnetic radiation are better explained
considering it as a wave. While the interactions between an electromagnetic radiation and the matter,
are better described treating the light as a particle or a photon. Electromagnetic radiation consists of
oscillating electric and magnetic fields that propagate through space along a linear path and with a
constant velocity. The oscillations in the electric and magnetic fields are perpendicular to each other,
and to the direction of the wave propagation.
Every wave is described by parameters such as an amplitude A, a wavelength A, a frequency v and a
velocity of propagation v.
The energy E associated to a wave is proportional to its frequency, according to Planck law:

E=hv (2.2)
Where # is the Planck constant, and its value is 6.63 « 1034 J s.
The range of all the electromagnetic radiations constitutes the electromagnetic spectrum, represented

in Figure 2.4.
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Figure 2.4. Electromagnetic spectrum

Molecular systems can be identified by their characteristic electronic, vibrational and rotational states.
At room temperature the substances are mainly in their electronic and vibrational group states. Upon
interaction with the appropriate type of electromagnetic radiation, characteristic electronic,
vibrational and rotational transitions can be induced in the sample.
When a molecule or ion absorbs ultraviolet or visible radiation it undergoes a change in its valence
electron configuration. Four types of transitions between quantized energy levels account for
molecular UV-VIS spectra:

c—>oc"

n—>n*and 1> c*

n— n*

n— c*
These transitions involve functional groups characteristic of the analyte and wavelengths. In
particular, the functional groups that absorb ultraviolet and visible radiations are called
chromophores, such as for example C = C, C=C, C =0, N = O, C-X (with X = Br, I).
If an UV-Vis radiation of intensity I strikes an absorbent material perpendicular to the surface, an
attenuation of the transmitted radiation will be evidenced and its intensity will become I.
Quantitatively, this aspect can be described by the transmittance T and the absorbance A. The
equations (2.3) and (2.4) describe the transmittance and absorbance, respectively:

T=1/1p (2.3)
and
A=-logT=-logl/I 2.4)

The absorbance, according to the Lambert Beer law, eq. (2.5), is proportional to the concentration, of

the analyte with a concentration ¢ (mol dm™), contained in a cell of thickness b (cm):
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A=¢ebc (2.5)

Where ¢ is the molar absorbance or molar absorptivity (mol! L ¢cm™), it represents the value of
absorbance measured if the optical path and the concentration of the analyte are unitary and depends
on the wavelength, the solvent and the type of chemical species which absorbs.

During a titration, the chromophores could produce a bathochromic shift (or red shift), that is shift of
the maximum of absorption towards higher wavelengths and lower energy. Differently, an
hypsocromic shift (or blue shift) occurs when the maximum of absorption shifts towards lower A and
higher energy. Furthermore, an effect that produces a variation of the ¢ is defined hyperchromic or

hypochromic, depending on whether the change is positive or negative.

2.3. Thermogravimetry

Thermogravimetry (or ThermoGravimetric Analysis, TGA) is based on the determination of the
weight variation that a sample undergoes when subjected to a linear variation in temperature.
Thermogravimetric methods can therefore only be applied to reactions in which the change in
temperature leads to a change in the mass of the sample. They are therefore limited to the reactions
of decomposition, oxidation and physical processes such as evaporation and sublimation.

Weight variations may be due to the loss of moisture retained by the sample or to chemical reactions
in which gaseous substances are released.

If the temperature variation is carried out in the presence of gas capable of reacting with the sample,
an increase in weight can also be recorded (for example in the case of oxidation of a metal in the
presence of O2).

The graph relating to the variation in weight as a function of temperature is called a thermogram (or
thermal decomposition curve).

To more accurately detect weight changes, the differential diagram can be recorded by plotting
dW/dT respect to the temperature (7). The differential thermogram (DTG) will be obtained.

From the thermogram it is possible to obtain information on the thermal stability of the substance, on
the composition of the test substance, on any intermediate products and on the final product, on the
kinetics of a given reaction.

The equipment used in thermogravimetry is known as a thermobalance (Figure 2.5 block diagram of
a thermobalance).

There are different types of thermobalance on the market. The main components are the analytical
balance and the oven, connected to a temperature programming system and to a computer for data

acquisition and display.
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The system is generally connected to a device that allows the delivery of an inert gas during the
measurement.

The balance must continuously evaluate changes in mass, and the main characteristics, that it must
possess, are: accuracy, sensitivity, reproducibility, stability and response speed. There are several
types of thermobalance commercially available that can provide quantitative information on samples
whose mass is between 1 and 100 mg. The most common type of scale has a range of 5-20 mg. The
balance must be thermally insulated.

The oven is equipped with a thermocouple device for measuring the temperature. The temperature
range for most ovens is from room temperature to 1873 K. The heating rate can typically be varied
from just over zero to 473 K/min. The oven must have good thermal insulation because the escaping
heat can alter the functioning of the scale.

The temperature is recorded by placing a small thermocouple as close as possible to the sample
container (not directly in the sample, to avoid contamination and weighing errors resulting from
contact of the sample with the thermocouple wires).

We usually operate in an inert gas environment, such as nitrogen or argon, to purge the furnace and
prevent oxidation of the sample. Measurements can be made by keeping the atmosphere static or by
bubbling gas.

In some cases, it is preferable to change the gases as the analysis proceeds.

Recorder, or

Balance

data acquisition

Furnace

.

|
|
:
Programmer /:\

Sample contoiner/

Figure 2.5. Block diagram of a thermobalance
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2.4. Computer programs

The experimental data collected from the different instrumental techniques were processed by
different computer programs; that allow us to obtain both the thermodynamic parameters necessary
to model the behaviour of the analytes taken into account, and their corresponding parameters for the
dependence on the ionic strength and temperature.

The computer programs used are described as follows:

e STACO and BSTAC [88, 89] : both of them use the nonlinear least square minimization

method and allow the refinement of all the analytical parameters of a potentiometric titration
at constant or different ionic strength. The program considers also the variation of the ionic
strength during a titration and allow the refinement of the stoichiometric and thermodynamic
equilibrium constants. The programs can refine also the ionic strength dependence of the
stability constants on ionic strength by means of Debye-Hiickel equation [90]. Concerning the
refinement procedure, STACO minimizes the sum of squares of the residuals relatives to the

volume delivering, while BSTAC [88, 89] do the same operation on the e.m.f. readings:

Uy =Zw,(,7 —v,)? (STACO) 2.6)

Up=Zw,(EY -E,")? (BSTAC) @.7)
where:

w, = 1/ O'j (2.8)

ol =0} +(,/5E) o} (STACO) (2.9)

ol =0, +(3E,[ov,) o’ (BSTAC) (2.10)

Alternatively, wy = 1, usually this last assumption is made when using STACO, because the
partial derivative in eq. (2.9) is null. For both programs, it is possible to perform two
refinements processes, the first one with weight = 1, and the second one by eq. (2.8), where
o is taken from the first refinement cycle. The possibility to perform two cycles allows the
operator to give minor weight, in the second cycle, to the data points affected by higher errors
(o).

e ESAB2M (Equilibria in Solution, Acid Base titrations, program n° 2) [91]: it uses the
nonlinear least square minimization method; it can refine the stoichiometric protonation

constants and the analytical parameters of an acid-base system. It is often used to calculate
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the purity of the reagents. In an acid-base titration, the mass balance equations can be resolved
to obtain an explicit function of the titrant concentration and number of protons bound to it.
By minimizing the sum of squares of the residuals on the volume (analogously to STACO),
it is possible to refine all the parameters involved in the titration, for example: the analytical
concentrations of reagents, the standard electrode potential E°, Ky, liquid junction potential

coefficient j,, and the protonation constants.
U, = Zw (vor —vee ) (ESAB2M) 2.11)
Another possibility is to minimize the sum of squares of the residuals on the e.m.f. readings:
Up=Xw, (Ezr —Ezf (ESAB2M) 2.12)

Analogously to BSTAC and STACO, the weight can be calculated by variance propagation
as reported in the egs. (2.9-2.10). Usually, by using ESAB2M, the minimization of the eq.
(2.11), as objective function, is faster. The algorithm used for the refinement is the Gauss-
Newton one, with the Levenberg-Marquardt as protection algorithm from divergence.
Although ESAB2M, BSTAC and STACO can appear identical, they have different options
that, push the operator to use ESAB2M in the case of the refinement of strong acid-base
titrations or when dealing with a single titration; whilst the other two programs are preferred
when dealing with more than one titration systems with complex formation systems and
measured at different ionic strength, since ESAB2M does not take into account the ionic

strength variation during a titration.

LIANA (Linear and Nonlinear Analysis) [92] : this is a very flexible computer program,
written in Pascal code, used for general fitting and optimization of experimental data, with

some peculiarities that make it suitable for application to chemical sciences:
o it can be used for the calculation of the parameter of linear and nonlinear equations;
o the equations can be written by operator;
o the equation can be splitted into several partial equations;

o several equations can be written in the same input and the parameters can be present

in several equations;
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o 1itis possible to give different weights to different variables and multi variables fitting

can be solved;
o some graphics can be displayed for a more rapid evaluation of the results;
o 1t is possible to solve linear systems, two or more problematic in the same time;
o it has a great number of library equations.

ES4ECI [89]: this program is useful for the calculation of the formation percentage of the
species present in a multicomponent solution at the equilibrium. The program allows to draw,
from stability constants and analytical concentrations of the components., the speciation

diagrams,

HYPERQUAD [93]: This program allows to treat the experimental data from various

instruments (potentiometric, UV / Vis and fluorimetric, NMR), as well as determine the
speciation model, although the formation constants and the distribution of the species. The
advantage of this program compared to BSTAC and STACO, is that it allows to treat
simultaneously the potentiometric and spectrophotometric data. The spectrophotometric data
were analysed by the program Hyperquad 2006, which allows to calculate the values of the
molar extinction coefficients of each species, knowing experimental spectra (absorbance, A,
versus wavelength, A / nm), the analytical concentrations of the reagents and identifying the
speciation model (stoichiometric coefficients and stability constants of the complexes) that
best allows fitting the experimental data. The spectra are obtained by means of deconvolution
procedures for each species in solution (molar extinction coefficients, &/mol™! L cm™!, versus
wavelength, A / nm), assuming the additivity of absorbances in the concentration range
investigated (Beer-Lambert law). At this point, the experimental spectra are again
reconstructed from those calculated using the concentration of the species calculated
according to their distribution. This program, however, does not take into account the shape

of the possible curves, as well as the nature of the electronic transitions.
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2.5. Chemicals

For the investigation carried out, all products were purchased from Sigma-Aldrich Italy. All solutions
were prepared with analytical grade water (p = 18 MQ c¢cm™!) using grade A glassware and preserved
from atmospheric CO2 by means of soda lime traps.

Further details on the chemicals used for the investigation here carried out are reported in Table 2.1.
For metals Ca?", Cd**, CHsHg", Cu®*", Mg, Mn?*, UO»*", Zn**, (CH3CH2)Sn* and Sn**, were
prepared from the corresponding chloride salts and were used without further purification. The
standard stock solutions of SnCl, were acidified with HCI to pH~2 and a piece of metallic tin was
added to the solutions after the preparation, to prevent the oxidation of Sn?* to Sn*" and to hamper
the formation of soluble and sparingly soluble hydrolytic species.

The concentration of the metal ions in the aqueous solutions were determined by means of
complexometric titrations with EDTA (Ethylenediaminetetraacetic acid sodium salt) [94].

The acid (HCI) and base (NaOH) solutions were prepared by dilution from the relative Fluka®
concentrated vials and standardized respectively with sodium carbonate and potassium acid phthalate
(Fluka puriss.), Previously dried in an oven at 7= 383.15 K. The soda was stored in dark bottles and
protected from atmospheric CO; by soda lime traps.

The NaCl solution was prepared by weighing the corresponding Fluka® product of analytical purity,
even after drying.

Dopamine hydrochloric salt, Ofloxacin, Ornidazole, L-Histidine and Tryptophan (Sigma Aldrich
products) were used; the solutions were prepared by weighing the chemical without further
purification.

The purity of the chemicals was checked potentiometrically by alkalimetric titrations and resulted to

be > 99 %.
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Table 2.1. Chemicals used in this work, purchased from Sigma-Aldrich Italy

Chemical CAS Number Purification Purity (% wt.) Purity check
method
Hydrochloric acid 7647-01-0 none >99% Volumetric titrations with
Na>COs
Potassium phthalate 877-24-7 none >99.5% -
monobasic
Sodium carbonate 497-19-8 none >99.5% -
Sodium chloride 7647-14-5 none >99% -
Sodium hydroxide 1310-73-2 none >99% Volumetric titrations with
potassium phthalate monobasic
CaCl2-2H20 10035-04-8 none >99% Volumetric titrations with EDTA
CdCl 10108-64-2 none 98% Volumetric titrations with EDTA
CuCl2-2H20 10125-13-0 none >99% Volumetric titrations with EDTA
CHsHgCl 115-09-3 none >99% -
MgClz-6H.0 7791-18-6 none >99% Volumetric titrations with EDTA
MnCl;-4H-0 12446-34-9 none >99% Volumetric titrations with EDTA
SnCl>-2H-0 10025-69-1 none >99% Volumetric titrations with EDTA
(CH3CH2)2SnCl- 866-55-7 none >99% Volumetric titrations with EDTA
UO2(Ac):2 541-09-3 none >99% Volumetric titrations with EDTA
ZnCl2 7646-85-7 none >99% Volumetric titrations with EDTA
Dopamine-HCl 62-31-7 none >99.5% Potentiometric titrations
L- Histidine 71-00-1 none >99% Potentiometric titrations
Tryptophan 73-22-3 none >99% Potentiometric titrations
Ofloxacin 82419-36-1 none >99% Potentiometric titrations
Ornidazole 16773-42-5 none >99% Potentiometric titrations

2.6. Procedures

2.6.1. Solubility measurements

Saturated solutions of Ofloxacin and Ornidazole were prepared by adding an excess of ligands in
appropriate flasks (total volume 1.5-2.5 cm?), to solutions containing NaCl as supporting electrolytes
at a constant ionic strength value of 7 = 0.15 mol-dm. These solutions were stirred for 24 h (time
sufficient to reach the equilibrium) in a thermostated room at different temperatures [7 = 288.15,
295.15, 310.15 K (standard uncertainties: u(7) = 1 K)]. The saturated solutions were centrifuged at
12000 rpm and filtered through a cellulose membrane filter (@ = 0.45 pum).

An aliquot of each filtered solution was inserted in the UV-Vis measurements cell for selected the
bands of maximum absorbance.

For the measurements of the solubility of Ofloxacin and Ornidazole, the filtered saturated solutions
were diluted at a volume ratio of 1:500; in order to maintain the same ionic strength values of the
saturated solutions, the dilutions were carried out with sodium chloride aqueous solutions (/ = 0.15

mol-dm™).
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The concentration of Ofloxacin and Ornidazole, in the diluted solutions, was calculated from the
slope of calibration straight lines obtained measuring the absorbance of the standard solutions having
concentrations from 0.00099 to 0.099 mmol-dm™,

The solubility of the ligands at each experimental condition was then calculated taking into account

the dilution previously carried out on the saturated solutions.

2.6.2. Spectrophotometry measurements

The spectrophotometric measurements were carried out by a Varian Cary 50 UV-VIS
spectrophotometer (Figure 2.6) equipped with an optic fibre probe with a fixed 1 cm path length;
preliminary absorbing spectra were recorded in order to know the wavelength interval where the
ligands absorb. On the basis of the obtained results, measurements were carried out in different
wavelength range for different ligands. The spectrophotometer was connected to a PC and the
acquisition of the couple of data absorbance (A) vs. wavelength (A/nm) was made by the Varian Cary
WinUV (version 3.00) software. During these measurements, we introduced in the thermostated
measurement cell (total volume of 25 or 50 ml), a 602 Biotrode combined glass electrode by
Metrohm, that was connected to a potentiometric apparatus (see previous section). In this order, we
are able to record simultaneously the couple of data A vs. A (nm), and e.m.f. (mV) vs. volume of
titrant (ml) for each alkalimetric titration point. The combined glass electrode was standardized
before each experiment in terms of pH = —log[H"]. Spectrophotometric titrations were made at
different temperature. The titrant was delivered in the measurement cell by means of a Metrohm 665
automatic burette, and the homogeneity of the solutions during the titration was performed with a
stirring bar. Before each experiment, Na(g) was bubbled in the solutions for at least 5 minutes in order

to exclude the presence of COx) and Ox(g).

Figure 2.6. Spectrophotometer apparatus
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2.6.3. Potentiometry measurements

Potentiometric measurements were carried out by using a Metrohm model 809 Titrando, a
potentiometer connected to an automatic burette, and equipped with a combined glass electrode (Ross
type 8102, from Thermo-Orion). The apparatus was linked to a PC and automatic titrations were
performed using the MetrohmTiAMO 1.2 software to control titrant delivery, data acquisition and to
check for e.m.f. stability. Estimated accuracy was £0.15 mV and +0.003 mL for e.m.f. and titrant
volume readings, respectively.
Potentiometric titrations were performed at different conditions of temperature (288.15 < 7/ K <
318.15) and ionic strength (0.10 <7/ mol dm™ < 1.0) in ionic medium NaCl.
The measurements were performed in thermostated cells under magnetic stirring and bubbling
purified presaturated Na() through the solution to exclude Ox) and COx(g) inside.
For each experiment, independent titrations of strong acid with standard base solutions were
performed, at the same experimental conditions of ionic medium, ionic strength (/) and temperature
(T) of the investigated systems, to determine the value of electrode potential (E°), the acidic junction
potential (Ej = j,[H']), and the ionic product of water (Kvw). The pH scale used was the free scale and
pH= -log[H"], where [H'] is the free proton concentration. For each titration, 80 — 100 data points
were collected, and the equilibrium state during titrations was checked by adopting precautions, such
as to check the necessary time to reach equilibrium and performing back titrations.
During a strong acid — strong base titration, the graph obtained is a sigmoid curve from which, through
the method of the first derivative or even the method of the second derivative, more precise than the
graphical extrapolation methods, it is possible to calculate the equivalence point.
In Figure 2.7 some examples of an acid-base titration curve, the curve obtained by the methods of
the first and the second derivative, respectively, are shown.
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dE /dV vs. V (b) in the first derived method
and d’E / dV? vs. V (c) in the second derivative method.

45



In the case of the systems investigated, the titration curves were more complicated than a strong acid
— strong base reaction, and they were characterized by the presence of more flex points due to the
presence of different protonable sites.

Potentiometric measurements for the different systems were carried out using NaCl as ionic medium,

following the conditions expressed in Tables 2.2 — 2.6:

Table 2.2 Experimental conditions investigated for the M™/Dop- systems in NaCl aqueous solutions

Cy (mmol dm™) Cr (mmol dm?) M:L
1 1.5 1:1.5
1.5 3 1:2
1.5 5 1:3
2 5 1:2.5

M = Ca?", Mg?, Sn*", Cd**, Cu?*, Mn?*', Zn**, UO»**, CH3Hg"and (CH3CH2)Sn?";L= Dopamine.

Table 2.3 Experimental conditions used for ternary complexes M-M'/Dop™ systems in NaCl aqueous
solutions

Cv (mmol dm?3)  Cwyr (mmol dm™) Cr (mmol dm3) M:M':L

5 5 10 1:1:2
2 6 6 1:3:3
4 6 10 1:1.5:1.6
2 7 11 1:3.5:5.5
6 6 10 1:1:1.6
6 3 10 2:1:3

M = Uranyl; M' = Cadmium or Copper; L= Dopamine.

Table 2.4 Experimental conditions used for ternary complexes Zn?>*/L'/Dop- systems in NaCl aqueous
solutions

Cv (mmol dm?3) Cr (mmol dm?3) Cr (mmol dm>) M:L':L

2 2 2 1:1:1
2 4 2 1:2:1
2 2 4 1:1:2
2 4 6 1:2:3
2 6 4 1:3:2
M = Zinc; L= Dopamine; L' = Histidine or Tryptophan.
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Table 2.5 Experimental conditions investigated for the M™/Oflox™ systems in NaCl aqueous solutions

Cy (mmol dm™) Cr (mmol dm?) M:L
1.5 1.5 1:1
1.5 4 1:2.5
1 3 1:3
1 2 1:2

M = Calcium or Zinc; L= Ofloxacin.

Table 2.6 Experimental conditions investigated for the M™*/Orn systems in NaCl aqueous solutions

Cy (mmol dm™) Cr (mmol dm?) M:L
1 1.5 1:1.5
1.5 3 1:2
1.5 5 1:3.3
2 5 1:2.5

M = Calcium; L= Ornidazole.
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Chapter 3

Modelling of the thermodynamic parameters
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3.1. Equilibrium constants

For a correct study of speciation of organic and inorganic ligands in aqueous solution, it is necessary
to pay particular attention to the equilibria with which the formation of species are related, described
by means of stepwise (3.1) or overall (3.2) equilibrium constants.

In the various chapters of this thesis, the equilibrium constants are expressed in their decimal
logarithm scale. In particular as regards the protonation constants of all the ligands (generally

indicated with L) considered, they are given according to the equilibria:

H* + H._, L™ = [ [ (77 logk?  (3.1)

rH* + L") = g, (-7~ logB" (3.2)

where r represents the r-th protonation step and n is the charge of the different ligands.

The hydrolysis takes into account the following generic equilibrium:

pMYH’ + erO = Mp(OH)r (np_r) + I‘H+ 10gﬁMp(OH)r (np_r) (33)
Some of the considered metals (Cd** or Sn") tend to form with chloride (anion of the supporting
electrolyte) stable complexes and ternary hydrolytic species (MCIOH); in these cases, the equilibrium
of formation can be expressed by:

M™ + jCI + H,0 = MCI;(OH)®D + H* logBmcijon)yn--1) (3.4)

As regards the formation constants of all the ligands (L), with the metal (M) systems, they are

based on the following equilibria:
pM™ + L7 +rH* = M,LyH, -2 logfBpqr (3.5)

pM™ + gL +1H,0 = M,Lg(OH), "P7a0+rH* (3.6)
logfpq-r
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3.2. Dependence of equilibrium constants on ionic strength

The necessity to perform experimental measurements at different ionic strengths is due to the fact
that the thermodynamic parameters such as the protonation and hydrolysis constants as well as the
stability constants of the metal — ligand complexes are related to the activity coefficient of the species
which are present in solution. It depends on the ionic strength, temperature, pressure, chemical
characteristics of the species and properties of the solvent.

The activity coefficient is related to the ionic strength through the Limited Debye — Hiickel theory,
based on the description of the different physical-chemical interactions between the ions and of their
interactions with the molecules of the solvent. This theory takes into account only the electrostatic
interactions between ions of opposite charge and the ions are considered as point charges. The

Limited Debye — Hiickel law, valid for solution with 0 <7/mol kg'! <0.001, is:

logyi=-A |z z| NI (3.7)
where
vi = activity coefficient of the i-th ion;
z = charge of the ion;
A = constant dependent from temperature and solvent (in water at 7= 298.15 K, A = 0.51);
I = 1onic strength in the molal scale.
In a successive elaboration of the law, Debye and Hiickel considered the ions of finite dimensions
and interacting with each other at distances not lower than the sum of their radii. The Extended Debye

— Hiickel law, valid for solutions characterized by 0.001 </7/mol kg'' < 0.01, is:

log vi=(-A |z" z|\NI) / (144 B ) (3.8)
where
B = constant dependent from temperature, pressure and dielectric constant of the solvent (in water at
T=298.15K,B=0.32),
4 = the maximum distance of approach between oppositely charged ions expressed in Angstrom (A).
For ionic strength values up to 0.2 mol kg'!, the Extended Debye — Hiickel law is substituted by the
[95] eq. (3.9). It is more suitable and takes into account only the charge of the ions and not their

individual features.

log yi=-0.51 22 (NI / (1+ NI) - 0.3]) (3.9)
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Many different approaches were proposed to model the dependence of the equilibrium constants on
ionic strength and to extend its validity at higher values of ionic strength, typical of a lot of natural

fluids. The extended Debye - Hiickel equation, implemented by a term L(/), is:

log vi=(-A |z" z|\I) / (1+4 B D) + L() (3.10)
where
L(J) represents the specific short-range interactions.
A modified model, was proposed by the research group, eq. (3.11) [96], in which this thesis was
developed:
logKi=log 'Ki-z*DH+ CI+D P?+E P (3.11)
where
K; = equilibrium constant of the i-th species at a given / value;
TK; = thermodynamic equilibrium constant of the i-th species at infinite dilution.
7* = X (2)*reactants — 2 (Z)?products
DH = 0.51 (NI / (1+1.5VD));
C=(cop* +c12%);
D = (do p* + di z*);
E = (eo p* + €1 2%);
Co, C1, do, d1, €0, €1 = empirical parameters for the dependence on ionic strength;

p* = Z (p)zreactants - E (p)zproducts (p = StOlChlometI'IC COGfﬁClel’ltS).

The empirical parameters C, D and E can be considered constants, or independent of the stoichiometry
of the complex considered. When 7 >> 1 mol dm™, it is necessary to use one or both the terms D >
and E 2. Furthermore, the use of one or more linear terms depends also on the supporting electrolyte.
For 7 <1 mol L! only one term (C I) in NaCl aqueous solutions has been used, while for tetraethyl
ammonium iodide (Et4NI) aqueous solutions it has been necessary to fit the data with two empirical
parameters, C and D. Moreover, the Eq. (3.11) can be used with both molar and molal concentration
scales.

Concerning SIT model used to study the dependence of the stability constants on the ionic strength,
the concentrations and the stability constants were converted from the molar to the molal scale.

The ¢/m ratio can be determined by the following formula:

c¢/m=dp+ ajc +axcz (3.12)
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where dy is the water density at 7= 273.15 K, do = 0.99987 g/cm?. The dependence of water density

on temperature can be modelled by the following equation:

d(T/K) = [(do + p1 T/K — p2 (T/K)?)/(p3 (T/K) + 1))] 103 (3.13)

where d(7/K) is the water density at the desired temperature; pi= 8.119, p> = 7.8735-107 and p; =
8.0574-1073 are empirical parameters obtained by modelling the data pair pure water density (g/cm?)
vs. T'/ K and derived from literature data [97].

The knowledge of the density of water at the desired temperature and the molarity and molality of
the electrolytic solution (NaCl in our case) at a given saline concentration, allows the calculation of
the ¢/m value. Using Eq. (3.12), the following parameters have been calculated: a; =-0.017765, a; =
-6.525-10. The range of validity for conversion in NaCl is: 0 < 7 (NaCl)/mol kg < 6. The stability
constants converted in the molal concentration scale, by using the above approach, are reported in
Tables S1-10 of the Supplementary Material section.

Once obtained the equilibrium constants in concentration scale, Eq. (3.11) becomes equivalent to the
one used for SIT (Specific ion Interaction Theory) with a first order linear term, where C = Ae (¢ =
specific interaction parameter).

The SIT has the advantages of requiring a much simpler mathematical treatment; according to this
theory only linear interactions between oppositely charged ions are taken into account. These
interactions are believed to cause deviations from the criteria of the ideality. Scientists who follow
this theory propose expressions based on the extensions of the Debye-Hiickel equation [98-101].
Since 1960, many speciation models have been proposed, and in many cases, they improved the
applicability to multicomponent solutions and up to high ionic strength values (> 6 mol kg™').

The SIT approach [102-108] is very useful and quite simple model, is on the basis of this model, the
activity coefficients of the ions are calculated considering all their interactions with only ions of
opposite charge. It is a physical-chemical approach according to which the term L(I) added to the

Debye-Hiickel equation, can be explained in the following way:

Azl
logy, =———F——+2¢,(D) (3.14)
1+aBy1
Ag is the specific 1onic interaction coefficient in molal concentration scale.

For a generic equilibrium constant, we can write:

10gBpqr = 10g B — 7* (AN(Im ))/(1+1.5VI) + A€ - I + j logay, (3.15)
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Moreover, I is the ionic strength expressed in the molal concentration scale, log ayw is the activity
coefficient of water (log aw = 0.015), j = number of water molecules involved in the equilibrium.

The Ae parameter can be expressed by

A€ :Z € react 'Z € prod (316)

And € are the SIT coefficients for the interaction of all ionic species involved in the considered
equilibrium with all the ions (of opposite sign) of the ionic medium.
For equilibria involving uncharged species, their activity coefficients must be expressed by the

Setschenow equation [109]:

log 'Y = kc,m : [ (317)

where k. and kn are the Setschenow coefficients of the neutral species in a given ionic medium, in
the molar (c) or molal (m) concentration scales, respectively.

If all the interactions between the ligand and the metal ion are taken into account, the generic Ag
parameter of Equation (3.16) can explicated to obtain the g(MpyLqH; ®"P-?4*T), Na*/CI) ion-pair SIT

coefficients for all the species involved in the equilibrium of formation of the complexes.

3.3. Dependence of equilibrium constants on Temperature

Formation constants at different temperatures allowed to calculate the enthalpy values by applying
the Van’t Hoff equation, assuming that the contribution of ACp in a small temperature range, as in

our case 283.15-318.15 K, is negligible:

log Kt = log Ko + (AHy / 2.303R) (1/6 — 1/T) (3.18)

where

0 = reference temperature (298.15 K);

T = temperature in Kelvin;

AHp = enthalpy change at reference temperature;

R =8.314 J K! mol"! and is the universal gas constant.

The dependence on ionic strength of the enthalpy changes was modeled by a modified Debye - Hiickel

type equation:
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AH=(AH’—z* 1.5V1/ (1 + 1.5N) + Cr-1) - 52.23 (3.19)

where

AH? = enthalpy change at infinite dilution;

Cr = dependence parameter on ionic strength of the enthalpy changes;

52.23 = 1/(R In10) in kJ mol .

It is necessary to consider that the enthalpy changes here mentioned, is not really the state function,
in such concentration scale used (namely the molar one), therefore it was obtained a gradient of the
temperature.

Furthermore, the Gibbs free energy can be calculated from the equilibrium constants as reported by
Eq. (3.20):

AG = -RT InK (3.20)

From the knowledge of the enthalpy changes and the Gibbs free energy, the TAS values can be

calculated in the same experimental conditions:
TAS = AH - AG (3.21)
The knowledge of the parameters for the dependence on ionic strength and temperature gives a

complete thermodynamic picture of these systems, whose equilibrium constants can therefore be

predicted for any experimental condition.
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Chapter 4

Results
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4.1 Metal-Dopamine System

Experimental measurements were carried out to determine the formation constants of the considered
metal complexes with dopamine using different metal-ligand concentration ratios. For each
measurement, the potentiometric system was calibrated by titrating a strong acid solution under the
same ionic strength and temperature conditions as the measurement solution. This operation allows
to calculate the value of the standard potential of the electrode.
In all the systems studied, in order to identify the speciation model that would allow to obtain the best
statistical parameters in terms of standard deviation and mean deviation, different speciation models
were tested, and the best model was chosen based on precise selection criteria:

e Simplicity of the model compared to other tested models;

e Significant formation percentage (>10%) for each species present in the speciation model and

in various conditions of component concentration, ionic strength and temperature;
e Analyze the relationship between the variances of the different models obtained.

All the models obtained in the different systems are based on the following equilibria:

pM™ + qL% +rH" = MLqH, (-4 logBpqr 4.1)

pM™ + qL# +rH,0 = MyLq(OH), ("P-2a-D+rH* log 4.2)
pq-r

Figure 4.1 shows as an example the comparisons between the titration curves of dopamine and in the
presence of the different investigated metal ions; the different titration curves were obtained under
the same experimental conditions and component concentrations. A quick comparison between the
different titration curves highlights in many cases different profiles of the curves, due to both the
different speciation of the system, and the different acid-base properties of the metal.

For example, the titration curves of the systems containing Ca?*, Cd*", Mg?", Mn?", and CH3;Hg" are
quite similar to each other, especially up to the neutralization of the proton resulting from the addition
of inorganic acid HCI. Similar trend, but with a significant shift in the pH jump, occurs for Cu?* and
Zn** due to hydrolytic properties which are significantly different from other metals.

The profiles of the titration curves for Sn*" and (CH3CH2)2Sn?" (or indicate DET?") appear completely
different, while in the case of the UO,?" ion, the anomalous titration curve of the dopamine system is
explained considering that the use of the acetate salt instead of the nitrate one. This, as we will see in

the section dedicated to this system, significantly affects the speciation of the entire binary system.
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em’ of Titrant (NaOH 0.1005 mol dm™)

Figure 4.1. Titration curves of dopamine and of the different M™/Dop™ systems
at 7=298.15 K, 7=0.15 mol dm?.

Experimental conditions: CL = 3 mmol dm™; Cm = 1.5 mol dm™. Titrant solution: NaOH 0.1005 mol dm.

4.1.1 Acid-Base properties of Dopamine.

Considering the importance of this molecule, our research group has been involved in a systematic
investigation on the thermodynamic properties in aqueous solutions and on the interaction with
metals.

In particular, the studies already done regards the determination of the solubility in different solvents,
by means of distributions measurements, and of the protonation in NaCl aqueous solutions at different
ionic strengths and temperatures. Investigations were carried out by potentiometry, UV
spectrophotometry / ISE H" and spectrofluorimetry / ISE H".

The protonation constants of this molecule refer to the following equilibria:

H* + L~ = HL® logk! (4.3)

H* + HL® = H,L* logkZ! (4.4)
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In general:

nH* + L™ = H, LD logBH (4.5)

The first protonation constant refers to the amine group of the lateral chain (log K'') whilst the second
to the phenolic group presents in the para position respect to the lateral chain (log K>").

The other phenolic group (meta position) has a logk™ value > 13 and is less important from a
biological point of view.

In Table 4.1 the literature protonation constants at different ionic strengths and temperatures are

reported [110].

Table 4.1. Literature protonation constants of dopamine at different ionic strengths and temperatures
in NaCl aqueous solutions

I/mol mol logKiIa) logKg a) I/mol mol logKll'I a) logKg a)
T=288.15K T=298.15 K
0.147 10.687 9.496 0.162 10.566 9.209
0.491 10.743 8.923 0.197 10.573 8.963
0.747 10.941 8.951 0.491 10.440 9.066
0.982 11.029 9.018 0.504 10.399 9.119
0.735 10.307 8.971
0.980 10.262 8.8.78
T=310.15K T=318.15K
0.148 9.989 8.376 0.148 9.519 8.144
0.165 9.988 8.690 0.493 9.136 8.257
0.495 9.904 8.470 0.749 9.213 8.307
0.743 10.002 8.514 0.986 8.798 8.312
0.989 8.513

a)Refer to the equilibria in Egs. 4.3-4.4

The knowledge of the protonation constants allows to obtain information about the chemical behavior
of this molecule at the investigated experimental conditions and it is necessary for the studies on the
interaction with the metal ions.

These investigations were carried out in the presence of different metal ions and in aqueous
solutions containing sodium chloride as supporting electrolyte, since it is the main inorganic

component of natural and biological.
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4.1.2 Acid-Base properties of Metals A, B and Organometals Groups.

Below, the literature acid-base properties of the investigated metal ions are reported; for simplicity,
the metal ions were divided in three main groups as in Table 4.2.

The hydrolytic constants reported in the next tables refer to the experimental conditions used to
investigate the interaction with dopamine, namely NaCl solutions, 0.15 <//mol dm™ <1 and 288.15

<T/K<318.15.

Table 4.2. Metals investigated

Metals
A B Organometals
Ca2+ U022+ CH3Hg+
Mg?* Cd** (CH3CH2)2Sn**
Sn2+ Cu2+
Mn2+
Zn2+

The hydrolysis constants of the various metals have been collected, processed and tabulated below.
The data here reported for the hydrolysis of the metal ions has been obtained from the literature, or
from experimental investigations carried out by this research group.

As regards the metals of A group: the hydrolysis constants of Ca?" were taken from the data literature
[111] while for Mg?* from [112]. The hydrolytic constants of Sn*" were already published by this
group, and obtained both from experimental investigations and from an accurate analysis of previous
literature data at different conditions (i.e., I/mol dm™, T/K, etc.) in NaCl aqueous solutions [62].
Investigations carried out in NaCl aqueous solutions allowed the determination of the stability
constants of the weak complexes with chloride anion.

Group B is composed by the metals Cd**, Zn?>" and UO»>"; the hydrolysis constants in NaCl aqueous
solutions at different ionic strengths and temperatures are reported in previous studies and published.
For Cd?*" [113] investigations in NaCl allowed the determination of the CdCl; (i= 1-4) and CdOHCI
complexes.

For UO,%, the hydrolytic constants were taken from our previous investigations [114]; moreover,
since the UO»(Acetate), salt was used, the speciation and the formation constants of the UO2/Ac
system in NaCl were considered [115].

For Zn?*, hydrolytic constants obtained from careful analysis of literature data were used
(unpublished data).

For Cu?* and Mn?*, the hydrolytic constants were taken from the literature [111, 116].
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For the last group, the organometals, the hydrolysis constants of CH3;Hg" in NaCl at 0 < //mol dm™
< 1.0 were taken from previous investigations [117, 118]. In chloride media, the acid-base behavior
of methylmercury(Il) is characterized by the formation of a stable CH3HgCl complex that forms in
significant amount and represents the main species up to pH~7-8.

The hydrolytic constants for (CH3CH2),Sn** were taken by literature data [119].

As it already reported, the hydrolysis reactions of the metal ions can be expressed by means of the

following general equilibrium:

pMYH’ + erO = Mp(OH)r (np_r) + I‘H+ logﬂMp(OH)r (np_r) (4.6)
Some of the considered metal (Cd*" or Sn**) tend to form with chloride (anion of the supporting
electrolyte) stable complexes and ternary hydrolytic species (MCIOH); in these cases, the equilibrium

of formation can be expressed by:

M™ + jCI + H,0 = MCI;(OH)®D + H* logBmcijoH)ym-j-1) 4.7)
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Table 4.3. Literature hydrolytic constants of Mg?" ,Ca®" and Sn?"ions in NaCl aqueous solutions at different ionic strengths and temperatures

Group A
Metals Mg2+ Ca2+ Sn2+
log Bor log Bor log Bor
Species | MgOH® MgyOH) CaOH" SnOH" Sn(OH),’ Sn(OH)> Sn2(OH),> Sn3(OH)** SnCI' SnCl’ SnCl; SnCI(OH)’
I/mol dm™ T=288.15K T=288.15K T=288.15K
0.15 -11.2199 -37.46 213,149 | 39699 -6.67 -16.53 -5.36 -7.00 0.7 1.44 1.38 211
0.5 -11.22 -37.83 - - - - - - - - - -
0.75 -11.27 -37.97 - - - - - - - - - -
1 -11.33 -38.09 - - - - - - - - - -
T=298.15K T=298.15K T=298.15K
0.15 -11.22 -37.46 -12.98 -3.78 -6.53 -16.97 -5.06 -6.39 0.76 1.5 1.46 -2.07
0.5 -11.23 -37.85 -12.98 -3.91 -6.68 -17.05 -5.2 -6.63 0.58 1.23 1.19 -2.36
0.75 -11.28 -38.00 -12.98 -3.96 -6.75 -17.1 -5.26 -6.72 0.52 1.15 1.11 2.5
1 -11.33 -38.13 -12.97 -4.00 -6.81 -17.15 -5.32 -6.8 049  1.09 1.05 -2.61
T=310.15K T=310.15K T=310.15K
0.15 -11.22 -37.47 -12.56 -3.56 -6.36 -17.5 -4.7 -5.66 0.77 1.76 1.71 2.98
0.5 -11.23 -37.88 - - - - - - - - - -
0.75 -11.28 -38.04 - - - - - - - - - -
1 -11.34 -38.18 - - - - - - - - - -

a) Equilibria are expressed as logfSpr according to the equilibria considered in equations 4.6 —4.7; b) [112]; ¢) [111]; d) [62].
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Table 4.4. Literature hydrolytic constants of Cd*" ions in NaCl aqueous solutions at different ionic strengths and temperatures

Group B
Metals Cd?*
logﬂpr
Species | CAOH* Cd (OH),’ Cd(OH); Cd(OH)s> Cd(OH)** Cdyg(OH)s** CdCI™” CdCL"™ CdCL™ CdClL*” CdCI(OH)""”
I/mol dm™ T=288.15K
0.15 -10.36 9 - - - 9.1 -32.28 - - - - -
T=298.15K
0.15 -10.36 -20.63 -33.3 -46.78 9.1 -32.28 1.51 1.92 1.49 0.9 -7.89
0.5 -10.05 -20.77 -33.3 -46.5 -8.98 32 1.35 1.74 1.38 0.82 -7.89
0.75 -10.55 -20.82 -33.3 -46.4 -8.92 -31.9 1.31 1.71 1.4 0.83 -7.85
1 -10.59 -20.86 -33.3 -46.33 -8.88 -31.83 1.33 1.76 1.5 0.9 -7.8
T=310.15K
0.15 -10.35 - - - -9.09 -32.27 - - - - -

a) Equilibria are expressed as logfSpr according to the equilibria considered in equations 4.6 — 4.7; b)[113].
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Table 4.5. Literature hydrolytic constants of Cu?>", Mn?" and Zn?"ions in NaCl aqueous solutions at different ionic strengths and temperatures

Group B
Metals Cu?t Mn?* 7n2"
log Bor log Bor log Byr
Species | CuOH® Cux(OH)** Cuy(OH),** | Mn(OH)" Mny;(OH)** | Zn(OH)" Zn(OH),' Zn(OH);" Zn(OH),> Zn,(OH)’" Zn;(OH)s"
I/mol dm™ T=288.15K T=288.15K T=288.15K
0.15 -7.90 ) -6.42 -11.19 -10.6 -26.35 -9.5099 -17.64 -29.12 -41.67 -9.27 -58.91
0.5 -7.80 -6.39 -11.18 - - -9.42 -17.60 -29.05 -41.39 -9.62 -58.70
0.75 -7.80 -6.39 -11.18 - - -9.33 -17.53 -29.00 -41.29 -9.92 -58.60
1 -7.70 -6.38 -11.17 - - -9.21 -17.44 -28.95 -41.21 -10.23 -58.51
T=298.15K T=298.15K T=298.15K
0.15 -7.70 -6.10 -10.72 -10.46 -24.47 -9.16 -17.11 -28.37 -40.63 -8.92 -57.48
0.5 -7.60 -6.07 -10.79 -10.70 -24.69 -9.08 -17.07 -28.30 -40.35 -9.28 -57.28
0.75 -7.55 -6.90 -10.78 -10.82 -24.80 -8.98 -17.00 -28.25 -40.25 -9.58 -57.18
1 -7.50 -6.11 -10.77 -10.95 -24.92 -8.87 -16.91 -28.20 -40.18 -9.89 -57.09
T=310.15K T=310.15K T=310.15K
0.15 -7.50 -5.80 -10.34 -9.20 -23.51 -8.78 -16.52 -27.54 -39.47 -8.54 -55.90
0.5 -7.50 -5.86 -10.40 - - -8.70 -16.48 -27.47 -39.20 -8.90 -55.69
0.75 -7.40 -5.90 -10.40 - - -8.60 -16.41 -27.42 -39.10 -9.20 -55.59
1 -7.40 -5.90 -10.38 - - -8.49 -16.32 -27.37 -39.02 -9.51 -55.50
T=318.15K
0.15 -7.30 -5.77 -9.96
0.5 -7.30 -5.76 -10.10
0.75 -7.30 -5.76 -10.01
1 -7.20 -5.80 -9.99

a) Equilibria are expressed as logSpr according to the equilibria considered in equations 4.6 —4.7; b) [111, 116]; ¢) unpublished data
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Table 4.6. Literature hydrolytic constants of UO2?* ions in NaCl aqueous solutions at different ionic strengths and temperatures.

Group B
Metals U022+
logﬂpr
Species UO,(OH)" UO:[(OH),]* (UO»)s[(OH)4)** (UO»):[(OH)s]* (UO2)3[(OH)7]
I/mol dm™ T=1288.15K
0.15 -5.74 9 -6.29 -12.86 -17.34 -30.77
0.5 -5.96 -6.42 -12.96 -17.63 -30.85
0.75 -6.07 -6.46 -12.97 -17.72 -30.84
1 -6.18 -6.5 -12.95 -17.79 -30.82
T=298.15K
0.15 5.5 -6.02 -12.27 -16.64 -29.72
0.5 -5.72 -6.14 -12.4 -16.95 -29.84
0.75 -5.84 -6.19 -12.41 -17.05 -29.86
1 -5.96 -6.24 -12.4 -17.13 -29.85
T=310.15K
0.15 -5.22 -5.7 -11.62 -15.85 -28.56
0.5 -5.46 -5.84 -11.77 -16.18 -28.72
0.75 -5.59 5.9 -11.79 -16.3 -28.76
1 -5.71 -5.94 -11.79 -16.39 -28.77
T=318.15K
0.15 -5.05 -5.51 -11.22 -15.36 -27.83
0.5 5.3 -5.65 -11.37 -15.71 -28.02
0.75 -5.43 -5.7 -11.41 -15.84 -28.07
1 -5.55 -5.76 -11.41 -15.93 -28.09

a) all equilibria are expressed as logfSpr according to the equilibria considered in equations 4.6 —4.7; b) [114].
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Table 4.7. Literature hydrolytic constants of UO»?* - Acetate ions in NaCl aqueous solutions at different ionic strengths and 7' = 298.15K

Group B
Metals UO2*" - acetate
log Boacon
Species UOz(ac)’ UOs(ac),’ UO:(ac)s” (UO,)3(ac);(OH)*
I/mol dm?

0 2.869Y 4.62 7.22 2.14
0.119 2.44 4.02 6.58 1.92
0.504 2.38 4.09 6.44 1.79
0.734 2.36 4.02 6.43 1.77
0.975 2.33 4.24 6.40 1.78

co 0.31 0.82 0.47 0.02

a) Equilibria are expressed as logf8 according to the equilibria considered in equations 4.1 — 4.2; b) [115] c¢) parameter for the dependence on ionic strength of the formation
constants.
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Table 4.8. Literature hydrolytic constants of CH3Hg" and (Et)>Sn?"and ions in NaCl aqueous solutions at different ionic strengths and temperatures

Organometals Group

Metals CH3Hg+ (CH3CH2)ZSII2+
log Bor log Byr
Species | CH;HgOH CH;HgCl | (CH;CH:)Sn(OH)" (CH3;CH:);Sn(OH); (CH;CH,);Sn(OH);" (CH;CH,);Sn;(OH),>* (CH;3CH,);Sn;(OH);"
I/mol dm™ T=288.15K T=288.15K
0.15 4,529 5.33 -2.99 ) -8.13 -18.86 -4.92 -9.19
0.5 -4.48 531 - - - - -
0.75 -4.45 5.32 - - - - -
1 -4.42 5.34 - - - - -
T=298.15K T=298.15K
0.15 -4.54 5.25 -3.57 -8.98 -19.97 -4.96 -10.20
0.5 -4.58 5.16 -3.83 -9.36 -20.20 -5.19 -10.70
0.75 -4.64 5.13 -3.93 -9.54 -20.37 -5.31 -10.90
1 -4.64 5.13 -4.02 -9.69 -20.51 -5.39 -11.10
T=310.15K T=310.15K
0.15 -4.50 5.34 -4.22 -9.93 21.21 -5.00 -11.33
0.5 -4.46 531 - - - - -
0.75 -4.44 5.32 - - - - -
1 -4.41 5.34 - - - - -
T=318.15K
0.15 -4.50 5.33
0.5 -4.46 5.30
0.75 -4.43 531
1 -4.40 5.33

a) Equilibria are expressed as logSpr or logpCl according to the equilibria considered in equations 4.4 —4.5; b)[117, 118]; c¢) [120].
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4.1.3. Metal group A/Dopamine systems

The procedures used to identify the best speciation model for the metal/dopamine systems follow
some general rules, namely: 1. the simplicity of the model; 2. the agreement with similar metal-ligand
systems; 3. the significant formation percentages of each species in all the experimental conditions;
4. the differences in variance between the accepted model and other checked ones.

These procedures were applied at each of the experimental conditions (i.e. ionic strength and
temperature) investigated, better described in the dedicated sections.

The measurements were performed by potentiometric titrations at different ionic strengths: 0.15 <7/
mol dm= < 1.00 in NaCl, different metal - ligand molar ratios and temperatures 288.15 < 7/ K <
310.15.

For some metal-dopamine systems (Ca?*/Dop-, Sn**/Dop-, Cd**/Dop-; see also the next sections) the
dependence of the stability constants on the temperature, in the interval 288.15 <7/ K <310.15, was
studied only at /= 0.15 mol dm™.

The next sections report an accurate discussion on the main obtained results, where the stability

constants are expressed as it already reported in the Eqgs. (4.1-4.2).

4.1.3.1. Ca**/Dop- system

For the interactions of calcium with dopamine, the speciation model that gave the best results in terms
of statistical parameters was characterized only by the MLH and MLOH species. However, having
available a large number of experimental data at 7= 298.15 K, it was also possible to determine the
ML species which, compared with the other two species MLH and MLOH, is formed in lower
amount, independent of the experimental conditions (ionic strength and temperature) and
concentrations or metal:ligand molar ratios.

The formation constants for Ca?*/Dop species are shown in Table 4.9, in the molar concentration
scale, at the investigated ionic strengths and temperatures; from the data here reported we can affirm
that the stability of the complexes formed by dopamine with Ca?" are fairly weak. This is one of
possible reason how the interaction occurs over pH ~ 7.5.

From the distribution diagram reported in Figure 4.2, we can observe this evidence, and that the
equilibrium in aqueous solution can be considered reliable up to pH ~ 10; after this pH we observed
the formation of sparingly soluble species, that were collected and characterized by

thermogravimetric analysis.
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An analysis of the effect of the ionic strength on the distribution of the species, highlight that
increasing the ionic strength, the complex species tend to form at lower pHs; as an example, at [ =
1.0 mol dm™, we observed the presence of the MLH at pH ~ 6, reaching about 50% of formation at

pH =8.

100

80 1

60 -

% Ca’'

40

20

0 v I v I v I T
8.0 8.5 9.0 9.5 10.0
pH
Figure 4.2. Distribution diagram for the Ca?*/Dop- species at 7= 298.15 K and different ionic strengths. Species:
1 ML; 2 MLH; 3 MLOH. [M = Ca?"; L = Dop]
a: /=0.15 mol dm=; b: 7=0.50 mol dm; c¢: /= 1.00 mol dm
(Experimental Conditions: Ccaz+ = 1.5 mmol dm™; Cpop- = 5 mmol dm)

The effect of the temperature on the distribution of the Ca*"/Dop™ species can be observed from
Figure 4.3; in this case a significant variation on the distribution of the species, both in term of pH
of maximum formation and formation percentages was obtained; we remind that only the ionic

strength / = 0.15 mol dm™ was investigated at different temperatures.
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Figure 4.3. Distribution diagram for the Ca?*/Dop™ species at / = 0.15 mol dm™ and different temperatures.
Species: 1 MLH; 2 MLOH; 3 ML. [M = Ca*"; L = Dop’]
a: T=288.15K; b: T=298.15K; c: T=310.15K
(Experimental Conditions: Cca2+ = 1.5 mmol dm™; Cpop- = 5 mmol dm™)

Table 4.9. Experimental formation constants of the Ca?>"/Dop species in NaCl aqueous solutions

T/K I/'mol dm™ log v, ® logfviLu® logBviLon ¥
288.15 0.150 - 13.60 £0.03”  -6.97 £0.08"
298.15 0.143 4.83 +0.08 13.43 +£0.08 -5.78 £ 0.16
298.15 0.472 3.65+0.07 13.28 £ 0.06 =778 £0.10
298.15 0.692 3.95+0.07 13.65 + 0.05 -6.69 +0.09
298.15 0.933 526+0.10 14.44 £ 0.06 -6.49+0.15
310.15 0.150 - 13.51 £0.23 -5.60 +0.22

a)logPpqr refer to Eqs. 4.1 — 4.2; b)+ Std. Dev

From the potentiometric measurements where the formation of a sparingly soluble species has been
obtained; the precipitates were recovered, filtered on 0.45um cellulose filters, washed with ultrapure
water and finally dehydrated under vacuum. In particular, three different Ca®>"/Dop™ precipitates,
identified with A, B, C, obtained at different metal/ligand molar ratios were analyzed.
Thermogravimetric analyses were performed from 7 = 293.15 to 7 = 1073.15 K (gradient
temperature; more details are reported in the footnote of Figure 4.4) and the diagram in Figure 4.4,
highlights the different decomposition steps for each sample (more details in Figure 4.5 for the
sample Ca>*/Dop" B).

At the end of the thermogravimetric analyses, it is visible how the amount of the metal oxide is

different for the three samples.
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Figure 4.4. Thermogravimetric curve for the Ca*/Dop precipitates obtained at different metal:ligand molar ratios, at /

=0.15 mol dm=. Component concentration in the solution: Ccaz+ = 1.5 mmol dm™ and Cbop- = 1.5-7.5 mmol dm™.
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Figure 4.5. Thermogravimetric profile of the percentage weight loss for Ca**/Dop™ B.

Table 4.10 reports the percentage weight loss for each Ca>*/Dop~ system, calculated from the thermal

decomposition of the precipitates. Considering these experimental data, the stoichiometry of the

precipitates was calculated, assuming that the residual of the decomposition process is CaO. As it can

be observed, the stoichiometry of the precipitate changes between a metal:ligand molar ratios of 1:3

to 1:5, in dependence on the initial concentrations of the components in the vessel.
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Table 4.10. Thermal decomposition steps for the Ca?>*/Dop precipitates

Percentages by weight at Percentage loss of weight during the
System the beginning of the process decomposition process
Ca-Dop(A)
1° process 99.8 % 9.45 %
2° process 90.31 % 34.49 %
3° process 55.82 % 17.96 %
4° process 37.82% 3.10%
5° process 34.77% 10.56%
Stoichiometry 11
(M:L)
Ca-Dop(B)
1° process 99.76% 14.77%
2° process 84.98% 57.02%
3° process 27.97% 15.22%
4° process 12.75% 3.89%
Stoichiometry 13
(M:L)
Ca-Dop(C)
1° process 99.86% 10.01%
2° process 89.85% 67.93%
3° process 21.92% 11.79%
4° process 10.12% 3.48%
Stoichiometry 15
(M:L)

4.1.3.2 Mg**/Dop- system

The interactions of Mg?" with Dopamine were investigated at different of ionic strengths (from I =
0.15 to 1.0 mol dm™) and temperatures (from 7 = 288.15 to 310.15 K). As for the Ca®" system, the
speciation model and the stoichiometry are characterized by simple mononuclear complexes. The

model that gave the best results is featured by the ML and MLOH species.
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Table 4.11 reports the corresponding formation constants of the Mg?*/Dop™ complexes determined at
different temperatures and ionic strengths in NaCl aqueous solutions.

As it is possible to observe from Figure 4.6, the formation of the metal-ligand species occurs at
pH~8.5 and up to this pH value, magnesium is present as free metal ion. Only at higher pH, the
MLOH?4q) complex becomes the predominant one and ML reaches ~10%.

This evidence reported in Figure 4.6, it refers to the experimental conditions: 7=310.15 K and / =
0.15 mol dm™; similar results were observed at also different conditions, obtaining only slightly shift
of the maximum of formation, changing the ionic strength or the temperature.

Unlike to the Ca?*/Dop™ system, the formation of the MLH species was not observed. This can be
probably due to the different behavior of the two metals in terms of hydrolytic constants.

From the distribution diagrams of the two metal/Dop systems we observe as an example, that the
interaction between Ca?" and dopamine begins at pH ~ 7.5, whilst for Mg?* at about 8.5; this aspect

can be explained because in the second case, we did not obtain the formation of the MLH species.

Table 4.11. Experimental formation constants of the Mg?*/Dop- species in NaCl aqueous solutions
at different ionic strengths and different temperatures

I/'mol dm™3 logBvi. ® logfAviLon

T=288.15K

0.15 3.459+0.068" -6.278+0.040Y

0.50 3.259+0.078 -6.676+0.030

0.75 3.267+0.084 -6.905+0.032

1.00 3.467+0.092 -7.336+0.012
T=298.15K

0.15 3.034+0.044 -6.111+0.026

0.50 2.797+0.052 -6.531+0.020

0.75 2.777+0.056 -6.825+0.022

1.00 2.951+0.092 -7.324+0.008
T=310.15K

0.15 2.561+0.064 -5.926+0.040

0.50 2.281+0.074 -6.369+0.030

0.75 2.2324+0.082 -6.736+0.034

1.00 2.375+0.092 -7.311+0.012

a)logPpqr refer to Eqs. 4.1 — 4.2; b)+ Std. Dev
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Figure 4.6. Distribution diagram for the Mg?*/Dop species at / = 0.15 mol dm™ and 7= 310.15 K.

4.1.3.3 Sn?*/Dop” system

Species: 1 M, 2 ML, 3 MLOH. [M = Mg*; L = Dop’]
(Experimental Conditions: Cumg2+ = 1.0 mmol dm™; Cpop- = 1.0 mmol dm)

A quite different behavior with respect to calcium and magnesium, was observed for the Sn**/Dop-

system, both in term of speciation model, stoichiometry, and stability of the species. This can be

explained taking into account both the different acid-base properties of Sn?* with respect to calcium

and magnesium, and its tendency of forming in chloride solution SnCl; (i = 1-3) species, together with

SnOHCI hydrolytic complex [121-124]. Moreover, another different behavior of Sn?* respect to the

other two cations forms, is the formation of polynuclear complexes as reported in Table 4.12.

Moreover the limits of this investigation is the formation of the Sn(OH)(s) sparingly soluble species

[62], whose formation is observed at pH values dependent on the metal concentration, ionic medium

and ionic strength and temperature. Applying the already cited criteria of selection of the best

speciation model, the model that gave the better statistical parameter is featured by the M>L,, ML,

MLOH and M>LOH species, whose stability constants are reported in Table 4.12.

Table 4.12. Experimental formation constants of the Sn**/Dop- species in NaCl aqueous solutions

T/K I/mol dm logBvizi2 ® logfvir2® loghvLon®  logfvzaLon ¥
288.15 0.150 3521+£0.09" 245140012 9.54+0.01Y 15.43 £0.06”
298.15 0.147 3483+0.01 24.12+001 949+0.01 15.67+0.03
298.15 0.472 3435+0.01 23.10+£0.01 9.10+0.01  15.55+0.02
298.15 0.709 33.95+0.01 22514001 8.74+0.01  15.96+0.01
298.15 0.954 31.68£0.07 20.75+0.03  7.63+0.02  15.60£0.05
310.15 0.150 32.54+0.09 2089+0.02 847+0.06  14.90£0.01

a)logfarrefer to Eqs. 4.1 — 4.2; b)+ Std. Dev
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All the species reported in the speciation model are formed in high amount, covering the entire range
of pH investigated, as highlighted by Figure 4.7. Moreover, the free metal ion is present in very lower
percentages (~5% and at pH < 4). The M:L. species covers almost all the investigated pH range,
representing the main complexes up to pH ~ 6.5, beyond which the species MLOH and ML, become
the most important ones. The same Figure also evidence the effect of the ionic strength variation on
the distribution of the species; in particular, Figure 4.7 reports the distribution of the species at the
lower and higher investigated ionic strengths, obtaining a significant shift of the maximum of
formation in term of percentage and of pH value.

Analysis of Figure 4.7. evidence two other important aspects; the first one is the formation of the
SnCli (i = 1-3) complexes at low pH values. The second is that the strength of the Sn*/Dop
complexes avoids the formation of the Sn,(OH)q species in high amounts, that reach about 5% of
formation (not reported in Figure 4.7.), even if the SnOHCI one at / = 0.15 mol dm™ and pH ~ 3,
achieves about 20% of formation. The pH limit investigated (pH~ 8-9) is bound to the formation of
an insoluble species in turn dependent on the experimental conditions investigated.

Similar observation can be made for the effect of the temperature; in this case, for the overall stability
constants of ML, and ML species, differences of about 3 orders of magnitudes between 7'= 288.15
and 310.15 K at 7 = 0.15 mol dm™ are observed. For the overall stability constants of MLOH and

M,LOH, the differences are smaller, about 1 and 0.5 order of magnitudes, respectively.

100

% Sn’"

Figure 4.7. Distribution diagram for the Sn?>*/Dop species a 7= 298.15 K and different ionic strengths.
Species: 1. MCI; 2. MCl; 3. MCls; 4. MCI(OH); 5. MaLa; 6. ML2; 7. MLOH; 8. MoLOH. [M = Sn?*; L = Dop]
a: /=0.15 mol dm>; b: /= 1.00 mol dm™.

(Experimental Conditions: Csn2+ = 2.0 mmol dm; Cpop- = 5.0 mmol dm™)
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4.1.3.4 Dependence on ionic strength and temperature of complexes with metals of Group A

The dependence of the formation constants, determined in NaCl aqueous solutions, on the ionic
strength and temperature was modelled by using two approaches: the first one applying an extended
Debye-Hiickel equation (EDH), the second, the Specific ionic Interaction Theory (SIT). They allow
the calculation of the stability constants at infinite dilution, in the molar concentration scale the first
one, and in the molal concentration scale the second. Moreover, the EDH allows to model the
variation of the stability constants, when the ionic strength changes, by the calculation of simple
empirical parameters, in turn dependent on the stoichiometry of the reaction, on the charge of the
components and on the formed species involved in the reaction. The SIT approach allows the
determination of the specific ion interaction parameters of the ion-pairs involved in the formation of
the given species.

Equation (4.8) reports the extended Debye-Hiickel equation used to model the variation of the
stability constants; it is possible to observe that with respect to the classical model, this equation

reports an additive term for the dependence on the temperature:

10gBpqr = logBoqr - %A+ NI/(1+1.5N1) + C-I+ L+ (1/298.15- 1/T) - 52.23 (4.8)

where 52.23 is 1/(R-In10) and C is the adjustable parameter for the dependence of formation constants
on ionic strength, in the molar concentration scale; in turn, the C parameter can be expressed by the
following equation: C = co p* + ¢1 z* with p* = Zpreactants - ZPproducts and z* = Y zreact?- zprod?; z and
p are the charge and the stoichiometric coefficient, respectively. log!fBpq: is the formation constant at
infinite dilution and A is the Debye-Hiickel term expressed with respect to its dependence on the
temperature, as reported in the Eq. (4.9), where 0.856 and 0.00385 are empirical parameters, 7 =

298.15 K is the reference temperature and 7" the desired temperature expressed in Kelvin (K):

A=(0.51+(0.856" (T’ - 298.15) + 0.00385- (T - 298.15)?)/1000) (4.9)
Moreover,
L = (AH - z* - (1.5 + 0.024 (T - 298.15) - ND)/(1 + 1.5 - \I)) (4.10)

By using the Eq. (4.10), it is possible to calculate, in the investigated AT range, the enthalpy change

value of formation of a given species at infinite dilution AH,’.
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For the investigations where the dependence of the stability constants on the ionic strength has been
carried out at only a single temperature, the applied Debye-Hiickel equation used to model the
dependence of the stability constants on the ionic strength is the version reported in equation (3.11).
The formation enthalpy change values were calculated only at the ionic strengths where the
measurements were carried out at different temperatures, by using the equation (3.18), and assuming
as reference temperature (7= 298.15 K).

However, this approach, i.e. Eq. (3.11)., has also been applied at each single temperature, allowing
the determination of the stability constants at infinite dilution as reported in Table 4.13, for Mg?".
Tables 4.13 - 4.15 report the results obtained for the Ca?", Mg?" and Sn**/Dop- systems. The results
reported in Table 4.14, allow as to observe that the formation reactions of the metal/dopamine species
are all exothermic, except for the MLOH ones of the calcium and magnesium systems. Moreover, it
is possible to confirm that, as for the specie formed by electrostatic interaction, the entropy can be

considered the driving force of the reactions.

Table 4.13. Formation constants, at infinite dilution and at different temperatures, of the Mg?*/Dop
species

log T ® log fTmLon ™
T=1288.15K
11— 0 3.89540.0409 -5.2914£0.090
cY 0.190%0.072 -0.6921+0.144
T=298.15K
I—0 3.560%0.036 -5.366%0.108
C 0.140%0.090 -0.612+0.152
T=310.15K
I—0 3.007£0.170 -4.796%0.094
C -0.007£0.223 -1.2394+0.146

a) I/mol dm?; b) refer to the Egs. (4.1 —4.2); ¢) £Std. Dev.; d) parameter for the dependence of log /3 on //mol dm
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Table 4.14. Formation constant, enthalpy and entropy change values of the M™/Dop™ species at
infinite dilution and at 7=298.15 K

Species logf pqr c» AHY TAS®
Ca*'/Dop-
ML 5.30 £ 0.079 -0.88 £ 0.12 -
MLH 13.80 £ 0.06 0.33+0.15 -58425 4 2042599
MLOH -6.18 £ 0.06 -0.06% 0.09 99+43 64+43
Mg2*/Dop
ML 3.560+0.036 9 0.07£0.04 -7242 4D 5242
MLOH -5.366+0.108 -1.03+0.03 2443 -7+3
Sn**/Dop
ML, 36.40 +0.299 -2.90 £ 0.50 22114284 -4+28 49
ML, 25.56 +£0.20 -3.33+£0.36 -286+ 35 -141+£35
MLOH 10.43 £0.19 -1.75+£0.33 -84+ 20 -24+21
M;L(OH) 16.11 £0.04 0.30 £0.06 -42+ 21 50+21

a) log g refer to egs. (4.1 — 4.2); b) parameter for the dependence on I/mol dm™; ¢) enthalpy and entropy change values
of formation in kJ/mol ; d) £Std.Dev. ; e) calculated at /= 0.15 mol dm™ and 7= 298.15 K ; ) at infinite dilution

By using the two different applications of the SIT approach (Eq. 3.15) and considering the specific
ion interaction coefficients of the following ion-pairs: g(H*,C17)=0.12 [125]; &(Dop~,Na")=-0.228
[110]; e(Ca®*",Cl") = 0.14 [126]; e(Mg*",Cl") = 0.209 [126] and &(Sn**,Cl") = 0.032 [62], it was
possible to calculate both the Ag and the single e(M,LqH;”*, Na*/CI) coefficients.

The specific ion interaction coefficients (¢ and Ag) of the ionic species and the Setschenow

coefficients for the neutral ones for the metal/dopamine species are reported in Table 4.15.
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Table 4.15. Specific ion interaction and Setschenow coefficients for the species of the
metal/dopamine systems.

Ca2+
AeMLY AeMLH® AeMLOH ¥
T=298.15K -1.11£0.07® 0.19+0.09® -0.16+0.06»
Mg?*
T=1288.15K 0.26+0.06 -1.22+0.04
T=298.15K 0.06+0.07 -1.02+0.06
T=310.15K 0.11+0.06 -1.63+0.02
Sn2+
AeM,L,Y AeML, ¥ AemLon ¥ AeM,LOH Y
T=298.15K -2.88+0.19 -3.29+0.14 -1.72+0.13 0.30+0.02
Species Ca?* Mg2* Sn?*
T=298.15K
EMLA,C1)" 1.03+£0.07? -0.20+0.07 -
EMLH2+,CL) ) -0.16+0.09 - -
kmLou®? -0.06+0.01  0.99+0.05 1.39+0.13
EM2L.22+,C1-) ¥ - - 2.49+0.19
k2 &9 - - 2.90+0.14
£(M2LOH2+,Cl-) - - -0.60+0.02

a) Calculated by means of Eq. (3.15); b) £Std. Dev.; ¢) Specific ion Interaction coefficient of the ion-pair; d) Setschenow
coefficient for the neutral species calculated by means of Eq. (3.17).

4.1.4 Metal Group B/Dopamine systems

The Group B includes as already reported, the following metals: Cd**, Cu?*, Mn?*, Zn?>* and UO»*".
The interactions of dopamine [2-(3,4-Dihydroxyphenyl)ethylamine, (Dop~)] with cadmium, copper
and dioxouranium(VI) were studied in NaCl(q) at different ionic strengths (0 < 7/ mol dm™ < 1.0)

and temperatures (288.15 <7/ K <318.15).

4.1.4.1 Cd**/Dop system

For the cadmium(II) interactions towards dopamine, the speciation model, used as input in the
BSTAC program, includes the protonation constants of the ligand, the hydrolytic species of the metal
and the CdCl; (i = 1-4) and the CAOHCI species formed with the ion of the supporting electrolyte (i.e.
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NacCl), that in some conditions (i.e. high chloride concentration) reaches formation percentages higher
than 30% [113].

The interactions of dopamine towards cadmium(II) was investigated in quite wide experimental
conditions, /= 0.15 mol dm™ from 7= 288.15 to 318.15 K. Measurements at 7= 298.15 K were also
carried out at different ionic strengths from 7= 0.15 to 1.0 mol dm™, at the metal:ligand molar ratios
already reported in Table 2.2 of Experimental part.

Table 4.16 reports the stability constants of the Cd’*/Dop™ species at different experimental
conditions; the speciation model is formed by only the ML, MLH and ML, (M = Cd; L = dopamine;

charge omitted) mononuclear species.

Table 4.16. Experimental formation constants of the Cd**/Dop- species in NaCl aqueous solutions

T/K I/mol dm logAvir. logAviLu ¥ logfw2 ¥
288.15 0.15 6.66 +0.03" 1490 +0.09®  11.62+0.08”
298.15 0.148 6.48 +0.03 14.08 +0.02 10.88 +0.02
298.15 0.488 6.06 +0.07 14.18 £ 0.01 10.31 +£0.02
298.15 0.730 6.41 £0.02 14.71 £ 0.05 10.35+0.07
298.15 0.956 6.30 + 0.09 14.10 +0.05 9.13£0.06
310.15 0.15 4.61 £0.04 12.56 £0.10 9.26 +0.02

a)log g refer to Egs. (4.1 — 4.2); b)+ Std. Dev

From the stability constants shown in Table 4.16, it can be observed that the cadmium complexes
have approximately the same order of magnitude of the Ca?/Dop system (Table 4.9), with
differences on the ML species of just one logarithmic unit. The difference between the stability
constants of the two systems can also be justified considering that the Ca?>*/Dop™ complexes must be
considered as conditional formation constants, whilst for Cd*>* we considered the interaction of the
metal ion with the anion of the supporting electrolyte (CI").

Another comparison between the different stability of complexes of the two systems can be carried
out calculating the stepwise formation constants of the MLH species, taking into account the
following equilibrium of formation: M + LH = MLH; for the Cd*>* we have a logKviu = 3.514 and of
2.864 for Ca*".

Considering the distribution diagrams reported in the Figures 4.8 - 4.10, some considerations can be
done: 1. the importance of the CdCl; species is highlighted in Figure 4.8, where the distribution and
the formation percentages of the species are calculated at / = 0.15 mol dm™ and T = 298.15 K at
metal:ligand molar ratio of 1:2, but similar results were also obtained at the other experimental
conditions.

The CdCI species reaches about 60% of formation at pH values lower than 6, contributing to reduce

the amount of Cd?* free. The others Cd(Il)/chloride species are formed in lower amount and in
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dependence on the chloride concentration (i.e. ionic strength) in solution. Interesting is also the
presence of the ternary CdAOHCI species that at pH ~ 8 reaches the maximum of formation. 2. Up to
pH ~ 7, the interaction of dopamine towards cadmium does not occur; over this pH we observe the
formation of the MLH species (~10% at pH ~ 8.5), whilst the ML and ML, form at higher pH and in
higher amount, ~80%. 3. Although cadmium forms some mono and polynuclear hydrolytic species,
and the “weakness” of its complexes with dopamine, the hydrolysis of the metal is inhibited by
complexation at alkaline pH values and by the formation of the chloride species at acid pHs. 4. The
effect of the ionic strength on the stability and distribution of the species is reported in Figure 4.9,
where the distribution of the Cd**/Dop species follows different trend: the formation percentages of
MLH and ML species increase from / = 0.15 to 0.50 mol dm™ and decrease from / = 0.50 to 1.00
mol dm™3; for ML species the formation percentage decreases from / = 0.15 to 0.50 mol dm™ and
increases from 7 = 0.50 to 1.00 mol dm=. 5. Concerning the effect of the temperature reported in
Figure 4.10, we can observe a net decreasing trend of the formation constant with increasing the
temperature, with a difference of about 2 order of magnitude between values at 7=288.15 and 310.15
K.

AtpH ~ 10-10.5, we observed the formation of a sparingly soluble species. The precipitate, collected
at the end of some measurements (at different metal:ligand molar ratios, see here after), were washed
sometimes with few amount of ultra-pure water and then dried under vacuum and characterized by

TGA (see hereafter).

100

Figure 4.8. Distribution diagram for the Cd**/Dop system at /= 0.15 mol dm™ and 7'= 298.15K (the percentages of
formation of the CdCl; species are also reported)
Species 1 Cd free; 2 CdCl; 3 CdClz; 4 CdCls; 5 CdCls; 6 CACIH; 7 CdDop; 8 CdDopH; 9 CdDopo.
(Experimental Conditions: Ccaz+ = 1.5mmol dm™; Cpop = 3.0 mmol dm=)
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100

Figure 4.9. Distribution diagram for the Cd**/Dop” system at different ionic strengths and 7= 298.15 K.
Species 1 Cd*" free; 2 CdDop;3 CdDopH;4 CdDops:.
a/=0.15mol dm3; b /= 0.50 mol dm>; ¢ / =1.00 mol dm?.
(Experimental Conditions: Ccaz+ =1.5 mmol dm™; Cpop = 3.0 mmol dm™)
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Figure 4.10 Distribution diagram for the Cd**/Dop" system at / = 0.15 mol dm™ and at different temperatures 7=
288.15, 298.15, 310.15 K
Species 1 Cd** free; 2 CdDop; 3 CdDopH; 4 CdDop:
aT=288.15K;bT=298.15K;c T'=310.15K
(Experimental Conditions: Cca2+ = 1.5 mmol dm™; Cpop = 3.0 mmol dm™)
Thermogravimetric analysis was performed with an air flow (mixed oxygen and nitrogen, 20% and
80% respectively) and with a temperature range of 293.15 - 1073.15 K, as for the Ca?>*/Dop

precipitates.
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The thermogravimetric spectra reported in Figure 4.11. concern two recovered samples, in which the

ratios between metal and ligand in the initial aqueous solution were different.

Significant differences can be observed for the different precipitates, in term of amount of metal oxide

at the end of the measurements.
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Figure 4.11. Thermogravimetric curves for the Cd**/dop™ system. Experimental condition: Air flow (gaseous mixture of
nitrogen and oxygen with 80% and 20%, v/v, respectively) and in the temperature range 293.15-1073.15 K. Flow rate:
100 mL min’!; scanning rate 10 K min™!. Sample ~8-10 mg.
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The curves reported in Figure 4.11. and the data in Table 4.17. highlight the different decomposition
processes.

The initial decomposition process concerns the loss of the aromatic ring(s) also accompanied by the
loss in some cases of a phenolic group of the ring itself. Subsequently, the other fragments of the side

chain are decomposed up to the metal oxide.

Table 4.17. Thermic decomposition step of Cd*"/Dop precipitates.

% Weight loss during
Cd-Dop(A) % weight start process the decomposition
process
1st decomposition process 99.95 % 12.44 %
2nd decomposition process 87.51 % 45.73 %
3rd decomposition process 26.11 % 15.67 %
4t decomposition process 20.86% 5.25%
5th decomposition process 19.04% 1.82%
stoichiometry metal:ligand 1:3
Cd-Dop(B)
1st decomposition process 99.49% 10.42%
2nd decomposition process 89.07% 26.94%
3rd decomposition process 62.12% 8.51%
4t decomposition process 35.57% 18.04%
5th decomposition process 32.11% 3.46%
stoichiometry metal:ligand 2:3
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4.1.4.2 Cu*'/Dop- system

The speciation of the Cu?>*/Dop™ system is much more complex with respect to the corresponding
system with Cd?*. In fact, in this case the best results were obtained when the formation of the ML,,
ML, MLy, MoL,OH, MoLOH and ML,OH was considered. In this case, we observe the prevalence
of simple binary and ternary hydrolytic binuclear complexes. On the contrary of that obtained for

Cd?*, the formation of the ML and MLH species does not occur.

Table 4.18. Experimental formation constants of the Cu?>"/Dop species in NaCl aqueous solutions at

different ionic strengths and temperatures

logf
I/mol dm? ML,? ML ML, M:L2(OH);® M,LOH®» ML,OH?®
T=288.15K
0.161 21.02+0.08” 15.21+£0.06 27.34+0.08 13.40+0.08  8.87+0.02 11.38+0.06
0.492 20.50+0.06 15.33£0.04 26.86+0.04 12.68+0.06 9.02+0.02 11.25+0.04
0.743 20.21£0.05 15.42+0.03 26.60+0.02 12.26+£0.04 9.21+0.03 10.22+0.03
0.995 19.95+0.06 15.52+0.04 26.38+0.04 11.89+0.04 9.42+0.04 10.20+0.03
T=298.15K
0.171 19.36+0.06 14.57+0.04 25.66+0.06 11.72+0.05  8.86+0.02 11.01+0.05
0.474 18.88+0.04 14.68+0.02 25.22+0.03  11.04+0.03  9.00+0.02 10.88+0.03
0.738 18.57£0.04 14.78+0.03 24.94+0.03 10.60+0.03  9.19+0.02 10.85+0.02
0.965 18.33+0.05 14.87+0.04 24.74+0.05 10.26+0.04  9.38+0.04 10.84+0.03
T=310.15K
0.145 17.58+0.01 13.85+0.02 23.87+0.06  9.95+0.03 8.85+0.03 10.63+0.04
0.482 17.02+0.05 13.98+0.02 23.35+0.05  9.16+0.02 8.99+0.02 10.47+0.03
0.728 16.73+0.05 14.07+0.04 23.09+0.06  8.74+0.04 9.16£0.03 10.43+0.03
0.982 16.46+0.10 14.16+£0.06 22.85+0.08 8.36+0.07 9.37£0.04 10.42+0.04
T=318.15K
0.161 16.40+0.06 13.41+0.01 22.67+0.06  8.73+0.02 8.84+0.04
0.505 15.83+0.05 13.54+0.03 22.15+0.07  7.94+0.04 8.98+0.03 10.20+0.04
0.732 15.56+0.07 13.62+0.05 21.91+0.08  7.55+0.06
0.994 15.2840.09 13.72+0.08 21.66+0.11 7.16+0.09 9.36+0.04 10.15+0.06

a) log g refer to Egs. (4.1 — 4.2); b)+ Std. Dev.

Table 4.18 reports the formation constants of the species obtained at the different experimental
conditions (i.e. ionic strengths and temperatures). In the case of the Cu?*/Dop™ system, we did not
observe the formation of precipitate up to pH ~ 10.

The interaction between Cu(Il) and dopamine begin at pH ~ 4, where the formation of the ML species
occurs; in particular, the distribution diagram reported in Figure 4.12 evidences that the formation
percentages of the all complexes species of the Cu?*/Dop™ system reach significant formation

percentages in the pH range between 4.5-10.0. Moreover, the same diagram shows the effect of the
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ionic strength on the formation percentage of the species. This effect is different for each complex
species, and, for the Cul,, CuxL>, CuzL2(OH) the percentage of formation decreases increasing the
ionic strength, while in the case of the Cu,L. and Cu,LOH species an opposite effect was observed.
For the CuL,OH species, the same formation percentage (50% at pH = 8.5) was obtained at the two

experimental conditions, but we observe at /= 1.00 mol dm™, a shifted versus low pH (pH~7.5).

100
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% Cu’"

20+
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Figure 4.12. Distribution diagram for the Cu?"/Dop system at different ionic strengths and 7= 298.15 K
Species 1 Cu?" free; 2 CuDop2; 3 CuzDop; 4 CuzDop2; 5 Cu2Dop20Hz; 6 CuzDopOH; 7 CuDop2OH.
a)/=0.15 mol dm™; b /= 1.00 mol dm™
Experimental Conditions: Ccuz+ = 0.05 mmol dm™, Cpep- = 1.5 mmol dm.

Concerning the dependence of the formation percentages on the temperature, better information can
be obtained from Figure 4.13, where the distribution of the species at / = 0.5 mol dm™ and different
temperatures has been drawn. The distribution diagram in Figure 4.13 demonstrates the important
effect of temperature on the formation of the Cu**/Dop- complex. For some of them we observe a
significant variation on the formation percentage, such as for the ML, that at 7= 288.15 K achieves
about 85% and at 7= 318.15 K, only 8%. Similar behaviour has been observed for the M>L,, whilst
in the case of M2L>(OH)2 and M>LOH, the formation percentages at 7= 318.15 K do not exceed 5%.
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Figure 4.13 Distribution diagram for the Cu**/Dop- system at / = 0.50 mol dm™ and different temperatures
Species 1 Cu?" free; 2 CuDop2; 3 CuzDop; 4 CuzDop2; 5 Cu2Dop20OHz; 6 CuzDopOH; 7 CuDop2OH.
aT=288.15K; b I'=318.15K.

Experimental Conditions: Ccuw+ = 0.5 mmol dm™, Cpop- = 1.5 mmol dm™.

Similar investigations carried out on the precipitates of the Ca*"/Dop™ and Cd**/Dop- systems were
performed on the Cu?*/Dop precipitate as reported in Figure 4.14. For the Cu>*/Dop- precipitate, we
observe five main decomposition processes, with weight loss different between them, as reported in

Table 4.19; calculation allowed to calculate a stoichiometry of 1:1.
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Figure 4.14. Thermogravimetric curves for the Cu?*/dop™ system. Experimental condition: Air flow (gaseous mixture of
nitrogen and oxygen with 80% and 20%, v/v, respectively) and in the temperature range 293.15-1073.15 K. Flow rate:
100 mL min’'; scanning rate 10 K min™'. Sample ~8-10 mg.
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Table 4.19. Thermic decomposition step of Cu?"/Dop precipitates.

% Weight loss during
Cu-Dop % weight start process the decomposition
process
1st decomposition process 99.59 % 13.99 %
2nd decomposition process 85.67 % 10.06 %
3rd decomposition process 75.61 % 10.11 %
4t decomposition process 66.50% 9.11%
5th decomposition process 36.7% 29.8%
stoichiometry metal:ligand 1:1

4.1.4.3 Mn?*/Dop” system

Concerning the interaction of manganese with dopamine, the investigations were carried out at 0.15
< I/mol dm3<1.00, and 7 = 288.15, 298.15 and 310.15 K. The speciation model that gave the best
results is featured by the following species: ML, MLH, ML,. This speciation model is like the one
obtained for Cd*". Table 4.20 reports the corresponding stability constants at the investigated

experimental conditions.

Table 4.20. Experimental formation constants of the Mn?*/Dop species in NaCl aqueous solutions

T/K I/mol dm logAvir. logAviLn ¥ logfw2 ¥
288.15 0.140 6.65 +0.02" 14.40 £0.04”  11.40+0.14»
298.15 0.144 5.42 +0.07 13.87 +0.04 10.78 £0.10
298.15 0.459 5.09 +0.02 13.22 +0.03 9.54 +0.04
298.15 0.685 5.13+0.03 13.54 +0.02 9.87 +0.03
298.15 0.919 4.58 +0.04 12.98 + 0.05 8.73 £0.09
310.15 0.138 4.48 +0.04 12.34+0.07 8.96 +0.03

a)log g refer to Egs. (4.1 — 4.2); b)+ Std. Dev

The first consideration that can be done, is the similar strength in term of stability of the Mn?*/Dop
and Cd**/Dop” complexes, independent on the experimental condition.

Figure 4.15 reports the distribution of the Mn?*/Dop" species at T'=298.15 K and 7 = 0.15 mol dm™,
As already observed for other cations, up to pH ~ 8, the metal is mainly present as free Mn?*; the
distribution of the complex species occurs in a pH interval of 1.5-2 units. The MLH species reaches
the maximum of formation (~40%) at pH = 8, while the ML one is formed at higher pH values and

with a maximum of 30% at pH = 8.4; for the ML, we have 85% at pH = 9.
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Figure 4.15. Distribution diagram for the Mn*/Dop system at 7= 298.15 K and /= 0.15 mol dm.
Species: 1. Mn?*free; 2. MLH; 3. ML; 4. ML2; M = Mn?"; L = Dop'.
Experimental Conditions: Cumn2+ = 2.0 mmol dm™; Cpop- = 8.0 mmol dm™,

The effect of the ionic strength on the distribution of the species is highlighted in Figure 4.16, where
for the MLH and ML, species we observe a lowering of the maximum percentage of formation with
a slight shift towards more alkaline pH increasing the higher ionic strength.

The opposite trend was obtained for the ML species, whose formation percentage tends to increase
with the ionic strength. Moreover, we observe a shift of the curve versus more alkaline pH (from 8.4

to 8.7) and a significant increment of the formation percentage up to 40%.
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Figure 4.16. Distribution diagram for the Mn?*/Dop™ system at 7= 298.15 K and different ionic strength.
Specie: 1. Mn**free; 2. MLH; 3. ML; 4. ML>; M = Mn?"; L = Dop'.
a: /=0.15 mol dm>; b: /= 1.00 mol dm™.
Experimental Conditions: Cumn2+ = 2.0 mmol dm™; Cpop- = 8.0 mmol dm™,

The effect of the temperature is shown in Figure 4.17; it is possible to highlight how for the MLH
and ML species there is a lowering of the percentage of formation with increasing temperature, as
consequence of the lowering of the stability constants increasing T/K.

The opposite trend was observed for the ML, species, that at pH = 9 and 7 = 310.15 K reaches a

percentage of formation of ~ 90%.
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Figure 4.17. Distribution diagram for the Mn?*/Dop™ system at / = 0.15 mol dm~and different 7= 288.15, 298.15,
310.15 K.
Species: 1. Mn?*free; 2. MLH; 3. ML; 4. ML2; M = Mn?"; L = Dop'.
a) T=288.15K; b) T=298.15K; ¢c) T'=310.15K.
Experimental Conditions: Cumn2+ = 2.0 mmol dm™; Cpop- = 8.0 mmol dm™,

4.1.4.4 Zn**/Dop" system

Similar investigation were also carried out on the Zn?*/Dop™ system and at the same experimental
conditions of the Mn?"/Dop" ones.

The best results were obtained when the following species were considered: ML, MLH, MLOH and
ML,H; Table 4.21 reports the corresponding formation constants at different ionic strengths and

temperatures.

Table 4.21. Experimental formation constants® of the Zn*>*/Dop" species in NaCl aqueous solutions

T/K I/mol dm™ log v logBviLu ¥ logAviLon ® logfviLon ¥
288.15 0.148 7.22 +0.02® 14.80 £0.02 -1.32+0.09® 22.20 +0.02Y
298.15 0.148 7.40+0.01 14.51 £0.02 -0.64 £ 0.02 21.64 £ 0.04
298.15 0.471 6.934 + 0.009 14.24 +£0.01 -1.23 £0.01 21.26 £ 0.01
298.15 0.929 6.648 + 0.008 13.85£0.02 -1.61 £0.02 20.24 +£0.03
310.15 0.150 6.61 £ 0.01 13.13 £0.04 -1.31 £0.03 19.23 +£0.10

a) log g refer to Egs. (4.1 — 4.2); b)+ Std. Dev

In the pH range investigated, it has been seen that the free metal is the predominant species up to

about pH 7; after this value, the formation of ML and MLH species is favored, whilst the MLOH and
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ML,H are formed at higher pH values, as it can be observed from the distribution diagram of the

species reported in Figure 4.18.

100

Figure 4.18. Distribution diagram for the Zn**/Dop” species at 7= 298.15 K and different ionic strengths.
Species: 1. Zn*free; 2. MLH; 3. ML; 4. MLOH; 5. ML>H; M = Zn*"; L = Dop".
a: /=0.15 mol dm>; b: 7= 1.00 mol dm™.
Experimental Conditions: Czn2+ = 2.0 mmol dm; Cpop- = 6.0 mmol dm.
As it already done for the other investigated systems, a distribution diagram has been drawn to
highlight the effect of the temperature on the distribution of the species.

From this figure it is possible to observe how for the ML and ML:H species, the lower temperatures

favor their formation, whilst the opposite trend is observed for the other two species.
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Figure 4.19. Distribution diagram for the Zn>*/Dop" species at I = 0.15 mol dm™ and different temperatures.
Species: 1. Zn*'free; 2. MLH; 3. ML; 4. MLOH; 5. ML,H; M = Zn*"; L = Dop'.
a) 288.15K; b) 298.18K; ¢) 310.15K.
Experimental Conditions: Czn2+ = 2.0 mmol dm; Cpop- = 6.0 mmol dm.

4.1.4.5 UO2**/Dop system

Investigation of the interaction between uranyl(VI) and dopamine resulted different with respect to
the other two systems, in part due to the different acid-base behavior of UO2** with respect to Cd**
and Cu?", and to the fact that for our investigation the UO2(Acetate), product during our studies.

For this reason, the speciation model used as input in the BSTAC program contains, the protonation
constants of dopamine, the hydrolytic species of uranyl(VI) and the formation constants of the
UO,*"/Ac system already studied [115] (see Table 4.7 ). By using the criteria of selection already
reported, different mononuclear and binuclear species were tested, but the best results were obtained
when the ML, and MLOH species were introduced in the speciation model. With respect to other
systems involving the interaction of UO,?* towards different classes of organic ligands [127], in this
case we did not observe the formation of protonated, hydrolytic or polynuclear species. Moreover, a

significant improvement of the statistical parameters was obtained when the MLAc (Ac = acetate)
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was introduced in the speciation model, together with the other two species, as reported in Table 4.22,
where we also reported the stability constant of the complexes.

The presence of this ternary complex can be explained considering that at the beginning of the
potentiometric titrations, the metal is mainly present as acetate salt, forming species of significant
stability along the pH interval of investigation where simultaneously there is the interaction with
Dopamine. In fact, as reported in the distribution diagrams of the species (Figures 4.20 - 4.21) at
different ionic strengths and temperatures, we observe that up to pH ~ 5-5.5, the MLAc can be
considered the main species in solution, due also to the high stability of the complex, that has a log 3
value of ~ 16-17. To better evaluate the stability of this complex, we can calculate the stepwise
formation constants considering the following equilibrium of formation: MAc + L = MLAc, where
M = UQO,%*, Ac = acetate and L = dopamine (charge omitted). At /= 0.15 mol dm™ and T = 298.15
K, we have: log Kmac = 2.44 and log Bmrac = 16.14, for the formation of the logKmiac = 16.14 — 2.44
= 13.70. The strength of the complex formed by the interaction of uranyl(VI) with dopamine justify
the absence of possible other species with higher stoichiometric coefficient.

The high stability of this species supports the hypothesis made about its existence and its predominant
role in the speciation of the UO»>-dopamine system.

The percentage of formation of this species also confirms what has already been observed in many
works published by our research group, regarding the stability of mixed species, favoring their
formation compared to simple binary species.

As already observed for the other two systems, we observe from the distribution diagrams significant
shift of the maximum of formation changing the experimental conditions (i.e. ionic strength and
temperature). In the case of the UO»?"-Ac/Dop- system, the ML, and MLAc species can be considered
the main ones, since the MLOH form always in lower amounts and over pH ~6.5. The effect of the
variables I/mol dm™ and T/K on the stability of each complexes can be better observed form the
following diagrams (Figure 4.22), where the variation of the log of each UO2*"-Ac/Dop species is

reported.
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Table 4.22. Experimental formation constants of UO»?"/Dop™ system in NaCl aqueous solutions at
different ionic strengths and temperatures.

I /mol dm?? logfmi2 ¥ logfvLac ¥ logfmLou ™
T=288.15 K
0.161 22.20+0.12® 16.11 £0.11 6.66 £0.07
0.526 21.87 £0.11 15.88 £0.10 6.71 £0.05
0.742 22.26+£0.12 15.83 £0.11 6.83 £0.06
0.994 22.67 £0.15 15.81 £0.12 6.96 £ 0.09
7=298.15 K
0.165 21.69 £0.10 16.14 £ 0.09 7.09 £0.06
0.504 21.35£0.07 15.66 £ 0.06 6.83 £0.04
0.74 21.23 £0.08 15.44 £ 0.06 6.73 £0.05
0.992 21.13 £0.11 15.24 £0.07 6.64 +0.08
7=310.15 K
0.160 22.15+£0.10 16.58 £0.10 7.48 £0.06
0.505 21.88 £0.05 16.28 £ 0.06 7.29 £0.03
0.738 21.80 £0.06 16.17 £0.04 7.23 £0.04
0.990 21.75 +£0.09 16.10 £0.04 7.20 £0.07
T=318.15 K
0.159 22.12+0.12 17.22£0.12 7.49 £0.06
0.502 21.97 £0.07 16.81 £0.08 7.51 £0.04
0.739 21.98 £0.07 16.63 £ 0.06 7.60 £0.05
0.988 22.02+£0.09 16.48 £ 0.05 7.71 £0.07

a) log g refer to Egs. (4.1 — 4.2); b)+ Std. Dev
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Figure 4.20. Distribution diagram of the species for UO2-Ac/Dop” system at 7= 298.15 K and different ionic strengths.

Species: 1. MLOH; 2. MLAc; 3. ML2; M = UO2*" L = Dop
a: /=0.15 mmol dm; b: /= 0.50 mmol dm?; c: /= 1.00 mmol dm™.
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Figure 4.21. Distribution diagram of the species for UO2-Ac/Dop™ system at / = 0.15 mol dm™ and different
temperatures.

Species: 1. MLOH; 2. MLAc; 3. ML;M = UO2*' L = Dop
a: T=288.15K; b: T=298.15K; c: T=310.15K
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Figure 4.22. Trend of the experimental formation constants of the UO2*/Dop™ complex species, at different
temperature and ionic strength values: a) ML2; b) MLAc species; ¢) MLOH species.

4.1.4.6 Dependence on ionic strength and temperature of complexes with metals of group B

As already seen in paragraph 4.1.4, the dependence on ionic strength and temperature of the formation
constants determined has been modeled by means of an extended Debye-Hiickel equation (EDH),
and of the Specific ion Interaction theory (SIT).

For the Cd**, Mn?* and Zn?" systems, the dependence on the ionic strength was only investigated at
T = 298.15 K, and for this reason the modelling of the stability constants with respect to the ionic
strength was performed by using a Debye-Hiickel equation where the term for the dependence on T/K
was neglected.

For the same systems, the modelling of the dependence on the temperature of the stability constants,
that allows to calculate the enthalpy change values of the complex formation, was performed by using
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a classical Van’t Hoff equation (Eq. 3.18). For this reason, the calculated AH/kJmol™!' and TAS/kJ

mol!, are valid at the single ionic strength investigated at the different temperatures, namely /= 0.15

mol dm.

Table 4.23 reports both the stability constants and the empirical parameters for the dependence on

I/mol dm™ (at 7= 298.15 K) and the enthalpy and entropy change values of the complex formation

at /=0.15 ml dm™.

Table 4.23. Formation constant, entropy and enthalpy change values at infinite dilution of M™" /Dop"

species
Species logf pqr ¥ c» AH® TAS®
Cd*/Dop

MLH 14.33 +0.049 0.19 £0.05 -1834+26 4°) -103+26 99
ML 6.87 £0.06 0.21 £0.08 -162+43 -125+43
ML, 11.93 £0.06 -1.63£ 0.08 -185+29 -123+29

Mn?**/Dop-

MLH 1422 +0.099 -0.89 £0.14 -162+28 4°) -80+28 49
ML 6.02 £0.08 -0.55+£0.16 -168+ 18 -133+17
ML, 11.78 £0.09 -1.93 £0.18 -191+£ 30 124430

Zn**/Dop-

MLH 14.86 +0.029 -0.66 £0.03 -138+62 4°) -55+62 49

ML 7.95+£0.03 -0.55+£0.04 -54+ 57 -12+57
MLOH -0.05 £0.04 -0.83 £0.05 -9+ 69 -13+69
ML;H 22.66 £0.06 -1.26 £ 0.08 -246+ 84 -122+84

a) logPpgr refer to egs. (4.1 — 4.2); b) parameter for the dependence on //mol dm™; ¢) enthalpy and entropy change values

of formation in kJ/mol ; d) £Std.Dev. ; e) calculated at /= 0.15 mol dm > and 7=298.15K .

For the uranyl and copper systems, the dependence of the stability constants on the ionic strength and

temperature was investigated by using the Eq. (4.8), considering as reference temperature 7= 298.15

K. For this reason, the logfTpqr, C, AH/kJmol™! and TAS/kJ mol™! values were calculated at infinite

dilution and are valid at the reference temperature.

Table 4.24 reports these thermodynamic parameters for the UO,?" and Cu?*/Dop” systems.
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Table 4.24. Formation constant, entropy and enthalpy change values at infinite dilution of M™" /Dop"

Species logf pqr c» AHY TAS®
Cu**/Dop
ML, 20.27 £0.079 -0.75+£0.119 -265.5+5.59 150£6 9
M:L 14.51 £ 0.05 0.37+0.09 -105.1 £3.8 2244
ML, 26.55+0.08 -0.62 £ 0.13 -267.9t£5.1 116+5
M:L2(OH): 12.95 £0.07 -1.10£0.11 -266.7 £ 5.1 19345
M:L(OH) 9.21+0.02 1.01+ 0.06 1.6£2.5 -54+3
ML,(OH) 11.51 £0.06 0.14+ 0.08 -56.613.8 -9+4
UO**/Dop-
ML, 22.05+0.129 0.16 £ 0.19 15.0 + 8.949 -141 £ 949
MLAc¢ 16.66 £ 0.10 -0.51£0.13 54.8 £ 8.8 -150+9
MLOH 7.01 +£0.08 -0.06 £ 0.14 47.6 +4.1 -88+ 4

3 logfpqr valid at T = 298.15 K, refer to eqgs. (4.1 — 4.2); ® parameter for the dependence on //mol dm; © enthalpy and
entropy change values of formation in kJ mol™!; ¥ +Std. Dev.

By the conversion of the concentration (i.e., the ionic strength) and stability constants from the molar
to the molal concentration scale (see paragraph 3.2), the two different forms of the SIT approach were
applied; in the first case (Eq. 3.15) it was possible to calculate the Ae values of the formation reactions.
In the second case, considering all the possible interactions that occur in the solution between the
components or the metal ion/ligand species, with the ion of opposite charge of the supporting
electrolyte, it was possible to calculate the single specific ion interaction coefficient.

To obtain this goal, it is necessary to consider the following literature data of the specific ionic
interaction coefficients e(H*,C1") = 0.12 [125]; &(Dop ,Na*) = -0.228 [110]; &(Cd*"NOs") = 0.09
[126]; &(Cu?*,C1") = 0.08 [126], &(Zn>*",CI") = 0.16 [126], &(Mn>**,C1") = 0.13[126], and &(UO,**,CI")
=0.25[115].

The specific ion interaction coefficients (¢ and Ag) of the ionic species and the Setschenow

coefficients for the neutral ones for the metal/dopamine species are reported in Table 4.25.
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Table 4.25. Specific ion interaction parameters and Setschenow coefficients for the species of the

metal/dopamine systems.

Cd2+
Ag MLH? ML» ML,
T=29815K 0.95+£0.09® 0.34+0.11" -0.68+0.10"
Cu2+
Ag ML," ML M,L,Y  M:L2(OH)® M,L(OH)® MLy(OH)”
T=288.15 K -0.72540.001»  0.346+0.002»  -0.607+0.001»  -1.060+£0.001®  0.998+0.003>  0.149+0.002
T=298.15 K -0.740+0.002 0.34440.001 -0.623+0.002 -1.080+0.002 0.983+0.002 0.1374+0.001
T=310.15K -0.763+0.006 0.341+0.002 -0.647+0.005 -1.108+0.006 0.962+0.002 0.120+0.003
T=318.15K -0.78+0.02 0.34+0.02 -0.66+0.02 -1.13£0.02 0.95+0.02 0.124+0.06
Mn2+
Ag MLH? ML» ML,
T=298.15K -0.88+0.28" -0.56+0.30® -1.93+0.35
U0
Ag ML, MLA¢® MLOH?®
T=28815K 1.54+0.06" -0.19+0.07® 0.35+0.06"
T=298.15K -0.50+£0.07 -0.90+0.07  -0.54+0.07
T=31015K -031+£0.07 -0.41+0.07  -0.34+0.07
T=31815K 0.04£0.07  -0.71£0.07 0.24+0.06
Zn2+
Ag MLH? ML? MLOH?® ML, H?
T=29815K -0.65+0.02 -0.55+0.12% -0.80+0.14 -1.25+0.22"
Species Ca* Cu? Mn?* U0 Zn?**
giz*cn) © 0.09(NO3) 0.08 0.13 0.25 0.16
ENat,Ly) ) -0.228
g2 Ac) © 0.01
ENat,Ac) © 0.08
E(HJF,CI') ) 0 12
gt e © -0.34+0.10 0.450+0.001 0.48+0.12
gLt ci) ¢) -0.46+0.20 0.906+0.0022 0.70+0.08
kvpae 99 1.00+0.07
Fvion 99 0.4240.07 0.60+0.14
vz 9 0.87+0.25  0.364+0.002  1.580+0.002 (294007
kvacr, 929 0.67+0.07
g2, o) © -0.412+0.001
govan’, oy © 1.07+0.22
g2t o) © 0.327+0.002
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kvaiaomyp 99 0.514+0.002
gozLon®’, o) © -1.186+0.002

&ML20H", Na ") -0.648+0.001
a) Calculated by means of Eq. (3.18); b) £Std. Dev.; c¢) Specific ion interaction coefficient of the single ion-pair;
d) Setschenow coefficient for the neutral species calculated by means of Eq. (3.17).

4.1.5 Organometals group /Dopamine systems

The interaction between the OrganoMetals and Dopamine were investigated by means of the
potentiometric titrations. The criteria of selection already adopted for other systems were also here
used to obtain the best speciation model. For CH3Hg"/Dop™ system it has been possible to investigate
a wide temperature range between 288.15 < 7'/ K < 318.15 at different ionic strengths between 0.15
<I/mol dm> <1 in aqueous NaCl solution.

For (CH3CH.)2Sn*"/Dop, the investigations were carried out at different ionic strengths, but only at
T'=298.15 K; the dependence on T/K, from 7'=288.15 to 310.15 K was investigated only at /= 0.15

mol dm.

4.1.5.1 CH3Hg"/Dop" system

Investigations regarding the methylmercury/dopamine system resulted to be complex for two main
reasons; the first one associated to investigation carried out in chloride medium, and the second to
the tendency of this metalloid to form with the chloride a CH3HgCl neutral species of high stability,
avoiding the hydrolysis of CH3Hg", up to rather high pH values (~8).

Investigations carried out at the experimental conditions above reported, allowed to studies the
metal:ligand system up to pH ~ 10; over this pH, the formation of a sparingly soluble species has
been observed. Moreover, the pH spectra of investigation was limited to this range, since from the
literature and from an our previous investigation resulted that at higher pH the degradation of
dopamine occurs [110].

The speciation model that gave the best results was featured by the following species: ML, MLH,
MLCI, MLOH, whose formation constants are reported in Table 4.26.
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Table 4.26. Experimental formation constants of the CH3Hg"/Dop™ species in NaCl aqueous solutions
at different ionic strengths and temperatures

I /mol dm logfwL ™ logfvLu logfmrLcr® logfmLou ™
7=288.15 K
0 11.08+0.05 » 19.69+0.08 » 11.62+0.04% 1.99+0.06
0.15 10.89+0.05 19.48+0.08 11.42+0.04 1.99+0.06
0.5 10.87+0.05 19.36+0.09 11.32+0.04 1.97+0.06
0.75 10.91+0.06 19.33+0.11 11.31+£0.05 1.96+0.06
1 10.95+0.07 19.31£0.13 11.30+0.06 1.95+0.07
7=298.15 K
0 10.62+0.04 19.65+0.05 11.42+0.02 2.00+0.04
0.15 10.43+0.03 19.43+0.05 11.21+0.02 1.99+0.04
0.5 10.40+0.03 19.30+0.07 11.10+0.03 1.98+0.04
0.75 10.44+0.04 19.27+0.09 11.09+0.04 1.97+0.05
1 10.48+0.06 19.25+0.11 11.08+0.05 1.96+0.06
7=310.15 K
0 10.11+0.06 19.59+0.04 11.18+0.01 2.01+0.03
0.15 9.91+0.05 19.37+0.03 10.96+0.01 2.01+0.02
0.5 9.88+0.05 19.24+0.06 10.86+0.03 1.99+0.03
0.75 9.91+0.06 19.20+0.09 10.84+0.04 1.98+0.03
1 9.95+0.07 19.18+0.12 10.83+0.05 1.97+0.05
7=318.15 K
0 9.794+0.08 19.56+0.04 11.04+0.02 2.02+0.02
0.15 9.584+0.07 19.33+0.04 10.81£0.02 2.01+0.02
0.5 9.54+0.07 19.19+0.06 10.70+0.03 1.99+0.02
0.75 9.57+0.07 19.16+0.09 10.68+0.04 1.99+0.03
1 9.61+0.08 19.13+0.12 10.67+0.06 1.98+0.05

a) log g refer to Egs. (4.1 — 4.2); b)+ Std. Dev

The formation of the ternary chloride species is bound to the existence in chloride medium of the
MCI species, that reaches at each experimental conditions, significant formation percentages, as
reported in Figure 4.23, where the dependence of the ionic strength on the distribution of the species
is reported.

In particular, we observe an increase of the formation percentage of the MLCI species with
increasing the chloride concentration (i.e. the ionic strength) in the solution, reaching at / = 1.0 mol
dm™ a formation percentage of ~20%. The other CH3;Hg*/Dop- species form with a yield of 15-20%
for the ML in dependence on the ionic strength, and of ~90-95% for the MLOH at pH~9.5-10.

At 7= 0.15 mol dm, and between pH ~ 6-9, the MLH is the main species, reaching a formation 55-
65% at pH~8. Increasing the ionic strength, the maximum of formation of MLH shifts at lower pH,

reaching ~70% at / = 1.0 mol dm™3. The profile of the MLOH curves is instead almost unchanged.
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This could seem strange, but it can be easily explained considering that the overall formation constant
of this species is characterized by having both values of z* and p* equal to zero.
As already mentioned, the hydrolytic capacities of the metal justify the formation of the ternary

species MLOH and MLCI visible in the distribution diagram of Figure 4.15 together with the ML
and MLH species.

% CH3Hg+

Figure 4.23. Distribution diagram for the CH3;Hg"/Dop species at 7'=298.15 K and different ionic strengths.
Species: 1. MCI; 2. MOH; 3. ML; 4. MLH; 5 MLCI; 6. MLOH; [M = CH3Hg"; L = Dop’]
a: /=0.15 mol dm™; b: /=10.5 mol dm™; c¢: /=1.0 mol dm?
(Experimental Conditions: Ccnstg+ = 0.5 mmol dm™; Cpop- = 1.5 mmol dm)

The effect of the temperature on the speciation and distribution of the CH3Hg"/Dop™ species is shown

in the Figure 4.24.
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Figure 4.24. Distribution diagram for the CH3Hg"/Dop" species at / = 0.15 mol dm™ and different temperatures.
Species: 1. MCI; 2. MOH; 3. MLH; 4. ML; 5 MLCI; 6. MLOH; [M = CH3Hg"; L = Dop~]
a: T=298.15K; b: T=318.15 K[M = CH;Hg*; L = Dop']
(Experimental Conditions: Ccnstg+ = 0.5 mmol dm™; Cpop” = 1.5 mmol dm)

Among the important aspects that we can comment on is that the MCl species undergoes a
considerable shift on the maximum of formation, modifying the temperature, and therefore the
corresponding percentage of formation.

The same considerations can be made for the ternary species MLOH and MLH. While for the ML
and MLCI species the pH formation intervals remain almost unchanged, while the percentages

change significantly as the temperature varies.

4.1.5.2 (CH3CH)2Sn(IV)/Dop- system

The speciation studies of the (CH3CH2)>Sn(IV)/Dop™ system were conducted in aqueous solution of
NaCl, in an ionic strength range of 0.15 <7/ mol dm> <1 and T'=288.15 ,298.15 and 310.15 K.
The best speciation model consists of the species: ML, MLOH, ML, and M>LOH. The formation
constants expressed according to the equilibria (4.1 — 4.2), are reported in Table 4.27.
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Table 4.27. Experimental formation constants of the (CH3CH2),Sn*"/Dop" species in NaCl aqueous
solutions

T/K I/mol dm log fvir. ¥ logSviLon log vz ¥ log fvzLon ¥
288.15 0.139 15.96 £0.01® 8.37 £ 0.02» 22.30 £0.03 15.55 +0.02"
298.15 0.148 15.11 £0.06 7.32+£0.02 20.95 +0.02 15.38 £0.02
298.15 0.468 14.881 £ 0.06 7.38 £0.01 20.88 +0.02 13.76 £ 0.04
298.15 0.702 14.589 £0.004  6.958 +£0.008 19.78 £ 0.02 12.10 £ 0.08
298.15 0.936 14.188 £ 0.005 6.62 + 0.02 18.90 £ 0.07 11.05£0.07
310.15 0.138 14.33 +£0.04 7.04 £ 0.06 19.75 £ 0.05 14.08 +0.03

a) log g refer to Egs. (4.1 — 4.2); b)+ Std. Dev

Data reported in Table 4.27 refer to each of the investigated experimental conditions above described,;
independent of the temperature or ionic strength variation, we observed a systematic decreasing trend
of the stability constants, with difference of about one order of magnitude for the ionic strength
variation between 0.15 <1/ mol dm™ <1 and 288.15 < 7/K <310.15 K.

The effect of these variables on the distribution of the species can be observed analyzing the
distribution diagram drawn by using the experimental conditions reported in Figures 4.25. - 4.27.
The species that reaches the highest percentages of formation is the species ML, with a maximum of
90% at pH = 6.2, while the species Mo, MLOH and ML, reaches a percentage of 60% at pH = 3.7,
8.0 and 9.0, respectively.

The other ML, MLOH and ML, species reach a percentage of 60% at pH = 3.7, 8.0 and 9.0,

respectively.

2+
CHZ)zsn
=2
<

< 40 5

% (CH

0 T T T T T T
2 4 6 8
pH
Figure 4.25. Distribution diagram for the (CH3CH2)2Sn?"/Dop” system at 7 = 298.15 K and / = 0.15 mol dm™.
Species: 1Mrree; 2. M2LOH; 3. ML; 4. MLOH; 5. ML ; M = (CH3CH>)>Sn?*; L = Dop".
Experimental Conditions: Ccuscrzpsn2+ = 2.0 mmol dm™; Cpop- = 6.0 mmol dm.
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In particular, Figure 4.26 evidences the effect of the ionic strength variation on the distribution of
species in interval investigated; it is evident that the species 3 must be considered as the main species
in the pH interval betwwen 4 and 8, whilst the others three species formed in same amount (about
60% of formation) become predominant at different pH values.

As it can be seen from the graph, the percentage of free metal decreases as the ionic strength increases;
the percentage of formation of the species (CH3CH2)>Sn*"/Dop- is almost equal in the conditions of /
= (0.468 and 0.936 mol dm™ with a maximum of 96% at pH = 5.5 while at / = 0.148 mol dm™ the
maximum% formation, decreases slightly, moving towards pH = 6.0.

In the case of the species (CH3CH2)>SnDop(OH), the percentage of formation increases as the ionic
strength increases, reaching a value of 80% at / = 0.936 mol dm™; the opposite trend is observed for
the [(CH3CHz)2Sn]2Dop(OH) species which, reaches at / = 1.00 mol dm™ a formation percentage of
3.7%.

+
% (CH,CH.),Sn"
=
(—]

Figure 4.26. Distribution diagram for the (CH3CH:):Sn’*/Dop” system at T = 298.15 K and different ionic strengths.
Species: 1Mrree; 2. M2LOH; 3. ML; 4. MLOH; 5. ML ; M = (CH3CH>)>Sn?*; L = Dop".
a) /=0.15 mol dm>; b) I = 0.5 mol dm? ; ¢) /= 1.00 mol dm
Experimental Conditions: Ccrscrz2snz+ = 2.0 mmol dm; Cpop- = 6.0 mmol dm.
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Figure 4.27 reports the effect of the temperature on the distribution of species; it is evident to observe
the significant variations of the percentage of formation of the species and a shift of the maximum of

formation towards higher of lower pHs in depedence of their different stoichiometry.

% (CH,CH_),Sn”"
=
(=]

Figure 4.27. Distribution diagram for the (CH3CH2)2Sn**/Dop system at I = 0.15 mol dm™ and different
Temperatures.
Species: 1MFree; 2. M2LOH; 3. ML; 4. MLOH; 5. ML; M = (CH3CH:)25n*; L = Dop'.
a) T=288.15K;b) T=298.15K; ¢c) T=310.15K
Experimental Conditions: Ccrscrz2snz+ = 2.0 mmol dm; Cpop- = 6.0 mmol dm.

4.1.5.3 Dependence on ionic strength and temperature of complexes with Organometals.

As already done for the metal/dopamine systems, the dependence on the ionic strength and
temperature of the formation constants was modelled by using the approaches hereafter described
(Eq.s4.8and 3.11 - 3.18).

Table 4.28. and 4.29. report the calculated stability constants at infinite dilution and at the different
investigated temperatures for the CHsHg"/Dop™ and (CH3CH2)2Sn?*/Dop systems, respectively. The
same tables also report the C parameter that account for the variation of the stability constants with

the ionic strength; these values were calculated applying the equation (3.11).
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Table 4.28. Formation constants at infinite dilution and different temperatures of the CH;Hg"/Dop
species

CH3;Hg"/Dop-
logf™mi. ™ logf viu P logf vl ™ logB™mLon ”
T=288.15K
[ — 0 10.80+0.02° 19.5240.039 11.4440.02° 1.99+0.06°)
CcY 0.15840.04 -0.40%0.03 1.68%£0.04 -0.16x0.03
T=298.15K
I1—0 10.62+0.04° 19.6540.05° 11.4240.029 2.00+0.04°
C 0.30%£0.02 2.1840.11 0.070.06 0.9940.14
T=310.15K
I1—0 10.48+0.02°) 19.434+0.019 11.1640.029 2.01+0.03%
C -0.62+0.02 0.49+0.04 -0.49+0.03 -0.2440.04
T=318.15K
I1—0 9.79+0.08° 19.56+0.02° 11.5040.029 2.02+0.02%
C -0.68%+0.10 -0.49+0.03 -0.3840.02 -0.100.01

a) I/mol dm™; b)refer to the Egs. (4.1 —4.2); c¢) £Std. Dev.; d) parameter for the dependence of log - on //mol dm

Table 4.29. Formation constants at infinite dilution and different temperatures of the
(CH3CH2)2Sn**/Dop” species

(CH3CH:)2Sn>"/Dop-
log B v, ™ log B vLon ” log B w2 log B "v2L0u ™
T=298.15K
[ — 0 15.81+0.029 7.99+0.03° 21.594+0.069 16.214+0.06°
CcY -0.70£0.03 -0.28%£0.03 -0.324+0.04 -4.16x0.03

a) I/mol dm™; b)refer to the Eq. (4.1 —4.2); c) £Std. Dev.; d) parameter for the dependence of log B on //mol dm™

The next step consisted in the calculation of the standard enthalpy change value of formation of the
complex species; two different approaches were used for the two organometals; in the case of
CH3Hg"/Dopr, it was possible to apply the Debye-Hiickel type equation expressed by means of the
equation (4.8); in this case both the calculated stability constants and the standard enthalpy change
values refer to infinite dilution. For (CH3CH)>Sn?**/Dop" system, whose dependence of the stability
constants on the temperature has been only investigated at / = 0.15 mol dm™, the standard enthalpy
change values were calculated by means of the classical Van’t Hoff equation (eq. 3.18). These data

are reported in Table 4.30., together with the standard entropy change values of formation.
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Table 4.30. Formation constant, enthalpy and entropy change values at infinite dilution for the
M™/Dop- species, at T'=298.15K

Species logf pqr Cc» AHY TASY
CH:3;Hg"/Dop-

ML 10.62 +0.039 0.27 +0.069 76 £59 -15+59
MLH 19.64 £ 0.05 0.01 £0.10 -85 104+5
MLCI 11.41 £0.02 0.08+ 0.05 -34+2 312

MLOH 2.00£0.04 -0.04% 0.05 24+3.3 13+3
(CH;CH,):Sn**/Dop
ML 15.8140.029 -0.70 £ 0.03 -126.4 +10.5%¢  -39.8+10.5%°)
MLOH 7.99+0.03 -0.28 £0.03 -102.0 £24.4 -58.3+24 .4
ML 21.59+0.06 -0.32+ 0.04 -197.8+14.2 -77.6£14.2
M.;LOH 16.21 £0.06 -4.16% 0.03 116.0+27.2 -30.6+27.2

a) logPpgr refer to egs. (4.1 —4.2); b) parameter for the dependence on I/mol dm™; ¢) enthalpy and entropy change values
of formation in kJ/mol ; d) £Std.Dev. ; e) calculated at /= 0.15 mol dm > and 7=298.15K .

From the data there reported, it can be observed that the formation of the methylmercury(Il)
complexes is assocaited at a more exothermic process, with respect to the ones of diethyltin(VI).

Since both for methylmercury and diethyltin, the specific ion interaction coefficient with chloride
anion is unknown, the only SIT approach that can be applied is that reported in the equation (3.15),

allowing the calculation of the Ae parameter (see Table 4.31).

Table 4.31. Specific ion interaction parameters and Setschenow coefficients for the species of the
metal/dopamine systems.

CH3Hg"
AevY) AemLu AemLar® Aemroun ™
T=288.15K 1.53+0.02® -0.88+£0.06 1.61£0.02 -0.15+0.03
T=298.15K 0.38+0.02 2.43+0.15 0.48+0.04 0.99+0.15
T=310.15K -0.64+0.02 0.31+0.04 -0.52+0.02 -0.24+0.03
(CH;CH;),Sn%"
AenL? Aemion Aemi2 ¥ Aemaron ¥
T=298.15K -0.74+0.32 -0.50+£0.40 -2.02+0.58 -6.15+0.55

a) Calculated by means of Eq. (3.15); b) £Std. Dev.
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4.1.6 Mixed systems with Dopamine.

As it is known, in multicomponent solutions where there is the simultaneous presence of different
components (metals and organic or inorganic ligands) at different concentrations and molar
concentrations ratios, it is necessary for a correct speciation study, to consider the possible formation
of ternary MLL' or MM'L species. The literature usually reports information for complexes of the
MLL' type, while there is very little information on the formation of complexes mixed with the metal.
In previous works, this research group investigated the formation of mixed hydrolytic species formed
by UO»?*/Cu?" and UO»**/Cd*" [128].

As a possible further contribution to this type of investigation, during the work of this thesis it was
decided to verify what can happen when a ligand such as dopamine is also present in solution.
Investigations were carried out at a single ionic strength, namely /= 0.15 mol dm™ and 7 = 298.15
K.

Simultaneously, also the mixed Zn?*/Dop/Tryptophan and Zn*>*/Dop/ Histidine systems has been
investigated but in the ionic strength range 0.15 <7/ mol dm= <1 and 7= 298.15K.

The speciation models used as input are characterized by many different species, 28 and 32 for the
UO»*"/Cu?/Dop™ and UO»**/Cd**/Dop- systems, respectively. As an example, in the case of the
UO,*/Cd*/Dop™ systems, the speciation model consists of the following species (in parenthesis
number of species): ionic product of water (1); dopamine protonation constants (2); Cd** hydrolysis
(6); CdCli complexes (5); UO2?" hydrolysis (5); acetate protonation constant (1); UO»*"/Ac
complexes (4); UO,**/Cd*" hydrolysis (2); UO2**/Dop species (3); Cd**/Dop™ species (3).

For the UO»*"/Cu?*/Dop™ system, the model that gave the best results is featured by the species:
MM'L, MoM'L,OH, MaM'L2(OH)2, MM'L>OH (with M = UO2?> ", M '= Cu? " and L = Dop); in the
case of the UO»?"/Cd**/Dop" system, by the species: MM'L, MoM'L,OH, and MM’2L>(OH), (with M
=UO2?>",M'=Cd?" and L = Dop).

The speciation models have two common species, the MM’L and M2M’L,OH ones, but characterized
by different stability, about 4 orders of magnitude.

The corresponding overall stability constants of the mixed species are reported in Table 4.32.
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Table 4.32. Experimental formation constants of the UO,?*- Cu?"- Dop ~ and UO»*"- Cd**- Dop
species in NaCl aqueous solutions at / = 0.15 mol dm™ and T'= 298.15K

log 3~
I/mol dm? MM'L M:M'L,OH M:;M'L2(OH): MM'L,OH MM"L,(OH);
UO,**- Cu**- Dop

0.150 225140112  34.72+0.10 30.34+0.12Y 31.56 £0.119

UO,**- Cd**- Dop

0.150 26.58 £ 0.06 38.57+0.13 36.35+0.08%

a) Refer to the general equilibria p M + q M’ + m L = MyM’(LuOH; + r H" (charge omitted); b)+ Std. Dev.

Generally, when the formation of mixed species is observed, the calculation of the “extra-stability”
of formation can be obtained by using the formation constants of the corresponding homo-polynuclear
complexes, as discussed by Beck and Nagypal [129] for the statistical prediction of the strength of
complex formation constants for mixed species.

However, in our case, the stoichiometry of the mixed species does not correspond to the stoichiometry
of the homo-polynuclear complexes, and for this reason, the only way to estimate the stability of this
species is to calculate the corresponding stepwise formation constants; as an example, this calculation
can be done for the following species reported in Table 4.33, where the possible reaction of formation

of the mixed species are proposed.

Table 4.33. Stepwise formation constants of some mixed species at / = 0.15 mol dm™ and T=298.15 K

Species Proposed formation reaction® logK
UO»*"/Cu*'/Dop” system
M:M’LOH logPmLon + logPm,'L = logPmymL,0m logKmmL,08 =22.51 — 7.09 — 14.57 = 9.90
M:M’L>OH): logPBmLon + logPm, Lon = logBM,Mm'L,(0H), logKm,Mm'Ly0n), = 30.34 — 7.09 -8.86 = 14.39

UO»*"/Cd*'/Dop” system

MM’:L2(OH):  logBmon + logBmL + logBmion = logBmmr,L,0m), logKmmyL,0H), = 36.35 + 10.36 — 6.48 — 7.09 =
33.14

a) M =U0O*"; M’ = Cu?" or Cd**; L = Dop-.

To better highlight the pH value ranges where the mixed species form and where they coexist with
the binary complexes, some distribution diagram were drawn, as reported in Figures 4.28.- 4.29.
some important aspects can be highiligthed; 1) the first one is that, as already observed from the other
similar investigations, the mixed species form in very high amounts and are in each case the main
complexes in the pH ranges investigated; ii) the strength of the mixed complexes avoid in the Cd**
containing system the formation of the hydrolytic species both for UO2** and Cd*" and of the

corresponding mixed hydrolytic species; 1ii1) this behaviour does not occur in the mixed system
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containing Cu?*, where we observed the coexistence of the (UO2)2(OH), and (UO2)3(OH)s species
that reach about the 6-8%; 1v) the formation of the species of the binary systems is avoided by the
formation of the mixed ones, except for the UO;LAc complex that in each case (namely,
UO,*"/Cd**/Dop™ and UO,*"/Cu?*/Dop™ systems) forms in significant amount, starting from pH ~ 3,
and reaching about the 10 % and 20% of formation in the mixed containing Cd** and Cu®* systems;
v) as already observed for the binary UO,?"/Dop™ system, also for the mixed ones, the use of the
chemical UO(Ac), salt has a great influence on the formation and distribution of the binary and
ternary complexes; in fact in each cases, the UO2(Ac); (1 = 1-3) and the UO2(Ac);OH complexes are
the main complexes of the system.

It is important to stress, that distribution of the mixed species and the corresponding formation
percentages are related to the component concentration and metal:metal’:ligand molar ratios; as an
example, in the distribution diagram reported in Figure 4.28, we can observe the absence of the

MM*:L,(OH), (M = UO**; M” = Cd?"), but if the experimental condition are changed with respect

to the one reported in the same figure, as an example: Cuo,2+ = 4.0 mmol dm™; Cca2+ = 6.0 mmol dm-

3; Cpop- = 10 mmol dm, we have the MM’,L>(OH); reach about the 54% of formation at pH = 5.4.
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Figure 4.28. Distribution diagram of the UO»**/Cd**/Dop’ system at / = 0.15 mol dm™ and 7'=298.15 K.

Experimental conditions: Cuo22+ = 14.0 mmol dm?; Ceaz+ = 8.0 mmol dm; Cbop- = 16 mmol dm.
Charges omitted for simplicity.
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Figure 4.29. Distribution diagram of the UO»**/Cu?"/Dop system at / = 0.15 mol dm™ and 7= 298.15 K.
Experimental conditions: Cuo22+ = 8.0 mmol dm3; Ccaz+ = 4.0 mmol dm™; Cpep- = 10 mmol dm™.
Charges omitted for simplicity.

As regards the mixed metal-ligand1-ligand2 system, it is necessary to know in advance not only the
hydrolysis constants of the metal, but also the protonation constants of the two ligands [130, 131],
and the formation constants of the metal-ligand binary system, under the same experimental
conditions than those adopted in the studies of the ternary system. In the case of the zinc-histidine-
tryptophan system, the interactions of the metal with histidine are well known, while those with
tryptophan are not reported in the literature, at least at the experimental conditions used in these
investigations.

For this reason, the first step was to investigate the speciation of the Zn>"/Tryptophan system in NaCl
aqueous solutions at different experimental conditions (0.15 < //mol dm™ < 1.00 and 7 = 298.15K
and at temperatures between 288.15 < 7/ K <310.15 and at / = 0.15 mol dm™).

The selected model that gave the best results in term of statistical parameters is featured by the
following species: ML, ML, and ML(OH): species, whose stability constants are reported in Table
4.34, for each of the experimental condition investigated. The knowledge of the stability constants of
the Zn?*/Tryptophan system is prodromal to the investigation of the mixed system.

As for the other systems, and as usual, the dependence of the stability constants on the ionic strength
and temperature has been modelled by means of the equations (3.11) and (3.18). The stability
constants at infinite dilution, the parameter for the dependence on the ionic strength and the standard

enthalpy change values of formation are reported in Table S.11 of the Supplementary material.
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Table 4.34. Experimental formation constants of the Zn?*/Tryp" species in NaCl aqueous solutions

T/K I/mol dm? log AL ® logBviLony2 ¥ logfwir2 ™
288.15 0.149 4.302 £0.008”  -12.16+0.01? 8.06 +0.01»
298.15 0.148 4.61 £0.05 -11.75 £0.02 9.008 + 0.06
298.15 0.470 4.63 £0.01 -11.21 £0.02 8.75+0.02
298.15 0.928 4.66 +0.01 -11.44 £0.03 8.80 + 0.02
310.15 0.145 5.19£0.01 -10.48 £0.02  10.053 £0.008

a) log g refer to Egs. (4.1 — 4.2); b)+ Std. Dev

Concerning the mixed MLL’ ternary systems, the speciation model used as input for the processing
of the potentiometric experimental data is composed by 21 — 25 species.

Investigations were carried out at the same experimental condition of the Zn**/Tryp system, but only
at 7=298.15 K.

Different speciation models were checked, obtaining many different species, in many cases formed
in very low percentage of formations, whlist other chcked species were reject by the BSTAC program.
The model that allowed to obtain the results is characterized by the species MLL'H, MLL,'H, MLL,'
and ML,L'H (where L = Tryp and L' = Dop), whose formation constants are reported in Table 4.35

Table 4.35. Experimental formation constants of the Zn>*/Trip/Dop species in NaCl aqueous
solutions

log BV

I/mol dm’ MLL'H MLL,'H MLL,' ML,L'H
0.144 18.32+0.179 25.78 +0.029 16.80 +0.01© 23.78 +0.01°
0.461 18.84 +0.05 25.45 +0.03 15.88+0.16 23.43 +0.02
0.915 19.50 +0.03 25,68 + 0.06 17.02 +0.05 23.3440.03

a) logBpqr refer to Eq. (4.1 — 4.2); b) refer to 7= 298.15K ¢) =+ Std. Dev

As an example, Figure 4.30 reports the distribution diagram of the species for the mixed
Zn**/Tryp/Dop system. It can be observed that there is a coexistence of both the ternary and binary
complexes species formed by Zn>" with the two ligands. The ternary mixed species tend to form at
higher pH value (>7-7.5) with respect to simple binary ones, that form from pH ~ 5. We can observe
that ternary mixed species reach high formation percentages, except for the MLL’H that in the

experimental conditions used to draw Figure 4.30 is present with a percentage of formation of ~5%.
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Figure 4.30. Distribution diagram for the Zn*"/Trip/ Dop" species at /= 0.15 mol dm™ and 7= 298.16K.
Species: green line Metal free; red line ML, MLH, MLOH, ML:H; black line ML’, ML’2, ML’(OH)2; Blue line
MLL’H, MLL’,H, MLL’2, MLoL’H.

(Experimental Conditions: Czn>" = 2 mmol dm?; Crrip” = 4 mmol dm™,Cpop” = 6 mmol dm™) [M = Zn?*; L =Trip , L’ =
Dop’]

Concerning the other mixed Zn**/His/Dop (His = Histidine) system [132-136], the literature already
reports several papers were the interactions of zinc with histidine were investigated; for this reason
and by using this data, it was possible to directly check the mixed interaction between Zn?>" and the
two ligands (dopamine, histidine).

As usual, by using the criteria of selection for the best speciation model, based on the ratio between
the variance of the accepted model and the other ones, we selected the following species reported in
the Table 4.36. As it can be observed, the speciation model is featured by many simple ternary,
protonated and hydrolytic complexes. The same Table also reports the corresponding formation

constants at the investigated ionic strengths.

Table 4.36. Experimental formation constants of the Zn?*/His/Dop species in NaCl aqueous solutions

logp»?

I/mol dm- MLL' MLL,' ML.L'H ML,L' ML.L'(OH)  ML.L'(OH)
0.133 13580019  1650£0059  2474£0079  1613£0029  623£0029 729+ 0.01°
0.444 13.41 +0.01 16264006 2501 +005 16.17 +0.02 6.09 +0.02 736 +0.02
0.893 126804008  1574+002 2503 +003 15.89 +0.02 457402 -8.00+0.01

a) log g refer to Egs. (4.1 — 4.2); b) refer to 7= 298.15K c¢)=+ Std. Dev
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Figure 4.31. reports the distribution of the Zn?**/His/Dop species at / = 0.15 mol dm™, but similar
evidence can be obtained at the other ionic strengths. As for the previous ternary Zn**/Tryp/Dop
system, the mixed species tend to form in significant percentages over pH = 7, reaching about 40-
50% of formation.

An important aspect that can be observed from the same distribution diagram is that the MLL’ species,
inhibits the formation of the binary Zn?>*/Dop™ species that, at least in the condition of Figure 4.31.
are present in very low percentages of formation. On the contrary, the Zn?*/His species are formed,
especially at pH values lower with respect to the formation of the MLL’ complexes, in higher
amounts; as an example, the ML and ML, reach about 60% of formation.

It is important to stress that the data reported in Table 4.36 were obatined processing separately the

experimental data obtained at each ionic strength.

100
M=Zn"" L=His L'=Dop
M
80 _ free
ML, ML, L'OH
4 MLL'(OH),
= 60- ML
N MLL,'
X
S ML L'
40 - ML,L'H \ MLL' "2
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Figure 4.31. Distribution diagram for the Zn**/His”/ Dop’ species at / = 0.15 mol dm™ and 7'= 298.16K.
Species: green line Metal free; black line ML, MLH, MLz; red line ML’, ML’H, ML’>H; blue line MLL’, MLL"2,
ML.L’H, ML.L’; ML.L’OH; MLL’(OH).

(Experimental Conditions: Czn>" = 2 mmol dm™; Chis’ = 4 mmol dm,Cpop” = 6 mmol dm™) [M = Zn*"; L=His", L’ =
Dop’]
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4.1.6.1 Dependence on ionic strength of Mixed system with Dopamine.

As for the binary systems, the dependence of the formation constants of the ternary mixed
Zn**/His/Dop and Zn**/Tryp/Dop complexes on the ionic strength was investigated by means of the
extended Debye-Hiickel equation (EDH) expressed by mean of the equation (3.11).

Table 4.37 reports the formation constants at inifinite dilution and the C parameter that account for

the variation with the ionic strength.

Table 4.37. Formation constants at infinite dilution and different temperatures for the Mixed system
with Dopamine species.

Species logB"pqr ¥ c»
Zn**/His/Dop
MLL' 14.47 £ 0.08% -0.62+0.139
MLL,' 17.32 £ 0.06 -0.41 +£0.10
ML,L'H 25.63 £ 0.08 1.16 £ 0.12
ML,L' 16.88+0.07  026+0.11
ML:L'(OH) 6.91£0.11 2.09+0.17
ML:L'(OH), 7.10£0.07 0,98+ 0.11
Zn**/Tryp/Dop
MLL'H 18.7940.069  2.10+0.089
MLL,'H 26.6210.06 0.70 £ 0.09
MLL,' 17.131£0.15 1.05£0.22
ML,L'H 24.72 £ 0.06 0.24£0.04

a) logPpgr refer to eq. (4.1 — 4.2); b) parameter for the dependence on //mol dm; c) £Std.Dev.

4.2 Ofloxacin
4.2.1 Solubility of Ofloxacin

Solubility studies allow to quantify the maximum amount of ligand that can dissolve in a defined
amount of solvent (natural or biological fluids, industrial site waters, etc.). By means of ligand mass
balance equations, from the knowledge of the ligand protonation constants determined at the same
experimental conditions, and from the knowledge of the pH of the saturated solutions, it is possible
to calculate the concentration of the ligand neutral species and the corresponding activity coefficients.

In the past, our research group has been involved in this kind of investigation, for the determination
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of both the acid-base properties, solubility and neutral species concentration of many different ligands
of biological or pharmaceutical interest [98-101, 137-150].

For Ofloxacin, experimental investigations were carried out by spectrophotometric technique
allowing the determination of the solubility (ST) of the molecule in aqueous solutions of NaCl(q) at
ionic strength /= 0.15 mol-dm and three different temperatures 7'= 288.15, 295.15, and 310.15 K.
By using the mass balance equations reported in Egs. (4.11 — 4.17), it was also possible to calculate
the concentration of the ofloxacin neutral species.

The total solubility is given by the sum of the concentrations of the different free, protonated and

deprotonated species:

ST = [HL] + [L-] + [HoL*] 4.11)

If we indicate the concentration of the HL? neutral species with S°, from the equilibria reported in the

Egs. (4.12 — 4.14) we have that:

H* + L~ = HLO logk?  (4.12)
H* + HL? = H,L* logkX  (4.13)
2H* + L~ = H,L* logBY  (4.14)
We have:
Ki = % and [L]=S°- ﬁ (4.15)
K = % and [H,L*] = S°- Kf' - [H¥] (4.16)

Rearranging Eq. (4.11), we obtain:

ST = §0 -<1+ + KH. [H+]> (4.17)

Kit - [H*]

The calculation of S* which expresses the concentration of the neutral species of Ofloxacin at the
already mentioned experimental conditions, can be performed by means of Eq. (4.17), if ST, Kif' (i =

1-2) and the pH of solubilization are known.
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The solubility of Ofloxacin at the selected conditions was calculated from the slope of the calibration
straight lines constructed from the absorbance of the standard solutions measured at two different
wavelengths (287-331.5 nm) and at different concentrations (from 0.00099 to 0.099 mmol-dm™),
starting from a stock solution C = 1.24 mmol-dm™,

Independent of the selected wavelengths, the obtained calibration lines follow the Lamber-Beer law,
although, as it already mentioned, between the first and last point there is a difference in concentration
of about two orders of magnitude.

The obtained results are visible from Figure 4.32, and Table 4.38 It can be observed that the solubility

of ofloxacin increases with increasing temperature.
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Figure. 4.32. Mean solubility (ST) of Ofloxacin in molar concentration scale at different temperatures, in
aqueous solutions of sodium chloride at / = 0.15 mol-dm3. (In the small box, the same correlation is reported,
taking into account all the experimental solubility data; coefficient of correlation R? = 0.932).

This figure shows the average values of the solubility, together with the respective standard
deviations, while in the smaller box, all the experimental solubility values are reported.

It is possible to observe an almost linear variation of ST vs 7/K, with a positive slope and an increase
of the value with increasing temperature, with a R-squared value of 0.996.

Table 4.38 also reports the pH values of the saturated solutions that correspond to the pH of

formation of the neutral species (zwitterion).
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Table 4.38. Solubility and neutral species concentrations of Ofloxacin in NaClg), at 7 = 0.15
mol-dm™ and at different temperatures.

ST In x» 09 pH?Y $§994,°
T=288.15K
Wavelengths (4 (nm))

287nm 331.5nm 287nm 331.5nm 287 nm 331.5 nm

0.00905 0.00709  -8.723 -8.967 0.00771 0.00604 7.08 85
0.00889 0.00819  -8.740 -8.822 0.00759 0.00699 7.09 85
0.00843 0.00837  -8.793 -8.801 0.00719 0.00714 7.08 84
0.00920 0.00900  -8.706 -8.728 0.00782 0.00765 7.06 85
0.00859 0.00874  -8.775 -8.757 0.00734 0.00746 7.08 85
0.00889 0.00761 -8.740 -8.896 0.00754 0.00645 7.08 85

Mean 0.00850+0.000629 8.79+0.08" 0.00724+0.00053 85
value
7=295.15K
Wavelengths (4 (nm))

287nm  331.5nm 287 nm 331.5nm 287 nm 331.5nm

0.00955 0.00836  -8.669 -8.802 0.00822 0.00720 7.10 86
0.01036 0.01018  -8.588 -8.605 0.00892 0.00876 7.11 86
0.01088 0.01077  -8.539 -8.549 0.00938 0.00928 7.11 86
0.01019 0.00981 -8.604 -8.642 0.00874 0.00842 7.10 86
0.01053 0.01135 -8.571 -8.496 0.00905 0.00976 7.09 86
0.01003 0.01062  -8.620 -8.563 0.00866 0.00917 7.12 86

Mean 0.01022+0.00077 -8.60+0.08 0.00880+0.00066 86
value
7=310.15K
Wavelengths (4 (nm))

287nm  331.5nm 287nm  331.5nm 287 nm 331.5nm
0.01283 0.01169 -8.374 -8.467 0.01090 0.00994 7.15 85
0.01397 0.01269 -8.289 -8.385 0.01188 0.01079 7.13 85
0.01447 0.01117 -8.254 -8.512 0.01234 0.00953 7.13 85
0.01480 0.01446 -8.231 -8.254 0.01262 0.01233 7.14 85
0.01349 0.01253 -8.324 -8.397 0.01148 0.01066 7.13 85
0.01257 0.01223 -8.394 -8.422 0.01070 0.01042 7.11 85
Mean 0.01308+0.00116 -8.36+0.09 0.01113+0.00099 85
value
a)solubility of Ofloxacin (ST) expressed in the molar concentration scale (mol-dm™); b) (x) solubility expressed as
mole fraction calculated from the experimental solubility at different wavelengths; c) concentration of the neutral
species (S°) expressed in the molar concentration scale (mol-dm3); d) pH of dissolution; e) mole fraction
percentage of the neutral species; f) +Std. Dev.

The pH of the solution in equilibrium is fairly similar to the physiological pH (pH ~ 7.4), and

from the calculation of the S° concentration, it was observed that at those conditions, ofloxacin

1s present approximately for 85% (as mole fraction percentage) in zwitterionic form.

As regards the dissolution of substances at different temperatures, the literature reports different

approaches that relate the mole fraction solubility to its temperature dependence. As an example, the
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standard molar enthalpy of solution (AHY,)) can be calculated by using the following Van’t Hoff

equation modified by Apelblat [151, 152]

AHY,  ASY (4.18)

R-T R

Inx = —

where x is the solubility (expressed as mole fraction) at a given temperature, R is the gas constant
(8.314 J-K-"-mol ") and T is the thermodynamic temperature expressed in kelvin (K), respectively.
The AHC, can be obtained from the slope of the solubility straight line in the Van’t Hoff plot, where
In x is plotted versus 1/7 (the In x values, at each temperature, have already been reported in Table
4.38). By using Eq. (4.18), the AS%o1 can be calculated from the intercept of the Van’t Hoff plot.
The standard molar Gibbs energy of solution can be calculated by the Gibbs—Helmholtz equation:
AGY, = AHO — TASY, (4.19)
The trend of the In x vs. 1/T'is reported in Fig. 4.33. From the AHo1 and AS’s1 of Ofloxacin in NaCl(ag)
at /= 0.15 mol-dm™ and by using the Eq. (4.19), the corresponding AG.; value (see Table 4.39) was
calculated.
It can be inferred from AH%c > 0 that the dissolution process is endothermic. The value of enthalpy

1s higher than those of entropy, which suggests that more energy is necessary to overcome the strength

between the solute and the solvent in the dissolution process.
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Figure 4.33. Mean mole fraction (In x) of Ofloxacin (calculated from the experimental ST values at each
temperature) together with the corresponding standard deviation vs 1/7 in NaClg) at /= 0.15 mol-dm~. Coefficient
of correlation R? = 0.983. (In the smaller box all the In x values calculated from the experimental solubility are
reported).

Table 4.39. Standard Gibbs energy, enthalpy and entropy changes of solution of Ofloxacin in
NaClg), at I = 0.15 mol-dm=>® and 7= 298.15 K?

Solution
AGosol/(J'mOI_l) AHosol/(J'mOl_l) ASOSOI/(J-IHOI'])
308+21 213+15Y -0.32+0.02 »

a) Standard uncertainties u are: u(7) = 0.1 K; u (p) = 1 KPa; u(/) = 0.01 mol-dm™>; b) £Std. Dev. The
combined expanded uncertainties u are uc«(AXd) = 0.070-AXda

4.2.2. Protonation constants of Ofloxacine

The protonation constants of Ofloxacin, were in a first step investigated at the same experimental

condition of the solubility measurements by potentiometric and spectrophotometric titrations.
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A usual, and taking into account the general formula of ofloxacin, the protonation constants can be

expressed both by the overall and stepwise equilibria:

H* + L~ = HL° logkH  (4.20)
H* + HL? = H,L* logkX  (4.21)
2HT + L™ = H,L* logBY  (4.22)

The obtained protonation constants at / = 0.15 mol dm™ are reported in Table 4.40; a fairly linear
decreasing trend of the log KM, values with respect to the increase of the temperature is observed, as
reported in Figure 4.34.

The trends observed can be associated to the lowering of the activity coefficients of the Ofloxacin
species with increasing the temperature.

As an example, Figure 4.35 reports a potentiometric titration curve (electrode potential (mV)) vs.
volume of NaOH (cm?)) of Ofloxacin at 7= 298.15 K, where the experimental (square symbol) and
calculated (solid line) values are reported. In the same graph, the first derivative ((0E/ dV) vs.
volume (cm?®) of titrant) curve is reported, where three different equivalent points can be observed.
The first one refers to the neutralization of the HCI added in the solution, whilst the others, to the

displacement of the hydrogen from the carboxylic and piperazinic groups, respectively.
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Fig. 4.34. Variation of the: a) log K1 and b) log K™ of Ofloxacin in NaCl(aq), at / = 0.15 mol-dm™ and different
temperatures.
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at different temperatures from potentiometric and spectrophotometric titrations

Table 4.40. Experimental protonation constants of Ofloxacin at /= 0.15 mol-dm 3 in NaCl(aq) obtained

Pot? [OAYA Pot? uv?® Pot? uv?®
T=288.15K

log K1 log Ko log 1Y log 1Y log K219 log K>M®)

8.262+0.001"7 8.256+0.002 14.373+0.001 14.368+0.002 6.111 6.112

8.264+0.003  8.268+0.001 14.372+0.002 14.374+0.003 6.108 6.106

8.263+£0.002  8.257+0.003 14.369+0.001 14.388+0.004 6.106 6.131
T=298.15K

8.269+0.002  8.267+0.004 14.340+0.004 14.355+0.003 6.071 6.088

8.274+0.003  8.270+0.001 14.352+0.003 14.348+0.003 6.078 6.078

8.274+0.003  8.288+0.005 14.346+0.004 14.362+0.003 6.072 6.074
T=310.15K

8.158+0.001  8.165+0.002 14.208+0.002 14.204+0.004 6.050 6.039

8.165+0.001  8.162+0.003 14.218+0.003 14.207+0.005 6.053 6.045

8.165+0.002  8.172+0.004 14.202+0.005 14.224+0.002 6.037 6.052
T=318.15K

8.051£0.002  8.059+0.003 14.102+0.003 14.108+0.004 6.051 5.959

8.064+0.003  8.066+0.002 14.097£0.004 14.089+0.005 6.033 6.023

8.062+0.004  8.055+0.001 14.086+0.003 14.087+0.003 6.024 6.032

a)Protonation constants calculated from potentiometric titrations carried out titrating the fresh solutions;

b) Protonation constants calculated from the titrations of the diluted solutions obtained from the solubility
measurements and collecting simultaneously the spectrophotometric and potentiometric data; c) equilibrium refers
to Eq. (4.20); d) equilibrium refers to Eq. (4.22); e) equilibrium refers to Eq. (4.21); f) £Std. Dev. Standard.
uncertainties u are: u(7) = 0.1 K; u (p) = 1 KPa; u(/) = 0.01 mol-dm=
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Fig. 4.35. Potentiometric titration curve of Ofloxacin in aqueous solutions of sodium chloride at / = 0.15 mol-dm™ and T
= 298.15 K. Concentrations: Ofloxacin 2.33 mmol-dm; NaOH 0.09620 mol-dm™. Symbols: o, experimental points;
solid line, calculated values.
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The spectrophotometric titration curves of Ofloxacin at some different pH values and 7= 298.15 K
are reported in Figure 4.36 It is possible to observe that at acid pHs, the shape of UV spectra shows
no significant variations, but differs only for the intensity, owing to the less dissociation. When the
pH increases (pH > 6-6.5), the UV spectra show a decrease, in particular of the intensity of the band
with maximum absorption at 4 ~ 287 nm and, at the same time, a hypsochromic shift of about 5-10
nm, owing to the deprotonation of the molecule[153].

From the deconvolution of the spectrophotometric titrations curves and by using HySpec computer
program, the molar absorption coefficients (¢/(cm™-mol-'-dm?)) of the L-, HL? and H,L* species was
determined along the wavelength range of investigation. As an example, a graphical representation
of the ¢ values determined for each species is reported in Figure 4.37 at 7=298.15 K.

As reported in the literature [ 154-156], the first protonation constant is attributable to the protonation
of a nitrogen atom of the piperazinic ring, while the second equilibrium to the protonation of the

carboxylic group of Ofloxacin.
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Fig. 4.36. Absorbance (4) spectra of Ofloxacin in aqueous solutions of sodium chloride, at /= 0.15 mol-dm™ for several
pH and 7= 298.15 K. Ofloxacin concentration: 0.001 mmol-dm.

A classic distribution diagram of the species is reported in Figure 4.38, where it is possible to observe
the pH ranges of existence of each species, as well as the corresponding mole fraction percentage of

formation. An albeit modest shift towards lower pH of the species formation, with temperature
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increase, is observed; this is a consequence of its influence on the protonation constants. At pH values

close to the neutrality, there is a clear prevalence of the HL? species.
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Fig. 4.37. Molar absorption coefficients (& (dm?*-cm™'-mol ™)) of the HiL™" species of Ofloxacin in aqueous solutions of
sodium chloride at /= 0.15 mol-dm™ and T'=298.15 K.

The information gained from the distribution diagram is in perfect agreement with those obtained
from the solubility measurements (see Table 4.38), namely ~85% (as mole fraction percentage) of
formation of the zwitterion. The pH of formation of the HL? species had already been experimentally
observed by measuring, the pH of the saturated solutions at different temperatures (see Table 4.38),
by using an ISE-H" electrode suitably calibrated using buffers at pH = 4.0 and 7.0.

The knowledge of the protonation constants at / = 0.15 mol dm™ and different temperatures, allowed

the calculation of the enthalpy and entropy change values for the two protonation steps of ofloxacin.
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Table 4.41. Standard Gibbs energy, enthalpy and entropy changes of protonation of Ofloxacin in
NaClg), at I = 0.15 mol-dm>9, T'=298.15 K»

Protonation
AG%/(kJ-mol'H)® AH®/(kJ-mol')® 7AS%/(kJ-mol )"
log KM, -47.19+0.049  -16.3+1.8° 30.9+£1.89
log K, -34.66+0.05 -4.3+0.7 30.4+0.7

a) Standard uncertainties u are: u(7) = 0.1 K; u (p) = 1 KPa; u(/) = 0.01 mol-dm; b) refer to eqs. 4.20.-
4.21.; ¢) £Std. Dev. The combined expanded uncertainties u are uc«(AXq) = 0.070-AXq

Considering the promising results obtained both from the potentiometric and spectrophotometric
titrations, we decided to also investigate the dependence of the protonation constants of ofloxacin on
the ionic strength in NaCl aqueous solution in the ionic strength range 0.15 <7/ mol dm= < 1.00 and

by means of ISE-H" measurements.
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Fig. 4.38. Distribution diagram of Ofloxacin species (as mole fraction percentage (x H,L" " x 100)) in aqueous
solutions of sodium chloride, at / = 0.15 mol-dm > and different temperatures.
Species: 1) H,L*; 2) HLY; 3) L™. Index: a) 7=288.15 K; b) T=318.15 K.

The protonation constants investigated at different ionic strengths and temperatures are reported in
Table 4.42 The data reported in this table, are within the experimental error, in agreement with those

previously obtained.
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Table 4.42. Experimental protonation constants of Ofloxacin obtained from potentiometric titrations
at different ionic strength in NaCl.q) and different temperatures.

I/mol dm? logKH® logp,"» logK,H®

7=288.15 K

0.147 8.308+0.006 14.441+0.009 6.133

0.461 8.542+0.003 14.714+0.003 6.172

0.716 8.660+0.003 14.843+0.004 6.183

0.943 8.750+0.005 14.952+0.007 6.202
7=298.15 K

0.144 8.296+0.008 14.38+0.01 6.084

0.47 8.378+0.002 14.456+0.003 6.078

0.707 8.443+0.003 14.510+0.005 6.067

0.940 8.558+0.004 14.646+0.006 6.088
7=310.15 K

0.146 8.054+0.003 14.066+0.004 6.012

0.457 8.276+0.005 14.313+0.004 6.037

0.716 8.304+0.006 14.32+0.08 6.016

0.935 8.400+0.009 14.42+0.01 6.020
7=318.15 K

0.150 8.059+0.004 14.095+0.005 6.036

a)equilibrium refers to Eq. 4.20.; b) equilibrium refers to Eq. 4.22.; ¢)equilibrium refers to Eq. 4.21.; d) +Std. Dev.
Standard. uncertainties u are: u(7) = 0.1 K; u (p) = 1 KPa; u(/) = 0.01 mol-dm™

As already done for other systems, the dependence of the protonation constants on the ionic strength
and temperature was investigated by means of the Eq. (4.8); by using 7 = 298.15 K as reference
temperature, the protonation constants at infinite dilution and the parameter for the dependence on
I/mol dm™ were calculated.

Eq. (4.8), reports also the Van’t Hoff term for the dependence on 7/K, allowing the calculation of the
standard enthalpy change values of protonation at infinite dilution.

Table 4.43 reports the overall protonation constant of ofloxacin at infinite dilution and the
corresponding standard enthalpy and entropy change values. As it can be seen, the protonation steps
are exothermic, whilst the entropic contribution constitutes the driving force of the processes.

The AH/kJ mol™! values at infinite dilution, are in agreement with those already calculated at /= 0.15
mol dm™3, considering the different ionic strength values and that the AH/kJ mol! values reported in

Table 4.41 refer to the stepwise protonation processes.

127



Table 4.43. Protonation constants at infinite dilution of Ofloxacin and enthalpy and entropy change

values.
lOgKlHT a) logﬂzHT b)
T=298.15K
I— 09 8.42+0.03 14.50+0.03 9
CcY 0.61+0.04 0.64+0.04
AH® -23.57+1.81 -36.27+2.38
TAS © 24.50+1.81 46.51+£2.39

a) logK T refers to eq. (4.20); b) logB2T refers to eq. (4.22.); c) protonation constants at infinite dilution; d)parameter
for the dependence on //mol dm; e) enthalpy and entropy change values of formation in kJ/mol ; f) £Std.Dev.

4.2.3 Ca**/Oflox system

As regards the study of the interactions of ofloxacin with calcium and zinc, the experimental
conditions used are like the ones used for the acid-base properties investigations.

The processing of the potentiometric data allowed to obtain different speciation models for the two
metals, even if featured by only mononuclear species.

It is possible to observe from the titration curves reported in Figure 4.39, that the systems behave

differently, even if we can evidence two inflection points.

0.0 0.5 1.0 1.5 2.0 2.5
cm’ of Titrant (NaOH 0.1005 mol dm™)

Figure 4.39.Titration curves of Ofloxacine and of the different metal/Oflox™ systems at 7= 298.15 K, I = 0.15 mol dm.
Experimental conditions: Ct = 3 mmol dm™; Cm = 1.5 mol dm™. Titrant: NaOH 0.1005 mol dm.

In the case of the calcium system, the best results were obtained when the ML, MLH, ML, and MLOH
species were considered in the speciation model. Table 4.44 reports the formation constants of the

Ca?"/Dop- species at each of the investigated experimental. The first consideration that can be done,
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1s that the strength of the interactions is fairly weak, as generally observed for complex species formed
by this cation. The second is the effect of the ionic strength and temperature on the stability of the
species; in fact, as observed from the results reported in Table 4.44, we obtain Alog/fhq: values
generally lower of one order of magnitude between the two extreme values of //mol dm™ and 7/K.
This is better highlighted in the distribution diagrams here reported; Figure 4.40 shows the
distribution diagram of the Ca?"/Ofloxacin species at different ionic strengths and 7 = 298.15 K,
where we observe that the formation percentage of each species tends to increase with increasing the
NaCl concentration (i.e. the ionic strength), except for the MLOH. Moreover, at physiological pH ~
7.4 and up to pH ~ 8, the protonated MLH species in the main form of the system. The other species
are formed in higher amount at pH value > 8 up to pH = 10-10.5. At this pH value, the interaction
occurs between the calcium cation and the protonated form of ofloxacin that in this condition has the
piperazinic protonated.

Concerning the dependence of the distribution of the Ca?/ofloxacin species on the temperature, we
can observe from Figure 4.41, that the formation percentages tend to decrease increasing 7/K, except
for the ML one, that has an opposite trend. Moreover, we can observe a shift of the maximum of
formation of the species towards lower pH values increasing the temperature; also in this case, the

ML has an opposite trend.

Table 4.44. Experimental formation constants of the Ca>*/Ofloxacine system in NaCl aqueous
solutions at different ionic strengths and temperature

I /mol dm™ logBwy, log Bviu log BumLou log Buy2
T7=288.15 K
0.150 2.74+0.019%) 10.74+0.01 ¥® -7.98+0.02 4.13+0.07 @)
0.455 2.70+£0.02 10.70+0.02 -8.40+0.02 4.30+0.07
0.706 2.81+£0.02 10.97+0.02 -8.34+0.03 4.45+0.09
0.927 2.95+0.02 11.11+0.02 -8.12+0.03 5.05+0.02
7=298.15 K
0.148 2.86+0.07 10.63+0.06 -7.41+0.03 4.86+0.05
0.455 2.77+0.05 10.91+0.03 -7.78+0.02 4.95+0.07
0.706 2.82+0.05 11.05+0.03 -7.78+0.02 5.16+0.09
0.936 2.99+0.04 11.254+0.03 -7.84+0.02 4.95+0.02
7=310.15 K
0.151 2.27+0.04 9.77+0.05 -7.95+0.02 4.57+0.03
0.451 2.68+0.04 10.54+0.03 -7.53+0.02 5.03+0.03
0.701 2.97+0.04 10.89+0.04 -7.40+0.03 5.12+0.04
0.887 3.09+0.07 11.96+0.06 -7.26+0.04 5.20+0.05

a) logBpqrrefer to Egs. (4.1 — 4.2); b)+ Std. Dev

129



100

80
1b
+ 60 - 2 4a
“n
@) ] 2a 4b
40
1a
20 . 3b
3a
0 . . ; : - .
4 6 8 10

pH
Figure 4.40. Distribution diagram of the species for Ca**/Oflox system at 7= 298.15 K and different ionic strength.
Species: 1.MLH; 2. ML; 3. ML»; 4. MLOH;
a) /=0.15 mol dm>; b) /= 1.00 mol dm™.
(Experimental Conditions: Cca2” = 2 mmol dm™; Conox” = 4 mmol dm™) [M = Ca?"; L = Oflox’]

100

Figure 4.41. Distribution diagram of the species for Ca?*/Oflox system at /= 0.15 mol dm™ and different temperatures.
Species: 1.MLH; 2. ML; 3. MLo; 4. MLOH;
a)T=288.15K;b) T=298.15K; ¢c) T=310.15K.
(Experimental Conditions: Cca2” = 2 mmol dm™; Conox” = 4 mmol dm™) [M = Ca?"; L = Oflox’]
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4.2.4 Zn**/Oflox" system

Concerning the Zn”>'/ofloxacin system, the speciation model is featured, as for calcium, by
mononuclear complexes; in particular, we observe both a simple binary metal-ligand species and
protonated and ternary hydrolytic species. The proposed speciation model, is also in good agreement
with data already reported in the literature, it consists of the ML, MLH, MLOH, ML(OH),, ML,H»
and ML>H species. The difference in the speciation model with respect to calcium is justified
considering the quite different acid-base properties of the two metals and in particular that: 1) calcium
tend to hydrolyze at high pH values (>10) forming only a simple MOH species; ii) Zn**, tend to
hydrolyze at lower pH values, forming both mono and polynuclear Mp(OH); species.

Table 4.45 reports the experimental formation constants of the species at the investigated conditions.
From a simple comparison between the two here discussed systems, we observe as an example for
the common ML, MLH and MLOH species, that the zinc complexes have a higher stability; in fact if
the stepwise formation constants are calculated on the basis of the formation equilibria considered,
we have for the ML species a higher stability of about 1-2 order of magnitudes in dependence of the
ionic strength or temperature considered; for MLH, considering the following equilibrium of
formation M + HL = MLH, log Kmiu = 0.06 and 1.09 for Ca?* and Zn** systems, respectively; for
MLOH, considering the formation equilibrium MOH + L =MLOH, we have, log KmLon = 5.6 and
5.8, respectively.

From the diagram of Figure 4.42, that reports the distribution of the species at the lower and higher
ionic strength values investigated and 7= 298.15 K, it is possible to observe the same evidence
already observed for the Ca>*/Dop- system, namely a significant variation of the maximum of
formation of the species with the ionic strength variation. Moreover, significant different
percentages of formations and shift at higher or lower pH in dependence on the stoichiometry of the

species has been observed.
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Table 4.45. Experimental formation constants of the Zn?>*/Ofloxacin system in NaCl aqueous
solutions at different ionic strengths and temperatures

I/moldm™  log By, log Bvrn  10g Bmron  10€ Bmromyz 10€ Bmizuz  10€ Bmizu
7=288.15 K
0.150 4.4340.079?  11.63+0.04 -3.44+0.04 -12.49+0.09 23.96+£0.02 16.53%0.04
0.458 4.50+0.05 11.994+0.02 -3.88+0.05 -12.244+0.05 23.3440.02 16.65+0.03
0.715 4.58+0.04 11.8£0.4 -3.7540.04 -11.13+0.03 24.52+0.01 16.82+0.02
0.950 4.80+£0.05 11.6+0.1 -4.0+0.1 -12.03£0.05 24.71+£0.02 16.91+0.04
7=298.15 K
0.151 3.4+04 11.66+0.03 -3.35+0.02 -12.37+0.07 23.57+0.02 16.36+0.03
0.470 3.7£0.2 11.54+0.02 -3.53+0.01 -12.52+0.05 23.70+£0.01 16.22+0.03
0.719 4.88+0.04 10.9+0.2 -3.46+0.05 -11.88+0.04 24.12+0.01 16.38+0.05
0.934 4.24+0.06 11.70+£0.02 -3.63+0.02 -12.45+0.05 24.11+0.01 15.84+0.05
7=310.15 K
0.149 3.440.8 11.26+£0.09 -3.13+0.04 -10.96+0.06 23.31+0.03 16.57+0.03
0.459 5.08+0.05 11.1+0.1 -3.8+0.2 -10.89+£0.05 23.43+0.02 16.02+0.07
0.714 3.5+04 11.36£0.09 -3.16+0.03 -11.46+0.04 24.57+0.02 16.44+0.04
0.945 3.7£0.2 11.44+0.04 -3.38+0.02 -11.84+0.04 24.61+0.01 16.01+0.03

a) logBpqr refer to Egs. (4.1 — 4.2); b)+ Std. Dev

100

% Zn’"

Figure 4.42. Distribution diagram of the species for Zn?>*/Oflox system at 7= 298.15 K and different ionic strength .
Species: 1. MLH; 2. ML>H> ; 3. MLoH; 4. ML; 5. MLOH; 6. ML(OH)z;

a) I=0.15 mol dm?3; b) /= 1.00 mol dm™.

(Experimental Conditions: Czn2" = 2 mmol dm™; Cofiox” = 4 mmol dm) [M = Zn?>*; L = Oflox"]
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Concerning the distribution of the species at different temperatures, Figure 4.43, reports the results
obtained at the three investigated temperatures and / = 0.15 mol dm”.

The consideration that can be done is that the variation of the temperature does not influence
significantly the distribution of the species, except for the MLOH> and ML;H, even if with an opposite
trend, and also a shift towards higher pH.

100

Figure 4.43. Distribution diagram of the species for Zn?"/Oflox system at /= 0.15 mol dm™ and different temperatures.
Species: 1.MLH; 2. ML>H> ; 3. MLoH; 4. ML; 5. MLOH; 6. ML(OH)z;

a) T=288.15K;b) T=298.15K; ¢c) T=310.15K.

(Experimental Conditions: Czx2" = 2 mmol dm™; Coniox” = 4 mmol dm) [M = Zn?>*; L = Oflox"]

4.2.5 Dependence on ionic strength and temperature of complexes with Ca and Zn.

As for the other investigated systems, the dependence on ionic strength and temperature for the
Ca?/Oflox™ and Zn*"/Oflox™ systems has been investigated by means of the Debye-Hiickel (EDH)
reported in Eq. (4.8), allowing the calculation of the stability constants at infinite dilution, of the
parameter for the dependence on the ionic strength and the standard enthalpy change values of

formation. The obtained parameters are reported in Table 4.46.
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Table 4.46. Formation constants, parameter for the dependence on the ionic strength, standard
enthalpy and entropy change values, at infinite dilution, of the M""/Oflox™ species.

Species logBpqr ¥ c» AH® TAS®
Ca?"/Oflox
ML 3.02 +0.049 0.83+0.069 24+29 19.6£2.49
MLH 10.56 £ 0.04 1.08 = 0.06 -20.6 £ 2.7 39.6+2.7
MLOH -7.37 £0.05 0.41+ 0.07 5743 15+3.1
ML: 5.10£0.06 1.27+ 0.09 46+3.7 75.4+£38
Zn**/Oflox
ML 4.28+0.159 0.89 £ 0.21 -66.9 £ 12.59 -42.5+£12.59
MLH 11.7240.10 0.28 £ 0.17 -33.3+£9.6 33.6£9.6
MLOH -2.8620.07 0.04+ 0.11 38.1+8.8 21.8+8.8
ML(OH): -11.66+0.18 0.14+ 0.29 75+12 8.4+12
ML:H; 23.9240.09 1.10+0.15 -52+10 84.5£9.6
ML:H 17.13 £0.14 0.53+0.22 -37x11 -60+11.6

a) logPpgr refer to egs. (4.1 —4.2); b) parameter for the dependence on I/mol dm™; ¢) enthalpy and entropy change values
of formation in kJ/mol ; d) £Std.Dev. .

4.3. Ornidazole

4.3.1. Solubility of Ornidazole

Solubility studies on Ornidazole, as for Ofloxacin, were performed at / = 0.15 mol dm™ in NaCl
aqueous solution and 288.15 < 7/K <310.15.
Considering the structure of this ligand, we can assume that it contains only a protonable site, so that

the solubility is given by:

ST =[HL"] + [L°] (4.23)

If the concentration of the L° neutral species is indicated with S°, from the equilibrium reported in the

Egs. 4.23 we have that:
134



Ht +L° = HL* logk®  (4.24)

. [HLY]

e +1 — wH.[g+1.[70
= ][] and [HL*] = K" - [H*] - [L?] (4.25)

Rearranging Eq. 4.23, we obtain:

ST = S° . (14 KH-[H*]) (4.26)

By means of absorbance measurements of standard solutions of Ornidazole at different
concentrations (from 0.00099 to 0.099 mol dm™), the calibration lines were drawn, observing a
linear trend between absorbance and standard concentration in the whole concentration range

investigated.

Table 4.47 reports the solubility (experimental and mean value) of Ornidazole in aqueous solutions
containing sodium chloride at the ionic strength /= 0.15 mol dm™.

It appears relevant that the solubility of ornidazole increases linearly with the increase of the
temperature, as better highlighted by Figure 4.44, that reports the experimental trends of S7 vs 7/K

with an R-square of 0.953.
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Figure. 4.44 Mean solubility (ST) of Ornidazole in molar concentration scale at different temperatures, in aqueous
solutions of sodium chloride at /= 0.15 mol-dm3coefficient of correlation R? = 0.9531.

135



From our investigations resulted that at the pH of solubilization, the ligand is totally presents as

neutral specie, so that we can assume that ST = S°. From the pH measurements of the saturated

solutions, and also from the potentiometric titrations for the determination of the protonation constant,

it was seen that the neutral species is already present at pH = 5, with a percentage of 100%.

Table 4.47. Solubility and neutral species concentrations of Ornidazole in NaCl(aq), at / = 0.15 mol
dm™, different temperatures and p =0.1 MPa

ST2 (A=320 nm)

288.15K 298.15K 303.15K 310.15K

0.0646 0.0871 0.1201 0.1425
0.0651 0.0862 0.123 0.1425
0.0665 0.0992 0.1206 0.1462
0.0648 0.1246

0.1246

0.1275

0.126

0.0653+0.0008" 0.090+0.007 0.124+0.003 0.144+0.002

3 solubility of Ornidazole (ST) expressed in the molar concentration scale (mol-dm™); ® £Std. Dev. Standard
uncertainties u are: u(7) = 0.1 K; u (p) = 1 KPa; u(/) = 0.01 mol-dm=; u(S") = 0.0005 mol-dm~ or lower
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4.3.2. Protonation constants of Ornidazole

The acid-base properties of ornidazole were investigated by potentiometry, in solutions aqueous
solutions of NaCl(aq) in the of ionic strength range from 0.15 <7/ mol dm= < 1 and temperature 288.15

<T/K <318.15.

Table 4.48. Experimental hydronation constants of Ornidazole calculated from potentiometric
titrations at different ionic strength in NaCl(aq) and different temperatures.

T=288.15K T=298.15K
I /mol dm logK,"® I /mol dm logK,"1®
0.146 2.459+0.006" 0.148 2.556+0.008 ®
0.146 2.302+0.002 0.149 2.345+0.001
0.487 2.610£0.009 0.147 2.280+0.006
0.486 2.60+0.01 0.488 2.4906+0.0007
0.733 2.343+0.008 0.488 2.364+0.002
0.733 2.61+0.01 0.733 2.588+0.003
0.980 2.71+0.03 0.733 2.400+0.002
0.981 2.53440.003 0.971 2.670+£0.002
0.971 2.500+0.003
T=310.15K T=318.15K
1 /mol dm?3 logKH® I /mol dm?3 logK,H®
0.146 2.155+0.005 0.150 2.54+0.019
0.146 2.644+0.008 0.150 2.442+0.003
0.497 2.3165+0.0005 0.150 2.325+0.009
0.497 2.323+0.001 0.150 2.194+0.006
0.981 2.894+0.007 0.487 2.410+0.002
0.981 2.601+0.006 0.487 2.22+0.01
0.487 2.28+0.01
0.487 2.295+0.006
0.731 2.74+0.01
0.731 2.520+0.003
0.731 2.391+0.005
0.731 2.33+£0.01
0.976 2.514+0.009
0.976 2.449+0.009
0.976 2.547+0.005
0.976 2.502+0.003

a)refer to Eq. 4.24; b)+ Std. Dev
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The data on the protonation constant of Ornidazole, allowed us to model the dependence on ionic
strength and temperature by means of the extended Debye-Hiickel equation (EDH) and thus
determining the C and AH/kJ mol"' parameters.

Table 4.49. reports both the stability constants and the empirical parameters for the dependence on
I/mol dm™ (at 7= 298.15 K) and the standard enthalpy and entropy change values of the protonation

constant.

Table 4.49. Protonation constant, enthalpy and entropy change values, at infinite dilution and
different temperatures, of Ornidazole.

logK; "t AH® TAS©

T=298.15K
1— 0% 2.40+0.029 d d
ob 02140.03 6.6419 7.1429

a) logKiM refer to eq. (4.24); b) parameter for the dependence on //mol dm™; c) enthalpy and entropy change values of
formation in kJ/mol ; d) £Std.Dev.

4.3.3 Ca?"/Orn System

The interactions of ornidazole with the calcium ion were studied under ionic strength conditions
between 0.15 < 7/ mol dm™ < 1.00 and temperature 288.15 < 7'/ K < 310.15 by potentiometric
titrations.

For the determination of the best speciation model, the formation of many different species were
checked, but the only refined species at each experimental conditions resulted to be ML,, whose

formation constant is reported in Table 4.50.

Table 4.50. Experimental formation constants of Ca?*/Orn in NaClg) at different ionic strengths and
different temperatures.

logfBmi2
I /mol dm™ 288.15K 298.15K 310.15K
0.15 4.6940.03° 4.7240.05° 4.1240.16°
0.50 3.19+0.02 3.93+0.05 4.32+0.14
0.75 2.11£0.04 3.37+0.04 4.47+0.10
1.00 1.04+0.04 1.68+0.05 4.61+0.20

a) logPpgr refer to egs. (4.1 — 4.2); b) parameter for the dependence on I/mol dm™; ¢) enthalpy and entropy change values
of formation in kJ/mol ; d) £Std.Dev. .
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4.3.4 Dependence on ionic strength and temperature of complexes with Ca.

The dependence on ionic strength and temperature for the Ca?*/Orn system has been investigated by
means of the Debye-Hiickel (EDH) reported in Eq. (4.8), allowing the calculation of the stability
constants at infinite dilution, of the parameter for the dependence on the ionic strength and the

standard enthalpy change values of formation. The obtained parameters are reported in Table 4.51.

Table 4.51. Formation constant, enthalpy and entropy change values, at infinite dilution, dependence
parameter on ionic strength of Ca?*/Orn species

logB 12 AHY TAS©
T=298.15K
1— 0 5.06£0.0599 126+29 99 155+309¢)
o -2.26%0.15

a) logPpgr refer to egs. (4.1 —4.2); b) parameter for the dependence on I/mol dm™; ¢) enthalpy and entropy change values
of formation in kJ/mol ; d) £Std.Dev. ; e) calculated at /= 0.15 mol dm > and 7=298.15K .

139



Chapter 5

The Sequestering Ability
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As a further investigation on the speciation of the biological molecules taken into account, the
sequestering ability towards some metal ions were studied in NaCl aqueous solution at different ionic
strengths. The metals investigated are Ca?*, Cd**, Cu?>* Mg?*, Mn?*, Sn?*, UO» ?*, Zn?>* CH3Hg" and
DET?". All the metals are very important from a biological point of view, while some have wide
application in many fields, and consequently can be present in high quantities in natural systems, and

therefore assimilated by different organisms.

5.1 Sequestering ability of Dopamine systems

In chelation therapy, and in many other fields where binding equilibria are involved in crucial
processes, several aspects must be taken into account in the choice of the “best” chelant. Among
them, from the chemical point of view, the ideal “chelant” should form very stable complexes “in
competition with the stability of endogenous ligands in the body” and should be selective “toward
the target metal ion” [157]. Obviously, these characteristics are strictly dependent on the stability of
the complexes formed by the potential chelant and the target metal ion, but also on that of “side
species”, i.e. those formed by other endogenous ligands with the target ion and those by the potential
chelant with other ions. The efficacy of the chelation depends, from the chemical side, also on the
competitive reactions, involving simultaneous equilibria in different conditions [2]: even considering
a very simple one metal-one ligand system in aqueous solution (and this is never the case of real
systems), one must at least take into account the competition of H" with the ligand and OH- with the
metal. This means that the selectivity and the whole “sequestering” ability of a chelant toward a
cation, as well as the comparison between two or more chelants, cannot be easily assessed by the
simple analysis of single sets of stability constants of metal/ligand complexes in real conditions,
especially if “different complex species are formed rather than a single prevailing one” [158, 159]. In
the past, some procedures were proposed for the quantification of the sequestering ability of a given
ligand toward metal ions; as an example, the free metal concentration in solution at equilibrium,
expressed as pM, is one of the most used parameters in chelation therapy to assess the binding ability
of various chelants toward a given metal. Nevertheless, it has been frequently pointed out that the use
of pM for comparisons may be, sometimes, “problematic”, so that its use by “non experts” should be
discouraged.

To overcome this problem, our research group introduced many years ago the pLo.s parameter [117],
that is an easy-to-use and easy-to-get instrument to make fast and reliable quantifications of the

sequestering ability of a ligand toward a given component (not necessarily a metal cation). The pL o5
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parameter, represents the total ligand concentration necessary to sequester 50% of a given metal ion
present as trace in given conditions, even in the presence of other components. It is rapidly calculated
in a very simple way by the most common programs used to plot the speciation diagrams.

The pLo.s is then obtained graphically, or by fitting plotted data to Eq. (5.1).

1
_ (5.1)
X= 1+ lo(pL—pLo.s)

where x is the fraction of the metal M (presents in trace) complexed by the ligand. The parameter
pLo.s, calculated by least squares analysis, gives the conditions for which 50% of metal is complexed
by the ligand ([L]wt = 10P“%3) and can be calculated once the conditions (pH, ionic strength,
supporting electrolyte, temperature) are fixed and gives an objective representation of the binding
ability This function is assimilable to a sigmoid curve (or a dose response curve) with asymptotes of
1 for pL — -o0 and 0 for pL — +oo. It is important to note that: this property varies with the
experimental conditions, but it is independent of the analytical concentration of the metal ion when
this 1s present as a trace amount in the system.

It can be easily demonstrated that pLos, determined as above described, in particular cases, are
numerically equivalent to other parameters used for the same purposes, like the intrinsic median
binding concentration, BCso [160-163], or the historical Schwarzenbach’s apparent formation
constant [164].

Despite the apparent redundancy and uselessness of a new parameter to quantify the sequestering
ability of a ligand toward a metal cation, it must be underlined here that pLo s shows some advantages
in its use, which enable it to be of more immediate use for not-specialists. For example, like any other
stability constant, the higher the pLos, the higher the sequestering ability of the ligand, and this is
usually of more immediate comprehension, while this is not the case for BCso, which specifically
designed to be similar to the median inhibitory concentration ICso. However, the greatest advantage
of the use of pLo.s is probably that related to its determination: 1) as already pointed out, pLo.s can be
calculated easily by means of very common programs and does not require any particular skills in the
treatment of simultaneous equilibria and/or the solution of systems of mass balance equations.
Using this approach, the sequestering ability of the ligands here investigated against the metal cations
were evaluated at the different experimental conditions (// mol dm=, pH, 7'/ K). The following Tables

report the pLos values determined at the experimental conditions experimentally investigated.
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Table 5.1. Sequestering ability of dopamine towards the metals at / = 0.15 mol dm™, pH = 7.4 and
different temperatures.

Metal T'K pLos
288.15 0.81

Ca* 298.15 1.15
310.15 1.86

288.15 2.17

Cca* 298.15 1.08
310.15 1.73

288.15 5.07

. 298.15 4.64
Cu 310.15 5.35
318.15 5.10
288.15 2.23
Mg?* 298.15 2.279
310.15 2.949

288.15 1.92

Mn?* 298.15 1.58
310.15 1.39

288.15 3.74

SnZ* 298.15 3.46
310.15 3.75

288.15 7.00

. 298.15 7.58
U0, 310.15 8.87
318.15 9.02

288.15 3.02

Zn** 298.15 2.77
310.15 3.48

288.15 2.36

. 298.15 2.63
CH;Hg 310.15 3.74
318.15 4.50

288.15 426

DET? 298.15 4.64
310.15 6.10

a) Calculated at pH=9.5
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Table 5.2. Sequestering ability of dopamine towards the metals at 7 = 298.15 K, pH = 7.4 and
different ionic strengths.

Metal I/ mol dm? pLo.s
0.15 1.15

ca 075 168

015 Lo

ca 075 5

015 o

cu 075 e

015 s

Ve 075 20

a)

015 sk

M 075 126

015 374

Sn* 075 1

015 758

U0,** 83(5) ;g?
1.00 8.13

0.15 2.77

Zn** 0.50 2.61

015 Yes

CHiHg' 075 To2
015 Yot

DET* 075 103
1.00 5.01

a) Calculated at pH=9.5

144



Table 5.3. Sequestering ability of dopamine towards the metals at / = 0.15 mol dm™>, T=298.15 K
and different pHs.

Metal pH pLos
7.4 1.15

8.2 2.00

Ca* 9.0 3.03
95 3.65

10.5 4.72
7.4 1.089
Cca* 8.0 1.999
9.0 3,569

55 1.57

Cu? 7.4 5.19
95 8.46

7.4 0.08

8.2 1.06

Mg?* 9.0 131
95 2.7

10.5 3.97

’ 7.4 1.58
Mn 8.5 2.99
5 1.30

6 2.33

Sn+ 7.4 3.74
8.2 431

9 5.07

5 3.90
1000 %k 6 6.209
7.4 8.60

7.4 2.77

Zn** 8.2 431
9 5.43

7.4 2.63

8.2 3.46

CH;Hg" 9.0 451
95 523

10.5 6.16

4.40 3.47

DET? 7.4 4.64
9.0 5.50

a) Calculated at 7=1310.15K

From the sequestering diagrams below reported, it is possible to observe how the sequestering ability
of dopamine towards the different metals it is strictly dependent on the experimental conditions
employed, namely ionic strength, temperature, and pH.

The increase of pLo.s with increasing pH is clearly correlated to the increasing deprotonation of the

ligand with increasing pH since, being an electrostatic interaction, the stability of the species that are
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formed is strictly dependent on the charges involved in the reactions that lead to the formation of
complexes.

At the same pH, the dependence of the dopamine sequestering ability on the ionic strength is closely
linked both to the acid-base property of the metal and ligand, and to the strength of the metal binding

species, and to the tendency of the metal to form weak species with the anion of the ionic medium.

1.0
a) b)

0.8- I=0.50 mol dm™
T T
2 0.6 z
—_ =5
= 0.4

3 3
0.2
0.0 I=0.15 mol dm™ T=288.15K
1 2 3 5 4 5

Figure 5.1. Sequestering ability of dopamine towards Ca?".
a) T=1298.15 K, pH = 7.4 at different ionic strengths; b) /= 0.15 mol dm, pH = 7.4 at different temperatures.

pLos values: a) 1.15 (/= 0.15 mol dm™) < 1.19 (/= 0.50 mol dm™) < 1.68 (/= 0.75 mol dm™) < 2.58 (/= 1.0 mol dm).
b) 0.81 (T=288.15K) < 1.15 (T'=298.15 K) < 1.86 (T=318.15 K).

3
PLys

1.0
a) a)
0.81 0.8
T T=288.15K
% 0.6 T 061
g‘ 1=1.00 mol dm™ = T=310.15K
i g 4
Xu 0.4 1=0.50 mol dm™ S 04
=
0.2- 1=10.15 mol dm™ 0.2 T=298.15K
000 T T T 000 T T T
2 4 6 2 4 6
PLy 5 PLys

Figure 5.2. Sequestering ability of dopamine towards Cd*".

a) T=1298.15 K, pH = 7.4 at different ionic strengths; b) /= 0.15 mol dm, pH = 7.4 at different temperatures.

pLos values: a) /= 0.15 mol dm™, 1.08; /= 0.50 mol dm™, 1.40; /= 1.0 mol dm>, 1.65.
b) pLos: T=288.15K,2.17, T=298.15K, 1.08; T=310.15 K, 1.73.
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0.6
I=0.15 mol dm™
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I=10.50 mol dm”

XM complexed

1=0.75 mol dm™
0.2
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—
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Figure 5.3. Sequestering ability of dopamine towards Mn?*.
a) T=1298.15 K, pH = 7.4 at different ionic strengths; b) /= 0.15 mol dm, pH = 7.4 at different temperatures.

pLos values: a) /= 0.15 mol dm™, 1.58; /= 0.50 mol dm™, 1.38; /= 0.75 mol dm™, 1.26; /= 1.0 mol dm™, 1.14.
b) pLos: T=288.15K, 1.92; T=298.15K, 1.58; T=310.15 K, 1.39.

1.0
a)

0.8 pH=9.0
=
z H=8.0
2 064 "
£
S H=174

pH =1.
3 04-
pH=6.0
0.2 -pH = 2.0\
3.0,4.0 pH=5.0
0.0 : : T 7
3 4 5 6 7

PLys

Figure 5.4. Sequestering ability of dopamine towards Sn**.

a) T=298.15 K, I=0.15 mol dm™ and different pH values. b) 7= 298.15 K, pH = 7.4 and different ionic strengths.
pLosvalues: a) 1.30 (pH = 5.0); 2.33 (pH = 6.0); 3.74 (pH = 7.4); 4.31 (pH = 8.0); 5.07 (pH =9.0).

b) 3.74 (I =0.15 mol dm™) < 3.70 (/= 0.50 mol dm™) <3.12 (I = 0.75 mol dm™) < 2.60 (/= 1.0 mol dm).
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1.0 ” 5
0.8 0.8-
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Figure 5.5. Sequestering ability of dopamine towards Zn?",

a) I=0.15 mol dm?, pH = 7.4 at different temperatures b) 7= 298.15 K, pH = 7.4 at different ionic strengths.
pLos values: a) I=0.15 mol dm™, 2.77; I=0.50 mol dm™, 2.61; /= 1.0 mol dm=, 2.42.

b) pLos: T=288.15K, 3.02; 7=298.15K, 2.77, T=310.15 K, 3.48.

10 . g
o |y ] . o
8- v Mg 74 ¢
. <4 Mn Cu
* » Sn 6 v mE
4 UO, n
6- ez 5] . S . | oo
PLys . . e ore Plys . * Ghpg
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4+ > N 'Y < < X ® DET
. v 34 * *
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2 ! v [ 24 v v v v
: < . 3 .
1 ] 1_ . ]
285 290 295 300 305 310 0.0 0.2 0.4 0.6 0.8 1.0
T/K I/mol dm™

Figure 5.6. Trend of pLos vs 7/K, //mol dm™.
A. Experimental conditions: /= 0.15 mol dm™ and pH = 7.4.
B. Experimental conditions: 7=298.15 K and pH = 7.4.

Figure 5.6. reports two different diagrams, where the values of the pLos parameter are reported at
the different temperatures investigated and at different ionic strength (at /= 0.15 mol dm™ and pH =
7.4).

The knowledge of the pLo.s parameter is essential for this kind of investigation, since it gives a simple
way to effectively quantify the ability of a given ligand to interact with the metal. The simple
comparison of a common species between different metal-ligand systems cannot be sufficient to
obtain this information. As an example, for the dopamine systems here investigated and containing
in the corresponding speciation model the ML species, a comparison of the logKmr values determined

at the same experimental condition gives the following trend of stability.
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log Buy: Mg?"(3.03)< Ca?*(4.83) < Mn2*(5.42) < Cd?*(6.48) < Zn2"(7.4) < DET?*(15.11)

However, this approach, many times used by the researchers, is incorrect because does not give the
correct evaluation of the cumulative strength of the interaction, since it does not take into account the
many other variables (i.e the contribution of the other species, the effect of the pH and ionic strength,
and the temperature).

If the same comparison is done by using the pLo.s parameter, calculated at the same experimental

condition (at 7= 298.15, /= 0.15 mol dm™ and pH = 7.4), we have:

pLos: MgZ'< Cd* ~ Ca?>" < Mn?*" < Zn*’< DET*

It can be observed that by using the pLo.s parameter, a different trend, in term of sequestering ability
of dopamine towards the metal ions has been obtained.

Hence, trend for the sequestering capacity of dopamine towards all the investigated metal ions is:

pLos: Mg?'< Cd?" ~ Ca?" < Mn*" < CH3Hg'< Zn*'< Sn?’< DET?" < Cu?*" < UO**

This trend has been obtained at 7=298.15K, /= 0.15 mol dm™ and pH = 7.4, but significant variations
can be determined if the experimental conditions are changed (i.e. pH, 7'/ K or I/ mol dm™).

For example, Figure 5.7 shows the sequestering curves of dopamine towards the metal ions at 7 =
298.15K, I = 0.15 mol dm™ and pH = 7.4, except for Mg?* and Cd?**, where pLos the values were
calculated at pH = 9.5, owing to the very low sequestering ability of dopamine at pH = 7.4.
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Figure 5.7 Sequestering ability of dopamine towards different metals ions, at 7= 298.15 K, pH = 7.4 and / = 0.15 mol
dm?

5.2 Sequestering ability of Ofloxacin

The sequestering ability of ofloxacin towards calcium and zinc was also quantified by means of the

pLo.s parameter, and the corresponding values are reported in Tables 5.4-5.6.

Table 5.4. Sequestering ability of Ofloxacin towards the metals at / = 0.15 mol dm™, pH = 7.4 and
different temperatures.

Metal T'K pLos
288.15 2.23
Ca*" 298.15 2.28
310.15 2.34
288.15 3.88
Zn** 298.15 3.88
310.15 3.92
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Table 5.5. Sequestering ability of Ofloxacin towards the metals at 7 = 298.15 K, pH = 7.4 and
different ionic strengths.

Metal I/ mol dm? pLo.s
0.15 2.28
0.50 2.40

2+
Ca 0.75 2.52
1.00 2.63
0.15 3.88
0.50 3.77

2+
Zn 0.75 3.73
1.00 3.70

Table 5.6. Sequestering ability Ofloxacin towards the metals at / = 0.15 mol dm™ , 7=298.15 K and
different pHs.

Metal pH pLos
7.4 2.28

Ca? 8.2 2.51
9.0 2.69

5.0 2.98

. 7.4 3.88
Zn 8.0 4.63
9.0 528
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Figure 5.8. Sequestering ability of Ofloxacin towards Ca*".

a) T=298.15 K, pH = 7.4 at different ionic strengths; b) 7 = 0.15 mol dm?, pH = 7.4 at different temperatures c) T =
298.15 K, I=0.15 mol dm™ at different pHs.

pLos values: a) 2.28 (/ = 0.15 mol dm™) < 2.40 (/= 0.50 mol dm™) <2.52 (I = 0.75 mol dm™) < 2.63 (/= 1.0 mol dm).
b) 2.23 (T=288.15 K) < 2.28 (T'=298.15 K) < 2.34 (T = 318.15 K).
¢)2.28 (pH=7.4)<2 .51 (pH =8.2) < 2.69 ( pH = 9)
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Figure 5.9. Sequestering ability of Ofloxacin towards Zn*".

a) T=298.15 K, pH = 7.4 at different ionic strengths; b) 7 = 0.15 mol dm?, pH = 7.4 at different temperatures c) T =
298.15 K, I=0.15 mol dm™ at different pHs.

pLos values: a) 3.88 (/= 0.15 mol dm?) > 3.77 (I = 0.50 mol dm™) > 3.73 (/= 0.75 mol dm™) > 3.70 (= 1.0 mol dm™).
b) 3.88 (T'=288.15 K) < 3.88 (T'=298.15 K) <3.92 (T=318.15 K).

¢)2.98 (pH=15)<3.88 (pH=7.4)<4 .63 (pH=28.2)<5.28 (pH =9)

For a better evaluation of the sequestering ability of ofloxacin towards Ca?" and Zn?*, the diagrams
reported in the Figures 5.8 and 5.9 were drawn. It can be observed that ofloxacin behaves similarly
with respect of dopamine, for the effect of pH and temperature on the sequestering ability. For the
dependence on I/ mol dm™, an opposite effect was observed between Ca?" and Zn?*, as also observed
for dopamine.

A further consideration can be made by considering the sequestering ability of the three ligands
studied, towards Zn?". The pLos has been calculated at 7= 298.15 K, pH = 7.4 and / = 0.15 mol dm"

3, and the results are reported in Figure 5.10, where it is possible to see how ofloxacin has, at these

conditions, a greater sequestering abilities towards zinc, with respect to the two other ligands.
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Figure 5.10. Sequestering ability of Dopamine, Tryptophan and Ofloxacine towards Zn>* at T=298.15 K, pH = 7.4 and
I=10.15 mol dm™.
pLo.s Values: 3.88 (Oflox) > 2.88 (Trip) > 2.77(Dop)

5.3 Literature comparison

For the purposes of evaluating the results obtained for this thesis, it is particularly important to make
a comparison with the literature data. The research carried out led first of all to carry out the following
assessments:

e The main difficulty for a direct comparison with the results here obtained is bound to the

determination of the acid-base properties of dopamine.
In some cases, the ligand was considered as a triprotic ligand (L?*), calculating the third
protonation constant with a logK" value of about 13-14, outside the pH range of physiological
interest. In other cases, only the protonation constants of a phenolic group and of the amino
group of the alkyl chain have been taken into consideration [165-177].

e Investigations are very often carried out in ionic media that do not simulate the behavior of
the components in natural systems (waters and biological fluids) or in mixed solvent
media[169, 178-183].

e The different speciation models and the different stability of the species, bound also to the
acid-base properties of the metal, dependent on the charges involved in the complex

formation reactions.

154



The possible limit for the comparison between the results here obtained and the literature ones
is due to the neglection from many authors of the hydrolysis of the metal cation in the
speciation model used as input. The experimental evidences show instead that in many cases
the hydrolytic species of the metal coexist with the complex species and therefore cannot be

neglected.

Table 5.7. Literature data for the complexation of dopamine towards metal ions

11 /(;nn:)- TK  Metal Medium '0EBM  1ogBwi  logwi logBuaw 108w logBuic logBwio oo
3 L H 2 2 H 1 H
0.1 298.1 Cu* HCIOs 20.56 26091 - 48.26 - - - [184
5 ]
0.2 298.1 Y3 KCl 7.95 - 14.84 - - - - [174
5 ]
La** 6.35 - 11.7 - - - - [185
]
0.2 288.1 Mg2+ NaCl 4.57 - - - - - - [186
5 ]
0.2 298.1 4.50 - - - - - -
5
0.2 308.1 4.49
5
0.2 288.1 Zn* NaCl - - - 52.94 - - - [176
5 ]
298.1 - - - 52.14 - - -
5
308.1 - - - 51.22 - - -
5
0.15 310.1 Cu** NaClO 1544 22.07 23.25 - - - - [187
5 4 ]
Ni 9.66 18.12 26.07 - - - -
Zn** 11.43 18.89 - - - - -
0.2 288.1 MoO,? NaCl - - - 51.48 - - - [188
5 ’ ]
298.1 - - - 51.08 - - -
5
308.1 - - - 50.66 - - -
5
0.2 298.1 Cu** KCl 16.60 24.22 24.78 45.83 35.66 - - [165
5 ]
Ni 9.42 19.38 14.81 35.66 25.61 - -
Zn** - 20.21 18.05 38.93 28.67 - -
0.37 293.1 Ni NaNO; - 18.373 13.86 34.05 - - - [189
5 ]
Cu* 16.01 23.29 23.47 44.26 - - -
Zn** - 19.33 - - - - -
cd* - 17.991 - - - - -
Pb** - 22.23 - - - - -
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The literature stability constants reported in Table 5.7, refer to low ionic strength values (< 0.2 mol
dm™), and this does not allow a comparison with the stability constants here reported up to / = 1.0
mol dm™ and for both the dependence on the ionic strength and temperature.

From Table 5.7, the only attempt of comparison can be done between the literature metal/dopamine
systems and those here reported regards the speciation. We can observe that the speciation models
are formed mainly of simple mononuclear species (ML, MLH; or ML;).

For the systems reported in the literature, we do not observe the formation of metal polynuclear
species, such as MzL> and M,LOH, here obtained for Sn?*.

A good agreement between our and the literature data there is for Mg?*, logBmr = 4.57-4.49 at [ =
0.2 mol dm™ in NaCl aqueous solution and different temperatures (from 7= 288.15 to 308.15
K)[186].

As an example, from our investigation we obtained at /= 0.15 mol dm= and 7= 298.15 K, logBmL =
3.034+0.044. The difference with respect the literature value can be explained considering that our
speciation model also includes the MLOH species, which become significant at pH values higher
than 8.5, and cannot be neglected in the speciation of the system. The formation constant of the ternary
hydrolytic species we determined is: logBmron = -6.1114+0.016 at / = 0.15 mol dm™ and 7= 298.15
K.

Concerning Cd?*, Cu?*, Mn?* and Zn?* only simple mononuclear species are reported, and
considering the stoichiometry of the species, seems that investigations were limited only to the acid
pH range, especially for Cu?*, that as well know, tends to form ternary hydrolytic species [165, 184,
187, 189, 190].

In the case of Cd?*, authors reported only a single Cd**/Dop” species, namely the MLH.

Another attempt of comparison to estimate the stability of the complexes of different systems, can be
made for the CH3Hg"/Dop complexes here determined, and those already reported in a previous
investigation for the CH;Hg"/Eph (Adrenaline) interactions [191]. A similar speciation model has
been obtained; if we compare as a pure example the stability of the complex species at / = 0.15 ml
dm and T = 298.15 K in NaCl aqueous solution, we have for adrenaline the following values: log
Bwmr = 8.56 (10.43 for Dop); log Bmru = 17.33 (19.43 for Dop); log Bmron =-0.79 (1.99 for Dop) and
log Bmrci = 9.17 (11.21 for Dop). It is possible to observe as dopamine form more stable complexes
with CH3Hg" with respect to adrenaline, with a difference of about of two orders of magnitude.
However, the difficulty to carry an accurate comparison between our and literature systems, in terms
of different stability of the species, is also due, as already mentioned, to the apparent neglection from
the different authors of the hydrolysis of the metals investigated. In fact, in those papers, authors

report and discuss about the acid-base properties of dopamine, but no information on the hydrolysis
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of the metal and their hydrolytic constants is reported. From our investigation, we have evidenced
that the metal hydrolytic species coexist in some cases with the metal/dopamine complexes, as
observed for Sn*", where the Sn(OH)"™ and Sn3(OH)4>* species reach about 10 and 20% of formation
in pH range values where the formation of the Sn?>*/Dop- complexes occur.

Interesting is also the comparison between the speciation model and the species stability of the
Sn?*/Dop” and (CH3CH,)2Sn**/Dop- systems. We observe that the obtained speciation models are
similar, except for the binary species; in fact, while (CH3CH:),Sn?* tends to form an ML species,
Sn?* tends to form a ML, species.

The comparison between the stability of the different species can be made by calculating the

stepwise formation constants considering the equilibria reported in Table 5.8.

Table 5.8. Stepwise formation constants of the species of the systems (CH3CHz) 2Sn**/Dop and
Sn?*/Dop-at I = 0.15 mol dm™ and 7= 298.15 K

log Kpqr log Kpqr
System (CH;CHj) ;Sn?* Sn?*
M+ L =ML 15.11 2 ML =ML, ~17.42
MOH + L = MLOH 10.89 MOH + L = MLOH 13.27
ML + L =ML, 5.83 ML + L =ML, 6.70
ML + MOH =M,;LOH 3.84 ML + MOH = M,LOH 2.03

M;OH> +2L=Mxlo+20H 3991

Stepwise formation constants were calculated according to the equilibria shown in the table; in the
case of the Sn?"/Dop system, the absence of the ML species in the speciation model complicates the
calculation of the partial constants. Neglecting the possible extrastability involved in the formation
processes of polynuclear species, it is possible to calculate from ML, an approximate value of ML
according to the simple equilibrium: 2 ML = ML, and then calculate for the logKmi a value of
approximately 34.83 /2 =17.42.

Starting from these data it is possible to calculate for the other species the value of the stepwise
constants, which are higher than the analogous ones for the (CH3CHz) 2Sn**/Dop™ system, with the
exception of M2LOH species.

There is no evidence, however, of literature data for the complexes with UO»?" in aqueous solution.

157



Considering that the literature reports different speciation models for the different metal-ligand
systems, also determined in different experimental conditions, it is particularly difficult to make a
comparison only based on the formation constants.

The use of the pLo s values (at a given experimental conditions), already described, can turn useful to
estimate the different sequestering ability of dopamine towards the metal ions.

The pLo.s parameter was calculated at 7= 298.15K, /= 0.15 mol dm= and pH = 7.4, for some selected
metals, taking into account in the speciation model: the protonation constants of dopamine, the
hydrolytic constants of the metal, the eventual stability constants of the species formed by the
interaction of the metal with the anion of the supporting electrolyte (namely CI°) and the stability
constants of the metal/dopamine species.

The obtained pLo.s values are reported in Table 5.9; some aspects can be evidenced; the first one is
that dopamine has at the same experimental condition, a significant different sequestering ability
toward the different metal ions.

This behavior is due to the different acid-base properties of the metal ions that tend to hydrolyze in
different pH range and form mono- and/or polynuclear species of different stability, reducing
proportionally the amount of free metal able to interact at those conditions with the ligand. Another
factor that influences the sequestering ability and the amount of free metal, is the possibility to form
complexes with the anion of the supporting electrolyte stable, often stabilized by the amount of the

salt in solution.

Table 5.9. pLo.s data comparison

pLos
Metals | Literature Data | Experimental Data
Cd*t 0.23 1.08
Cu?* 6.60 4.63
Mn2* 1.61 1.58
Sn2* 3.67 3.74
7Zn%t 2.61 2.77
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As regards the Ofloxacin the only accurate comparison between our and literature ptotonation
constants can be made with those published by Ross et al. in NaCl aqueous solution at / = 0.15
mol-dm= and 7= 298.15 K [192]. Authors report the following values, log K| = 8.22 and log K*, =
6.05, that fit perfectly with our experimental data determined in the same experimental conditions by
potentiometric and spectrophotometric titrations. The influence of the ionic strength on the acid-base
properties of Ofloxacin in aqueous solutions containing sodium chloride or other supporting

electrolytes is difficult to quantify for the absence of data at different ionic strength values.

Table 5.10 Literature data for the hydronation of Ofloxacin in different media

log k" logpt  logk®, P.IY Ref.
8.00 14.00 6.00 [193]
8.11 14.16 6.05 [156]
8.28 14.25 5.97 [155]
8.22 14.27 6.05 7.14 [153]
8.25 13.94 5.69 6.97 [194]®
8.21 1434 6.13 [154]
7.81 14.03 6.22 [195]
8.19 14.34 6.15 [195]
8.20 14.05 5.85 [196]9

a)lsoelectric point (calculated from the average value of logk™; and log K*2); b) log K3 = - 0.43; ¢) log K3 = - 0.45

As regards the medium effect and from the literature data reported in Table 5.10, it seems that the
different solvents exert a significant influence on the acid-base properties of Ofloxacin; as an example
a comparison can be made between the protonation constants reported by Babic et al. in sodium
acetate solution at /7 = 0.05 mol-dm™ (log K"} = 8.28 and log K, = 5.97) and Barbosa et al. in
H>O/Acetonitrile (log Ky = 8.11 and log K1, = 6.05), respectively [155, 156]. Similar consideration
can made with the hydronation constants reported by Volgyl et al. [195] in water/methanol and
water/cosolvent mixture (consisting of equal volumes of methanol, dioxane and acetonitrile, as
organic solvents). In this paper, authors report the following hydronation constants: log K, = 7.81
and log K%, = 6.22 in water/methanol mixture, and log K*'; = 8.19 and log K*'; = 6.15 in the cosolvent
mixture. These differences can be justified taking into account the different dielectric constants and
polarity of the solvents.

Interesting are also the papers published by Lin et al. [196] and Sasz et al. [194], that report data in
H>O/methanol mixture. Also in this case we observed, especially for the log K> value, a significant
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difference on the constant between the different solvents. Furthermore, in these two papers, the
authors report for the hydronation of Ofloxacin, a third protonation constant, which is attributed to
the second dehydrogenation of the piperazine substituent, with a log K value of about -0.4 (see
footnote of Table 5.10).

As highlighted in some other literature papers, we also observed a decrease of the hydronation
constants increasing the temperature, with a fairly linear variation[192, 197, 198].

Similar results were obtained for the solubility investigations. Also in this case, our experimental
results are in very good agreement with the literature data in pure water reported by Baluja et al. and
Zhang et al.: x =0.000181 (7= 295.15 K) and x = 0.000143 (T = 298.15 K), that are comparable with
our data at 7= 295.15 K in NaCl / = 0.15 mol-dm=: x = 0.000184. The only available data for the
concentration of Ofloxacin neutral species in saturated solutions is reported by Ross et al., that report:
S0 = 0.00764 mol-dm> (data adjusted at / = 0.15 mol-dm™). This data is consistent with ours,
experimentally obtained by means of spectrophotometric measurements and from mass balance
equations, by using the log K, and the pH values of dissolution: S° = 0.00881 mol-dm™.

For Ornidazole, the lack of data in the literature did not allow to make a comparison on the protonation
constants. The only available data on the protonation of ornidazole is reported in ref [45], that

proposes a log K =2.29.
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Chapter 6

Conclusions
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6.1 Conclusions

The work carried out for this PhD thesis concerned the study of the thermodynamic properties in

NaCl aqueous solutions of molecules of biological and pharmacological interest.

These studies were performed in wide concentration ranges of the components at different ionic

strength and temperature values.

The investigated ligands were dopamine, ofloxacin and ornidazole. Furthermore, in order to

investigate also the ternary interactions of the MM'L and MLL 'type, histidine was also considered.

The main results can be summarized as follows:

1.

As regards the metal-dopamine systems, applying the criteria for the selection of the best
speciation model, the proposed models generally consist of binary and ternary mononuclear
species (protonated and/or hydrolytic) having different stability depending on the different
acid-base properties of the metals;

A different behavior was observed for Cu?" and Sn?*, whose speciation models are
characterized by a prevalence of binuclear species with significantly higher stability than the
other systems;

The Cd** and CH3Hg*/dopamine systems are also worthy of attention; in this case, since the
investigations were carried out in aqueous solutions of sodium chloride, the interactions with
the anion of the ionic medium, namely CI", assume a fundamental role both on the speciation
of the system and on the stability of the metal-ligand species. In fact, while in the first case
the CdCl; complexes and the CAOHCI species avoid the hydrolysis of the metal up to pH
values ~ 7, for CH3Hg", the stability of the CH3HgCI species leads to the formation of a
CH3HgDopCl° ternary species, which is formed in high percentages of formation and for a
wide pH range is the main species;

Concerning the UO2>*/Dop- system, since the studies were carried out starting from the
UO2x(ac): product, the speciation of the system is much simpler than that of similar systems
studied starting from the UO2(NO3), salt; also in this case we observed the formation of a
highly stable UO2AcDop® ternary complex;

The thermodynamic properties of formation of the complex species at different ionic strengths
and temperatures were modelled by means of an extended Debye-Hiickel equation, containing
an additional parameter that based on the Van’t Hoff equation allowed the calculation of the
standard enthalpy change values of formation; from the obtained results it was observed that

the main thermodynamic function for the formation reactions is generally the entropy.
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6.

10.

The conversion of the ionic strength and formation constants from the molar to the molal
concentration scale allowed the application of the Specific ion Interaction Theory (S.I.T.), and
the determination of the specific ion interaction coefficient for the ionic species and the
Setschenow coefficient for the neutral ones;

The different speciation models obtained for the metal/dopamine systems does not allow to
make a comparison between them in terms of the different capacity/strength of interaction of
dopamine towards the metals. To overcome this problem, it is useful to use the pLos
parameter, which allowed to quantify the effective sequestrating ability of dopamine against
metals, under different experimental conditions: pH, I / mol dm™ and T. The data obtained
allowed to obtained at I = 0.15 mol dm™, T = 298.15 K and pH = 7.4 the following
sequestration trend:

pLos: Mg?'< Cd?" ~ Ca?" < Mn?" < CH3Hg'< Zn?'< Sn?*'< DET?" < Cu?* < UO>**
Obviously, changing the experimental conditions, the trend of the pLo.s can change.

The same difficulty was also encountered for the attempt of comparison of the literature data;
also, in this case the use of pLo.s was fundamental;

Since the components here studied can coexist in multicomponent solutions such as biological
fluids, we considered important to study the possible interactions of dopamine with
UO,*"/Cd*" and UO2**/Cu?", and of the same dopamine with Zn?>*/ Histidine. Different
speciation models were obtained, featured by ternary species of different stoichiometry and
stability. These species are characterized by an extrastability with respect to the homologous
binary species, avoiding in some case the formation of sparingly soluble species. The high
formation percentages of the ternary species highlight that they cannot be neglected for a
correct speciation study in multicomponent systems;

The further steps of our investigations were the studies of the acid base properties of ofloxacin
and ornidazole in aqueous solutions of NaCl at different ionic strength and temperature and
the determination of the solubility and concentration of the neutral species. For ofloxacin, two
different protonation steps were obtained, the first one bound to the piperazine group and the
second to the carboxylic one. From the knowledge of the solubility at the investigated
experimental conditions and of the pH of the saturated solution, it was possible by means of
simple mass balance equations to calculate the concentration and percentage of the neutral
species at each investigated temperature. This allowed the calculation of the enthalpy change

values of protonation and of dissolution of ofloxacin.
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11. Concerning ornidazole, only a single protonation step has been determined, at from the mass
balance equation it was verified that at the pH of dissolution, the ligand is totally presents in
neutral form.

12. The interactions of ofloxacin and ornidazole with Ca?>" and Zn?>* were investigated, and also

in this case different speciation models were obtained with different stability of the species.
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Table S.1 Experimental formation constants in molal scale of the Ca?*/Dop™ species in NaCl aqueous
solutions at different ionic strengths and temperatures.

T/K I/mol dm logBmr logBmLu ¥ logBmLon ¥
288.15 0.150 - 13.60 -6.97
298.15 0.144 4.82 13.42 -5.78
298.15 0.483 3.64 13.26 -7.78
298.15 0.714 2.394 13.62 -6.69
298.15 0.972 5.24 14.40 -6.49
310.15 0.150 - 13.50 -5.60

a)logPpqr refer to Eqs. 4.1 — 4.2

Table S.2 Experimental formation constants in molal scale of the Mg?*/Dop species in NaCl aqueous
solutions at different ionic strengths and different temperatures.

I'mol dm™ logBmr logBwmLon ®

T=288.15K

0.151 3.46 -6.28

0.505 3.26 -6.68

0.760 3.26 -6.91

1.019 3.46 -7.34
T=298.15K

0.151 3.03 -6.11

0.506 2.79 -6.53

0.763 2.77 -6.83

1.022 2.94 -7.32
T=310.15K

0.151 2.56 -5.93

0.508 2.27 -6.37

0.766 2.22 -6.74

1.027 2.36 -7.31

a)logPpqr refer to Eqs. 4.1 — 4.2

Table S.3 Experimental formation constants in molal scale of the Sn?>*/Dop species in NaCl aqueous
solutions at different ionic strengths and temperatures.

T/K I'mol dm™ logBmar2 logBmr2 ¥ logBviLon®  logPmzLon ®
288.15 0.151 35.20 24.50 9.53 15.42
298.15 0.148 34.82 24.11 9.49 15.67
298.15 0.477 34.33 23.09 9.1 15.54
298.15 0.720 33.93 22.50 8.74 15.95
298.15 0.974 31.65 20.73 7.63 15.59
310.15 0.151 32.53 20.88 8.46 14.89

a)logBpqrrefer to Eqs. 4.1 — 4.2;
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Table S.4 Experimental formation constants in molal scale of the Cd**/Dop- species in NaCl aqueous
solutions at different ionic strengths and temperatures.

I /mol dm?3 log B log ByLu® log B2

T=288.15 K

0.150 6.65 14.89 11.61
7=298.15 K

0.149 6.48 14.08 10.88

0.494 6.05 14.17 10.30

0.742 6.40 14.70 10.34

0.976 6.29 14.08 9.11
7=310.15 K

0.150 4.60 12.55 9.25

a)logBpqrrefer to Eqs. 4.1 — 4.2;

Table S.5 Experimental formation constants in molal scale of the Cu?**/Dop- species in NaCl aqueous
solutions at different ionic strengths and temperatures.

logf
I/mol dm™ ML,? ML ? ML, ? M:L2(OH), ¥ M;LOH? ML,OH?®
T=288.15K
0.162 21.02 15.21 27.33 13.40 8.87 11.38
0.496 20.49 15.32 26.85 12.67 9.02 11.24
0.753 20.20 15.41 26.59 12.26 9.20 11.21
1.013 19.94 15.50 26.35 11.88 9.41 11.20
T=298.15K
0.172 19.35 14.57 25.66 11.72 8.86 11.01
0.480 18.87 14.68 25.20 11.04 9.00 10.88
0.750 18.55 14.77 24.92 10.60 9.19 10.84
0.985 18.31 14.85 24.71 10.26 9.37 10.83
T=310.15K
0.146 17.58 13.84 23.86 9.94 8.85 10.62
0.490 17.01 13.96 23.33 9.16 8.98 10.46
0.743 16.71 14.05 23.06 8.73 9.15 10.42
1.008 16.44 14.14 22.82 8.35 9.36 10.40
T=318.15K
0.163 16.39 13.40 22.66 8.73 8.84
0.515 15.81 13.52 22.12 7.93 8.98 10.18
0.750 15.54 13.60 21.88 7.54
1.024 15.26 13.69 21.62 7.14 9.34 10.13

a) logBpqr refer to Egs. (4.1 —4.2)
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Table S.6 Experimental formation constants in molal scale of the Mn?*/Dop species in NaCl aqueous
solutions at different ionic strengths and temperatures.

I /mol dm? log w1 log BvLu log Pmi2

7=288.15 K

0.140 6.65 14.40 11.4
7=298.15 K

0.145 5.42 13.86 10.8

0.464 5.08 13.21 9.53

0.696 5.12 13.53 9.86

0.938 4.57 12.96 8.71
7=310.15 K

0.139 4.48 12.33 8.95

a) logBpqr refer to Egs. (4.1 —4.2)

Table S.7 Experimental formation constants in molal scale of the Zn?>*/Dop™ species in NaCl aqueous
solutions at different ionic strengths and temperatures.

I/mol Kg! log BmL log PmLu log BmLon log BmL2n

7=288.15 K

0.148 7.22 14.80 -1.32 22.20
7=298.15 K

0.149 7.40 14.50 -0.64 21.63

0.476 6.93 14.23 -1.23 21.24

0.948 6.639 13.83 -1.61 20.21
7=310.15 K

0.151 6.60 13.12 -1.31 19.21

a) logBpqr refer to Egs. (4.1 —4.2)

168



Table S.8 Experimental formation constants in molal scale of the UO2**/Dop- system in NaCl
aqueous solutions at different ionic strengths and temperatures.

I /mol dm?? log B2 ® log Byrac® log Byron ¥

T=288.15 K

0.162 21.50 16.10 6.66

0.531 21.87 15.87 6.71

0.752 22.24 15.82 6.83

1.012 22.65 15.80 6.96
7=298.15 K

0.166 21.68 16.13 7.09

0.510 21.24 15.65 6.83

0.752 21.21 15.42 6.73

1.013 21.12 15.23 6.64
7=310.15 K

0.162 22.14 16.57 7.48

0.513 21.86 16.26 7.29

0.754 21.78 16.15 7.23

1.016 21.72 16.07 7.20
T=318.15 K

0.161 22.11 17.21 7.49

0.512 21.96 16.79 7.51

0.757 21.96 16.60 7.60

1.018 21.99 16.45 7.71

a) logBpqr refer to Egs. (4.1 —4.2)
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Table S.9 Experimental formation constants in molal scale of the CH3Hg"/Dop~ species in NaCl
aqueous solutions at different ionic strengths and temperatures

I /mol dm?3 log P log Bvron ®
T=288.15 K
0 3.895 -5.291
0.151 3.458 -6.278
0.505 3.255 -6.676
0.760 3.261 -6.905
1.019 3.459 -7.336
7=298.15 K
0 3.559 -5.366
0.151 3.032 -6.111
0.506 2.792 -6.531
0.763 2.770 -6.825
1.022 2.942 -7.324
7=310.15 K
0 3.004 -4.796
0.151 2.557 -5.926
0.508 2.274 -6.369
0.766 2.223 -6.736
1.027 2.364 -7.311

a) logBpqr refer to Egs. (4.1 —4.2)

Table S.10 Experimental formation constants in molal scale of the (CH3CH>)2Sn?>*/Dop" species in
NaCl aqueous solutions at different ionic strengths and temperatures

I/mol Kg! log BmL log BmLon log Pmr2 log PmzLon

7=288.15 K

0.139 15.96 8.37 22.30 15.55
7=298.15 K

0.149 15.11 7.32 20.94 15.38

0.473 14.88 7.38 20.87 13.76

0.713 14.58 6.96 19.77 12.09

0.955 14.18 6.62 18.88 10.04
7=310.15 K

0.139 14.32 7.04 19.74 14.07

a) logBpqr refer to Egs. (4.1 —4.2)
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Table S.11. Formation constants at infinite dilution and enthalpy change values of the Zn*/Tryp-
species.

log B wir.® log B vrom)2 ? log B mr2 ™
T=298.15K
I — 0 5.06+0.03 © -11.46+0.08 © 9.68+0.03°
Cco 0.45+0.04 0.5240.12 0.3440.05
AHY 70.8+13.7 135.1+£22.1 155.4+6.4

a) I/mol dm; b)refers to the Egs. (4.1 —4.2); c)parameter for the dependence of logBpqr on //mol dm™.; d) enthalpy

and entropy change values of formation in kJ/mol at /= 0.15 mol dm™ ; €) +Std.Dev
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