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CHAPTER 1

INTRODUCTION

The lanthanides are a series of fifteen chemical elements from lanthanum (La) to lutetium
(Lu) with atomic number 57 to 71. The 15 elements, together with their chemical symbols,
are lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy),
holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) and lutetium (Lu). The series
takes the name of “rare earths” when Scandium and Yttrium are added to it. The Group 3
elements namely scandium (Sc), yttrium (), lanthanum (La) and actinium (Ac) are as a
matter of fact the first elements of their corresponding d-transition series (3d, 4d, 5d and
6d). The remaining lanthanides i.e., Cerium-Lutetium aren’t included in the main frame of
the periodic table of elements, thus they are usually written separately towards the bottom,
primarily to make the chart more compact. This is a reflection of the fact that the name
lanthanide comes from the Greek word lanthanein which means “to escape notice” [1]. The
position of lanthanides in the periodic table has been and continues to be a source of
contention, with numerous new periodic classifications lately proposed, some of which mix
the d- and f-block elements [2]. The term “lanthanide” was coined by Victor Goldschmidt
in the year 1925 [3,4]. The lanthanide series of chemical elements resemble each other in
their chemical and physical properties. They are characterized by the gradual filling up of
electrons in the 4f-shell. The lanthanides are referred to as 4f elements because their 4f

shells are partially occupied by the electrons. The f electrons of lanthanides are well



shielded by the 5s, 5p and 6s subshells. The general electronic configuration of
lanthanides is (n-2)f*1* (n-1)d®! ns?. The most stable oxidation state of the lanthanide
elements is +3 since their 4f- electrons are only relatively involved in bonding. But
oxidation number +2 exists for all lanthanides (except radioactive and short-lived Pm), at
least in the form of organometallic complexes. Furthermore, cerium has a relatively stable
+4 oxidation state with configuration [Xe], whereas the other ions have far less access to
this state (except in some Pr and Tb inorganic compounds such as LnF4). At atomic number
57, there is a sharp reduction in the energy of the 4f atomic orbitals (below that of the 5d
orbitals) which causes progressive filling of these orbitals after La. The filled 5s, 5p and 6s
sub-shells significantly shield the f orbitals that penetrate the xenon core. As a result, there
is very little interaction with ligand orbitals. The stereochemistry of the lanthanide
complexes is guided by the ligands' steric features and the ligand-field effects are minimal,
hence the surroundings of the metal ion has little effect on its spectroscopic and magnetic

characteristics [5].

The lanthanides were discovered after more than a century of research, beginning
in the late 1700s. The first rare earth to be discovered was sesquioxide yttria, Y203in 1794
but was only separated and characterized after more than 100 years, lutetium being the last
one (1907) and promethium which is radioactive was synthesized in 1947 [6]. Although
discovered in 1794, they were not characterized until a century later because of their
scarcity in pure form and high insolubility. Johan Gadolin (1760-1852), a Finnish scientist,
investigated ytterbia, an impure form of yttrium oxide, in 1794, believing it to be a new
element. Sir Humphry Davy (1778-1829), an English chemist, demonstrated that ytterbia
was a combination made up of oxygen and a metal, rather than an element, more than a
decade later. Berzelius and Klaproth isolated the first Cerium compound in 1803. Moseley

later proved that there were fourteen elements between Lanthanum and Hafnium by using



x-ray spectra of the elements [7,8]. The remaining elements were extracted from the same
mineral afterwards. Table 1.1 presents an overview of lanthanide history [9]. Separating
the lanthanides was difficult for nineteenth-century chemists since several of them occur
together in the same minerals and have close chemical similarities. This made separation

and purification of lanthanides difficult and caused a lot of confusion because it was hard

Table 1.1: Discovery of the lanthanide elements.

Lanthanide Year Discoverer Origin of Name
Lanthanum (La) 1839 Mosander Lanthanum: Greek for “to lie
hidden”
Cerium (Ce) 1803 1. Berzeliusand  Ceres, an asteroid discovered in
Hisinger 1801
2. Klaproth
Praseodymium (Pr) 1885 Von Welsbach From Greek: prasios - green;
dymium -twin
Neodymium (Nd) 1885 Von Welsbach From Greek: Neo - new; dymium
- twin
Promethium (Pm) 1947 1. Marinsky Prometheus, the Greek God who
2. Glenenin stole fire from Heaven for men’s
3. Coryell use.
Samarium (Sm) 1879 De Boisbaudran From its ore, Samarskite, named
after the Russian engineer
Samarski
Europium (Eu) 1889 Crookes Europe
Gadolinium (Gd) 1880 Marignac After the Finnish chemist Gadolin
Terbium (Th) 1843 Mosander After the town of Ytterby in
Sweden
Dysprosium (Dy) 1886 De Boisbaudran From Greek: Dysprositors - hard
to get at
Holmium (Ho) 1879 1. Cleve Holmia, Latinized version of
2. Soret Stockholm
Erbium (Er) 1843 Mosander After the town of Ytterby in
Sweden
Thulium (Tm) 1878 Cleve After Thule, the roman name for
the northernmost region of the
inhabitable world
Ytterbium (Yb) 1878 Marignac After the town of Ytterby in
Sweden
Lutetium (Lu) 1908 1. Von Welsbach Lutetia, Latin for Paris
1907 2. Urbain




to tell one element from another or from its mineral precursor. Due to the fact that they are
obtained from relatively rare minerals, these elements were first categorized as "rare earth."”
This can however be deceiving because the Lanthanide elements have a practically infinite

abundance.

1.1 Lanthanides: General Features

The Lanthanides, like any other series in the periodic table, such as the Alkali metals or

Halogens, have a lot of similarities. The following are some of these characteristics [10]:

= Physical properties are similar throughout the series.

= The +3 oxidation state is primarily adopted. It is most commonly seen in crystalline
compounds.

= They can also be in the +2 or +4 oxidation states, while some lanthanides are more
stable in the +3 state.

= Compounds with coordination numbers more than 6 (typically 8-9).

= Across the series, there is a tendency for the coordination number to decrease.

= Binding preference for more electronegative elements (such as O or F).

= Effects of crystal fields is small.

= Very less dependence on ligands.

= Rapid ligand-exchange occurs in ionic complexes.

The electronic configuration of the lanthanides are shown in Table 1.2.



Table 1.2: The electronic configurations of lanthanides along with their ground states

and valences.

Lanthanide Atomic Symbol Neutral atom  Possible Trivalent atom
element number electronic valence

: . Electronic  Ground
configuration  state

configuration  state

Lanthanum 57 La [Xe] 4f° 5d' 3 [Xe] 4f° 1S,
6s2
Cerium 58 Ce [Xe] 4f* 5d! 3,4 [Xe] 4f* 2Fsp
6s2
Praseodymium 59 Pr [Xe] 4F 65> 3 [Xe] 4 3H,
Neodymium 60 Nd [Xe] 4f* 65> 3 [Xe] 4f *lorz
Promethium 61 Pm [Xe] 4f° 65> 3 [Xe] 4 ®ly
Samarium 62 Sm [Xe] 48 6s> 2,3 [Xe] 4f° ®Hs,
Europium 63 Eu [Xe] 4 65> 2,3 [Xe] 4f° Fo
Gadolinium 64 Gd [Xe] 4f" 5d* 3 [Xe] 4f7 837
6s2
Terbium 65 Th [Xe] 4f° 65> 3,4 [Xe] 4f8 Fe
Dysprosium 66 Dy [Xe] 4f° 65 3 [Xe] 4f° ®Hisr
Holmium 67 Ho [Xe] 4f1 65> 3 [Xe] 4f1° °lg
Erbium 68 Er 4f12 6g? 3 [Xe] 4f1! 1512
Thulium 69 Tm 4F18 652 3 [Xe] 4f? 3He
Ytterbium 70 Yb 4f14 6s? 2,3 [Xe] 4f* 21
Lutetium 71 Lu 4f¥5d 65> 3 [Xe] 414 1S,

As we progress from La to Lu, the atomic size decreases with increasing atomic number.
Hence, Lanthanum has the highest atomic radius while Lutetium has the smallest atomic
radius among the Lanthanides. This phenomenon of a steady decrease in the atomic and

ionic size of lanthanides with an increase in atomic number is termed Lanthanide



Contraction. The presence of "lanthanide contraction,” is an important property of
lanthanide elements. The screening effect of increased nuclear charge by inner sphere 4f-
electrons is the primary cause of lanthanide contraction. This is the result of a poor shielding
effect of the 4f electrons. This is in turn because of the improper shape of the f-orbitals

(Fig. 1.1).

4.}(\(3 )12 -Xx2 )

Fig. 1.1: Shape of 4f-orbitals.

The shielding effect is a phenomenon in which the inner-shell electrons shield the outer-
shell electrons from the effects of nuclear charge. When the shielding isn't as good, the
positively charged nucleus attracts the electrons more, decreasing the atomic radius as the
atomic number rises. As the atomic number increases, so does the number of incoming
electrons, and therefore the nuclear charge. The electrons are attracted to the nucleus due
to inappropriate shielding, resulting in a decrease in size. The decrease in size isn't uniform

all through the lanthanides and in comparison, to the rest of the elements, the first six



elements show a rapid decrease. Table 1.3 and Table 1.4 shows selected physical properties
of lanthanides.

Separation of lanthanides is possible due to the reduction in size from one
lanthanide to the next, however, it is difficult due to the smallness and regularity of the drop
in size. The radius of Ho(lll) has been lowered to the point where it is nearly identical to
that of Y (I11), which is why a much lighter element is associated with a heavier lanthanide
[11]. The overall lanthanide contraction is comparable to the expansion observed while
transitioning from the first to the second transition series, and this may hence be expected
to occur while passing from the second to the third transition series. The interpolation of
the lanthanides, on the other hand, almost totally cancels this projected increase, resulting
in very similar sizes and properties for the second and third members of each group of

transition elements.

Lanthanides have a low charge density due to their huge size; as a result, they cannot
induce much polarization and so have no tendency to form complexes. They do, however,
form compounds with chelating ligands like EDTA. The stability of lanthanide complexes
improves as the atomic number increases when they form complexes. The best application
of this characteristic is in the separation of Lanthanides. Hydrated lanthanide ions have a
low tendency to form complexes, and their capacity to form complexes declines as the
atomic number increases. The following is a representation of the order of complex

formation in lanthanides:

Ln4+ S Ln3+ S Ln2+

Lanthanides have ionization energies that are comparable to those of alkaline earth metals,

making them reactive metals.



Lanthanides, according to the Hard and Soft Acid Bases concept (HSAB), behave
as typical hard acids, with a preference for fluorine (F) and oxygen (O) donor ligands for
bonding. Complexes with nitrogen, sulphur, and halogen (excluding fluorine) are not stable
in the presence of water, but if these donor sites are part of multidonor ligands, they are
involved in strong complexation with lanthanides [12]. The lack of extensive interaction
with 4f orbitals reduces the ligand field stabilization energy (LFSE). Low LFSE reduces
overall stability but increases geometry and coordination number flexibility because LFSE
is not lost, for example, when an octahedral complex is transformed into trigonal prismatic
or square anti-prismatic geometry. Furthermore, the complexes are prone to be labile in

solution.

Lanthanide bonding is primarily ionic in nature. The evidence, both theoretical and
experimental, is overwhelming. Even in the most stable complexes, the bond strength is of
the same order of magnitude as the Ln(l11)-Water dipole interaction, according to Moeller
et al. (1965) [13]. Bond distance measurements have also indicated that lanthanide bonding
is ionic. Although water is a powerful ligand for Ln(I11) ions, the difficulties that competing
ligands have in removing water molecules from the coordination sphere severely limits the
types of ligands with which Ln(I11) ions can interact in aqueous solution. These ligands are

known as class 'A' or hard acceptors.

One distinguishing feature of such acceptors is a preference for donor atoms in the
order O>N>S and F>CI. Lanthanides, like other metals, have a strong preference for O
donor atoms. Evidence suggests that Ln(lll) ions can align with S atoms in the most

uncommon of circumstances.
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1.1.1 End Uses of Lanthanides

Magnetic Properties and Magnets: The magnetic characteristics of lanthanides are
extraordinary. Samarium-cobalt magnets were the first high-performance magnetic
materials to be mass-produced. Electronic equipment such as headphones for the
famous Walkman (Sony, New York, NY), 1979, were able to be miniaturised as a
result of such remarkable magnetic properties. Electric motors for hybrid and
electric vehicles, wind turbines, hard disks and magnets for magnetic resonance
imaging (MRI) are just a few of the many technological applications. Nd-magnets

are the core of nuclear magnetic spectrometers and scanners.

Phosphors and Scintillators: Rare earths as light-converting materials (phosphors)
with great energy efficiency and colour rendering are required in energy-saving
lighting and display systems. Fluorescent tubes, compact fluorescent lamps (CFLS),
plasma and liquid crystal (LCD) displays, light-emitting diodes (LEDS),
electroluminescent foils and organic light-emitting diodes (OLEDSs) are among the
most common applications. The primary uses of scintillators include the
measurement of UV radiation (200-220nm range) or x-rays in medical imaging, as
well as the detection of radioactivity (medical imaging and security checks).
Trivalent cerium and divalent europium are common ions used in these applications

[14-17].

Metallurgy, Alloys and Compounds: Metallurgical uses rely on lanthanides’ strong
affinity for oxygen and sulphur. They improve the resistance of numerous metals
and alloys to high-temperature oxidation as well as their thermomechanical

qualities, e.g., hardening stainless steel. Adding Y, La, or Ce to heat-resistant alloys
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Vi.

Vii.

improves their performance as well. Scandium is the most potent strengthener of
aluminum. Electric and hybrid electric vehicles, as well as portable gadgets, use

nickel-lanthanide hydride (Ni-LnH) batteries (smartphones, cameras).

Glass Industry: Rare earths, particularly cerium, are frequently employed in the
glass industry. Glass and ceramics are coloured with Pr (green), Nd (purple) and Er
(pink). Lanthanide ions are well suited as active materials for solid-state lasers
emitting in the UV, visible, or NIR due to their numerous and well-defined
electronic levels. Lanthanide dopants are ideal waveguide amplifiers for optical

fibers in telecommunications [18,19].

Catalysts: Rare earths are active elements in a wide range of catalytic reactions and
several applications have reached industrial scale. Cerium oxide is widely used in
automotive postcombustion catalysts. They are used in organic synthesis.

Neodymium salts are used as a diene polymerization catalyst.

Ceramics: Lanthanide chemical and structural properties are also used in the
ceramics industry. Tiny amounts of rare-earth oxides stabilise tetragonal or cubic
zirconia. Stabilized forms of zirconia are used in sensors, cutting tools or imitation

jewellery.

Other Uses
Defense Applications: Rare earths are indispensable for night vision, guiding
systems, laser weapons, motorization, aircraft electric generators, and light alloys

for jet turbines as well as for stabilizing rocket nose cones, jamming and sonar

12



devices, antimissile systems, range finders, satellite power and telecommunication

systems and radar systems.

Agriculture: In agriculture, rare earths are primarily used as fertilisers in the form
of lanthanide salts or complexes. Most studies found that consuming rare earths
improved the growth of pigs, poultry, sheep, goats, calves, horses, fish and prawns.
Chlorides, nitrates, and complexes with ascorbate or citrate are the most common

rare-earth-containing compounds found in these diets.

Medical Applications. Applications in bioanalysis and bioimaging are gaining
traction [20,21], particularly since the advantage of luminescent immunoassays
over radioactive immunoassays was recognised. In nuclear magnetic medical

imaging, gadolinium complexes are used as contrast agents.

Photovoltaics: Lanthanide compounds are being studied for their ability as
wavelength-converting materials. Lanthanides can be used as photocatalysts for
either water splitting or organic substance degradation during water purification

[22].

1.2 Review on Lanthanide Coordination Chemistry and its Biological

Relevance

Even though the lanthanide and actinide transition series have no known vital role in life

processes, they undoubtedly provide some of the most exciting, complex and crucial

chemical and biological challenges of all inorganic elements in the periodic table. The

causes for this stem primarily from the properties granted by their outer electron
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configuration and associated energy levels, as well as their chemical toxicity, which is low
for lanthanides but high for actinides and their radiotoxicities, which are a big issue for
actinides. Lanthanides are distinguished by the shielding of the 4f orbitals by the 5s?5p®
subshells, which gives them an inner rather than valence orbital character. This, in turn,
determines their distinct chemical, magnetic, and optical properties, which are central to a

wide range of practical applications [23,24].

Due to the 4f-orbital shielding, the lanthanides' absorption and emission lines
involving these orbitals are extremely sharp, with full-width-at-half-height (fwhh) values
of only a few nm [25]. These spectral lines were weak and varied greatly depending on the
sample purity and the inorganic matrix in which the emitting ions were buried. Broader

bands (fwhh 100 nm) were occasionally seen (Fig. 1.2)

161cm™

[Eu,(L®?),] at 10K :
(A) 4f—4f transitions

i 31cmt

(B)

YAG:Ce'"!
0.033%

5d — 4f transition

L] L) L] L] L) L] L] L) L] L] Ll L] 500 600 700 n m
580 600 620 640 660 680 700
A/nm

Fig. 1.2: Typical Lanthanide Emission Spectra [24]. (A) Eu(I111)(°Do—F;) f-f transitions (J
= 0-4) of a triple-stranded helicate with approximate Ds symmetry showing in the right
insert the crystal-field splitting of the "F1 state. (B) Ce(111)(*Ds;z —?F71252) d-f emission
band in Y3AlsO12:Ce'!' (0.33%) showing the spin-orbit splitting of the 4f configuration into

2F4 and 2Fspo.

The paramagnetic nature of lanthanides is responsible for their higher magnetic

moment due to the number of unpaired electrons in the 4f orbitals. This makes them
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extremely useful in applications such as Nuclear Magnetic Resonance Spectroscopy
(NMR) and Nuclear Magnetic Resonance Imaging (MRI) [26—30]. Because of their large
magnetic moment and good relaxation efficiency, gadolinium(I11) complexes, particularly
with polyamino-polycarboxylic acids, are ideal contrast enhancing agents [31,32].
Dysprosium and Thulium chelates have been found to be good shift reagents for tracking
sodium compartmentalization during an Ischaemia attack. The following are some other

key biological and biochemical applications:

(a) Inelectron microscopy and x-ray diffraction research, lanthanides can be utilised as
heavy atom "stains."

(b) Lanthanide-based lasers are mostly used in telecommunications, night vision and
medicine (e.g., eye or skin treatment) [18,33].

(c) Another distinguishing feature of f-f transitions is their slow emission kinetics,
which reflects the long lifetimes of the excited f-states as a result of their
forbiddance. This, in turn, offers up new possibilities. Bioapplications as
lanthanide-based probes [34] considerably eases the shortcomings of optical
analysis and bioimaging, in that lanthanide probes are substantially more
photostable (particularly the all-inorganic ones) and their slow luminescence can be
detected in time-resolved mode [35].

(d) In vivo targeting and localization in tumours using appropriate lanthanide ion
complexes [36].

(e) Through competition or exchange reactions with lanthanide ions, the
thermodynamic properties of metal ion binding sites, such as Ca(ll), can be
elucidated. This is particularly significant because calcium, one of the most
important and ubiquitous essential elements, has very few properties that can be

used to probe its biochemistry in situ. Lanthanide(lll) ions are extensively used as
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biomimetic agents for Ca(ll) because of their functional and/or size similarities [37].

Table 1.5 lists some similarities between Ca(ll) and Ln(Il).

Table 1.5: Salient properties of calcium and lanthanide.

Property

Ca(ll)

Ln(I11)

Coordination number

Coordination geometry
Preference for donor sites
lonic radii (A)

Type of bonding
Hydration number
Water exchange rate
constant (S1)
Crystal field stabilization

Spectroscopic behaviour

Stability of complexes
Diffusion coefficient
(cm?/s x 10°)

6-12 reported
6 or 7 favored
Highly flexible
O>N>S
1.00-1.18
(CN 6-9)
Electrostatic
6
~5x10°8

None

Spectroscopic silence

Weak complexes
1.34

6-12 reported
8 or 9 observed
Highly flexible

O>N>S
0.86-1.22
(CN 6-9
Electrostatic
8or9
~5x10’

Negligible
Abundance of
spectroscopic signals both
optical and magnetic
Strong complexes
Ln(l), 1.30

(f) Kinetic aspects of biological reactions involving metal ions can also be studied to
obtain mechanistic insights.

(9) Lanthanide-doped upconverting luminous nanoparticles (UCNPS) are attractive
materials for optical imaging-guided drug delivery and therapy. UCNPs absorb low-
energy near-infrared light (NIR) and produce high-energy photons with shorter

wavelengths. The current availability of sophisticated inorganic-organic hybrid
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nanomaterials has boosted interest in this field, particularly because drug delivery
and bioimaging can be coupled in a method known as theranostics [38,39].

(h) Simple devices, based on lateral flow competitive assays with lanthanide-doped
nanoparticles as reporters, are being developed as the demand for quicker and better
bioanalyses grows. These tests are used for quality control e.g., in agriculture or the
food industry. They are also used in point-of-care medical analysis and substance
addiction field testing.

Secondary disposal sites for lanthanide or actinide after entrance into the body are primarily
through the plasma in the bloodstream. The f-block elements are conveniently located
between three (or possibly four) fractions that are in equilibrium with one another and are
responsible for transport and intracellular uptake within the bodily compartment. To
demonstrate this concept, we use iron as a key fundamental element. Iron is divided into
fractions that are in thermodynamic and labile equilibrium with one another. The metal is
bound inertly in a fourth fraction, which is also interchangeable with the previous three

fractions (Fig. 1.3). This latter fraction can be looked at as a storage area.

Inert and or Labile and
Thermodynamically Thermodynamically

Non-reversible Reversible
Hemoglobin Low molecular mass

Fe(l11) Complexes with

Myoglobin s Transferrin s free aquo ion and
[Fe(H20)6]*" and
Ferritin citrate

Fig. 1.3: Inert and labile forms of metal ions in vivo.
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In terms of metal transport, the labile compartments are of particular significance.
Transferrin is a blood-plasma glycoprotein (molecular weight of around 80 kDa) that
transports iron into and out of the cells [40]. Transferrin is responsible for ferric-ion
transport and plays a key role in the body’s iron metabolism. It is the most important ferric
pool in the body. It consists of two homologous lobes called N- and C- lobes with each
possessing a high-affinity Fe(l11) binding site. Apart from Fe(l1l) ion, Transferrin can bind
a variety of divalent, trivalent and tetravalent metal ions which include metals from the
transition, lanthanide, and actinide series [41,42]. In vitro and in vivo studies on lanthanide
binding with biomolecules have been reported [43,44]. UV difference spectroscopy and
other in vitro investigations using Pu(1V), Th(IV) and a variety of trivalent lanthanides have
conclusively proven that, like iron, each transferrin molecule can bind two lanthanide or

actinide ions [42,45].

Harris reported equilibrium formation constants for transferrin complexes of
Nd(111) and Sm(l11) using absorption difference and comparative absorption spectra [46].
Although data on the formation constants for the f-block elements are less, such findings
on transferrin with lanthanides and actinides have significant consequences for
actinide/lanthanide distribution in the human body. The f-elements have been found to
participate in specific parts of iron transport pathways in vivo by binding to transferrin.
However, no plutonium, for example, is detected in RBC after incorporation, and there is
no conclusive evidence that plutonium or other actinides or lanthanides are delivered into
the cell by transferrin receptor-mediated endocytosis. This aspect of f-element-transferrin
chemistry is perplexing, and it necessitates a great deal more research. The apparent
contradiction of the f-elements binding to transferrin and the imperfect participation in the
iron metabolic pathway can be explained by a number of theories. A possible cause for this

discrepancy in Fe(lll)-transferrin and lanthanide/actinide transferrin may be due to
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conformational changes upon binding with the metal ion. These conformational changes
are crucial for the metal-transferrin complexes for subsequent binding with cell receptors
before internalization. Evans has thoroughly examined the interactions of several
lanthanides with a wide spectrum of proteins (1990) [47]. The enzymes Trypsin, Elastase,
Collagenase, Amylase, Nuclease, ATPase, Phospholipase-A> and Acetyicholinesterase, as
well as contractile proteins Actin and Myosin and molecular oxygen carriers such as
Haemocyanin, have all been studied. These investigations revealed that the carboxyl group
is the most important ligand for the Ln(lll) ion, with carboxyl or hydroxylic oxygen

providing further coordination.

Studies of newer lanthanide complexes are a potential area of research in inorganic
chemistry because of their promising biological properties. Schiff base lanthanide
complexes have been widely studied and their resulting anticancer, antimicrobial, and
antioxidant activities have been reported in literature [48-50]. Lanthanide ions are known
to exhibit therapeutic properties such as antibacterial activity [51,52]. The use of cerium
oxalate as an antiemetic was one of the first therapeutic applications of lanthanide(l11) ions.
The discovery of the antibacterial activity of lanthanides can be dated back to the 19%
century when salts of Ce(lll) were reportedly used as antiseptic powder due to their
antibacterial properties [53]. Marydasan et al. synthesised a series of optically active
heterobimetallic Eu(l11) complexes using 3-trifluoroacetylcamphorate as the ligand. In
addition to chiral luminescence, the complexes demonstrated promising antibacterial action
against multidrug resistant Staphylococcus aureus and Enterococcus faecalis strains [54].
Deghadi et al. synthesised bioactive complexes of La, Er and Yb from 2-acetylferrocene
derivative Schiff base. All of the complexes outperformed the free ligand in terms of
anticancer efficacy. Additionally, most of the complexes had good antibacterial activity

against Pseudomonas aeruginosa, Bacillus subtilis, Staphylococcus aureus and
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Escherichia coli species, with inhibition zone diameters ranging from 10-15 mm/mg[50].
The Ln(I1) complexes were observed to have a superior bactericidal activity than their
respective bioactive parental ligands. When parent L complexes with Ln ions, the activity
of the parent L is increased due to an increase in lipophilicity, which promotes antibacterial
activity [55]. Though more research is required, Ln complexes could be a viable alternative
to antibacterial drugs currently being used. Abu-Yamin et al. synthesized a series of Ln(l11)
complexes of Gd, Sm and Nd from a new schiff base. The complexes were characterized
and tested for their biological properties such as antimicrobial, antifungal, antioxidant and
antitumor properties. The complexes were found to possess potent antibacterial and
antifungal properties, as well as antioxidant and anticancer properties [56]. Such
compounds may have therapeutic applications but, more studies are needed to prove their
efficacy and safety.

Microtubule stability is reportedly influenced by lanthanide compounds. Soto et al.
[57] discovered that different lanthanides behaved differently, and this was attributed to
Ln(I) similarity to Ca(ll) or Mg(ll), because Ca(ll) ion was shown to disrupt
microtubules, in contrast to Mg(ll) strengthening of microtubule activity. Because of their
larger size and hence propensity to exhibit relatively greater coordination numbers, the
lower lanthanides behaved more like Ca(ll). Because heavier lanthanides like Th, Dy, and
Ho are smaller in size, they behave like Mg(ll) and have more potential to strengthen the
microtubules. Soto et al. linked Ln(l1l) function and the variable behaviour of different
lanthanides to their effect on tubulin GTPase activity [57]. The activities in the association
of tubulin with GTP is governed by Mg(ll). This process of association controls the shape
and size of the microtubule. When supplied in small doses, Ln(Ill) could mimic the
activities of Mg(ll), bolstering tubulin's association. Ln(ll1), on the other hand, interferes

with the assembly when given in excessive guantities.
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Lanthanides frequently occupy Ca(ll) binding sites but they are found to bind to
protein sites that aren't normally known to bind Ca(ll) or any other metal. Ln(l11) ions have
a stronger affinity for proteins than Ca(ll) ions due to their higher charge to volume ratio.
Lanthanide affinities vary greatly, but they generally increase when the hydration of the
sequestered lanthanide ion decreases and the cationic charge of the binding site increases.
In addition to protein research, in vitro Ln(l11) binding to other types of biomolecules such
as Nucleic acid, phospholipids, phospholipid membrane, porphyrins, vitamin B12 and high-
density lipoproteins can provide structural and other information. Such interactions of
lanthanides with biomolecules are valuable as they mimic the interaction of those
biomolecules with actinides and has been helpful in the understanding the biochemistry of

actinides.

1.3 Glutathione - The Basics

Glutathione, also referred to as GSH, is an endogenous peptide compound that is present in
cells. It was discovered in 1888 by J. de Rey-Pailhade from the extracts of yeast, animal
tissues and egg white. It was initially named philothon by De Rey-Pailhade which in Greek
means love and sulfur. Nobel laureate F. G. Hopkins also studied the philothon from animal
tissue extracts and contributed greatly towards its discovery and characterization [58]. He
later named it “glutathione”. Although Hopkins originally described glutathione as a
dipeptide, Hunter and Eagles’ work [59] eventually led to its revision and clarification,
recognizing glutathione to be a tripeptide of glutamic acid, glycine and cysteine [60].
Glutathione has many metabolic functions but primarily acts as an antioxidant in preventing
oxidative stress by reducing cell damage and is also known to pique the immune system.
Glutathione levels in the cell and mitochondria directly are highly associated with health

and longevity.
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Glutathione is a tripeptide (y -L-glutamyl-L-cysteinyl-glycine) synthesized
exclusively in the cytosol component of the cell [61]. Over 90% of it abounds in the thiol
form for which it is noteworthy as the most common non-protein thiol present in cells
[62,63]. It is present in millimolar concentrations of up to 10Mm in cells and is found in
high concentrations in the liver. Glutathione by nature exists in two states, viz. reduced
glutathione (GSH), which is the predominant form and oxidized glutathione (GSSG) shown
in Fig. 1.4 [64,65]. Glutathione is a polydentate ligand with two carboxylate oxygen, an
amino nitrogen, a sulphydryl group, and two amide groups as possible binding sites [61].
Because the structure of glutathione prevents all of its possible binding sites from being
coordinated to the same metal ion at the same time, its coordination chemistry is
characterised by protonated and polynuclear complex formation. The donor atoms of GSH
can be grouped into three classes of binding sites: the glutamic (amino acid-like) set of
amine and carboxylate donors, the thiol and the peptide bonds. (The isolated carboxylate
of glycine can be functionally included in the first class, but often participates in
coordination with the thiol donor, due to the spatial constraints). Hard metal donors prefer
to interact with the glutamic moiety, whereas soft metal donors prefer the thiol. Since metal-
glutathione complexes are involved in the toxicology of various metals, the coordination
chemistry of glutathione is particularly essential and of considerable interest as a model

system for the binding of metal ions by bigger peptides and proteins.
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Fig. 1.4: Chemical structures of (a) glutathione reduced (GSH) and (b) glutathione
oxidized (GSSG).

Noctor et al. [66] examined the biosynthesis, metabolism, and connection to stress
tolerance in transformed plants. The glutathione biosynthesis pathway consists of two ATP-
dependent processes that produce y-glutamylcysteine 3 from L-glutamate 1 and L-cysteine
2, followed by the creation of glutathione 5 by adding glycine 4 to the C-terminal end of
the y-glutamylcysteine 3 [67]. These reactions are catalyzed by y-glutamylcysteine

synthetase and glutathione synthetase (Scheme 1.1).

HO SH

)\( SH
9 o NH, Y Glutamylcysteine 6
HoN oH 2 synthetase HoN N OH
/-\ H
0”7 “oH ATP  ADP + Pi 07 oH , O

1

HzN\)LOH

Glutath|one synthetase IQL /Qn/ \)LOH

ATP ADP + Pi

Glutathione
Scheme 1.1: Biosynthesis of glutathione.
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Glutathione is involved in both xenobiotic and endogenous chemical detoxification. It helps
with cellular excretion (Hg), bodily excretion such as persistent organic pollutants (POPS),
Hg, and direct neutralisation (POPs, numerous oxidative chemicals). Glutathione supports
the transport of toxins across plasma membranes by at least four processes, the most
important of which is the production of glutathione S-conjugates. The total intracellular
glutathione content comprises of more than 99.5 % GSH, while GSSG is present in modest

amounts. Some key roles of glutathione are summarized in Table 1.6.

Table 1.6: The critical roles of Glutathione.

1. Direct chemical neutralization of singlet oxygen,
hydroxyl radicals, and superoxide radicals

2. Cofactor for several antioxidant enzymes

3. Regeneration of vitamins C and E

4. Neutralization of free radicals produced by

Phase I liver metabolism of chemical toxins

5. One of approximately 7 liver Phase Il reactions,
which conjugate the activated intermediates produced
by Phase | to make them water soluble for

excretion by the kidneys

6. Transportation of mercury out of cells and the brain
7. Regulation of cellular proliferation and apoptosis
8. Vital to mitochondrial function and maintenance

of mitochondrial DNA (mtDNA)
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The use of cellular glutathione depletion as an experimental tool in studies of tripeptide

mechanism and function has proved extremely useful.

a) Glutathione depletion is caused by the usage of chemicals like diamide.
b) Depletion by use of compounds that react with glutathione (diethyl maleate, 1-
chloro-2,4-dinitrobenzene).
c) Glutathione depletion caused by the use of oxidising agent.
d) Glutathione depletion caused by inhibition of -glutamylcysteine synthatase.
e) The administration of buthionine sulphoximine depletes glutathione, which has a
significant effect on metabolic activity.
f) The decreasing cellular level of glutathione by inhibiting glutathione synthetase
level.
The level of glutathione in the liver and kidney is significantly reduced after administration
of buthionine sulphoximine. Reversible glutathione disulphide conversion occurs in both
mitochondria and cytoplasm, but glutathione synthesis occurs only in the cytoplasm.
Because glutathione reduced is the predominant intracellular form, glutathione disulphide
is most likely the major transport form. The transport of glutathione-disulphide, which can
be formed in mitochondria under severe oxidative stress, acts as a protective mechanism.
Rapid labelling of mitochondrial glutathione after administering isotopically labelled
cysteine supports the theory that the mitochondrial membrane contains an exchange carrier
that is accessible to both mitochondrial and cytoplasmic glutathione. Glutathione is vital
for mitochondrial activity. Glutathione's net outflow from the mitochondria is extremely
slow. This suggests that the transport pathway works to conserve mitochondrial glutathione
during periods of cytoplasmic glutathione depletion, which can be caused by nutritive

factors as well as oxidative stress and the presence of hazardous compounds.
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1.4 Chemical Kinetics

Chemical kinetics is one of the oldest branches of physical chemistry. It is the study of
reaction rates in order to infer kinetic mechanisms for the chemical conversion of reactants
into products. The rate of a chemical reaction is expressed as the change in concentration
of some species in specific time. The concentration of the reactants decreases as the reaction
progresses, while the concentration of the products increases over time (Fig. 1.5). For the

reaction,

aA +bB — cC +dD

1A[A 1 A[B 1 A[C 1 A[D
Rateofthereaction:——L:-— []:— []:— D]

a At b At c At d At
T 0.251
Conc g.2+
Product
0.15¢+
0.1+ Reactant
0.05T

0.2 0.4 0.6 0.8 1
Time —»

Fig. 1.5: Hypothetical reaction profile of the variation of concentration of reactants and

products with time.

1.4.1 Factors that affect reaction rates

During chemical reactions, the rates at which reactants are consumed and products are
formed vary greatly. The various factors that commonly influence the rates of chemical

reactions:
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(a) Concentrations of reactants: Rate of a reaction is directly proportional to the
concentration of reactants. Reaction rate increases with increase in concentration of

the reactants.

(b) Temperature at which reaction occurs: The rate of nearly all reactions increases as

the temperature increases.

(c) Presence of a catalyst: A catalyst increases the rate of reaction by providing a new

path with lower activation energy for the reaction to follow.

(d) Surface area: If a solid reactant is used, the rate of the reaction increases with

increase in the surface area of the solid reactant.

(e) The chemical nature of the reacting substances: The nature of bonding in the
reactants determines the rate of a reaction. lonic compounds usually react faster
than covalent compounds. Reactions between ionic compound reactions in water
are particularly quick because they only involve the exchange of ions that have

already been separated in aqueous solutions during their dissolution.
1.4.2 Activation energy and the rate of the reaction

Depending upon the magnitude of the activation energy, the following three cases are
possible:

1) The lower the activation energy (Ea), the faster the chemical reaction will be.

2) The higher the activation energy (Ea), the slower the chemical reaction will be.

3) If the activation energy (Ea) is zero (0), the reaction proceeds at a very fast rate or is

instantaneous.

1.4.3 Arrhenius rate equation
The Arrhenius equation is an expression that provides a relationship between the rate

constant (of a chemical reaction), the absolute temperature, and the A factor (also known
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as the pre-exponential factor; can be visualized as the frequency of correctly oriented
collisions between reactant particles). It provides insight into the dependence of reaction
rates on the absolute temperature. The Arrhenius equation is

k = Ae-Ea/(RT)

Where, Kk is the coefficient of the rate of reaction, A is the pre-exponential factor/frequency
factor, R is the universal gas constant, T is the temperature in Kelvin and Ea is the Activation
Energy. The fraction of molecules with energy equal to or greater than Ea is given by the
exponential term e/ R,
The Arrhenius equation can be written in a non-exponential form as

Eq

Ink=InA -2
RT

Or, 2.303 logk = 2.303l0gA - =2

R
_ __Eq
Or, logk = logA S 3o3%T
I
Slope = - —
log K 2.303R
0 T

Fig. 1.6: A plot between logk and 1/T.
Thus, a plot of logk against 1/T should give a straight line with negative slope, in

which

Ell
2.303R

Slope =

and Intercept = logA
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1.5 Spectroscopic Features of Lanthanides

The [Xe]4f" electronic configuration of Ln(l11) ions produces a plethora of electronic levels
[68]. Because the 4f electrons are shielded, these levels are well-defined, with sharp
absorption and emission bands [69,70]. Moreover, interactions with the ligands are weak,
resulting in the splitting of electronic levels of a few hundred cm™ only so that electronic
properties may be adequately described within the frame of the ligand (crystal) field theory.
The line width of the bands is smaller than the absorption spectra of the transition metals.
The peak position of the spectral lines reveals the electronic structure (of a part) of the 4f"
configuration. The crystal field splitting is useful for the determination of site symmetry of
the Ln ion either by absorption or emission spectroscopy. Absorption and luminescence
spectroscopy are important techniques in the study of lanthanide systems because they
allow for the determination of lanthanide's natural frequencies. In solution or in glasses, the
absorption spectra of lanthanide doped single crystals of lanthanide compounds reveal a set
of narrow lines that broaden to one absorption band; these bands must be attributed to an
electronic to electronic transition inside the 4f shell. Each group or band corresponds to the
transition between 25*1L; free ion levels (or J-manifolds). These are intraconfigurational
transitions because they are not accompanied by a change in configuration. Since the 4f
electrons are effectively shielded by the filled 5s and 5p shells, which have a higher energy
than the 4f shell, the 4f—4f transitions are sharp. The transitions have a low intensity. The
intensity of these transitions is weak and can be interpreted by the three mechanisms [69]
as detailed in the following sub-sections (a) Induced Electric Dipole Transitions (b)

Magnetic-Dipole Transitions (c) Electric Quadrupole Transition.
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(a) Induced Electric Dipole Transitions

Induced electric dipole transitions account for the vast majority of optical transitions seen
in lanthanide ions. An electric dipole transition occurs when a spectroscopically active ion
(the lanthanide ion) interacts with the electric field vector via an electric dipole. The
formation of an electric dipole necessitates a charge movement that is linear. The parity of
such a transition is odd. Hence, when the electric dipole operator is inverted with respect
to an inversion centre, it has odd transformation properties. The Laporte selection rule
prohibits intraconfigurational electric dipole transitions however, mixing of electronic
states of opposite parity is allowed by non-centrosymmetrical interactions. The observed
transitions are significantly weaker than ordinary electric dipole transitions and are often
called induced electric dipole transitions. The selections rules for the induced electric-
dipole transitions are

Al=+1,At=0,AS=0,AL<6,AJ<6,AJ=2,4,6ifJ=00rJ'=0.

(b) Magnetic Dipole Transitions

The interaction of the spectroscopic active ion (i.e., the lanthanide ion) with the magnetic
field component of the electromagnetic radiation via a magnetic dipole causes a magnetic
dipole transition. If a charge is displaced along a curved path during a transition, it will
have magnetic transition dipole intensity. The curvature of the displacement will be only
weakly visible in a region as small as the extent of an ion. Since the intensity is proportional
to the square of the transition dipole moment, the intensity of the magnetic dipole transition
is weak. Magnetic dipole radiation can also be thought of as a charge rotational
displacement. A magnetic dipole transition has even parity because the sense of a rotation
is not reversed when inverted through a point (or inversion centre). As a result, a magnetic

dipole operator has even transformation properties when inverted and allows transition
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between states of equal parity (i.e. intraconfigurational transitions). The intensity of the
magnetic dipole transitions is weaker (of the order of 10°®) than induced electronic dipole

transitions. Selection rules are given by At=AS=AL =0, AJ=0, £1 but 0 « 0 is forbidden.

(c) Electric Quadrupole Transitions

The electric quadrupole transition results from a quadrupolar charge displacement. An
electric quadrupole is made up of four point charges with zero charge and dipole moment.
It can be visualised as two dipoles arranged in such a way that their dipole moments cancel.
Electric quadrupole has even parity. Electric-quadrupole transitions are much weaker than
induced electric-dipole and magnetic-dipole transitions. The hypersensitive transitions are
treated as pseudo-quadrupole transitions because they follow the selection rules of
quadrupole transitions (|AS| =0, |[AL] <2and | AJ | <2).

1.5.1 Hypersensitive Transitions

Generally, the 4f electrons are affected little by the surrounding environment because they
are well shielded by closed-shell 5s and 5p electrons from outside. Therefore, the crystal or
ligand field splittings are smaller than the spin-orbit (SO) splittings, and the electronic states
of the lanthanide trivalent ion (Ln®*) in crystal or ligand fields are usually similar to those
of free Ln**. Although the electronic states are labelled by the Russell-Saunders scheme
(**1Ly), only the total angular momentum J is assumed to remain a good quantum number
because of the large SO effect.

In spite of the shielding effect, there are some exceptional f-f transitions (electric
dipole transitions) whose oscillator strengths are very sensitive to a small change in the
surrounding environment. These transitions have been called “hypersensitive transitions”
by Jargensen and Judd [71] and have been extensively studied [72—80]. The hypersensitive

transitions obey the selection rules of electric-quadrupole transitions |AS| =0, |AL | <2 and

31



| AJ | <2, and their oscillator strengths are usually enhanced greatly compared with those
of Ln(Il) in aqueous solution. Studies indicate that their intensities have a quadrupole
character, hence hypersensitive transitions are also known as pseudo-quadrupolar
transitions. Gruen et al. observed that the oscillator strengths of hypersensitive transitions
in gaseous lanthanide trihalide (LnX3) molecules were much larger than those of Ln(l1) in
solutions or crystals [81,82]. Moeller et al. were the first to notice the high sensitivity of
spectral intensities to ligand environment for -diketonate and EDTA complexes of Nd(111),
Ho(lll) and Er(ll1) long before Judd-Ofelt Theory [83,84]. Hypersensitive transitions
observed for Ln(ll1) ions are given in Table 1.7.

Karraker studied the hypersensitive transitions of Nd(I11), Ho(lll) and Er(Ill) in
non-aqueous environments, looking at the absorption spectra of six, seven and eight
coordinated B-diketonates to see how the coordination number affected the intensity and
fine structure of the spectra [85]. The pB-diketonates attach to Ln(l11) ions in a bidentate way
involving two oxygen donor atoms, resulting in a six-membered chelate ring. His work
revealed that the hypersensitive transitions displayed differences that were characteristic of
the lanthanide ion's coordination and symmetry. The following findings led to the
conclusion:

I.  For hypersensitive transitions between six, seven eight and nine coordinated
lanthanide ions, the appearance of the absorption bands differs.

II.  When a unidentate ligand is added to a solution of six or seven coordinated
complexes, the spectra produced resemble those of seven or eight coordinated
complexes.

1. When water is removed from a hydrated complex, the spectra changes resembling

those of a lower coordination lanthanide.
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IV.  The intensity of hypersensitive transitions and the lanthanide coordination number

are correlated.

Table 1.7: Experimentally observed hypersensitive transitions of Ln(l11) ions in optical

spectra [86]. Energies/wavelengths are approximate

Ln Transition B(x10%cm™) A/nm
Pré* (4 %) 3Hs—3F2 5.2 1920
Nd3* (4f 3) *lor—*Gsp2 17.3 578
Sm** (4f ) SHs/2—*Far, “Fir 6.4 1560
EU3+ (4f 6) 7|:1—>5D1 18.7 535
"Fo—°D3 21.5 465
"F,—°Do 16.3 613
Gd®* (4f7?) 8S710—5P712, ®Psp2 325 308
Th -2 - -
Dy3* (4 9) ®H150—5F111 7.7 1300
®H15/0—*11572, “Gi1s 23.4 427
Ho®* (4 %) 51g—°Ge 22.1 452
Slg—3Hs 27.7 361
Er®* (4f 1) l1sp—2Hu1 19.2 521
15—*G11r2 26.4 379
Tme* (4f 22) 3Hg—F4 5.9 1695
3He—3Ha 12.7 787
SHs—1G4 21.3 469

aNone identified positively, but the °Ds — "Fs transition shows sometimes ligand-induced

pseudo-hypersensitivity

For Praseodymium, Pr(l11) and Neodymium, Nd(Ill), the 3Hs — 3Pz and *lop — *Gsp2

transitions, which occurs around 5,200 cm™ and 17,300 cm™ respectively have been

identified as hypersensitive transitions. Transitions such as 3Hs — 3P, °P1 and 1D, for Pr3*

and *lor, — *G71, *Frrz and *Fsp2 in case of Nd(I11) which are not normally hypersensitive

have also been found to exhibit hypersensitivity in the presence of ligands. A few

transitions of Pr(I11) such as the ®Hs — 3P, 3Py and 'D; transitions and *lor2 — *G711, *Fip,
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“Fs/2 transitions of Nd(I11) are found to be very sensitive to the environment and in the
complexed lanthanide ion [87,88]. These electronic transitions show enhanced sensitivity
of intensity to their coordination environment respective to the normal f-f transitions. In
addition, previous studies have reported hypersensitivity in the *lop— *Gsp2 and *G7po—
*Kian transitions of Nd(111) [89]. Studies on Nd(I11) complexes by Misra et al. showed
unusual sensitivities in *lo, — 4F72 and *Fsy2 transitions with varying binding properties
which respect to the ligand under study[90]. These transitions were termed as ‘Ligand

Mediated Pseudohypersensitive Transitions’ [88,91,92].

1.6 Purpose of the Research

Lanthanide chemistry is fascinating due to its wide range of applications. Optical
spectroscopy is an important technique for the study of the coordination chemistry of
Ln(I11) ions in solution, as attested to by the many reviews of the application of either
absorption or luminescence spectroscopy to its research [93-96]. In this view, the present
thesis attempts to study the spectral properties of lanthanide(l11) complexes in solution with
the intention of exploring the potential of lanthanides as spectral and structural probes of
chemical systems. The chemistry of lanthanide ions in solution, particularly in agueous
solution, has pushed us and others to move on from being enthralled. Studies of lanthanide
complexes in solution provides valuable information pertaining to its reaction pathways
and mechanism. Comparative absorption spectroscopic studies can help understand the
structure, conformation and biological activities of biomolecules upon their coordination

with the lanthanide.

Several important metal ions, such as calcium(ll) and magnesium(ll), which are
complexed to biological macromolecules cannot be studied by either magnetic or

spectroscopic methods as they are diamagnetic and have no useful spectral transitions.
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Lanthanides have been used extensively in biochemistry as probes of calcium binding sites
in proteins because of their similarities with Ca(ll). The lanthanides can also substitute for
other metals as well such as Mg(ll), Fe(ll) or Mn(I1)) in proteins. Our choice of the metal,
Mg(Il), was based on its biological importance. Magnesium acts as a cofactor in regulating
the functions of various enzymes which in turn are responsible for various chemical
reactions. Magnesium typically occurs as Mg(Il) ion. Mg(ll) is diamagnetic and
spectroscopically inactive. On the other hand, lanthanides being spectroscopically active
can be used as substitutes for magnesium ions in studying biological systems through their
isomorphous substitution. The isomorphous substitution of Mg(Il) by Ln(lIl) can prove
very useful in understanding the interaction of biomolecules with Mg(Il). If magnesium
plays a biochemical role, then Ln(lll) substitution should lead to, at least, retention of
activity. The replacement of Mg(Il) by Ln(lI1) in the ligand system will help in studying
the relationship between the metal ion and GSH. Lanthanide complexes, especially in
solution, may be used as paramagnetic probes in biological studies to investigate the
reaction systems of amino acids and proteins.

Solution spectral studies of f-f transitions provide comparatively less accurate
information than that of crystal spectral analysis. It is because of the fact that processes like
dissociation, association, isomerisation etc., are prevalent and thus more than one species
might exist, resulting in an absorption spectrum, which is an average spectrum of all the
species present in equilibrium. However, Absorption Band Gaussian Curve Analysis and
Linear Curve Analyses greatly refine the reported spectrum data. Solution spectral analysis
may not provide very distinct quantitative data but it is extremely useful for structural
determination, mechanistic studies and the creation of optimal experimental conditions
required for product formation of some desired pre-determined configurations with

advanced technology employing much better resolution of solution spectral 4f-4f bands.
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When studying human metabolism, only solution studies can provide relevant and valid
information. For example, coagulated blood studied in the crystal/solid form will not be

relevant in determining its specific role; it can only be studied in the solution/semi-solid

form.
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CHAPTER 2

SPECTRAL ANALYSIS OF THE COMPLEXATION OF Pr(l11)
WITH GSH IN THE PRESENCE AND ABSENCE OF Mg(ll)
AT DIFFERENT pH

2.1 Introduction

The coordination chemistry of lanthanides is an intriguing and widely emerging field. A good
number of studies on the coordination chemistry of lanthanide complexes in solution have
been reported [1-5]. The increasing interest in lanthanides is largely because of their unique
chemical, magnetic and optical properties. These properties are a result of their distinct 4f
electrons which is a major feature of the lanthanides. The presence of the 4f electrons in
easily accessible spectral regions yield spectral transitions of sharp and narrow bands with
weak intensities. Kaczmarek and Lis studied the reaction systems of amino acids and protein
using lanthanide-based probes [6]. Comparative absorption spectroscopic studies can help
understand the possible structure, conformation and biological activities of biomolecules
upon their coordination with the lanthanides [7].

For our study, we chose glutathione (reduced) as the ligand based on its biological
relevance, easy availability, solubility and multidenticity. Glutathione is an endogenous
peptide compound (y -L-glutamyl-L-cysteinyl-glycine) synthesized exclusively in the cytosol

component of the cell [8]. Glutathione has many metabolic functions but primarily acts as an
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antioxidant in preventing oxidative stress by reducing cell-damage and is also known to
pique the immune system. Over 90% of it abounds in the thiol form for which it is
noteworthy as the most common non-protein thiol present in cells [9,10]. It is present in
millimolar concentrations of up to 10Mm in cells and is found in high concentrations in the
liver. Glutathione by nature exists in two states; predominantly reduced glutathione (GSH),
and oxidized glutathione (GSSG) [11,12]. Its polydentate nature allows it to host probable
binding sites of two carboxylates, a sulphydryl group, one amino nitrogen, and two amide

groups [13,14].

Magnesium is an essential macronutrient present in biological systems and typically
occurs as Mg(Il) ion. Due to the bonding behaviour of Mg(ll) with biomolecules and its
isomorphous character with Pr(l11), its complexation can provide useful information in the
study of biological systems. Several investigations have reported studies on the interaction of
Ln(I11) with Ca(ll) based on the substitution of Ca(ll) ion by Ln(l11) due to their isomorphous
character [3-8]. Similarly, the replacement of Mg(ll) by Ln(lll) can render valuable
information about its interaction with glutathione since Mg(ll) is diamagnetic and
spectroscopically inactive while Ln(Il1) due to its paramagnetic nature is spectroscopically
active.

The present chapter has theoretically discusses the spectral parameters of the
interaction between Pr(l111) ion and the ligand, glutathione in the presence and absence of
Mg(ll) in binary mixtures of MeCN:H20 (50:50 vol. %) and DMF:H,0 (50:50 vol %) at pH
2, 4 and 6. We have computed and evaluated the values of the interaction energies through
different energy parameters such as Slater-Condon (Fx), Racah (E¥), Lande (&a),

nephelauxetic (5), bonding (b'/?) and percent covalency (8) parameters using 4f-4f transition
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spectra to study the mode of complexation. The experimentally computed oscillator strengths
of the different 4f transitions and the Judd-Ofelt, T, (1=2, 4, 6) intensity parameters were used
to compare and investigate the interaction between the lanthanide and the ligand. The
computed intensity parameters suggest that the lanthanide complexes show greater sensitivity
towards the ligand environment and exhibit intensified oscillator strengths when the ions are
in complexation form than in its free ionic state. These changes indicate the correlation
between the relative intensities, the behaviour of the ions towards the solvents, ligand

sensitization and pH effect on the complexation of the lanthanide with the ligand (GSH) and

Mg(1).

2.2 Experimental

Praseodymium nitrate hexahydrate (99.9%), obtained from Sigma-Aldrich, L-glutathione
reduced (GSH, >98%) and magnesium nitrate hexahydrate from HiMedia were used for
spectral analysis. The solvents wused are acetonitrile (99.0%, Emplura), and
dimethylformamide (99.5% Merck). GSH is kept at 2-8°C and fresh solutions were prepared
for each experiment. UV-Vis spectra recordings were performed on a Perkin ElImer Lambda
365 UV/Vis spectrometer in the range of 400-620 nm. pH measurements were carried out on

a Eutech pH 700 digital pH meter.

For absorption study, Pr(l11), GSH and Mg(ll) concentrations are kept at 0.003 M.
Standard solutions are added and pH was adjusted by adding HCI or NaOH whenever
needed. The pH measurement was made using a pH meter. For Pr(111):GSH complex study,

the molar ratio was set to 1:1 while for multimetal complexation study of
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Pr(I11):GSH:Mg(Il), the molar ratio was kept at 1:1:1. The solutions were prepared in aquated

organic solvents of DMF:H20 (50% v/v) and MeCN:H20 (50% v/v).

2.3. Methods

The crystal field effect on the lanthanide ions results in the removal of the degeneracy of the
2J+1 levels of the free ion. The crystal field effect is also responsible for shifting the
baricenter of the 25*L;electronic level. This is known as the Nephelauxetic effect [15] caused
by covalency, originating in the ionic bonds of the lanthanide and ligand [16]. This effect
involves the transfer of electrons to the bonding molecular orbital leading to an increase in
the electron’s size, surrounding the lanthanide ion. This also causes a lowering in the
interelectronic repulsion in comparison to the free ion of the lanthanide. Reisfeld and
Jorgensen have written some great reviews on the chemistry of lanthanides [17]. Misra et al.
reported studies on the structural properties based on the complexation interaction of the

ligand and lanthanides[18].

Nephelauxetic ratio is considered a measure of covalency and can be interpreted in respect of
Slater—Condon and Racah parameters as:

EC

_
ﬂ—;orE},rc Eqg. 1

k

Here the Slater-Condon parameter, Fx (k=2,4,6) and the Racah parameter, E* (k=2, 4, 6)
correspond for complexes (C) and the free ions (f). The nephelauxetic ratio is directly linked
up to the values of the bonding parameter (b%?) and consequently, the percentage covalency

is given below,

bt2= [%]1/2 Eq. 2
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5 = [%] x 100 Eq. 3

Eo can be expressed in view of the Slater-Condon parameter (Fx) as

k=6
Eo = ). o K*Fx Eq. 4
Fx can be represented using the relation,

[oe] [oe] K
Ff = [ [, 555 RE )R ()i drydry Eq. 5

0 rK+1
Where,
R=4f-radial wave function
r<and r-=maximum and minimum radii of electrons
i and j= the electrons in question

The Fx integrals were reproduced by Condon and Shortley [19] with regard to reduced

integral as:
Fie =1, Eq. 6
Eq. (5) and (6) are combined to reproduce the Slater-Condon integral as
Fie = ifooo fy rErETRE @R () TErf drydr, Eq.7

Here, Dy and Fy are the denominator and coefficient of linear combination, respectively.
A linear combination of Fi gives the Racah parameter E
E! = (70 x F2 + 231F4 + 20.02F¢)/9
E2 = (F,-3F4 + 7Fs)/9 Eq. 8

E3 = (5F, + 6F4— 9F6)/3
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The spin-orbit interaction energy, Eso of 4f-4f transitions which originates from magnetic
interactions, can be shown as,

Eso=Aso st Eq. 9

Here, Aso represents the angular component of the spin-orbit coupling. £4f is the Lande’s
parameter and denotes the radial integral. According to Wong [7], the energy Ej of the j*"

level can be represented as

OE; OE;
Ei(F, &) =Eoj(F?, &) + a_F,](AFK + ﬁA Cat Eqg. 10
Where, Eojrepresents the j level’s zero order energy.
Frand & values can be found out from the equation given,
Fi=FQ+AFc and & = EatAdas Eq. 11

The zero order (AEj) and observed (Ej) value energy differences can be evaluated by,

O0E; O0E;
AEJ:ZR=2,4,68_FIJCAFI( +ﬁA€4]; Eq. 12

Using Wong’s partial derivative and zero order energy,[20] we can solve Eq. (11) by using
the least square technique to find out the values of AFxand A&;+. The values of F,, Fa, Fs and

& are also calculated using Eq. 11.
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Table 2.1: The zero-order energies and partial derivatives with respect to Fxand &
parameters for Pr(l11) [20].

Level E(S‘;) SE; SE; SE; OE;
OF, OF, OF, I
D, 16972 45.97 -37.63 510 2.906
3Py 20412 70.17 81.17 -1253 1.905
3p, 20990 70.07 80.66 -1278 3.974
3p, 22220 67.56 68.42 -1077 5.029
(a) F2=305.000 cm™ F2=51.880 cm
F2=5.321 cm™* §4r=730.50 cm™

The band intensities are calculated based on the Judd-Ofelt theory [21,22]. According to Judd
and Ofelt, the intensity of 4f-4f transition is a result of electric dipole mechanism. The
oscillator strength (Pca) of electric-dipole transition yj— ] 'with transition energy o is
given by

Peal = Ya=2,46 Lo (F AU ™Y )? Eq. 13

Where U* (1 = 2, 4, 6) are the matrix elements of Pr(111) given by Carnall [23] connecting
] to fMP]. T, (A= 2,4,6) are the empirical parameters which could provide the details of
lanthanide-ligand field interaction. The matrix elements for Pr(ll1) are given in Table 2.2. T,
T4 and Te parameters have strong sensitivity even with small changes in co-ordination around
Ln(I11) ion and symmetry of the complexes formed. The absorption band intensity can be
measured experimentally from the determined oscillator strength (Pobs). The region beneath
the absorption curve is equivalent to the oscillator strength (Pobs) which is achieved using
Gaussian absorption curve analysis as

Pobs = 4.6 X 10X e X Avy /3 Eq. 14
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Where, &,,,,= molar extinction coefficient,
Avy/, = half bandwidth

From these, values of T, T4 and Te are calculated applying

Pobs — [U2]2, T, + [U4]2. T4 +[U®]%.Ts Eq. 15

v

The values of T2, Tsand Te are computed with a developed software.

Table 2.2: Matrix elements U™ for Pr(111) aquo [24].

Levels [U®@]? [U@72 [UO)2
D, 0.0026 0.0170 0.0520
*Po 0 0.1728 0
*Py 0 0.1707 0
*P2 0 0.0362 0.1355

2.4 Results and Discussions

The spectra of lanthanides occur due to transitions involving a redistribution of electrons
within the levels of 4f" configurations. The 4f electrons of lanthanide ions are well shielded
by the 5s and 5p electrons due to which the intensities of most of the 4f transitions in
lanthanides are very poorly affected by their surrounding ions. However, in comparison with
the normal f-f transitions, the oscillator strengths of some of these transitions have been
found to show enhanced sensitivity to changes in their chemical environment. These
transitions which obey the selection rules (JAS| = 0, |AL| < 2, |AJ] < 2) have been called
hypersensitive transitions [25]. Hypersensitive transitions occur in almost all of the Ln(lll)
ions. In the case of Pr(lll), the hypersensitive transition 3Hs—3F; is found beyond the UV

region and has been excluded from the spectral studies. The 4f-4f electronic transitions of

57



Pr(111) ion exhibits four absorption bands in the range of 400-600 nm; they are *Hs—°P,,
3H4—3P1, *Hs—3Po and *Hs—'D transitions. These four transitions do not obey the selection
rules and are known as non-hypersensitive transitions. However, they show considerable
sensitivity to subtle changes in their coordination environment which is reflected by
variations in their evaluated energies and oscillator values. These changes are considered to
be a result of non-hypersensitive transitions brought about by the ligand. These transitions

are thus termed as Pseudohypersenitive transitions [26,27].

The comparative UV-Visible absorption spectra of Pr(lll), Pr(l11):GSH and
Pr(111):GSH:Mg(11) in different solvent and pH levels are shown from Fig. 2.1 to 2.6. From
the figure, it is clearly seen that there is a variation in the peak intensities, with the intensity
increasing on the addition of glutathione to Pr(l11). This is assumed as an indication of the
interaction between Pr(l11) and GSH. Again, the peaks are even further intensified by the
addition of Mg(ll) to Pr(111):GSH. This intensification of the peaks suggests the interaction of
the lanthanide and ligand orbitals.

The evaluated values reported in Table 2.3 shows the variations in the magnitude of
the spectral energy parameters viz. Slater-Condon (Fi), Lande (&), Racah parameters (E¥),
nephelauxetic ratio (), bonding (b*?) and covalency parameter (J) of the different systems.
From the table, it is observed that the addition of GSH and Mg(ll) to Pr(lll) leads to change
in the energies of the 4f-4f bands which leads to lowering of Slater-Condon (Fk) and Racah
(EX) values. This is due to the fact that when complexation occurs, the central metal ion
orbital expands, thereby decreasing the inter-electronic repulsion between the ligand and the
central metal ion causing the nephelauxetic effect [26,28]. Since Fx and EX are interrelated,

any changes in the values of E¥ (k=2, 4, 6) directly correspond to the value of Fk. In all the
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systems, the nephelauxetic value is found to be less than unity while the bonding parameter
values are positive, indicating the occurrence of a metal-ligand interaction in solution. We
observe a decrease in the nephelauxetic effect () as a result of the complexation of Pr(lll)
with the ligands. This means that the Pr(I11) orbital has expanded slightly in solution. The
value of £ for the complex is found to be less than the free metal ion since the electron
repulsion is typically found to be weaker in complexes than in free ions. The possible octa-

coordinated structure of the lanthanide and GSH complexes is shown in scheme 2.1.

SH

o o o
Pr(NQ3);.6H,O + OHJH/\/LNH NH\)I\OH
0

NH;

Mg(ll)
H
NH; H H
| o NH; T o
N .
N
W)J\N7 ., . T7
0
on o \ 0 CH; H O o 0 CH HOo O
2 / H.0 OH, o /
- .2 H,0
- - - a PP
~_Pr foemmt *

(a) Pr(lll):GSH complex (b) Pr(lll):GSH:Mg(ll) complex

Scheme 2.1: Probable structure of (a) Pr(111):GSH and (b) Pr(111):GSH:Mg(ll) complex.

The values for the computed and observed transition energies and their root mean square
(RMS) deviation values are shown in Table 2.4. The RMS deviation value tells us about the

accuracy of the energy parameters. In Table 2.5 we have the observed and the computed
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oscillator strengths (P) and Judd-Ofelt (T;) parameter values of the transition bands for
Pr(Il), Pr(111):GSH and Pr(111):GSH:Mg(ll) in different pH. The substantial change in the
oscillator strength values and the enhancement of the Judd-Ofelt parameters suggests the
binding of GSH with Pr(lll). The intensification grows on adding Mg(Il) to Pr(I11):GSH,
revealing the involvement of Mg(Il) in complexation. A marked difference in intensification
in the different solvents is observed which predicts the effect of the solvent in complex
formation. This observation is supported by the computed energy and intensity parameter
values (Tables 2.3 and 2.5). Maximum intensification was observed when DMF was involved
rather than acetonitrile, implying that DMF has a greater capacity to intensify the 4f-4f
transition. This is due to the fact that the oxygen donor site of DMF is preferred over the
nitrogen donor of CH3sCN to the hard metal ion (Pr®*) coordination site. In general, the
binding preference of various donor atoms for Ln(I11) is O> N> S [29]. DMF typically binds
to hard acids such as lanthanide ions through oxygen, while CH3CN binds through nitrogen.
This implies that, in comparison to acetonitrile, DMF solvent has a higher coordinating
capacity with the metal ion (Pr3*). GSH ligand has three kinds of coordinating sites viz. hard
donor sites such as carboxylic groups, soft donor sites such as the sulphydryl group and
borderline donor sites such as the peptide and amino groups. This means that shifts in
spectral absorption intensities in various solvents are not going to be very strong, but
noticeable to be readily detected. For hard metal ions or soft metal ions, the borderline donor
sites have a similar preference and thus make the complexes highly erratic in nature. As
observed in previous studies, [4,27] we find DMF to be the better solvent quite capable of

competing with H2O for the lanthanide coordination site. Further, it may be mentioned that
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the involvement of oxygen donor from both the 50% water mixed with the solvents DMF and
CHsCN may be neglected since its effect is counterbalanced.

The significant change in the T, (1=2,4,6) values are influenced by the change in the
coordination of the lanthanide as well as change in the symmetry of the complex. On analysis
of T4 and Te values, there are significant changes when Mg(ll) is added to Pr(ll1):GSH
complex which shows the possibility of inner sphere coordination of Mg(ll) to Pr(111):GSH
complex, whereas the values of T4 and Te in the complexation of Pr(I1l) and GSH changes
only slightly which may be due to the outer sphere coordination of GSH to Pr(111). The value
of T, is found negative as a result, it is neglected. It may be because the hypersensitive
transition of Pr(111), 3Hs—3F is found beyond the UV-Vis range.

Glutathione’s structure restricts the simultaneous coordination of its multiple binding
sites to the same metal ion. The pH values greatly affect the bonding capacity of GSH as pH
controls the degree of protonation/deprotonation in the binding sites of GSH. This effect is
clearly observed from the change in the intensity parameters (T,, 1=2,4,6). As hard metal
ions prefer hard donor sites, the bonding between Pr(l11) and GSH primarily takes place
through the interaction of lanthanide with the carboxylic group of GSH. The absorption data
implies how glutamyl of GSH deprotonates at a lower pH allowing Pr(l11) to bind through it.
At a higher pH of 4.0, the carboxylic group of glycine deprotonates and at pH 6.0 sulphydryl
group deprotonates. It is reflected in the values of Judd-Ofelt, T;(1=2, 4, 6) which are found

to be greater at higher pH values (Table 2.5).

*The work presented in this chapter has been published in Polyhedron, 200, 115099, 2021.
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L9

Table 2.3: Computed values of various energy interaction parameters: Slater-Condon Fx (cm™), Lande &¢ (cm™), Racah EX (cm™), nephelauxetic

effect (5), bonding (b*?) and covalency (o) for the different Pr(111) systems in aquated organic solvents (DMF:H,0, MeCN:H,0) at pH 2, 4 and 6.

System pH F, | F | Fe | & | E | E2 ] E | B | b2 ] &
1. CHsCN

Pr(I11) 309.4216 | 42.7157 | 4.6723 | 723.0818 | 3513.3743 | 23.7756 | 615.1508 | 0.9476 | 0.1619 | 5.5322
Pr(111):GSH 2 [309.4079 | 42.7138 | 4.6721 | 723.0579 | 3513.2180 | 23.7746 | 615.1235 | 0.9475 | 0.1620 | 5.5363
Pr(111):GSH:Mg(11) 309.3856 | 42.7107 | 4.6717 | 723.0117 | 3512.9649 | 23.7728 | 615.0791 | 0.9475 | 0.1621 | 5.5434
Pr(I1l) 309.4034 | 42.7131 [ 4.6720 | 722.9979 | 3513.1675 | 23.7742 | 615.1146 | 0.9475 | 0.1620 | 5.5416
Pr(111):GSH 4 [309.3649 | 42.7078 | 4.6714 | 722.8690 | 3512.7301 | 23.7713 | 615.038 | 0.9473 | 0.1623 | 5.5577
Pr(111):GSH:Mg(11) 309.3803 | 42.7099 | 4.6716 | 722.6321 | 3512.9048 | 23.7724 | 615.0686 | 0.9472 | 0.1625 | 5.5732
Pr(111) 309.3834 [ 42.7014 [ 4.6717 | 723.0577 | 3512.9404 | 23.7727 | 615.0748 | 0.9475 | 0.1620 | 5.5403
Pr(111):GSH 6 |309.3439 | 42.7049 | 4.6711 | 722.7856 | 3512.4922 | 23.7696 | 614.9964 | 0.9474 | 0.1624 | 5.5675
Pr(111):GSH:Mg(11) 309.3203 | 42.7017 | 4.6707 | 723.028 | 3512.2228 | 23.7678 | 614.9492 | 0.9473 | 0.1622 | 5.5528
2. DMF

Pr(I1) 308.9748 | 42.6540 | 4.6655 | 719.7136 | 3508.3008 | 23.7413 | 614.262 | 0.9446 | 0.1664 | 5.8628
Pr(111):GSH 2 |308.9585 | 42.6517 | 4.6653 | 719.7277 | 3508.1153 | 23.7400 | 614.23 | 0.9446 | 0.1664 | 5.8644
Pr(111):GSH:Mg(11) 308.9438 | 42.6497 | 4.6651 | 719.6857 | 3507.9488 | 23.7389 | 614.20 | 0.9445 | 0.1665 | 5.8700
Pr(111) 309.9393 [ 42.491 [ 4.6650 | 719.6289 | 3507.8974 | 23.7386 | 614.1919 | 0.9447 | 0.1666 | 5.8751
Pr(111):GSH 4 3089191 | 42.6463 | 4.6647 | 719.7688 | 3507.6683 | 23.7370 | 614.1518 | 0.9446 | 0.1665 | 5.8677
Pr(111):GSH:Mg(I1) 308.8794 | 42.6408 | 4.6641 | 719.9671 | 3507.2177 | 23.7340 | 614.0729 | 0.9445 | 0.1664 | 5.8590
Pr(111) 308.9483 [ 42.6503 | 4.6651 | 719.5982 | 3508.0004 | 23.7392 | 614.2099 | 0.9445 | 0.1666 | 5.8760
Pr(111):GSH 6 | 308.9506 | 42.6506 | 4.6652 | 719.3717 | 3508.0265 | 23.7394 | 614.2145 | 0.9443 | 0.1668 | 5.8930
Pr(I11):GSH:Mg(I1) 308.9109 | 42.6452 | 4.6646 | 719.5845 | 3507.5753 | 23.7364 | 614.1355 | 0.9444 | 0.1667 | 5.8832
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Table 2.4: Observed and computed values of energies (cm™) and RMS values of the different Pr(I11) complexation systems in different solvents

(DMF:H20, MeCN:H20) at pH 2, 4 and 6.

System pH | *Ha—>Eabs | °PoEcat | ®Ha—Eobs | *PiEcai | *Ha—Eons | *PoEcal | *Ha—Eons | 'DoEcai | RMS
1. CHsCN

Pr(l1) 22535.21 | 22481.42 | 21352.92 | 21270.34 | 20759.81 | 20708.13 | 16983.41 | 17153.70 | 101.72
Pr(l11):GSH 2 22534.70 | 22480.37 | 21352.82 | 21269.28 | 20758.95 | 20707.12 | 16981.39 | 17153.00 | 102.57
Pr(111):GSH:Mg(Il) 22533.18 | 22478.63 | 21350.64 | 21267.54 | 20757.65 | 20705.47 | 16979.95 | 17151.84 | 102.66
Pr(l) 22534.20 | 22479.77 | 21352.47 | 21268.73 | 20758.95 | 20706.70 | 16980.24 | 17152.62 | 102.98
Pr(l11):GSH 4 22528.10 | 22476.52 | 21349.27 | 21265.52 | 20756.79 | 20703.75 | 16978.51 | 17150.48 | 102.55
Pr(111):GSH:Mg(Il) 2252455 | 22476.36 | 21349.73 | 21265.66 | 20758.36 | 20704.38 | 16977.93 | 17150.50 | 102.65
Pr(l) 22533.18 | 22478.72 | 21351.55 | 21267.57 | 20757.22 | 20705.41 | 16979.95 | 17151.88 | 102.79
Pr(111):GSH 6 22522.02 | 22474.68 | 21349.27 | 21263.72 | 20755.50 | 20702.12 | 16977.93 | 17149.27 | 102.19
Pr(111):GSH:Mg(II) 22528.10 | 22474.30 | 21347.00 | 21263.02 | 20752.92 | 20700.91 | 16977.06 | 17148.89 | 102.68
2. DMF

Pr(l1) 22502.25 | 22434.29 | 21301.52 | 21225.65 | 20746.89 | 20670.36 | 16911.89 | 17123.38 | 123.45
Pr(111):GSH 2 22499.72 | 22433.26 | 21300.26 | 21224.56 | 20745.60 | 20669.24 | 16912.18 | 17122.67 | 122.82
Pr(111):GSH:Mg(Il) 22497.19 | 22432.06 | 21299.25 | 21223.37 | 20744.74 | 20668.14 | 16911.89 | 17121.87 | 122.43
Pr(lll) 22497.19 | 22431.47 | 21298.80 | 21222.82 | 20744.74 | 20667.71 | 16910.46 | 17121.50 | 123.05
Pr(111):GSH 4 22497.19 | 22430.81 | 21298.80 | 21221.97 | 20742.58 | 20666.56 | 16910.46 | 17120.98 | 122.89
Pr(111):GSH:Mg(Il) 22496.18 | 22429.12 | 21298.80 | 21219.97 | 20738.71 | 20664.15 | 16909.60 | 17119.73 | 122.90
Pr(111) 22498.20 | 22431.93 | 21298.35 | 21223.34 | 20745.60 | 20668.29 | 16910.75 | 17121.82 | 123.03
Pr(111):GSH 6 22494.15 | 22430.94 | 21295.63 | 21222.60 | 20746.89 | 20668.02 | 16911.03 | 17121.27 | 122.22
Pr(111):GSH:Mg(I1) 22493.65 | 22429.33 | 21294.27 | 21220.66 | 20743.01 | 20665.63 | 16911.03 | 17120.06 | 121.69
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Table 2.5: Observed and computed values of oscillator strength (P), and Judd-Ofelt (T,) parameters of the different Pr(I11) systems in aquated

organic solvents (DMF:H20, MeCN:H0) at pH 2, 4 and 6.

System SHy —°P, SHy —%Py $Hy — 3P *H; — D> T» T4 Ts
pH Pobs ‘ Peal Pobs ’ Peal Pobs ‘ Peal Pobs ‘ Peal

1. DMF
Pr(l1) 12.268 | 12.268 | 4.5578 | 3.3365 | 2.086 3.2896 | 3.851 |3.8507 |60.083 |9.1759 | 37.783
Pr(111):GSH 2 12.984 | 12.984 |5.0033 | 3.7175 | 2.398 3.6652 | 4.192 |4.1921 | 89.403 | 10.224 | 39.855
Pr(111):GSH:Mg(Il) 14529 | 14529 |6.5239 |4.7376 | 2.910 46711 |4.199 |4.1998 |-13.68 |13.031 |44.18
Pr(lll) 12.268 | 12.268 | 4.9338 | 3.6006 | 2.236 3.5501 |3.928 |3.9276 | 76.596 |9.9035 | 37.598
Pr(111):GSH 4 12.987 | 12.987 |5.3718 | 3.8781 | 2.351 3.8233 | 4.009 |4.0096 |47.136 |10.667 | 39.754
Pr(111):GSH:Mg(Il) 13.811 | 13.811 5.7194 | 4.2331 | 2.708 41725 |3.948 |3.9457 |-22.6 11.643 | 42.197
Pr(lll) 12.973 | 12,973 |5.3305 | 3.9699 | 2.573 3.9144 | 4.068 | 4.0683 | 61.66 10.919 | 39.636
Pr(111):GSH 6 13.995 | 13.995 | 5.9624 4,4592 | 2.915 4.3977 4141 | 41412 | 8.8547 | 12.267 | 42.639
Pr(111):GSH:Mg(Il) 14,382 | 14,382 | 6.5081 |4.8173 | 3.083 47503 |4.104 |4.1043 |-26.11 | 13.253 | 43.646




0.

System 3H, —3%P, SH, —%Py 3H; — 3Pg *H; — D; T> Ta Ts
pH Pobs Pcal Pobs Pcal Pobs Pcal Pobs Pcal
2. CH3CN
Pr(lll) 11.491 | 11.491 | 5.333 | 3.7222 | 2.078 | 3.0663 3.66 3.66 64.018 | 10.212 | 34.904
Pr(111):GSH 2 12.119 | 12.119 | 5.062 | 3.7077 | 2.316 | 3.6489 4.113 4,113 | 125.61 10.172 36.972
Pr(111):GSH:Mg(Il) 12.8948 | 12.895 | 6.359 | 4.5537 | 2.705 | 4.4817 4.465 4.465 | 151.78 12.495 38.895
Pr(I1) 11.564 | 11.564 | 4.242 | 2.9969 | 1.724 | 2.9494 | 3.5112 | 3.511 | 28.031 8.222 35.676
Pr(111):GSH 4 12.653 | 12.653 | 4.184 | 3.2534 | 2.286 3.202 3.7669 | 3.767 | 13.638 8.927 39.065
Pr(111):GSH:Mg(I1) 12.9855 | 12.985 | 5.346 | 3.9595 | 2.533 | 3.8973 | 3.9539 | 3.954 | 31.802 | 10.865 | 39.644
Pr(l) 11.1090 | 11.109 | 4.305 | 3.1602 | 1.983 3.11 3.3829 | 3.383 | 28.224 | 8.6706 | 34.068
Pr(I111):GSH 6 | 11.6443 | 11.644 | 4.473 | 43577 | 4.176 | 4.2887 | 2.2985 | 2.298 | -256.7 11.958 | 34.962
Pr(111):GSH:Mg(Il) 14,5290 | 14529 | 6.524 | 4.7404 | 2.910 | 4.6651 | 4.1998 | 4.110 | -16.01 13.009 | 44.121
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Fig. 2.1: Comparative absorption spectra of Pr(l11), Pr(111):GSH and Pr(111):GSH:Mg(Il)

in DMF at pH 2.
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Fig. 2.2: Comparative absorption spectra of Pr(l1l), Pr(111):GSH and Pr(111):GSH:Mg(ll)

in DMF at pH 4.
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Fig. 2.4: Comparative absorption spectra of Pr(l1l), Pr(111):GSH and Pr(111):GSH:Mg(ll)

in CH3CN at pH 2.
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CHAPTER 3

SPECTRAL ANALYSIS OF THE COMPLEXATION OF
Pr(111) WITH GSH IN THE PRESENCE AND ABSENCE OF
Mg(l1) IN DIFFERENT SOLVENTS AND KINETICS FOR
THE COMPLEXATION OF Pr(111):GSH WITH Mg(l1)

3.1 Introduction

In this chapter, we report a quantitative study on the absorption spectra of Pr(lI1l) ion and
its complexes with reduced glutathione (GSH) in the presence and absence of Mg(ll) in
four different aquated organic solvents (50% v/v) (Methanol:water, dioxane:water,
acetonitrile:water and DMF:water). Using the spectral absorption data of the intra-4f"
electronic transitions, the spectral properties of pseudohypersensitive transitions ((Hs—>Px,
3H4—3P1, *Hs—3Po and *Hs—'Dy) of Pr(lll) complexes with GSH and Mg(Il) were
investigated to understand the binding behaviour between Pr(111) and the ligand. We also
investigated the effect of Mg(ll) in the interaction of Ln(ll1) ion with GSH. The spectral
(energy interaction and intensity) parameters in the formation of lanthanide complexes
were measured by evaluating their values from the absorption spectra of the various 4f-4f
transitions of Pr(l11). The energy interaction parameters like Slater-Condon inter-electronic
repulsion parameters (Fk, k=2, 4, 6), Racah coulombic interaction parameters (E¥, k=2, 4,
6), Lande spin-orbital interactions (¢7), Nephelauxetic ratio (5), bonding parameter (b'/?),
per cent covalency (0) and the intensity parameters like oscillator strength (P) and Judd-

Ofelt intensity parameters T, (1=2, 4, 6) were computed and analysed to examine the
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coordination nature of the complexes formed by Pr(I11) with glutathione and Mg(ll). The
oscillator strengths were calculated and compared to their experimental values.
Furthermore, the reaction dynamics and thermodynamic properties for the complexation of
Pr(111) with GSH and Mg(ll) have been investigated using different computed parameters
like rate constant (k), activation energy (Ea), A (pre-exponential factor) and thermodynamic

parameters, AH®, AG®and AS? in different temperatures viz., 303K, 308K, 313K and 318K.

3.2 Experimental

All of the chemicals used in the experiments were of analytical grade. L-Glutathione
reduced (Ci0H17N3OsS, >98.0%, Sigma-Aldrich), Praseodymium nitrate hexahydrate
(Pr(NO3)3-6H20, 99.99%, Sigma-Aldrich), Magnesium nitrate  hexahydrate
(Mg(NOs)2.6H20, 97.0%, HiMedia). The solvents used are dioxane (CsHsOz), methanol
(CH30H), dimethylformamide (C3sH;NO) and acetonitrile (CH3CN). The solvents were
purchased from HiMedia and have a purity of 99.0%.

310 M concentration of Pr(111), Pr(111):GSH, and Pr(111):GSH:Mg(I1) were prepared

in aqueous solutions of dioxane, methanol, DMF and acetonitrile. For all the cases, the ratio
of organic solvent to water was 50:50 by volume. The UV-Visible solution study of Pr(l11)
and its complexes with GSH and Mg(Il) were carried out at pH 4. All UV-Visible spectra
of the prepared solutions were measured at ambient temperature using a Perkin Elmer
Lambda 365 UV/Vis spectrometer within a range of 400-650 nm. For Kinetics and
thermodynamic investigations, the UV-VIS spectra of the Pr(111):GSH:Mg(ll) complex are
recorded in DMF-water solvent at four different temperatures of 298K, 303K, 308K, 313K

and 318K.
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3.3 Methods

(a) Energy interaction parameters: Nephelauxetic Ratio, Bonding parameter, Slater-
Condon parameter, Lande’s parameter, Racah parameter and Percent covalency

The Nephelauxetic ratio (5), is described as the ratio of inter-electronic repulsion of the free
ion (f) and complex (c) and is linked with the Racah and Slater—Condon parameters [1,2].

F¢ Ec
'8— —

= —for Ea. 1
I3 K q
F, Ef

EXand Fx are the Racah and Slater-Condon parameters of the free ion and complex.

The bonding parameter (b*?) represents the degree of mixing of the ligand and 4f orbitals

and is correlated to the nephelauxetic effect (1- f) as

1— g2
pl/2 = [—2 'B] Eq. 2

The electrostatic interaction energy term, Eo, is calculated using the Slater radial integral,

also called the Slater—-Condon parameter, F,

k=6

E, = Z K*F, Eq. 3

k=0

Where KX is the angular coefficient
The Slater-Condon parameters (Fx) or also called direct-integrals are inversely related to K,

as shown by the relationship.

>

oo ©o k
T<
re= [ [ SRR Grerpanan Eq. 4
0 0
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Here r_ and r-, denotes the smaller and greater radii of ri and rj respectively; the ith and jth
electrons under examination are denoted i and j and R represent the 4f-radial wave function.
FXintegrals as redefined by Condon and Shortley [3] in relation to the reduced integral F

is

Combining the previous two equations (Eg. 4 and 5) gives the reduced Slater-Condon

integral:

1
k—Dk

T'
j j =y R? (r)RF (rrirfdrdr; Eq. 6
0 0
Where D, is the denominator and F;, is the coefficient of linear combination. F; is the
expected value of the scalar product (CfC¥).

E*t is a linear combination of F, given by Racah's energy interaction parameter

_ 70F, + 231F, + 20.02F;
N 9

F2_3F4+7F6

E? =
9

Eq. 7

5F2+6F4_9F6
3

3:

The spin-orbital interaction is perhaps the most important of the magnetic interactions, and
the energy associated with it Eso can be represented as

Eso=Aso E4f Eq 8

Aso, denotes the angular component of spin-orbital interactions; & denotes the radial

integral or Lande spin-orbit coupling constant. The variations in the parameters Fx and 4f
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under the impact of the solution matrix’s electric field are minor. As a result, Wong [4],

described E;j, the energy of the jth level as a first order approximation.
aE] 0E;
Ej(Fk' E‘l-f) EO] (Fk' f‘l-f) + F AFK aE4fAE4f qu

Here Ey; is the jth level's zero order energy. The values of Slater-Condon (Fx) and Lande
spin-orbit interactions (&) parameters are determined by Eq. 10 and 11.

Sap = fgf + ASyf Eq. 11

The difference between E;j value and the zero order, AEj, value is calculated as

OE; OE; Eq. 12
AE] = aTAFK + F Ale-f
k246 K 4f

The values of AFy, and A&, can be obtained by using the least square technique to solve
the above equation [4]. Using Eq. 10 and 11 the values of Fx (k=2,4,6) and &« are
calculated.

The percent covalency (6) is correlated to (1- ) (nephelauxetic effect) and is found out by

6 =[] x 100 Eq. 13

(b) Judd-Ofelt intensity parameters (T, A=2,4,6)

Theoretical calculations for the band intensities were done using Judd and Ofelt's
theoretical technique. The 4f-4f transition absorption spectra of Ln(l11) ions with a 4f" shell
structure are fundamentally electric dipole in nature and thus forbidden by principle. In
light of this, Judd and Ofelt demonstrated that admixture of 4f configurations with reverse
parity is possible due to crystal field potential, and that ground to excited multiplet

transitions are allowed by induced electric dipole. By applying the Judd-Ofelt theory [5,6],
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the oscillator strength, Pca, of the induced-dipole transition between 1J and '] states is

expressed as,

Pras = Too (FNI U (YT )? Eq. 14

where U% (1=2,4,6) are Carnall’s reduced matrix elements for Pr''' [7]. The Judd-Ofelt
intensity parameters, T, (1=2,4,6) are phenomenological parameters that describe the
intensity of the 4f electron transitions of lanthanides. The three quantities T», T4 and Te
connects the ground and final states (f¥J and fNvJ") through the squared reduced matrix
elements U*. The oscillator strength’s accuracy and the type of transitions employed in their
computation strongly influence the T, parameters. Even slight changes in the symmetry of
the complexes and coordination surrounding the Ln(I11) ion have a big impact on the T,
T4, and Te parameters.

The oscillatory strength is defined as the area under the absorption curve. This is given as

P=46x10? | S Emaxva Eq. 15

[orn
(n%+m)?

Where v, €,,4and n are wave number, molar extinction coefficient and refractive index
respectively.

The probability (P) of radiant energy absorption is associated with the observed intensity
of an absorption band. The oscillator strength (P) describes the strength of the electronic
transitions and may be evaluated theoretically or experimentally from the absorption
spectrum. Using the following expression, the experimental oscillator Strength (Pobs) values
of the absorption bands are calculated

Pobs =46 X 10_9X Emaxvl/z Eq 16

Where 7y, is the half bandwidth
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Using the value of Poys and reduced matrix elements U“[7], the Judd-Ofelt intensity
parameters T2, T4 and Te can be calculated from the following expression,

% = [(U?)2.To+ [U2]2.T4+[U?]2.Ts Eq. 17

Where, v = energy transition and U = matrix element

(c) Theory of reaction dynamics and thermodynamics
Using the Arrhenius reaction rate equation, the activation energy (Ea) for the complexation
of Pr(111) with glutathione and Mg(ll) in DMF:water was found out by plotting log k (k=

rate constant) against 1/T.

E, 1
2.303RT Eq. 18

logk = logA —

Here the pre-exponential factor is represented by ‘4’ which is related to the frequency of
collisions and orientation probability of collisions for the reaction. The reaction rate (k) can
be calculated from the Activation energy (Ea). The activation energy (Ea) is calculated using
the slope as,

Ea = slope X 2.303 X R Eg. 19

The thermodynamic parameters (AH®, AG®, AS?) for the complexation are calculated using

the Van’t Hoff plot of log k vs 1/Tx 103

Eq. 20
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3.4 Results and Discussions

Fig. 3.1 to 3.4 represents the comparative absorption spectra of the different 4f-Af
transitions for Pr(111), Pr(111):GSH and Pr(111):GSH:Mg(1l) in different solvents in the UV-
Vis region. From the figure, it is clearly visible that the band intensity varies in the presence
of the ligands. It is found that the intensity of the 4f-4f transition bands enhances with a
minor red shift when GSH is added to Pr(Il1l) aqua ion, and further increases on adding
Mg(ll) to the Pr(I11):GSH complex. This illustrates the possibility of the interaction
between Pr(111), GSH and Mg(ll) in solution. The enhancement in the intensities of the 4f-
4f bands upon adding GSH to Pr(111) is possibly because of the interaction that takes place
between Pr(I11) and GSH due to the affinity of the hard metal ion, Pr(l11) for the binding
sites of GSH. It is likely that the stronger peaks in the presence of Mg(ll) are because of
their tendency to interact with the binding sites of GSH and its subsequent complexation

resulting in the formation of a heterobimetallic Pr(111):GSH:Mg(Il) complex in solution [8].

Table 3.1 presents the computed values of the energy interaction parameters, Slater-
Condon factor (Fx), Lande spin-orbit interactions (&), Racah (E¥), Nephelauxetic ratio (5),
bonding (b*?), and percent covalency () parameter of Pr(lll), Pr(111):GSH and
Pr(I11):GSH:Mg(Il) complex in 50% (v/v) agueous solutions of CH3OH, C4HsO2, CH3CN
and DMF. The value of Fx (k=2,4,6), E¥ (k=2,4,6) and Lande (&) parameter decreases
slightly as complexation continues with the addition of GSH and Mg(I1) to Pr(l11). Because
Fx and EX are inter-related, hence any change in the values of EX corresponds proportionately
to the variations in the values of Fx. The marginal decrease in Fx and & values increases
the bonding parameter (b'?) and percent covalency (J) values indicating the shortening of
distance in the metal-ligand bond. In all of the lanthanide systems in the different solvents,
the values of nephelauxetic ratio are found to be less than 1 and the b2 and ¢ values are

both positive which suggests the possible involvement of the 4f orbitals of Pr(lll) in
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coordinate covalent bond between the metal ion and ligand when complexation takes place
in solution [9,10]. The slight variation in the bonding parameter values also implies that the
4f orbitals are only partly involved in the Ln(l11) complex bond formation. However, when
compared to other solvents, the values of bY? and ¢ are shown to be maximum in
DMF:water, indicating that complexation between Pr(l11) and the ligand is favoured more
in this solvent. The RMS (root mean square deviation) value represents the accuracy of the
computed energy parameters. The values of the energy parameters vary in different
solvents, suggesting that the solvents also have their contribution to the values of energy

parameters.

In Table 3.1 and 3.2 we see the computed spectral parameters of Pr(l11), Pr(111):GSH
and Pr(111):GSH:Mg(ll) in aquated solvents of CH3OH, CsHgO,, CH3CN and DMF. The
effect of the solvent on the interaction between Pr(111) ion and GSH in the presence and the
absence of Mg(ll) is clear from the computed parameter values where the greatest
enhancement is observed in aquated DMF solvent implying that it is the most favourable
solvent for complexation. The values of oscillator strength are also found to be highest in
DMF solvent. The intensity of the 4f bands is proportional to the degree of symmetry
distortion in the solvated Pr(111) ion. DMF being a stronger oxygen donor than the other
solvents is able to replace the nitrate ions from the solvated species more effectively,
enhancing the 4f-4f transition intensity of the lanthanide [11]. DMF is also responsible for
penetrating the hydration sphere and altering the field strength and symmetry around
Pr(I11), rendering transitions that were forbidden due to symmetry to be allowed resulting
in a stronger 4f-4f band than that of other solvents [12]. For the organic solvents, the
sensitivity order of 4f-4f band intensities is as follows DMF>CH3;CN>C4HsO>>CH3OH.
This indicates that, of all the organic solvents, DMF has the greatest influence in the

formation of complex in solution.
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The comparative data of oscillator strengths (P) and Judd-Ofelt intensity parameters
(T2, T4 and Te) of the 4f-Af transitions of Pr(Ill), Pr(l11):GSH and Pr(l11):GSH:Mg(ll)
systems in different solvents are reported in Table 3.2. The computed intensity parameters
were used to analyse the various 4f transition peaks of the lanthanide systems in different
solvents. The variations in the values of the evaluated oscillator strengths of the pseudo-
hypersensitive transition and the corresponding values of Judd-Ofelt parameters T, (1=2, 4,
6) could reveal the binding characteristics of Pr(lll) with GSH. As the intensities of the
absorption peaks for the pseudohypersensitive transitions of Pr(lll) increases, their
oscillator strength and T, values also increase. It is evident from the table that the values of
P and T, T4 and Te increases when glutathione is added to Pr(111) and Mg(ll) is added to
the Pr(I11):GSH complex. The increase in the values of these parameters suggests the
possibility of binding between GSH and Pr(l1l) and the involvement of Mg(ll) in the
formation of the multimetal complex. The T2 values are occasionally found to be negative
and hence ignored which may be because of the fact that the hypersensitive transition,
3Hs—3F; is beyond the UV-Visible range [8]. T+ and T values on the other hand are greater
than zero and thereby applicable in the Judd-Ofelt theory of 4f-4f transitions. Significant
changes in the Tsand Te values suggests a change in symmetry of the Pr(I11) and its complex
systems as well as changes in their immediate coordination environment. Judd [13]
attributed the hypersensitivity of lanthanide ions to changes in the symmetry of its
environment [14]. Based on the evaluated Judd-Ofelt intensity parameter values, Te value
is found to be the most significant parameter, with the following order Te> T4> To. Higher
values of oscillator strength (P) and their corresponding T; values indicate inner-sphere
complexation while lower values of oscillator strength and T, indicate outer-sphere
complexation. The changes in values of intensity parameters (Table 3.2) are regarded as

strong evidence for the participation of GSH in inner-sphere coordination with Pr(l11).
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Solution absorption spectral analysis of the 4f transitions to probe the kinetics of
Pr(I11):GSH:Mg(I1) complex formation were carried out in DMF:water (50% v/v) solvent
at four different temperatures (303K, 308K, 313K and 318K) with a time interval of two
hours. The absorption spectra of Pr(111):GSH:Mg(ll) in DMF at 303K and 308K at different
hours given in Fig. 3.5 and Fig. 3.6 shows that the intensity of its 4f transitions gradually
increases over time. The values of oscillator strengths (P x 10°) and Judd-Ofelt parameters
(T») of the transitions for the formation of the complex at different temperatures (303K,
308K, 313K, 318K ) are shown in Table 3.3, 3.4, 3.5 and 3.6. The intensity parameter (P
and T,) values are found to increase with time and temperature suggesting an increase in
the rate of complexation. The observed rate (k) values were evaluated on the basis of
complex formation during the reaction process. The rate constant was calculated from the
plots of Poss value of *Hs —3P; transition of Pr(I111) complex with GSH and Mg(lI) vs time
(hr) for the different temperatures (Fig. 3.7). Tables 3.7 and 3.8 give the evaluated values
of the rate constants (k), pre-exponential factor (A) activation energy (Ea) and the
thermodynamic parameters, AH?, AG® and AS° for Pr(111):GSH:Mg(ll) complexation in
DMF:water at temperatures of 303K, 308K, 313K and 318K. The activation energy (Ea)
and thermodynamic parameters (AH®, AG® and AS®) were evaluated using the Van't Hoff
plot (log k vs 1/T) (Fig. 3.8). This method allows us to investigate the chemical dynamics
and predict the thermodynamic nature of the complexation of Pr(111) with GSH and Mg(ll)
ligand by evaluating the different kinetic and thermodynamic parameters (Table 3.7 and
3.8). From the data obtained, it is evident that the rate of complexation increases with
increasing temperature in the tune with Arrhenius prediction. The positive values of
enthalpy (AH?) reveal that the reaction system is endothermic in nature, the negative value
of (AGP) predicts the spontaneity of the reaction process as well as the favourable nature of

the reaction in solution; the low value of entropy (AS°) signifies the possibility of the
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formation of complexes in solution. The positive value of ‘A’ substantiates the formation

of complexes in solution.

*The work presented in this chapter has been published in Journal of the Indian Chemical

Society, 98, 100232, 2021.
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Table 3.1: Computed values of the energy interaction parameters: Slater-Condon factor Fx (cm™), Lande spin-orbit interaction & (cm™), Racah
EX, Nephelauxetic ratio (5), bonding (b'?) and percent covalency (o) parameter of Pr(l1l) and its complexes in 50% (v/v) aquated solvents of

CH30H, C4HsO,, CH3CN and DMF.

88

System E F4 Fe | & | FE E? E2 | B | b | & |RMS
1. CH3OH
Pr(1ll) 309.3796 | 42.7099 | 4.6716 | 722.2858 | 3512.8971 | 23.7724 | 615.0673 | 0.9470 | 0.1628 | 5.5998 | 101.40
Pr(111):GSH 309.3703 | 42.7086 | 4.6715 | 722.2422 | 3512.7913 | 23.7717 | 615.0487 | 0.9469 | 0.1629 | 5.6046 | 101.74
Pr(111):GSH:Mg(11) | 309.3617 | 42.7074 | 4.6714 | 722.1451 | 3512.6943 | 23.7710 | 615.0318 | 0.9468 | 0.1630 | 5.6134 | 101.41
2. Dioxane
D) 309.3819 | 42.7102 | 4.6717 | 722.3167 | 3512.9230 | 23.7726 | 615.0718 | 0.9470 | 0.1628 | 5.5971 | 102.05
Pr(111):GSH 309.3615 | 42.7073 | 4.6714 | 722.1341 | 3512.6911 | 23.7710 | 615.0312 | 0.9468 | 0.1630 | 5.6143 | 102.29
Pr(111):GSH:Mg(11) | 309.3509 | 42.7059 | 4.6712 | 721.9863 | 3512.5711 | 23.7702 | 615.0102 | 0.9467 | 0.1632 | 5.6273 | 102.05
3. CHsCN
Pr(1ll) 309.3819 | 42.7102 | 4.6717 | 722.3167 | 3512.9230 | 23.7726 | 615.0718 | 0.9470 | 0.1628 | 5.5971 | 102.05
Pr(111):GSH 309.3739 | 42.7091 | 4.6715 | 722.2760 | 3512.8328 | 23.7719 | 615.056 | 0.9470 | 0.1629 | 5.6015 | 102.10
Pr(111):GSH:Mg(11) | 309.3087 | 42.7001 | 4.6706 | 722.2861 | 3512.0927 | 23.7669 | 614.9264 | 0.9469 | 0.1630 | 5.6113 | 101.90
4. DMF
Pr(lIl) 309.3625 | 42.7075 | 4.6714 | 722.2902 | 3512.7032 | 23.7711 | 615.0333 | 0.9469 | 0.1629 | 5.6022 | 101.60
Pr(111):GSH 309.3224 | 42.7020 | 4.6708 | 721.5840 | 3512.2477 | 23.7680 | 614.9536 | 0.9464 | 0.1637 | 5.6627 | 98.89
Pr(111):GSH:Mg(11) | 309.3013 | 42.6990 | 4.6704 | 721.7151 | 3512.0076 | 23.7664 | 614.9115 | 0.9465 | 0.1636 | 5.6562 | 98.66




68

Table 3.2: Observed and computed values of oscillator strengths (Px10°) and Judd-Ofelt (T;x10%°) parameters of Pr(l11) and its complexes in 50%

(v/v) aquated solvents of CH3sOH, C4HgO2, CH3CN and DMF.

SHs —°%P, SH4 —°P; SHs — 3Po SHs — D2
System Pobs ‘ Peal Pobs ’ Peal Pobs | Peal Pobs ‘ Peal T2 T4 Te
1. CH:0OH
Pr(l1) 11.5837 | 11.5837 | 4.2559 3.1196 | 1.9531 | 3.0721 | 3.1227 | 3.1227 | -61.76 | 8.5634 | 35.662

Pr(111):GSH 12.1616 | 12.1616 | 4.6909 3.3651 | 2.0083 | 3.3139 | 3.5806 | 3.5806 | 3.2421 | 9.2372 | 37.378
Pr(l11):GSH:Mg(ll) | 12.2117 | 12.2117 | 4.9854 3.5617 | 2.1055 | 3.5075 | 3.7983 | 3.7983 | 48.634 | 9.7769 | 37.398
2. Dioxane

Pr(l1l) 11.5647 | 11.5647 | 4.2428 2.9969 | 1.7245 | 2.9494 | 35112 | 3.5112 | 28.031 | 8.2222 | 35.676

Pr(l11):GSH 11.9831 | 11.9831 | 4.3354 3.2952 | 2.2208 3.2451 | 3.6192 | 3.6192 | 23.928 | 9.0454 | 36.844
Pr(111):GSH:Mg(Il) | 12.9070 | 12.9070 | 4.6872 3.5168 | 2.3106 | 3.4632 | 3.6285 | 3.6285 | -35.23 | 9.6535 | 39.709
3. CH3:CN

Pr(l1) 11.5647 | 11.5647 | 4.2428 | 2.9969 1.7245 | 2.9494 3.5112 | 3.5112 | 28.031 8.2222 | 35.676

Pr(l111):GSH 12.5642 | 12.5642 | 4.1921 | 3.2253 2.1974 | 3.1202 3.6438 | 3.6438 | 13.572 | 8.8165 | 38.023
Pr(111):GSH:Mg(Il) | 12.9854 | 12.9854 | 5.3378 | 3.9275 2.5618 | 3.9132 3.9697 | 3.9697 | 31.821 | 10.872 | 39.673
4. DMF

Pr(I1) 12.2678 | 12.2678 | 4.9338 | 3.6006 2.2356 | 3.5501 | 3.9276 | 3.9276 | 76.596 9.9035 | 37.598

Pr(I11):GSH 12.8892 | 12.8892 | 5.3685 | 3.8697 2.3495 | 3.8120 | 4.0089 | 4.0089 | 47.128 10.576 | 38.731

Pr(111):GSH:Mg(ll) | 13.7526 | 13.7526 | 5.6852 | 4.1783 2.6872 | 4.1543 | 3.8536 | 3.8536 | -22.4 11.422 | 41.278
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Table 3.3: Observed and calculated oscillator strengths (P x 10°) and Judd-Ofelt intensity parameters (T, x 10%°) parameters for Pr(111):GSH:Mg(I1)

complex at 303K (30 °C) at different hours.

Time 3H4—> 3P2 3H4—> 3P1 3H4—> 3Po 3H4—> 1D2
(in hr) Pobs Pcal Pobs Pcal Pobs Pcal Pobs Pcal T2 T4 Ts
0 1.0505 1.0505 0.4108 0.3529 0.2905 0.3475 0.3173 0.3173 1.9273 0.9689 3.184
2 1.0551 1.0551 0.413 0.2987 0.1817 0.2942 0.423 0.423 25.759 0.8202 3.2389
4 1.0691 1.0691 0.4388 0.3241 0.2062 0.3192 0.4497 0.4497 30.818 0.8899 3.2662
6 1.0844 1.0844 0.5005 0.367 0.23 0.3614 0.4908 0.4908 38.996 1.0077 3.2846
8 1.0895 1.0895 0.4767 0.3521 0.2239 0.3467 0.5501 0.5501 52.166 0.9666 3.3125
10 1.0959 1.0959 0.4971 0.3658 0.2308 0.3602 0.5642 0.5642 54.896 1.0042 3.3233
12 1.1020 1.1020 0.4941 0.3649 0.232 0.3593 0.542 0.542 49.447 1.0018 3.344
14 1.1101 1.1101 0.4991 0.3682 0.2336 0.3626 0.5588 0.5588 52.722 1.0109 3.368
16 1.1141 1.1141 0.4957 0.3672 0.2349 0.3615 0.5309 0.5309 46.134 1.008 3.3821
18 1.1748 1.1748 0.4692 0.3595 0.246 0.354 0.581 0.581 53.545 0.987 3.5867
20 1.1349 1.1349 0.4692 0.3595 0.246 0.354 0.581 0.581 56.163 0.987 3.4558
22 1.1451 1.1451 0.4835 0.3612 0.2352 0.3557 0.5459 0.5459 47.528 0.9917 3.4881
24 1.1552 1.1552 0.4854 0.3678 0.2464 0.3622 0.5472 0.5472 47.149 1.0098 3.5163
26 1.1631 1.1631 0.4845 0.3686 0.2487 0.3629 0.5352 0.5352 43.907 1.0119 3.5414
28 1.1761 1.1761 0.5031 0.3816 0.2561 0.3758 0.5526 0.5526 46.951 1.0477 3.5747
30 1.1863 1.1863 0.5355 0.3994 0.2592 0.3933 0.5192 0.5192 38.657 1.0965 3.5951
32 1.2164 1.2164 0.5358 0.398 0.2561 0.3919 0.545 0.545 42.534 1.0926 3.6948
34 1.2344 1.2344 0.5435 0.4032 0.2589 0.397 0.5196 0.5196 35.589 1.107 3.7496
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Table 3.4: Observed and calculated oscillator strengths (P x 10%) and Judd-Ofelt intensity parameter (T, x 10°) parameters for Pr(111):GSH:Mg(I1)

complex at 308K (35 °C) at different hours.

Time 3H4—> 3P2 3H4—> 3P1 3H4—> 3Po 3H4—> 1D2
(in hr) Pobs Pcal Pobs Pcal Pobs Pcal Pobs Pcal T2 T4 Ts
0 1.0060 1.0060 0.3244 0.2373 0.1479 0.2336 0.2578 0.2578 -8.285 0.6513 3.122
2 1.0141 1.0141 0.346 0.2513 0.1543 0.2475 0.2689 0.2689 -6.352 0.6899 3.1382
4 1.0183 1.0183 0.346 0.2513 0.1543 0.2475 0.2689 0.2689 -6.627 0.6899 3.1519
6 1.0316 1.0316 0.346 0.2513 0.1543 0.2475 0.2689 0.2689 -7.504 0.6899 3.1958
8 1.0364 1.0364 0.3559 0.2631 0.1677 0.2591 0.2891 0.2891 -3.293 0.7222 3.2029
10 1.0476 1.0476 0.3659 0.2689 0.1692 0.2648 0.2996 0.2996 -1.649 0.738 3.2353
12 1.0524 1.0524 0.3559 0.2631 0.1677 0.2591 0.2891 0.2891 -4.34 0.7222 3.2552
14 1.0683 1.0683 0.3958 0.2912 0.1838 0.2868 0.3062 0.3062 -1.595 0.7994 3.2867
16 1.0731 1.0731 0.3759 0.2837 0.1886 0.2794 0.3112 0.3112 -0.743 0.7788 3.3079
18 1.0679 1.0679 | 0.4058 0.3011 0.1935 0.2965 0.3263 0.3263 4.2709 0.8266 3.2127
20 1.1550 1.1550 0.4025 0.2826 0.1603 0.2783 0.427 0.427 20.135 0.7758 3.5769
22 1.1785 1.1785 0.4324 0.3552 0.2737 0.3497 0.4119 0.4119 14.93 0.9749 3.601
24 1.2057 1.2057 0.4091 0.3517 0.2899 0.3464 0.4235 0.4235 15.786 0.9655 3.6925
26 1.2189 1.2189 0.4423 0.4095 0.3709 0.4032 0.5192 0.5192 36.407 1.124 3.6934
28 1.2385 1.2385 0.4387 0.3739 0.3045 0.3682 0.635 0.635 61.479 1.0264 3.7838
30 1.2403 1.2403 0.462 0.3856 0.3045 0.3797 0.6401 0.6401 62.466 1.0584 3.781
32 1.2544 1.2544 0.4819 0.3881 0.2899 0.3822 0.6562 0.6562 65.185 1.0654 3.8253
34 1.2585 1.2585 0.4885 0.3964 0.2996 0.3904 0.6864 0.6864 71.734 1.0881 3.8327
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Table 3.5: Observed and calculated oscillator strengths (P x 10%) and Judd-Ofelt intensity parameter (T, x 10°) parameters for Pr(111):GSH:Mg(I1)

complex at 313K (40°C) at different hours.

Time 3H4—> 3P2 3H4—> 3P1 3H4—> 3Po 3H4—> 1D2
(in hr) Pobs Pcal Pobs Pcal Pobs Pcal Pobs Pcal T2 T4 Ts
0 0.9307 0.9307 0.3775 0.2787 0.1771 0.2744 0.4034 0.4034 29.483 0.765 2.845
2 1.0032 1.0032 0.403 0.293 0.1802 0.2885 0.4176 0.4176 27.902 0.8042 3.0721
4 1.0743 1.0743 0.4694 0.3359 0.1994 0.3308 0.4688 0.4688 34.714 0.9222 3.2736
6 1.0923 1.0923 0.518 0.3679 0.2145 0.3623 0.4863 0.4863 37.38 1.01 3.309
8 1.1072 1.1072 0.5299 0.3795 0.2257 0.3738 0.5149 0.5149 42.847 1.0418 3.3492
10 1.1350 1.1350 0.5038 0.3648 0.2224 0.3592 0.4836 0.4836 33.998 1.0014 3.4513
12 1.1579 1.1579 0.5406 0.3889 0.2336 0.383 0.5485 0.5485 47.111 1.0675 3.5087
14 1.1596 1.1596 0.549 0.3951 0.2376 0.3891 0.557 0.557 48.9 1.0846 3.5095
16 1.1724 1.1724 0.5589 0.4015 0.2403 0.3954 0.5701 0.5701 51.014 1.102 3.547
18 1.1868 1.1868 0.5639 0.4056 0.2435 0.3994 0.5879 0.5879 54.1 1.1134 3.5909
20 1.1946 1.1946 0.5832 0.4209 0.2547 0.4145 0.6466 0.6466 66.831 1.1554 3.6055
22 1.1981 1.1981 0.6 0.4333 0.2626 0.4267 0.6829 0.6829 74.771 1.1895 3.6078
24 1.2025 1.2025 0.6246 0.4517 0.2746 0.4448 0.7193 0.7193 82.685 1.24 3.6085
26 1.2193 1.2193 0.636 0.453 0.2658 0.4461 0.7468 0.7468 87.809 1.2435 3.6627
28 1.2344 1.2344 0.6351 0.4508 0.2625 0.444 0.7358 0.7358 84.329 1.2376 3.7137
30 1.2327 1.2327 0.6621 0.4722 0.2779 0.465 0.7666 0.7666 91.35 1.2961 3.6926
32 1.2536 1.2536 0.6914 0.4936 0.2913 0.4861 0.8254 0.8254 103.22 1.3548 3.7454
34 1.2626 1.2626 0.7441 0.531 0.3129 0.5229 0.9028 0.9028 120.04 1.4575 3.7476
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Table 3.6: Observed and calculated oscillator strengths (P x 10°) and Judd-Ofelt intensity parameter (T,x 10%°) parameters for Pr(111):GSH:Mg(II)

complex at 318K (45°C) at different hours.

Time 3H4—> 3P2 3H4—> 3P1 3H4—> 3Po 3H4—> 1D2
(in hr) Pobs Pcal Pobs Pcal Pobs Pcal Pobs Pcal T2 T4 Ts
0 0.9706 0.9706 0.4008 0.2903 0.1771 0.2859 0.2669 0.2669 -4.09 0.7969 2.9673
2 1.0431 1.0431 0.403 0.2937 0.1817 0.2893 0.3726 0.3726 15.096 0.8063 3.2024
4 1.0611 1.0611 0.4056 0.3017 0.1949 0.2971 0.4003 0.4003 20.174 0.8283 3.2555
6 1.0644 1.0644 0.4008 0.2925 0.1815 0.2881 0.3397 0.3397 6.2549 0.8029 3.2729
8 1.0791 1.0791 0.4103 0.3048 0.1964 0.3002 0.3487 0.3487 7.291 0.8368 3.312
10 1.0959 1.0959 0.4306 0.3202 0.2065 0.3153 0.3628 0.3628 9.3301 0.8789 3.3558
12 1.1340 1.1340 0.4509 0.3441 0.2336 0.3388 0.3657 0.3657 7.4146 0.9445 3.463
14 1.1540 1.1540 0.4758 0.3574 0.2353 0.3519 0.4077 0.4077 15.573 0.981 3.5189
16 1.1565 1.1565 0.4957 0.3589 0.2187 0.3534 0.4302 0.4302 20.496 0.9852 3.5259
18 1.1644 1.1644 0.5024 0.3777 0.2492 0.372 0.4148 0.4148 16.439 1.0369 3.5381
20 1.1869 1.1869 0.515 0.3851 0.2514 0.3793 0.4233 0.4233 16.852 1.0572 3.6063
22 1.2054 1.2054 0.5339 0.3953 0.2528 0.3893 0.4465 0.4465 20.877 1.0852 3.6595
24 1.2110 1.2110 0.5581 0.407 0.2519 0.4008 0.4675 0.4675 25.229 1.1171 3.6693
26 1.2201 1.2201 0.5629 0.4145 0.2621 0.4082 0.4904 0.4904 29.789 1.1379 3.6935
28 1.2315 1.2315 0.5653 0.4191 0.2687 0.4127 0.5036 0.5036 32.018 1.1504 3.7275
30 1.2524 1.2524 0.587 0.4318 0.2724 0.4252 0.5656 0.5656 44.659 1.1853 3.7867
32 1.2665 1.2665 0.6165 0.4553 0.2897 0.4484 0.6304 0.6304 58.343 1.2499 3.8156
34 1.2863 1.2863 0.6311 0.4726 0.3093 0.4654 0.66 0.66 63.695 1.2974 3.8679
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Fig. 3.1: Comparative absorption spectra of Pr(111), Pr(I11):GSH and Pr(111):GSH:Mg(l1)
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Fig. 3.2: Comparative absorption spectra of Pr(l11), Pr(111):GSH and Pr(111):GSH:Mg(I1)

in CHsCN.
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Fig. 3.5: Comparative UV-Vis absorption spectra of Pr(I11):GSH:Mg(Il) complex in

DMF at 303K at different hours.

0.045

0.040

0.035

0.030 -

0.025

0.020

Absorbance

0.015

0.010

0.005

0.000

T T T
450 500 550 600
wavelength (nm)

Fig. 3.6: Comparative UV-Vis absorption spectra of Pr(111):GSH:Mg(ll) complex in

DMF at 308K at different hours.
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Table 3.7: Rate constants at different temperatures (303K, 308K, 313K, 318K ) and

activation energy (Ea) of Pr(111):GSH:Mg(l1).

Temperature UTK™1x Rate Rate Pre- Activation
(K) 108 Constant ~ Constant (k) exponential Energy Ea
(KymolL- molL?S?  factor (A) (kJmol™?)
1hr-1
303 3.3557 0.0061 1.6940
1.0476
308 3.3003 0.0069 1.9030 1.0291
0.0107
313 3.2468 0.0071 1.9630 0.9753
318 3.1949 0.0076 2.1090 1.0180

Table 3.8: Thermodynamic parameters (AH®°, AG® and AS°) of Pr(111):GSH:Mg(ll)

complexation at different temperatures.

Temperature (K) AHP AG° AS®
(kJ mol?) (kJ mol?) (J K mol?)
303 -1.3270 0.0044
308 -1.6470 0.0054
313 0.0107 -1.7550 0.0056
318 -1.9710 0.0062
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CHAPTER 4

SPECTRAL ANALYSIS OF THE COMPLEXATION OF
Nd(I11) WITH GSH IN THE PRESENCE AND ABSENCE OF
Mg(l1) AT DIFFERENT pH

4.1 Introduction

Lanthanides are actively used as probes in biochemical investigations, and as such,
lanthanide coordination chemistry in solution is instrumental for understanding the basis of
lanthanide application in biological systems [1-3]. One of the primary reasons for this is
the ability of lanthanide ions to replace metal ions like Ca(ll) due to their isomorphous
character [4]. Such isomorphous substitution is greatly useful as it allows the Ln(l11) ion to
mimic Ca(ll) thereby enabling us to study the role of Ca(ll) in biomolecular interactions
through spectroscopic analysis of the lanthanide. A good number of research in this area
has been carried out. Moaienla et al. studied the binding interactions of neodymium with
selected amino acids and Ca(ll) through comparative 4f-4f transition spectra by employing
intensity and energy parameters [5]. Similarly, Bendangsenla et al. have used the spectral
intensity and energy parameters for analysing the binding behaviour of praseodymium ion
with adenosine and Adenosinetriphosphate (ATP) through 4f-4f absorption
spectrophotometry [6]. The hypersensitive transitions of lanthanides have been used in such
studies of lanthanide systems. The Laporte selection rule forbids electric-dipole (ED)
transitions (such as f-f transitions) with electronic states of the same parity. However, under
the influence of a ligand field, lanthanide ions generate non-centrosymmetrical interactions

which allow electronic states of the opposite parity (4f"15d* configuration) to mix with 4f"
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configuration. This relaxes the selection rules and allows the transitions to take place. Such
transitions bearing odd parity are called induced ED transitions. Although the 4f-Af
transitions of lanthanides are little affected by their environment because of the shielding
effect, some of the induced ED transitions are extremely sensitive to even small changes in
the Ln(11) ion’s environment. These transitions are denoted “hypersensitive” transitions
and they obey the electric quadrupole selection rules (AS = 0, |AJ] < 2 and |AL| < 2).
However, in contrast to the quadrupole transitions, the intensity of hypersensitive
transitions is found to show significant variations with change in the ligand environment.
Hence, they are also called “pseudo-quadrupolar” transitions. The energies and intensities
of hypersensitive transitions are greatly enhanced by the local environment in comparison
to normal 4f-4f transitions and is more intense in complexed Ln(111) ion than in free Ln(111)
ionic state. Although the phenomenon of hypersensitivity has been explained through a
number of studies, no widely accepted theory exists [7]. Some of the prominent proposed
mechanisms include molecular vibrations [8], covalency between lanthanide and ligand [9],
ligand polarization [10] and ligand to metal charge transfer (LMCT) [11]. It is fair to
assume that a variety of factors influence hypersensitivity and it cannot be correlated to a
single parameter.

Comparative 4f—4f absorption spectroscopic analysis is a highly effective
technique for studying the interactions of lanthanide ions with biomolecules. This chapter
discusses the computed energy interaction parameters for Nd(l11) and its complexes with
GSH and Mg(Il) in various aqueous organic solvents (50% v/v). We have also investigated
the binding interactions of Nd(I11) with GSH and Mg(ll) at pH 2, 4 and 6 in DMF:Water
solvent. This chapter focuses on the sensitivity of the hypersensitive and
Pseudohypersensitive transitions (*lo,—*Gs/2 and *loz—*Gr12, *lorz—*Fr12, *lorz—*Fs12, and

*las—*F312) of Nd(I11) ion in solution form. The energy interaction parameters like Slater-

100



Condon (Fk, k = 2, 4, 6), Lande spin-orbit interaction (&), Racah (E¥), nephelauxetic ratio
(), bonding parameter (b'/?) and percent covalency (§) have been computed and evaluated

to analyse the binding interaction of Nd(I11) with GSH and Mg(ll).

4.2 Experimental

L-Glutathione reduced (C10H17N306S, >98.0%) and Praseodymium trinitrate hexahydrate
(Pr(NO3)3-6H20, 99.99%) were obtained from Sigma-Aldrich. Dioxane (CsHsOy),
methanol (CH3OH), dimethylformamide (C3H;NO) and acetonitrile (CH3CN) were
purchased from HiMedia.

Aqueous organic solutions (50% v/v) of Nd(I11), Nd(I11):GSH, and Nd(I11):GSH:Mg(Il)
were prepared in different solvents (methanol, dioxane, acetonitrile and DMF) at a
concentration of 3 mmol. The pH of the solution was maintained at 2, 4 and 6 and the UV-
Vis spectra of the test solutions were recorded at 298K temperature using a Shimadzu UV-

2600i spectrophotometer in the range of 400-900 nm.

4.3 Methods

Energy interaction parameters

The nephelauxetic effect refers to electron cloud expansion and is also considered the
measure of covalent character of the metal-ligand interaction. The Nephelauxetic ratio (5)
is associated with the electrostatic interactions between the electrons and its value can be
obtained by dividing the Racah (E¥) and Slater-Condon (Fx) parameters of the free ion (f)

and complex (c) [9,12].

Eq. 1
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The 4f orbitals of the lanthanides are known to take part in chemical bonding. The bonding
parameter (b'?) expresses the degree to which the 4f and the ligand orbitals are mixed. The
bonding parameter and nephelauxetic effect are correlated and is represented by the

following equation

1/2

1 —_
pl/? = [—2 ﬁ] Eq. 2

The tripositive lanthanide ions have an electronic configuration of [Xe]4fN. The 4f
configuration of Ln(111) and their corresponding energy levels vary distinctly. The energies
of these states can be attributed to magnetic and electrostatic interactions that occur
between electrons of the 4f orbital. The Slater radial integral, also known as the Slater-
Condon parameter, Fy, is used to calculate the electrostatic interaction which is in energy

term, Ep as,

k=6

E, = Z K*F, Eg. 3

k=0

Where KX denotes the angular coefficient
The Slater-Condon parameters Fx (k=2,4,6) represents the interelectronic repulsion

interactions and are a decreasing function of K, as defined by the following relation

oo o k
T.
re= [ [ = RGOR G dny Eq.4
0 0

>

Where r. and r., represents the lesser and greater radii of r; and r; for the f-electrons
respectively; R is the 4f-radial wave function and i and j are the ith and jth electrons under
evaluation. The F¥integrals were revised by Condon and Shortley in terms of the reduced
F« integrals [13]. These integrals are correlated and is given as
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The reduced Slater-Condon integral is obtained by combining Egs. 4 and 5:

1
Fy = D,

T‘
f f —= R ()R} (r))rirf drdr; Eq. 6
T‘
0 0
Where D, and F; are the denominator and coefficient of linear combination respectively.
The expected value of the scalar product (C¥CX) is denoted by F,.

E*, the Racah energy interaction parameter, is a linear combination of F¥ as given by

_ 70F, + 231F, + 20.02F,

9
F, — 3F, + 7F,

E? = 5 Eq. 7

o5 _ 52 + 68, — 9F,

3

There are two major components to the energies of the 4f interelectronic transitions:
electrostatic interaction and the spin-orbit interaction between 4f-electrons. The spin-
orbital interaction energy denoted as Es, is given by

Eso= Aso ",(41r Eq 8

In this case Aso constitutes the angular part of spin-orbit interaction, while & is the Lande
parameter and is a representation of the interaction of electron spin and orbital angular
momenta. Since only very small variations in the F¢ parameter and 4f are influenced by the
electric field of the solution matrix, Wong [14] gives the energy of the jth level i.e. Ej by a

first order approximation as

103



0 OE; 0E;
Ej(Fk' €4f) = on (Fy, €4f) + a_Fk AFy + @A&f Eq. 9

Eoj denotes the zero order energy of the jth level. The values of Fx and &« can be calculated

by using Eq. 10 and 11.

Here Eyj is the jth level's zero order energy. Using Egs. 10 and 11 the Slater-Condon (F«)
and Lande () parameters can be calculated.

Saf = fgf + A4y Eqg. 11

AE;j which denotes the difference in values of the observed energy E; and the zero order

energy can be evaluated using the following relation

OE; OE; Eq. 12
AE] = WAFK + F Af4f
kK'zae o

We can solve Eq. 12 by using the least squares method and the values of AFy, and A, ccan

be found out using Wong's zero order energy and partial derivatives of the Nd(I11) ion
(Table 4.1) [14]. The values of Slater-Condon (Fx, k=2,4,6) and Lande (&) parameter

values can be calculated using Eq. 10 and 11.
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Table 4.1: The zero-order energies and partial derivatives with respect to Fxand &
parameters for Nd(I11) [14].

vl g9 95 85 85 9
OF, OF, OF, I
*Far 11523.34 35.27 39.50 -588.9 1.02
*Fs/2 12606.77 34.93 39.36 -631.4 2.58
*Firz 13453.73 35.02 41.04 -602.5 3.24
*Gsy2 17357.56 54.98 63.01 -991.2 1.29
‘G 19288.93 41.95 101.66 -620.8 4.13
(a) F9=331.567 cm™ F2=49.057 cm
F0=5.170 cm £9,=906.00 cm?

The covalency of metal-ligand bond in Nd(111) complex may be expressed by the parameter

of covalency (8) in percent as

6 =[] x 100 Eq. 13

4.4 Results and Discussions

The absorption spectra of lanthanide ions are caused by the interelectronic transitions
within the levels of 4fN configuration (4f-4f transition) of lanthanide ions. Such internal
electron redistribution is orbitally forbidden by the quantum mechanical selection rules. In
contrast to transition metal complexes, the crystal field effect on the 4f orbitals of lanthanide
are negligible (around 200-300 cm™) and the energy levels of lanthanide ions are largely
influenced by spin-orbit interaction. This is due to the shielding effect of 4f electrons by
the 5s and 5p orbitals. As a result, the f-f transition bands are sharp, and the optical spectra
are almost completely independent of the environment. The forbidden transitions within
the 4f orbitals of Nd(I11) causes absorption in the UV-Vis and near-infrared regions, which
involves 13 energy levels. We have taken into account five transition bands ranging from

400-900 nm which are associated with *lo2—*G712, *lez—*Gs/2, *lop—*F712, *lo—*Fs2, and
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*lo—*F3p2 transitions. Except in a few cases, adding GSH to Nd(l11) ion in the absence or
presence of Mg(ll) has no effect on the structure of the bands. Furthermore, due to the weak
crystal field splitting, these bands are sharp and narrow, and are very similar to those of the
free ions.

From Fig. 4.1 to 4.4 which compares the UV-Vis spectra of Nd(I11), Nd(111):GSH
and Nd(I11):GSH:Mg(Il) in different solvents, it is evident that the absorption intensity of
the various transition bands increases along with the occurrence of a marginal red shift
upon addition of GSH to Nd(I11) which is further enhanced when Mg(ll) is introduced to
the complex system. This may be a possible indication of the ligand’s interaction with the
Nd(I11) ion. The red shift can be attributed to expansion of the metal ion orbital during
complexation, which causes a decrease in inter-electron repulsion, thereby shortening the
atomic radii of the central metal ion and the ligand resulting in the nephelauxetic effect.
According to Karraker, the energy, intensity and shape of hypersensitive or pseudo-
hypersensitive transitions are associated with coordination number and can be used to
diagnose the surrounding environment of lanthanide [15].

The variations in the transition bands of Nd(IlI) on complexation have been
investigated by evaluating its energy interaction parameters. These are the Slater-Condon
(Fx), Racah (EY), Lande (&), nephelauxetic ratio (), bonding (b?) and covalency(o)
parameters. Table 4.2 lists the energy interaction parameter values for Nd(lI1l) ion and its
complexes with GSH and Mg(ll) in different solvent systems. From Table 4.2 it can be
observed that the nature of the solvent and the complex system has a considerable effect on
the f-f transitions of Nd(II1). The binding of GSH with Nd(IIl) causes alterations in the
energies of the 4f-4f absorption bands which subsequently lowers the inter-electronic
repulsion (Slater-Condon parameter) and brings about the nephelauxetic effect. This also

intensifies the 4f-4f transitions. The inter-electronic repulsion parameters Racah (EX) and
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Slater-Condon (Fx) which represents the coulombic interactions are included and these two
parameters are related to each other. In addition, the Lande () parameter representing the
spin-orbit interaction is also included in the energy parameter. This is due to the fact that
the energies of the 4f-4f transitions are made up of two major aspects i.e. spin-orbit and
coulombic interactions, which can be expressed as

Eobs= fFi + Asos
f* and Aso denotes the angular counterpart of coulombic and spin-orbit interaction,
respectively.

From the Table 4.2, we can see that the values of the interelectronic repulsion
parameters; Slater-Condon (Fx), spin-orbit interaction Racah (E¥), Lande (&) and
Nephelauxetic ratio (5) decreases when GSH and Mg(ll) are added to Nd(Ill). This is
because of the enlargement of the metal orbital caused by the coordination of GSH and
Mg(I1) to Nd(I1I) during its complexation. The values of these parameters decrease when
the free lanthanide ion forms a complex with the ligands. The declining values of the inter-
electronic interaction parameters suggest that in the Nd(I11) complexes there is relatively
lesser repulsion between the two electrons of its doubly occupied metal orbital than there
is in its free ion counterpart, implying that the orbital size is larger after complexation.
There are two possible explanations for the effect of the electron cloud expansion: the first
is that any negative charge on the ligands reduces the effective positive charge on the
lanthanide metal, allowing the f-orbitals to slightly expand; the other is that the overlapping
of metal orbital with the ligand orbital and the formation of covalent bonds increases the
size of the orbital. Such changes suggest the binding interaction of Nd(IIl) ion with
glutathione and Mg(l1) in solution. The subsequent increase of bonding (b*?) and covalency
(o) parameter values on going from Nd(I1l) to Nd(I11):GSH and Nd(l11):GSH:Mg(ll)

indicates shortening of the Ln(ll1)-ligand bond distance due to stronger binding of Nd(111)
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with GSH and Mg(1l) as well as the covalent bonding nature of the Nd(I11) complexes. The
values for the Nephelauxetic effect() are less than one and the bonding parameters are
found to be positive in all the systems suggesting a metal-ligand interaction in solution. The
observed and calculated energy values for the various transitions of Nd(lIl) and its root
mean square deviation (RMS) are presented in Table 4.3. The RMS value shows the
accuracy of the evaluated energy parameters. The values of b*2 and 6 (Table 4.2) of Nd(l11)
ion and its complexes are highest in aquated DMF (50:50 vol. %) which suggests that DMF
is the better solvent for complexation and induces a stronger coordination potential than
acetonitrile, dioxane and methanol. From the values of the energy parameters of the Nd(I11)
complex systems in different solvents, it is seen that the interaction energy undergoes the
greatest change in DMF solvent meaning that DMF has in comparison the greater influence
on the complexation of Nd(I11) ion with the ligands. This is probably due to the stronger
oxygen donating capacity of DMF, which allows it to enter the coordination sphere of
Nd(111) by replacing one of the water groups [16,17]. The trend for the degree of interaction
between Nd(I11) and the ligands for the different solvents is DMF> acetonitrile > dioxane
> methanol.

Fig. 4.5 to 4.7 compares the UV-Vis spectra of Nd(I11) complexes with GSH and
Mg(Il) at pH 2,4,6 in DMF solvent. It is observed that the absorption peaks of the f-f
transitions of Nd(111) intensify along with the occurrence of a marginal red shift as the pH
increase from 2 to 4 and 4 to 6 indicating a stronger interaction at higher pH 6. In Table
4.4 we have the energy interaction parameters for Nd(Ill), Nd(II1):GSH and
Nd(111):GSH:Mg(ll) in aquated DMF solvent at pH 2, 4 and 6. F«, EX and & values decrease
with increasing pH suggesting the expansion of the lanthanide metal orbital and decrease
of interelectronic repulsion. Similarly, bonding and percent covalency values increases

from pH 2 to 6 which suggests a stronger bond interaction at higher pH for the Nd(l11)

108



complex systems. The influence of pH is prominent and is responsible for the deprotonation
and protonation of the various binding sites of glutathione. Since GSH offers a number of
binding sites in the form of carboxylates, thiol, amine and amide groups, the deprotonation
of these sites at varying pH medium presents greater binding opportunities for the metal
which is reflected in its energy parameters. The UV-Vis absorption spectral study could
suggest that at pH 2 the carboxylate group of the glutamyl moiety of glutathione is
deprotonated allowing Nd(I11) to bind through its -COOH site. Nd(I11), is a hard metal ion
that preferentially coordinates with hard donor sites like -COOH group. Likewise, at pH 4,
another -COOH group of the glycine moiety is deprotonated and further -SH group of
cysteinyl is deprotonated at pH 6. Such deprotonation at different pH opens up binding
possibilities for the lanthanide ion and Mg(ll) with GSH at multiple coordination sites
leading to stronger binding interactions. Table 4.5 presents the computed as well as the
observed values of energies (cm™) of the different f-f transition bands of Nd(llI),
Nd(111):GSH, Nd(I11):GSH:Mg(Il) and their RMS values at pH 2, 4 and 6. The observed
values could signify the validity of the evaluated data. The data obtained suggests that due
to the availability of more coordination sites at a higher pH, the optimal pH for greater

complexation of Nd(I11) ion with GSH and Mg(11) is at pH 6.

*The work presented in this chapter has been published in Chemical Physics Impact, 5,

100090, 2022.
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Table 4.2: Computed values of energy interaction parameters: Slater-Condon Fx (cm™), Lande &s (cm™), Racah (E¥), Nephelauxetic ratio (),
bonding (b12) and percent covalency (o) parameters of Nd(I11) and its complexes with GSH and Mg(ll) in 50% (v/v) aquated solvents of CH3OH,
C4HgO,, CH3CN and DMF.

eTT

System | F | R | R | & | EY | B2 [ B [ B | 0] s
1. CH30H
Nd(I11) 332.0554 | 45.8402 | 5.0140 | 900.2732 | 3770.3729 | 25.5148 | 660.1482749 | 0.9811 [ 0.0971 | 1.9234
Nd(I11):GSH | 331.8344 | 45.8097 | 5.0107 | 900.6595 | 3767.8633 | 25.4978 | 659.7088589 | 0.9810 | 0.0974 | 1.9348
Nd(I11):GSH:Mg(l1) | 331.8413 | 45.8107 | 5.0108 | 900.4497 | 3767.9414 | 25.4983 | 659.7225356 | 0.9809 | 0.0977 | 1.9458
2. Dioxane
Nd(l11) 331.9508 | 45.8258 | 5.0125 | 900.7311 | 3769.1849 | 25.5067 | 659.9402572 | 0.9812 | 0.0969 | 1.9130
Nd(I1):GSH [ 331.7907 | 45.8037 | 5.0100 | 900.2140 | 3767.3679 | 25.4944 | 659.6221303 | 0.9807 | 0.0982 | 1.9670
Nd(I11):GSH:Mg(ll) | 331.9403 | 45.8244 | 5.0123 | 899.5952 | 3769.0657 | 25.5059 | 659.9194004 | 0.9806 | 0.0985 | 1.9798
3. CHiCN
Nd(l11) 331.9074 | 45.8198 | 5.0118 | 900.5944 | 3768.6925 | 25.5034 | 659.8540527 | 0.9811 | 0.0972 | 1.9274
Nd(I1I):GSH | 331.5302 | 45.7678 | 5.0061 | 901.3726 | 3764.4100 | 25.4744 | 659.1042384 | 0.9810 | 0.0975 | 1.9400
Nd(I11):GSH:Mg(ll) | 331.4155 | 45.7519 | 5.0044 | 900.5537 | 3763.1066 | 25.4656 | 658.8760164 | 0.9804 | 0.0991 | 2.0044
4. DMF
Nd(I11) 331.9528 | 45.8261 | 5.0125 | 900.7375 | 3769.2079 | 25.5069 | 659.9442993 | 0.9812 | 0.0969 | 1.9124
Nd(I1):GSH [ 331.3882 | 45.7481 | 5.0040 | 898.2132 | 3762.7968 | 25.4635 | 658.8217766 | 0.9790 | 0.1024 | 2.1431
Nd(I11):GSH:Mg(Il) | 330.9122 | 45.6824 | 4.9968 | 898.5570 | 3757.3919 | 25.4269 | 657.8754523 | 0.9785 | 0.1036 | 2.1958
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Table 4.3: Computed and observed values of energies (cm™1) and RMS values of Nd(I11), Nd(111):GSH, Nd(111):GSH:Mg(ll) in different
solvents.

System *lo—"Far *lo—"Fsp2 *lon—*Fap *lo—"Gsp *lon—"Gr
Eobs Ecal Eobs Ecal Eobs | Ecal Eobs Ecal Eobs Ecal RMS
1. CHsOH
Nd(I1) 19165.90 | 19283.27 | 17367.14 | 17371.86 | 13502.57 | 13450.10 | 12589.70 | 12606.58 | 11554.42 | 11583.62 | 59.48
Nd(I11):GSH 19165.90 | 19274.42 | 17351.77 | 17362.40 | 13494.91 | 13442.82 | 12586.53 | 12599.66 | 11549.34 | 11577.95 | 55.85
Nd(I1):GSH:Mg(ll) | 19163.33 | 19278.14 | 17365.63 | 17369.82 | 13493.64 | 13446.05 | 12598.27 | 12603.28 | 11548.68 | 11583.25 | 57.76
2. Dioxane
Nd(I1) 19163.33 | 19280.89 | 17362.92 | 17369.30 | 13501.11 | 13448.14 | 12590.02 | 12604.71 | 11553.08 | 11582.08 | 59.54
Nd(I11):GSH 19158.92 | 19268.28 | 17325.02 | 17349.57 | 13494.37 | 13437.45 | 12589.70 | 12593.55 | 11547.34 | 11568.73 | 57.05
Nd(1D):GSH:Mg(ll) | 19157.09 | 19260.08 | 17313.62 | 17342.20 | 13494.73 | 13430.78 | 12586.53 | 12587.43 | 11540.68 | 11564.66 | 56.73
3. CH3CN
Nd(I1) 19166.63 | 19285.77 | 17377.40 | 17377.02 | 13507.13 | 13452.28 | 12589.70 | 12609.05 | 11554.28 | 11587.32 | 61.10
Nd(I11):GSH 19165.17 | 19278.09 | 17356.29 | 17365.37 | 13498.56 | 13445.79 | 12584.95 | 12602.33 | 11552.68 | 11579.50 | 57.69
Nd(I1):GSH:Mg(ll) | 19162.96 | 19277.51 | 17356.89 | 17365.48 | 13496.01 | 13445.35 | 12588.12 | 12602.03 | 11552.01 | 11579.74 | 57.83
4. DMF
Nd(I1) 19166.27 | 19283.38 | 17367.14 | 17371.98 | 13504.39 | 13450.19 | 12589.70 | 12606.67 | 11554.02 | 11583.69 | 59.74
Nd(I11):GSH 19162.59 | 19249.27 | 17322.02 | 17337.68 | 13495.28 | 13422.24 | 12510.95 | 12580.43 | 11547.34 | 11563.70 | 60.31
Nd(I1D):GSH:Mg(ll) | 19138.76 | 19230.72 | 17277.13 | 17311.96 | 13484.36 | 13406.68 | 12501.56 | 12564.69 | 11543.35 | 11546.84 | 62.77
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Table 4.4: Computed values of energy interaction parameters: Slater-Condon Fx (cm™), Lande & (cm™), Racah (E¥), Nephelauxetic ratio (),

bonding (b1/2) and percent covalency (o) parameters of Nd(111) and its complexes in 50% (v/v) aquated DMF at pH 2, 4 and 6.

System lpH] F. | R | Fe | & | E* | E2 | E | B [ b2 ] &
Nd(I11) 331.4074 [ 45.7508 | 5.0043 [ 902.0185 | 3763.0146 | 25.4650 | 658.8599242 | 0.9811 | 0.0971 | 1.9216
Nd(I11):GSH 2 [330.8633 | 45.6757 | 4.9960 | 899.5023 | 3756.8375 | 25.4232 | 657.7783754 | 0.9790 | 0.1026 | 2.1487
Nd(I11):GSH:Mg(1) 330.8797 | 45.6779 | 4.9963 | 899.2168 | 3757.0231 | 25.4244 | 657.8108814 | 0.9788 | 0.1029 | 2.1627
Nd(I11) 331.9528 [ 45.8261 [ 5.0125 [ 900.7375 | 3769.2079 | 25.5069 | 659.9442993 | 0.9812 | 0.0969 | 1.9124
Nd(I11):GSH 4 | 331.3882 | 45.7481 | 5.0040 | 898.2132 | 3762.7968 | 25.4635 | 658.8217766 | 0.9790 | 0.1024 | 2.1431
Nd(I11):GSH:Mg(l1) 330.9122 | 45.6824 | 4.9968 | 898.5570 | 3757.3919 | 25.4269 | 657.8754523 | 0.9785 | 0.1036 | 2.1958
Nd(111) 331.1428 [ 45.7143 [ 5.0003 | 902.8024 | 3760.0106 | 25.4446 | 658.3339478 | 0.9812 | 0.0970 | 1.9167
Nd(I11):GSH 6 |330.8292 | 45.6710 | 4.9955 | 899.2879 | 3756.4499 | 25.4205 | 657.710521 | 0.9788 | 0.1030 | 2.1663
Nd(I11):GSH:Mg(l1) 330.8047 | 45.6676 | 4.9952 | 898.7275 | 3756.1716 | 25.4187 | 657.6617782 | 0.9785 | 0.1038 | 2.2023
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Table 4.5: Computed and observed values of energies (cm™?) and RMS values of Nd(111), Nd(111):GSH, Nd(111):GSH:Mg(ll) in DMF solvent at

pH 2, 4 and 6.
System pH *lo—"Far *lo—"Fsp2 *lon—"Fap *lo—"Gsp *lon—"Gr RMS
Eobs Ecal Eobs Ecal Eobs Ecal Eobs Ecal Eobs Ecal

Nd(I11) 19157.09 | 19265.79 | 17316.02 | 17343.65 | 13477.09 | 13435.24 | 12578.62 | 12590.92 | 11554.02 | 11564.38 | 54.02
Nd(I11):GSH 2 19140.59 | 19232.58 | 17271.16 | 17310.49 | 13483.45 | 13408.04 | 12507.82 | 12565.43 | 11544.68 | 11545.11 | 61.67
Nd(111):GSH:Mg 19142.42 | 19232.08 | 17271.16 | 17311.02 | 13486.18 | 13407.68 | 12515.64 | 12565.26 | 11540.68 | 11545.69 | 60.46
Nd(I1) 19166.63 | 19285.77 | 17377.40 | 17377.02 | 13507.13 | 13452.28 | 12589.70 | 12609.05 | 11554.28 | 11587.32 | 61.10
Nd(I11):GSH 19165.17 | 19278.09 | 17356.29 | 17365.37 | 13498.56 | 13445.79 | 12584.95 | 12602.33 | 11552.68 | 11579.50 | 57.69
Nd(I11):GSH:Mg | 4 19162.96 | 19277.51 | 17356.89 | 17365.48 | 13496.01 | 13445.35 | 12588.12 | 12602.03 | 11552.01 | 11579.74 | 57.83
Nd(I1) 19164.43 | 19257.93 | 17286.08 | 17330.11 | 13495.28 | 13428.51 | 12580.20 | 12583.70 | 11543.35 | 11555.01 | 55.29
Nd(I11):GSH 19142.42 | 19230.26 | 17266.68 | 17308.34 | 13486.18 | 13406.15 | 12510.95 | 12563.68 | 11540.68 | 11543.90 | 61.07
Nd(I11):GSH:Mg | 6 19140.59 | 19226.92 | 17265.19 | 17306.27 | 13482.54 | 13403.47 | 12507.04 | 12561.38 | 11539.35 | 11543.03 | 60.59
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Fig. 4.1: Comparative absorption spectra of Pr(I11), Pr(I11):GSH and Pr(111):GSH:Mg(l1)

in CH3CN.
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Fig. 4.2: Comparative absorption spectra of Pr(l11), Pr(111):GSH and Pr(111):GSH:Mg(ll)
in CH3OH.
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Fig. 4.3: Comparative absorption spectra of Pr(111), Pr(I111):GSH and Pr(111):GSH:Mg(l1)

in DMF.
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Fig. 4.4: Comparative absorption spectra of Pr(l11), Pr(111):GSH and Pr(111):GSH:Mg(Il)

in dioxane.
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Fig. 4.5: Comparative absorption spectra of Pr(I11), Pr(I111):GSH and Pr(111):GSH:Mg(11)

in DMF at pH 2.
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Fig. 4.6: Comparative absorption spectra of Pr(l11), Pr(111):GSH and Pr(111):GSH:Mg(ll)

in DMF at pH 4.
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Fig. 4.7: Comparative absorption spectra of Pr(I11), Pr(I111):GSH and Pr(111):GSH:Mg(l1)

in DMF at pH 6.
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CHAPTER S

SYNTHESIS, CHARACTERIZATION, ANTIOXIDANT AND
ANTIBACTERIAL STUDIES OF PRASEODYMIUM
COMPLEX WITH GLUTATHIONE

5.1 Introduction

The field of lanthanide chemistry has seen a resurgence in interest as well as increased
study over the last few decades [1,2]. A significant portion of these endeavours revolves
around the development of complexes with novel structural features for the generation of
advanced materials and utilisation of their special spectroscopic properties in the creation
of biological probes and sensors in the areas of molecular biology and clinical chemistry
[3]. Because of the wide range of uses of lanthanide complexes in biology and medicine,
lanthanide coordination chemistry has become increasingly important and has been playing
an increasingly important role in modern chemistry [4,5]. Lanthanide complexes are also
known to show important pharmacological properties such as anticancer, antiallergic, anti-
inflammatory and antibacterial properties [6]. Lanthanide research on polydentate ligands
has been the subject of interest for researchers due to their potent biological properties. In
this context, Ln(l1l) ion complexes can be exploited as bioactive compounds because of
their high possible coordination numbers and good flexibility of metal ion coordination

sphere which accounts for easy ligand changes [7].
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In this chapter, we report the synthesis and characterization of Pr(I111) complex with
glutathione. Glutathione is a sulfur compound made up of three amino acids that occurs in
two different forms viz; the active form, reduced glutathione (GSH) and the inactive form,
oxidized glutathione (GSSG) [8,9]. GSH is well-known for its key role in oxidative stress
management. The in vitro antibacterial activities of the synthesized compound against
pathogenic bacteria (Staphylococcus aureus, Klebsiella pneumoniae, Escherichia coli and
Bacillus subtilis) has been examined. We have also evaluated the in vitro antioxidant

activities of the complex using DPPH and FRAP assays.

5.2 Experimental

5.2.1 Materials and Methods

L-Glutathione reduced (C10H17N306S, >98.0%) and Praseodymium trinitrate hexahydrate
(Pr(NO3)3-6H20, 99.99%) were procured from Sigma-Aldrich and used as received.
Nutrient agar, streptomycin, DPPH, Trolox were purchased from HiMedia and Merck
respectively. Distilled water was used to make the aqueous solutions.

Infrared spectra of the sample was obtained using a Perkin Elmer FT-IR
spectrometer (Spectrum-Two) in the 400 to 4000 cm™ range. The morphology of the sample
was examined using a Sigma, Carl Zeiss (UK), Field emission scanning electron
microscopy (FE-SEM). The X-ray powder diffraction (XRD) analysis was documented on
a Rigaku Ultima IV X-ray diffractometer with Cu K, radiation (A=1.540A) from 10° to 80°
(20) at room temperature. Thermal analysis was carried out on SDT Q600 V20.9 Build 20

thermal analyzer with a heating rate of 20 °C/min using nitrogen atmosphere.

5.2.2 Preparation of the Complex
To an aqueous solution of Pr(NOz)3-6H20 (0.01 mol), an aqueous solution of GSH (0.05
mol) was added dropwise with continuous stirring. The solution was stirred thoroughly and

refluxed for about 4 hours. The resulting solution was concentrated and kept overnight. The
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obtained solid product was collected by filtration and washed with acetone and distilled
water before being dried in a vacuum oven.

5.2.3 In vitro Antioxidant assays

The antioxidant activity of the sample was evaluated utilising two separate assays: 2,2-
diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing antioxidant power (FRAP) assay
[10]. The antioxidant activity of the sample was tested using the two assay and compared
with the standard Trolox. The experiments were carried out in triplicates and the results
were averaged. ICso values for standard and sample were derived for the DPPH assay. The
DPPH free radical scavenging percentage was calculated using the measured absorbance

by the following equation:

trol—A l
contro sample X 100

DPPH scavenging activity (%) = 2

Acontrol

where Acontrol IS the absorbance of the control (DPPH + methanol) and Asampie is the
absorbance of the sample. The 1Cso value was used to assess the antioxidant activity. For
the FRAP assay the absorbance of the reaction mixture was measured at 700nm on a
UV/Vis spectrophotometer. Greater absorbance indicated greater reducing power.

5.2.4 In vitro Antibacterial activity

The in vitro bactericidal activity of Pr(l11):glutathione complex was performed against four
different strains of bacterial microorganisms like gram-negative bacteria (Escherichia coli
and Klebsiella pneumoniae) and gram-positive bacteria (Staphylococcus aureus and
Bacillus subtilis) by well diffusion method [11]. The antimicrobial property of the
synthesised compound was evaluated by determining the zone of inhibition (mm) and
compared with the inhibition diameter of positive control streptomycin. The minimum
inhibitory concentration (MIC) of the sample was further was determined by two-fold serial
broth dilution technique and compared with the standard drug streptomycin. All tests were

carried out in triplicates.
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5.3 Results and discussion

5.3.1 Fourier transform infrared spectroscopy (FTIR)

IR analysis was used to investigate the mode of complexation between praseodymium and
GSH. FTIR analysis was useful in elucidating the chemical composition and environment
of the complex formed. The IR spectra of free glutathione and the praseodymium complex
are shown in Fig. 5.1. The IR spectra of GSH and Pr(I11):GSH complex exhibits several
vibrations. The appearance and disappearance of certain bands in the lanthanide complex
as well as the free GSH provides information on the bonding mechanism of the complex.
Such appearance and disappearance of bands as observed in the IR spectra of GSH and
praseodymium complex were helpful in determining the binding mode in the complex
formed. The presence of water molecules can be attributed to the broad band around 3000
to 3300 cm™. From the FTIR spectra of free glutathione in Fig. 5.1 the notable vibrations
observed are at 2525 cm™?, 1713 cm™* and 1599 cm™ which corresponds to the vibrations
of sulphydryl (-SH) group and carbonyl group (C=0) of carboxylic and amide group
respectively. The bands from N-H vibrations can be seen at 3348 cm™® and 3251 cm'?
[12,13]. These bands are characteristic of the functional moieties of GSH.

Several important changes are observed in the IR spectrum of the praseodymium
complex which indicates the coordination of Pr(l11l) with GSH. The formation of complex
is supported by the disappearance of the -SH band in the IR spectra of the praseodymium
complex. The disappearance of the thiol band of glutathione from the praseodymium
complex can be attributed to the interaction of GSH with the lanthanide ion through the
sulfur atom of the thiol group from the cysteine moiety of GSH. This could suggest the
deprotonation of -SH and its subsequent participation in coordinating with the lanthanide
ion. Additionally, the C=0 band at 1713 cm™ observed in the free GSH is found to appear

at a lower frequency in the lanthanide complex. This is also an indication of the
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involvement of the -COOH group of glycine in the coordination of glutathione with
praseodymium. The shift of the N-H band to a lower frequency indicates that nitrogen is
involved in bonding. Apart from these, the IR spectrum of the praseodymium complex also
exhibits a new peak at 417 cm™ which can be attributed to the stretch vibration of M-O
bond [13]. This also could clearly demonstrate the formation of bond between the GSH and
praseodymium in the formation of complex complex. Fig. 5.2 presents the possible

structure of the complex.

(A)

459 a7

(B)

Transmittance
1676

3348
3251
2525
1713
1599
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 5.1: FTIR spectra of (A) Pr(I111):GSH complex and (B) Glutathione.

Fig. 5.2: Probable structure of Pr(111):GSH complex.
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5.3.2 X-ray diffraction (XRD)

The X-ray diffraction (XRD) analysis of Praseodymium(l11):GSH complex (Fig. 5.3) was
scanned in the range of 5-80° at 260 angles at a wavelength of 1.54 A. The XRD pattern of
the praseodymium(lll) complex is given in Fig. 5.3. Table 5.1 shows the resulting
interplanar spacing (d) values for various 260, as well as the associated (h k I) indices. GSAS
Il software was used to index the XRD pattern of the praseodymium(l11) and glutathione
complex in terms of major peaks with relative intensities greater than 10%. The lattice
parameters calculated for the unit cell value of Pr(111):GSH are; a =20.20867 A, b = 5.51476
A, ¢ =10.69533 A and unit cell volume V= 1191.95 (A)3. As a result, an orthorhombic
crystal system has been formed for the praseodymium(lll) complex with GSH. The
crystallite size was calculated using Scherrer’s equation where the full width at half

maximum (FWHM) of the most intense peak was considered.

kA
Bcosb

where k is the Scherer constant (~0.9), 4 is the X-ray wavelength of Cu k, radiation, S is
the FWHM of the diffraction peak, and 4 is the Bragg angle. The average crystallite size of
the praseodymium(l11):GSH complex was found to be 39.66 nm, suggesting the

nanocrystalline phase of the system.
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Fig. 5.3: XRD pattern of Pr(111):GSH complex.

Table 5.1: Powder XRD data praseodymium(ll1) complex with glutathione.

Position d-obs d-calc hkl
8.757 10.088 10.104 200
9.337 9.463 9.453 101
16.103 5.499 5.514 010
18.852 4.703 4.726 202
22.250 3.991 3.963 311
24.691 3.602 3.588 212
26.574 3.351 3.368 600
30.932 2.888 2.874 610
33.804 2.649 2.647 121

34.7101 2.582 2.584 204
41.623 2.167 2.168 123
43.018 2.100 2.094 604
58.588 1.574 1.575 606
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5.3.3 Scanning Electron Microscopy (SEM)

o
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Fig. 5.4: SEM micrography for the praseodymium(l11) complex.

Fig. 5.4 shows SEM images of the praseodymium(I11):GSH complex. According to SEM
observations, the powder obtained after precipitation is made up of large aggregates. These
images emphasise the formation of micron-sized agglomerates with no discernible
morphology. The sample is devoid of a defined morphology, irregular in shape and size.

Smaller particles can also be seen visible between the grains as well as on their surfaces.

5.3.4 Thermogravimetric analysis (TGA)

The TGA curve of the praseodymium complex is shown in Fig. 5.5. The thermogram
indicates that the praseodymium-glutathione complex is stable in air at room temperature
and it starts to decompose when the temperature rises to 100°C. The degradation of the
complex starts around 100°C and it takes place slowly at the initial stage; it continues and
is found incomplete until 900°C with a total weight loss of about 55.4 %. The thermal
decomposition of the complex undergoes two stages. From Fig. 5.5, it is seen that the first
decomposition occurred between 100 and 298°C resulting in a loss of 7.38% weight. This
weight loss is contributed to the loss of free and coordinated water and is an indication of
the presence of free or coordinated water in the complex. This result is in accordance with

the FTIR data. At a temperature of 330-890°C, the second stage of decomposition (48.01%
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weight loss) was observed, which could be caused due to the loss of organic moiety from
the praseodymium-GSH complex. The char yield of the sample was recorded to be
approximately 44.6 wt% at 890°C. No stable intermediate is observed in the decomposition
curve which could possibly suggest that no other ligand is attached to praseodymium(lIl).
The slow decomposition of the complex may be a possible indication of the ligand’s
multidentate behaviour with varying thermal stability that corresponds to the different
binding sites of GSH [14]. TGA analysis could provide important information about the
thermal stability of the complex. The results indicate good thermal stability of the

Pr(111):GSH complex with high decomposition temperature.
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Fig. 5.5: TGA curve of the Pr(111):GSH complex.

5.3.5 In vitro Antioxidant activity

(a) Radical scavenging assay (DPPH)

Reactive oxygen species (ROS) are highly reactive chemicals that are produced as part of

the processes of aerobic metabolism in organisms. Excess production of ROS can cause
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oxidative stress in the body. Oxidative stress is the imbalance between the production of
ROS and the body’s ability to counteract them with antioxidants. ROS like the hydroxy
radical (OH"), peroxide (ROQO") and superoxide radical (O2") can cause extensive damage
to nucleic acid, lipids and proteins. Oxidative stress has been linked to ageing and
development of diseases like cancer, diabetes and cardiovascular diseases [15,16]. The
primary objective of antioxidant administration is the elimination of these radicals.
Consequently, the antioxidant activity of Pr(l11)-GSH complex has been investigated in this
paper by the determination of its radical scavenging and reducing potentials, using DPPH
and FRAP assay respectively.

FRAP and DPPH assays are two of the most widely used assays for the
determination of antioxidant activity. These assays provide rapid analysis, are easily
standardizable and relatively simpler. DPPH is an N-centered free radical, stable at room
temperature with an odd electron. DPPH gives off a purple colour in methanol solutions
and exhibits a strong absorption at 517nm. The purple colour of DPPH changes from violet
to yellow with the pairing of its odd electron by the donation of a hydrogen radical or an
alkyl radical in the presence of a radical scavenger. This results in the formation of the
reduced DPPH-H (Fig. 5.6) [17]. The change in colour from purple to yellow upon
scavenging also results in subsequent lowering of absorbance at 517nm. Thus, such a lower
absorbance in this case indicates a higher antioxidant activity. Antioxidant analysis using
the DPPH free radical method works by quantifying the ability of antioxidants in quenching

the DPPH radical. We have used Trolox as the standard for the assay.
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Fig. 5.6: Mechanism of DPPH scavenging.

The free radical scavenging effects of the sample and Trolox in various dilutions
(20 pg/ml, 40 pug/ml, 60 pg/ml, 80 pg/ml, 100 pg/ml) on the DPPH radical is exhibited by
the graph of % scavenging vs concentration (Fig 5.7). The 1Cso values of the standard
Trolox and Pr(I11):GSH complex are given in Table 5.2. The antioxidant activity was
determined using a calibration curve based on the percentage of antioxidant activity and
expressed as the half-maximal inhibitory concentration (ICsp). 1Cso represents the
concentration of a substance that produces 50% of the maximal effect. In this case, it is the
concentration of the sample that is effective in reducing 50% absorbance of the DPPH
radical or inhibiting 50% of the DPPH radical. The lower the ICso value, the greater the
antioxidant ability of the sample. The Pr(I11)-GSH complex showed ICso = 83.40 in
comparison with the standard Trolox which possessed I1Cso = 40.29. Trolox showed a higher
DPPH scavenging activity than the sample providing a 50% inhibition (ICso) at a
concentration of 40.29 pg/ml while Pr(III)-GSH exhibited the same at a concentration of
83.40 pg/ml. The results demonstrate that the praseodymium(lll):glutathione complex has
free radical scavenging ability. The inhibition activity was found to be dose-dependent,
with a proportionate increase of DPPH radical scavenging with concentration. Maximum

scavenging of 54.19% for the sample was observed at a concentration of 100 ug/ml.
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Table 5.2: DPPH radical scavenging activity, 1Cso values of the standard Trolox and the

sample.
Concentration Trolox Sample
(ng/ml) % Inhibition  1Cso (ng/ml) % Inhibition  1Cso (ng/ml)
20 38.6 33.41
40 48.15 38.18
60 61.4 40.29 44.38 83.40
80 76.32 49.11
100 93.64 54.19
100 60
g 80 g
® 60 &40
> -
S 40 y=0.6913x + 22.147 320 y = 0.2625x + 28.107
X 20 R?=0.9889 N R?=0.9982
0 0
0 50 100 150 0 50 100 150
Concentration (ug/ml) Concentration (ug/ml)
A B

Fig. 5.7: DPPH free radical scavenging activity in the presence of different

concentrations of (A) Trolox and (B) sample.

(b) Reducing power assay

Another popular method for measuring antioxidant capacity is the FRAP assay. It is fast,

simple and cheap. It is a nonradical method that depends on the reduction of ferric ion

(Fe*") into ferrous ion (Fe?*) [18]. The FRAP assay primarily assesses an antioxidant's

reducing capacity when it reacts with Fe** (KsFe(CN)s) to produce a coloured Fe*

(KsFe(CN)e) complex. Although tripyridyltriazine (TPTZ) was used in the original FRAP

assay, other iron-binding ligand have been used in recent trends years, with potassium

ferricyanide being the most popular ferric binding reagent. In this case, the end product is

a blue coloured ferrous complex which is spectrophotometrically evaluated and reveals the
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antioxidants' reducing power. Increased absorbance at 700 nm indicates antioxidant
activity. The ability of any compound to donate an electron or hydrogen atom to a metal
atom accounts for its reducing power. The sample compound is used as a reducing agent in

a colorimetric reaction in the FRAP assay.

The test solution which is initially yellow in colour changes to various shades of
green and blue depending on the reducing potential of the test compound. Consequently,
the absorption at 700nm increases. The antioxidant activity is evaluated by measuring the
change of absorbance at 700nm. Hence, the higher the absorbance value, higher is the
antioxidant activity. The resultant blue colour of the Fe?* complex can be produced in two

ways, both of which yield the same result [19]. The two possible routes are
(i) reduction of Fe3* to Fe?*, which binds to ferricyanide and produces a blue colour.
(i) ferricyanide reduction to ferrocyanide which binds to free Fe** to yield blue colour [20].
Following are the simplified schemes for the two reactions [20]:
Antioxidant + Fe** 2 Fe** + oxidized antioxidant
Fe?* + Fe(CN)s*>~ 2 Fe[Fe(CN)s]~

Or

Antioxidant + Fe(CN)s’>~ 2 Fe(CN)s* + oxidized antioxidant
Fe(CN)s* + Fe®" 2 Fe[Fe(CN)s]

The results obtained using FRAP assay are shown in Fig. 5.8. Fig 5.8 presents a
concentration vs absorbance graph of the sample and Trolox. Absorbance values obtained
at 700nm have been plotted against their corresponding concentrations(ug/ml). When
compared with the standard Trolox, the sample was found to show a lower absorbance

meaning that its antioxidant activity is lesser than Trolox. The FRAP assay followed a
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similar trend shown by the DPPH assay. With increasing concentration, the sample's
reducing power increased (Fig 5.8). The findings of this study clearly demonstrated that

Pr(111):GSH possesses antioxidant activity.
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Fig. 5.8: Antioxidant activity of standard (Trolox) and the sample using FRAP assay.

5.3.6 In vitro Antibacterial activity

The in vitro antibacterial activities of Pr(I11):GSH complex against Escherichia coli,
Bacillus subtilis, Klebsiella pneumoniae and Staphylococcus aureus are summarised in
Tables 5.3 and 5.4. The well diffusion method was used for antibacterial analysis of the
sample and streptomycin. Both the sample and reference were taken in concentrations of
10mg/ml in sterilised water. The antibacterial efficacy was assessed by measuring the
diameter of its zone of inhibition. The zone of inhibition is the clear circular area around
the test compound where microbial growth is inhibited. Table 5.3 presents the zone of
inhibition (mm) of the praseodymium complex against the different microbes. The results
show that the praseodymium(l11) complex exhibits potent antimicrobial activity against all
the selected strains of microbes. The in vitro assay results show that the praseodymium

complex has the highest activity against the gram -ve bacteria Klebsiella pneumoniae with
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an inhibition zone of 14 mm. Fig. 5.9 shows images of antibacterial activity of the

praseodymium complex against gram +ve and gram -ve bacteria.

Table 5.3: Zone of inhibition (mm) of Pr(l11):GSH in comparison with the standard

streptomycin.

Bacillus Escherichia coli  Klebsiella Staphylococcus
Bacteria - -
subtilis pneumoniae aureus
Sample 11 12 14 10
Streptomycin 30 32 30 31

Table 5.4: Minimum inhibitory concentration of Pr(111):GSH in mg/ml in comparison

with the standard streptomycin.

Bacteria Bacillus Escherichia coli  Klebsiella Staphylococcus
subtilis pneumoniae aureus
Sample 0.703 0.703 1.406 1.406
Streptomycin ~ 0.0072 0.0029 0.0072 0.0058
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Fig. 5.9: Estimation of antimicrobial activity by agar plate diffusion experiment (A)
Escherichia coli (B) Bacillus subtilis (C) Staphylococcus aureus and (D) Klebsiella
pneumoniae.

The MIC of the compound was calculated against the four strains of bacteria to
determine its bactericidal potency. MIC is the lowest concentration of an antimicrobial
agent that completely inhibits visible microorganism growth. Compounds with lower MIC
scores are more effective antimicrobial agents because lesser compound is required to
inhibit the organism's growth. The MIC results of the sample and streptomycin are given
in Table 5.4. The MIC values for the complex ranged from 0.7 to 1.4 mg/ml. The MIC
values were used to determine the lowest concentration of the sample that inhibited visible
growth of the bacteria under the given assay conditions. Hence, the MIC values represent

the minimum concentration of the sample that is effective in promoting antibacterial
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activity in the different bacterial strains tested. The MIC of the sample was found to be

lowest against Bacillus subtilis (0.7 mg/ml) and Escherichia coli (0.7 mg/ml).

Since biological systems are so complex, determining the exact mechanism of
antimicrobial activity of metal complexes is not feasible. However, the antibacterial
behaviour of metal complexes can be explained using the Overton concept [21] and
Tweedy’s chelation theory [22]. According to the lipid membrane model of cells as
proposed by C. E. Overton, the cell membrane is composed of a thin layer of lipid. This
lipid layer only allows substances that are lipid soluble to pass through the cell membrane.
As a result, liposolubility is an important determinant of antimicrobial activity. In this
context, the correlation between liposolubility and antibacterial activity of metal complexes
may be explained by the Tweedy chelation theory. According to Tweedy’s chelation theory,
on chelation of the metal ion with their corresponding ligand, the polarity of the metal is
reduced. The main reason for this is because of the overlap of the ligand orbital and partial
sharing of its positive charge with donor groups. Consequently, the delocalization of m-
electrons is increased across the entire chelate ring, enhancing the lipophilicity of the metal
complex. This would suggest that the chelation aids the permeation of the metal complex
through the bacterial cell membrane by increasing its lipophilicity. Penetration of the
lanthanide complex could result in cell wall disruption leading to cell lysis and subsequent
cell death. The passage of the lanthanide complex through the cellular membrane could
also result in the blockage of metal binding sites in the bacterial enzymes, obstructing
normal cell functions such as metabolism, respiration and ATP production. This inhibits
protein synthesis and cell processes, limiting the organism's growth and eventually leading

to bacterial cell death.

*The work presented in this chapter has been accepted for publication in Current Science.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

Biological fluids are essentially multimetal-multiligand systems with an abundance of
organic and inorganic species present in different concentrations, as well as variable
lipophilicity and lipophobicity in physiological pH ranges. The biological fluids are
fundamentally multimetal-multiligand systems in which a variety of endogenous metal ions
compete with the coordinating sites of multidentate macromolecules, and multidonor sites
also compete for different metal sites. Metal binding to a specific donor site of biomolecules
is determined by a variety of factors such as donor capability, structure, conformation,
orientation, physiological pH, the presence of similar types of metal ions and their relative
abundance. Thus, it is deemed important to research the simultaneous coordination of two
or three distinct metal ions with a multidentate biological molecule. We chose glutathione
reduced (GSH), a tripeptide containing active carboxylate groups, a sulphydryl group, and
peptide groups. GSH was chosen because it is easily available in its pure form, is
biologically significant, and is an excellent ligand for simultaneous complexation by hard
and soft metal ions. It has eight potential donor binding sites for complexation with
endogenous metal ions and serves as an excellent multidentate ligand for metal ions. The
coordination chemistry of glutathione is important for understanding a wide range of
biological processes, as well as serving as an indicator for the chemistry of thiol-sulphide

interchange interactions and the toxicology of numerous metals.

In an effort to mimic the in vivo complexation of glutathione (GSH) with

endogenous metal Mg(l1), we have used quantitative absorption spectral analysis involving
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the 4f-4f transition absorption spectroscopy as a probe to follow the simultaneous
multimetal coordination of Ln(lIl1) and Mg(Il) with GSH in different aquated organic
solvents and pH. Additionally, we have investigated the kinetics of Pr(Ill1):GSH

complexation with Mg(ll) in aquated DMF medium at 303K, 308K, 313K and 318K.

Ln(111) ions consist of 4f-4f transitions called hypersensitive transitions which are
highly sensitive to their environment and are marked by enhanced intensities and oscillator
strength. Transitions other than the hypersensitive transitions are generally insensitive to
coordination changes, however, certain 4f transitions which are non-hypersensitive have
also been found to show extreme sensitivity with changes in the coordination environment
of Ln(II) ion. Such transitions are termed Pseudohypersensitive transitions. During our
research involving Pr(111) and Nd(111) spectra, we found that Ln(I11) complexes of GSH and
Mg(Il) caused significant sensitivity to the non-hypersensitive transitions. Such
observations are termed ‘Ligand Mediated Pseudohypersensitivity' and referred to as
pseudohypersensitive transitions. The pseudohypersensitive transitions 3Hs—3P2,
3Hy—3Py, 3Hs—3Po for Pr(lll) and *Has—!D2 *lon—*Grr, *loo—*Fr2, *lep—*Fsp, and
*larp—*F312 for Nd(111) have been utilised in the comparative absorption spectrophotometric
study for the complexation of GSH with Ln(lI1) and Mg(ll). The presence of the 4f-4f
electronic transitions of the lanthanides in the accessible spectral region and their sensitivity
towards the coordination environment makes quantitative absorption spectroscopy through
4f-4f transitions a powerful tool for investigating the coordination chemistry and

biochemistry of lanthanides, particularly in solution.

From our investigation using the UV-Vis spectra and computed energy interaction
(Slater-Condon (Fx, k =2, 4, 6), Lande spin-orbit interaction (&), Racah (EX), nephelauxetic
ratio (6), bonding parameter (b'?) and percent covalency (8)) and intensity parameters
(Oscillator strength (P) and Judd-Ofelt T,, (1=2,4,6)), maximum intensification for the
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Ln(I11) complexes were observed at pH 6. This information is supplemented by the decrease
in the values of the inter-electronic repulsion parameters and the increase in the bonding
parameter value and further supported by the increased oscillator strength and Judd-Ofelt
parameter values T, (A= 2, 4, 6). According to spectral and computed data obtained for the
Ln(111) complexes in various solvents, DMF was found to induce the most intensification
and red-shift, whereas methanol exhibits the least. This means that DMF has the greatest
influence out of the four solvents on the complexation between Ln(ll1) and the ligands.
From the kinetic studies of Pr(111):GSH:Mg(ll) in DMF at different temperatures (303K,
308K, 313K and 318K), it was observed that the rate of complexation increases with
temperature. The Rate constants (k), Activation energy (Ea), AH°, AS°® and AG® for
Ln(111):GSH:Mg(ll) were calculated and the complexation process was found to be
endothermic, entropy-driven, spontaneous and favourable in solution. We also report the
synthesis of Pr(111):GSH complex. X-ray diffraction (XRD), infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM) and thermogravimetric analysis (TGA) were used to
characterize the prepared complex. The prepared complex was tested for its in vivo
antioxidant and antibacterial activity. The Pr(I11):GSH complex was found to show potent

antioxidant and antibacterial activity based on the biological investigations.
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