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CHAPTER – 1 

 

INTRODUCTION 

 

This chapter presents a brief introduction on the lanthanides and ligands (L-Aspartic acid, 

L-Histidine, L-Valine and Isonicotinic acid) used for the synthesis of the complexes.  The 

chemistry, spectral, magnetic, unique and intriguing characteristics of lanthanides were 

discussed. The importance and applications of lanthanides complexes and their counter-

parents was presented. A brief explanation on chemical kinetic, activation energy and the 

effect of temperature on the rate of reaction and activation energy are also presented. 

Finally, the aim and scope of the study was discussed. 
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1.1. General introduction to lanthanides 

A set of 15 elements with atomic numbers ranging from lanthanum (atomic number 57) 

to lutetium (atomic number 71) make up the lanthanide series in the periodic table of 

elements (figure 1.1). Due to the gradual filling of the final electron in the antepenultimate 

shell's f-orbitals, these elements are known as f-block elements. With the addition of the 

lanthanide-like elements scandium (Z = 21) and yttrium (Z = 39), the lanthanide series 

can be expanded to include these elements, which are referred to as rare earth. Contrary 

to what their name suggests, rare earth is just as common in nature as tin or silver. 

 

Figure 1.1. The periodic table of elements. The lanthanide series is given at the bottom 

of the periodic table. 

 

The absorption and photoluminescence of lanthanide ions are essential properties. Several 

lanthanide ions exhibit luminescence when exposed to ultraviolet light, typically in the 

visible or near-infrared spectral range. As an illustration, Sm3+ produces orange light, 

Eu3+ red light, Tb3+ green light, and Tm3+ blue light. Other lanthanide ions (Pr3+, Sm3+, 

Dy3+, Ho3+, and Tm3+) exhibit transitions in the near-infrared range. Nd3+, Er3+, and Yb3+ 

are widely recognised for their near-infrared luminescence. It is particularly desirable for 

applications that the emitted lanthanide ions have good colour purity. Trivalent 

lanthanides exhibit unique sharp, relatively weak absorption bands, mostly detected in 

the visible near UV part of the spectrum. Lanthanide ions line-like absorption and 

emission, which produces exceptionally high colour purity for the produced light, is an 

intriguing property of these particles. The luminous lanthanide ions are crucial for many 

applications because of their intriguing spectroscopic characteristics. In addition to being 
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used to create optical fibres for telecommunications1, organic light emitting diodes 

(OLEDs)2, contrast agents for magnetic resonance imaging3, and biological 

investigations4,5, they are also utilised to create lamp phosphors6. Lasers use near-infrared 

emitting ions, which are also crucial to telecommunications and optical amplifiers7,8. In 

order to ascertain the natural frequencies of lanthanides, absorption and luminescence 

spectroscopy are crucial techniques in the study of lanthanide systems. 

 

1.1.1. Lanthanide chemistry 

In the whole series, the stable oxidation state for lanthanide elements is +3. Due 

to the presence of an empty, partially filled, or fully filled 4f shell, Ce4+, Eu2+, Sm2+, Yb2+, 

and Tb4+ are the sole exceptions. The xenon core effectively shields the 4f orbitals, turning 

them into "inner orbitals" for the valence 4f orbitals. The lanthanide metal ions' chemical 

and spectroscopic characteristics can be explained by this phenomenon. 

Ionic radii of the lanthanide series elements decline from atomic number 58, 

cerium, to atomic number 71, lutetium, resulting in smaller than predicted ionic radii for 

the following elements. This effect, known as lanthanide contraction, occurs when 6s 

electrons are attracted nearer to the nucleus as a result of poor 4f electron shielding of the 

nuclear charge, resulting in a decreased atomic radius. Trivalent lanthanide ions have a 

binding preference for the often-employed donor atoms (O > N > S), which are hard 

Lewis’s acids. In their complexes, the bonds are electrostatic in nature. As a result, the 

coordination geometry of lanthanide complexes is determined by steric considerations.  

Only ligands with donor groups containing negatively charged oxygens (such as 

carboxylate, sulfonate, phosphonate, and phosphinate, etc.) may successfully bind to the 

lanthanide ion in an aqueous solution because water molecules and hydroxide ions are 

particularly potent ligands for Ln3+. The trivalent lanthanide ions (Ln3+) exhibit 

coordination numbers ranging from 6 to 12, with 8 and 9 being the most frequent, and 

share a number of other common coordination features. 

Due to their ionic nature, Ln3+ ions have varying coordination numbers and 

geometries due to their weak stereochemical preferences and labile coordination sphere. 

The most prevalent coordination geometries for Ln3+ complexes in solid state 

include square anti-prismatic, dodecahedral, tricapped trigonal prismatic, monocapped 

square anti-prismatic, bicapped square anti-prismatic, and bicapped dodecahedral. 

The solution prediction for the coordination numbers is more challenging9. When 

the ligand's electronic density or a number of donating atoms is insufficient, the 
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lanthanide ions use anions such as water, chloride, or hydroxide to complete their 

coordination sphere. 

The coordination characteristics of the ligand are dependent on the type of donor 

atoms. Because of their hard acid nature, lanthanide ions preferentially bond to hard 

bases. As a result, stronger bonds are formed by ligands using negatively charged -O or -

N donor atoms. Due to its strong acidic nature and the predominance of ionic bonding 

interactions, Ln3+ prefers hard bases. In aqueous solutions, ligands with negatively 

charged oxygen coordinating moieties produce complexes with high thermodynamic 

stability that are resistant to hydrolysis10,11. Even though they are softer, nitrogen donors 

in anhydrous environments can more effectively coordinate lanthanides, even in the 

presence of minute amounts of water9.  

 

1.1.2. Lanthanide coordination chemistry 

The 4fn5d16s2 configuration of lanthanides makes the +3 oxidation state by far the most 

stable (although +2 and +4 oxidation states exist for some lanthanide elements). This is 

due to the low electronegativity of lanthanides and the increasing stabilisation of the 4f, 

5d and 6s orbitals (4f > 5d > 6s) caused by successive removals of electrons from the 

neutral Ln metal. As a result, their trivalent cations Ln(III) play a nearly crucial role in 

lanthanide coordination chemistry. 

The term "lanthanide (or lanthanoidic) contraction" refers to the continuous and smooth 

decrease in the atomic and ionic radii that results from the steady filling of the 4f orbitals 

with 14 electrons over the lanthanide series. Some important changes in the chemical 

behaviour of certain elements are the result of this tendency (and, of course, on the 

properties of the following third-row transition elements that are smaller than what would 

be normally expected in the absence of the f-block). 

The gradual filling of the 4f orbitals with 14 electrons over the lanthanide series leads to 

a continuous and smooth decrease in the atomic and ionic radii, a phenomenon is known 

as "lanthanide (or lanthanoidic) contraction." This trend is to blame for some significant 

changes in the chemical behaviour of these elements (and, of course, on the properties of 

the following third-row transition elements that are smaller than what would be normally 

expected in the absence of the f-block). From 1.061 for La(III) to 0.848 for Lu(III), the 

trivalent lanthanide ionic radius declines, with a relative maximum (cusp) in the graph 

corresponding to the partially full 4f7 shell of Gd(III) (figure 1.2). When transitioning 
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from La(III) to Lu(III), the amount of this contraction is only around 15%, but the 

difference in ionic radius between the two successive lanthanides is just about 1%. 

 

Figure 1.2. Graphical plot of the ionic radius of trivalent lanthanide ions versus number 

of f electrons.  

 

Since the outward-filled 5s2p6 shell effectively shields 4f electrons, the latter is often 

referred to as "core-like electrons." Since the coordination characteristics of lanthanide 

ions change quite a little across the lanthanide family, lanthanide ions exhibit a relatively 

comparable chemical behaviour (but this variability is much less pronounced than that 

found among transition-metal ions)12. 

Coordination primarily occurs through ionic interactions, with covalence playing a minor 

role in Ln-ligand dative bonds. Since 4f electrons are contracted into the core, they rarely 

engage in bonding. Because of this, there can be no π-back bonding, and the chemistry of 

the M0 state is almost non-existent (i.e., carbonyls). Thus, a complicated interplay 

between interligand steric restraints and electrostatic interactions (i.e., minimization of 

repulsive terms, particularly ligated atoms-ligated atom repulsions) determines the shape 

of the complex13,14. 

The coordination geometry of the lanthanide complexes, and most likely that of the d-

block transition components, is not at all controlled by orbital directionality, as is further 

demonstrated by the wide radial dispersion of the core-like f orbitals. Actually, ligand 
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steric hindrance and cation size play a major role in determining it. Large lanthanide ions 

have a great ability to reach high coordination numbers, with the lowest being C.N.=6 

(which is extremely rare and only occurs with ligands that have a certain steric hindrance) 

and the highest being C.N.=12. The heavier (and smaller) lanthanide ions (Gd-Lu) prefer 

to achieve octa-coordination, whereas the earlier terms of the lanthanide series (La-Nd) 

frequently favour C.N.=9. Even though there are numerous examples of coordination 

equilibria in solution (especially for mid-term lanthanides), this can be simply explained 

on the basis of lanthanide contraction. This is because the size variation along the series 

is so smooth that it is impossible to make a precise estimation of the lanthanide 

coordination sphere in advance15. 

In any event, as stated by Byrne and Li16, the mid-term lanthanide element Gd (and, to a 

lesser extent, Eu) exhibits a coordination behaviour that is rather "anomalous" and 

midway between that of the lighter and heavier lanthanide elements. The lanthanide series 

was previously divided into two groups, "of cerium" (La-Pr) and "of yttrium" (Sm-Lu), 

but this division does not seem to adequately reflect the chemical trend of the series. 

Last but not least, because lanthanides are strong Lewis' acids with a-class (hard) 

characteristics, they have a strong preference for hard donors, especially negatively 

charged donor groups14,15. Along the lanthanide series, this hard-acid behaviour and, 

consequently, the ionic character of the bonding increase, with the heavier lanthanide ions 

having smaller ionic radii having greater effectiveness. Although N-based ligands also 

form stable complexes with lanthanides, O-donors are still the most successful at 

coordinating them. Lanthanides' coordination chemistry with S-donors and other 

chalcogens is still fairly limited. There are various instances of Ln-complexes with 

monodentate or multidentate neutral ligands that are based on -O or -N, with the strength 

of the metal-ligand bond rising as the dipolarity of the ligand increases. It is practically 

impossible to remove complexes from aqueous solutions without directly Ln-bounded 

H2O molecules because water molecules, in particular, have a significant attraction for 

lanthanide ions and provide strong coordination to the lanthanide centre, frequently filling 

the metal coordination sphere (lanthanide ions possess very high hydration energies). 

Since water is the most efficient luminescence deactivator, this is regrettably extremely 

detrimental to lanthanide emission, especially in the near-infrared. Consequently, this is 

a drawback that needs to be taken into account while attempting to create Ln complexes 

with higher brightness. 
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The synthesis of lanthanide complexes from aqueous solutions (or even typical hydrated 

lanthanide salts) is typically an entropy-driven process due to the strong attraction for 

H2O molecules. With a positive entropy change (chelating impact), complexation with a 

chelating ligand will cause a decrease in the hydration of lanthanide ions, which is 

somewhat offset by the strongly endothermic dehydration reaction. In order to take 

advantage of the increase in entropy, it is necessary to choose ligands that have great 

coordinating properties or, at the very least, those that can provide a lot of binding sites 

(i.e., macrocyclic ligands) during the formation of complexes17.  

 

1.1.3. Magnetic and Spectroscopic Properties of Lanthanides 

In 1906, Becquerel investigated the absorption of lanthanide ions and observed strong 

absorption lines18. Before Bethe, Kramers, and Becquerel proposed that the lines may be 

caused by intraconfigurational 4fn - 4fn transitions, it was impossible to understand why 

these lines are so sharp19–21. Since the filled 5s and 5p shells protect the electrons in the 

4f shell, they are unable to participate in the chemical interaction between the ligands and 

lanthanide ions. Because of this, the spectra of lanthanide ions resemble sharp lines made 

by unbound atoms or ions. Each lanthanide ion exhibits a distinctive absorption and 

emission spectrum and can emit in the near-UV, visible, near-infrared, and infrared parts 

of the electromagnetic spectrum. The Laporte selection rule makes this 

intraconfigurational 4fn - 4fn transitions parity prohibited. According to this, the spectral 

lines connected to the electric-dipole transition must originate from the opposing parity 

states. Charge transfer states and the mixing of opposite-parity configurations like 4fN-1- 

5d1 can produce electric dipole transitions in noncentrosymmetric systems22. Magnetic 

dipole transitions are allowed in the lanthanide ions. Their intensity may be determined 

with ease and is essentially independent of the surrounding matrix. The 5D0 → 7F1 

emission line of Eu3+ serves as an illustration of a transition that is solely magnetic in 

nature. The ligand field induces electric dipolar transitions in lanthanide ions, and the 

strength of these transitions is highly dependent on the coordinating environment. Thus, 

the ligand field is the only factor affecting their intensity. A hypersensitive transition of 

the Eu3+ emission line from 5D0→
7F2 is one illustration of such a transition. 

The spectroscopic characteristics of the trivalent lanthanide ions are distinct. 

Because the 5s2 and 5p6 subshells are filled, the 4f orbitals of the Ln(III) cations are 

shielded, giving them their peculiar spectroscopic characteristics. The ions of trivalent 

lanthanides display highly distinct bands of absorption in the ultraviolet, visible, and 
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infrared, with the exception of lanthanum and lutetium, which do not absorb light23. These 

bands, which are unique to each ion, have the same wavelength in both the solid and 

liquid states of matter. Their compounds spectra exhibit substantially stronger f-f 

transition-related absorption bands that are linked with smaller, more distinct absorption 

bands. Deep inside the atom, the 4f orbital is highly insulated by the 5s and 5p electrons. 

Since the complex formation has almost no effect on the f electrons, the colour of a given 

ion is mostly unaffected by the ligands. The f-f transition bands are sharp compared to 

the large d-d transition bands. The bands' narrow line width and peak position show the 

electrical structure (of a portion) of the 4fn arrangement. The coordination polyhedron's 

structure and the symmetry of the rare earth site are revealed by the crystal field 

splitting24. 

Due to the prohibited transitions, both magnetic and electric dipolar transitions in 

lanthanides are feeble. Their lengthy lives and narrow emission lines define their 

luminosity (in the order of milliseconds). Because of the prohibited transitions, the 

lanthanide ions absorb energy less effectively. This makes it challenging to directly 

photoexcite lanthanide ions. This can be avoided by utilising the organic chromophores 

wide absorption cross sections and the antenna effect, which transfers energy from 

organic chromophores to lanthanide ions. Lanthanide ions can combine with organic 

ligands such as pyridines, calixarenes, polyaminopolycarboxylic acids, and β-diketones 

to create complexes. By creating ligands with appropriate photophysical characteristics, 

highly luminous lanthanide complexes can be created. 

In solution or in glasses, the absorption spectra of single crystals doped with 

lanthanides exhibit a group of narrow lines; nevertheless, the lines within the group widen 

to form a single absorption band. These bands must be attributed to the 4f-electronic 

shell's transition. Every group or band represents the change in 2S+1Lj free ion levels (or 

J-manifolds). Because they don't involve a configuration change, they are known as intra-

configurational transitions. For the understanding of the observed transitions, three 

mechanisms must be taken into account25, namely: 

(i) Magnetic-Dipole Transition. 

(ii) Induced Electric Dipole Transition. 

(iii) Electric Quadrupole Transition. 

(i) Magnetic-Dipole Transition 

The interaction of a spectroscopic active ion with the magnetic field component of light 

passing through a magnetic dipole result in the magnetic dipole transition. The rotational 
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displacement of charge can alternatively be thought of as magnetic dipole radiation. A 

magnetic dipole transition has even parity because the sense of rotation is not reversed 

under inversion through a point (or inversion centre). Consequently, between states of 

equal parity, a magnetic dipole operator has even transformation properties (or intra-

configurational transition).  

(ii) Induced Electric Dipole Transition 

The bulk of lanthanide optical transitions that have been recorded are induced electric 

dipole transitions, which are the result of the lanthanide ion's interaction with the electric 

field vector via an electric dipole. The development of an electric dipole requires a linear 

transition of charge that has an odd parity. Therefore, under inversion with respect to the 

inversion centre, the electric dipole operator exhibits peculiar transformation features. 

The Laporte Selection Rules prohibit intra-configurational electric dipole transfer. Judd-

Ofelt’s theory26,27 provided a thorough explanation of the induced electric dipole 

transition.  

(iii) Electric Quadrupole Transition 

The displacement with a quadrupole nature leads to the electric quadrupole transition. 

Four-point charges make create an electric quadrupole, which has an overall zero dipole 

moment and zero charge. It can be described as the arrangement of two dipoles so as to 

cancel out each other's dipole moment. The parity of an electric quadrupole is even. 

Transitions between an electric quadrupole and magnetic dipole are substantially weaker 

than those between induced electric dipole and an electric quadrupole. Hypersensitive 

transitions, however, are regarded as pseudoquadrupole transitions because they adhere 

to the quadrupole transitions' selection rules. 

 

1.1.4. Selection Rules 

When interpreting atomic and molecular spectra, a selection rule is essential since it 

predicts when a spectral transition might happen. The multiplet terms of the Ln3+ ions 

under the Russell-Saunders Coupling Scheme are denoted by the notation 2s+1LJ, where S 

stands for Total Electron Spin, L for Total Orbital Angular Momentum, and J for Total 

Momentum. Only under rigorous conditions are selection criteria valid, albeit they may 

be reduced in some cases. Only the Russell Saunders Coupling Scheme is subject to the 

selection criteria for ΔL and ΔS. Due to the fact that L and S are undesirable numbers in 

the intermediate coupling scheme, these selection rules are relaxed. The selection rules 

on ΔJ are tougher to break down since J still functions as a decent quantum number in the 
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intermediate coupling scheme; J-mixing is the sole weak impact that can loosen these 

rules. On the point group symmetry of the rare earth site, the selection procedures for ΔM 

depend28. Table 1.1 lists the selection criteria for transitions using induced electric dipoles 

and magnetic dipoles. 

 

Table 1.1: Selection rules for lanthanide f-f transitions. S represents total spin angular  

momentum, L the total atomic orbital angular momentum and J the total angular 

momentum. 

 

The selection criteria for lanthanide ion intraconfigurational optical transitions between 

2S+1LJ levels are L=1 or J=1. Magnetic Dipole and Electric Quadrupole transitions are 

among the permitted 4fn-4fn electronic transitions. Only the oscillating magnetic vector 

of the radiation interacts with the 4f electrons of Ln3+ ions during magnetic dipole 

intraconfigurational electronic transitions, not the oscillating electric vector. Even though 

the oscillator strengths of these transitions are roughly 10-6 times lower than those of a 

transition that is fully permitted, they can nevertheless be helpful for particular 

lanthanides29. The occurrence of 7F0→
5D0 and 5D0→

7F0 transitions in some Eu(III) 

complexes30–33 is a well-known illustration of how Judd-Ofelt theory's selection 

principles can break down. The selection rules disallow the 7F0→
5D0 transitions because 

J (0 ↔ 0) is prohibited. Tanaka et al.34,35 attributed this anomalous behaviour as the 

reason for the collapse of closure approximation in Judd–Ofelt. Wybourne36 has 

demonstrated that the second-order matrix element U(0) is zero, demonstrating that no 

intensity can result from this mechanism. Wybourne postulated a method in which the 

spin selection rule is weakened by scalar third-order contribution involving spin-orbit 

interaction acting within higher-lying perturbing states. Burdick37–40 created this model. 

Lanthanide electric and magnetic dipolar transitions are weak due to forbidden 

transitions. Their luminous properties include narrow emission lines and lengthy lifetimes 

(in the order of milliseconds). Because of the prohibited transitions, lanthanide ion 

absorption is weaker. Direct photo-excitation of lanthanide ions is so problematic. This 

Magnetic Dipole Transitions (MD) Induced Electric Dipole Transition(ED) 

ΔJ=ΔS=ΔL = 0 ΔL= ±1, ΔJ = O, ΔS = O, |ΔL| ≤ 6 

ΔJ = O, 1 but 0↔0 is forbidden |ΔJ|≤ 6 ; |ΔL| = 2, 4, 6  if J = 0 and J′ = 0 

M' - M = -P, where P = ±1 M' - M = - ( q + p ) 



Chapter - 1 
 

11 
 Ph.D. Thesis. 

can be addressed by utilising the organic chromophores' wide absorption cross-section 

and energy transfer from organic chromophores to lanthanide ions via the antenna effect. 

Lanthanide ions have the ability to form complexes with organic ligands such as -

diketones, polyaminopolycarboxylic acids, pyridines and calixarenes. Designing ligands 

with adequate photophysical characteristics yields highly luminous lanthanide 

complexes. Lanthanide ions that emit visible light are Eu3+ (red), Eu2+ (blue), Tb3+ 

(green), Sm3+ (orange), and Tm3+ (blue). Nd3+, Er3+ and Yb3+ are examples of lanthanide 

ions that emit near-infrared light 

 

1.1.5. Related terms and properties 

a) Hypersensitivity 

The environment has little impact on the induced electric dipole transition intensities in 

lanthanides. The lanthanide (III) ion's specific transition dipole strength in various 

matrices does not change by more than a factor of two or three. A few transitions, 

however, are substantially stronger in lanthanide complexes than in lanthanide (III) aquo 

ion complexes and are particularly sensitive to the environment41–43. Much earlier than 

Judd-Ofelt’s theory, Moeller et al.44–46 first noted the remarkable phenomena of the high 

sensitivity of spectrum intensities for ligand environment. They did this for the β-

diketonate and EDTA complexes of Nd3+, Ho3+ and Er3+. These transitions adhered to the 

selection rules |ΔS|=0; |ΔL|≤2; |ΔJ|≤2 and were referred to as "HYPERSENSITIVE" by 

Jorgensen and Judd. the selection criteria for pure quadrupole transitions are the same as 

these criteria. However, computations showed that the intensities had a quadrupole 

character; as a result, hypersensitive transitions were referred to as having a 

pseudoquadrupole character47,48. In order to gather data on the co- ordinating ligands' 

binding characteristics, the relative binding power of various binding sites, the degree of 

outer and inner sphere coordination, and the identification of the immediate coordination 

environment in complex species49–53, the hypersensitive transition has been widely used 

as a probe. 

 In order to understand how the coordination number affects the intensity and fine 

structure of the spectra, Karraker54 studied the hypersensitive transitions of Nd3+, Ho3+ 

and Er3+ and took into account the absorption spectra of six, seven, and eight coordinated 

β-diketonates in non-aqueous conditions. The β-diketonate ligands were chosen because 

they all attach to lanthanides (III) in a bidentate fashion, resulting in a six member chelate 

ring and involving two oxygen donor atoms. Coordination number and the shape of the 
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bound ligands were the two primary factors. Low polarity solvents were chosen in order 

to minimise the solvent effect on the lanthanide ion's crystal field splitting. His thorough 

research demonstrated that the lanthanide ion's coordination and symmetry were reflected 

in changes in the hypersensitive transitions. The following findings formed the basis of 

the conclusion: 

i) For sensitivity transitions between coordinated lanthanide ions six, seven, and 

eight, the appearance of the absorption bands varies. 

ii) When an unidentate ligand is added to a solution containing six or seven 

coordinated complexes, the spectra are altered to resemble those of seven or eight 

coordinated complexes. 

iii) The spectra of hydrated complexes change to spectra that resemble the spectra of 

lower coordination lanthanides when the water is removed from the solution. 

iv) The degree of the hypersensitive transition and the lanthanide's coordination 

number are correlated. 

Karraker55 examined the impact of strong aqueous chloride on perchlorate solution 

on hypersensitive transitions in his later paper. Changes in the band's form were thought 

to be diagnostic indicators of changes in the coordination number of lanthanides. 

In terms of lanthanide complexes' absorption spectrum intensities in solutions, Chopin 

et al.56 have made excellent contributions. While methodically examining Ln(III) 

complexes with Poly (amino carboxylic) acids, they proposed a different sequence for 

oscillator strength of hypersensitive transitions for Nd3+ and Ho3+ but were unable to 

provide an explanation for the varied behaviours of the two ions. On the other hand, 

Fellow and Choppin56 and Choppin57 discovered a strong link between the oscillator 

strength and the total ligand pKa for dibasic acid. Regarding the degree of hypersensitive 

transitions, these researchers offered three generalisations: 

i) Increased ligand absorption intensity is correlated with increased basic 

character of the coordination ligand. 

ii) Intensity is increased by shortening the distance between the metal and ligand, 

and 

iii) The degree of higher intensity increases as the number of more fundamental 

ligands increases. 

The hypersensitivity can be extended to several additional transitions that typically do not 

exhibit it in the presence of a ligand. The transitions that weren't hypersensitive were 

typically thought to be nearly insensitive. The hypersensitive transition for Pr(III) has 
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been observed to be the 3H4 → 3P2 transition occurring at roughly 5,200 cm-1, but for 

Nd(III), the 4I9/2→ 4G5/2 transition, which takes place at about 17,300 cm-1, is thought to 

act in a similar manner. The transitions 3H4 →3P2, 
3P1, 

3P0, and 1D2 of Pr(III) and 4I9/2→ 

4G7/2,
 4F7/2, and 4F5/2 of Nd(III) are examples of these transitions that do not adhere to the 

selection rules and as a result, cannot be regarded as hypersensitive transitions, but have 

been discovered to exhibit significant sensitivity towards even small changes in the 

nearby coordination environment around Pr(III) and Nd(III)58–60. Choppin et al. also 

noted hypersensitivity in the 4G7/2 →4K13/1 transition of Nd(III), although Peacock61 only 

noted it in the 4I9/2 →4G5/2 transition of Nd(III). In their series of investigations with N(III) 

complexes, Misra and colleagues62–64 discovered unexpected sensitivity in 4I9/2→4F7/2 and 

4F5/2 transitions that displayed different binding properties depending on the ligands 

utilised. "Ligand Mediated Pseudohypersensitive Transitions" is the name they gave these 

transitions. For the development of such pseudohypersensitivity, ligand denticity bite 

coordination and the type of chelate ring created by the ligand are crucial factors. 

b) Energy levels in the lanthanide ions 

The 4f-shell can contain 0 to 14 electrons in the lanthanide series, which runs from La3+ 

to Lu3+. The 4f electrons have limited contact with the chemical environment of the ion 

and are not involved in chemical bonding because they are protected by the outer 5s and 

5p shells. The three configurations 4f0 (an empty f-shell), 4f7 (a half-filled f-shell), and 

4f14 are the most stable (filled-f-shell). 

The various energy levels for the same configuration are caused by various interactions 

inside the lanthanide ion. Electron-electron repulsions within the 4f orbitals are the 

strongest of these interactions and produce terms with spacing on the order of 104 cm-1. 

The spin-orbit connection then causes this to divide into many J levels (figure 1.3). This 

is the result of the interaction between the electron's spin magnetic moment and the field 

produced by its travel around the nucleus. The (2S+1) Lj terms at the free ion level provide 

the energy states for lanthanide ions. S = total spin angular momentum; L = total atomic 

orbital angular momentum; and J = total angular momentum. The ions' spherical 

symmetry is disrupted when they are combined with ligands, which prevents them from 

being free. Additionally, the 4f electrons and the ligands' electric fields interact 

electrostatically as a result. This is known as the crystal field. 
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Figure 1.3. Energy levels splitting for the lanthanide ions with 4fN configuration. 

 

Figure 1.4 displays the energy level diagram for some trivalent lanthanide ions. 

This diagram can be used to illustrate the absorption and luminescent characteristics of 

the given trivalent lanthanide ions 

 

Figure 1.4. Energy level diagram adapted from Dieke’s diagram of some trivalent 

lanthanide ions. 
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c) Non radiative decay 

Radiative decay does not completely destroy excited lanthanide ion states. Luminescence 

will compete with non-radiative decay of the excited state if the energy difference 

between the excited state and the following lower state is small. Multiphonon relaxation 

is the process of allowing matrix vibrations to dissipate electronic excitation energy65. 

The coupling of lanthanide energy levels with the vibrational modes in the lanthanide 

ion's immediate environment may be the cause. Because high energy O-H vibrations are 

particularly effective at quenching lanthanide luminescence, water molecules are kept out 

of the first coordination sphere of lanthanide complexes. 

 

1.2. General properties and structures of the Ligands 

1.2.1. Amino Acid 

All living things need amino acids as fundamental building blocks to create proteins. They 

can also combine with carbohydrates  and lipids66. Through the condensation of amino 

groups and carboxylic groups, which results in the loss of water, ribosomes catalyse the 

polymerization of amino acids to produce proteins. The amino N- and a carboxy C 

terminus of the corresponding terminal amino acids give peptides their directionality. As 

the fundamental components of the widest range of biological substances, amino acids 

have a distinctive structure. All twenty amino acids—aside from proline—have an amino 

group, a carboxyl group, and a functional group covalently attached to the alpha carbon. 

The functional groups are used to categorise the side chains of the essential amino acids 

into polar, non-polar, or basic side chains67. 

 

Figure 1.5. Structure of an amino acid. 

 

Most amino acids have chiral carbons connected to a carboxylic acid, an amino group, an 

alpha hydrogen, and a distinctive side chain (R-group) as given in figure 1.5. Only one 

amino acid, glycine, is achiral, meaning it lacks a side chain in favour of a hydrogen atom. 

Some amino acids are considered essential amino acid as they cannot be produced by the 
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body in sufficient quantities; as a result, they must be obtained through food and 

supplements. Amino acids have important functions in biological and metabolic 

processes68, such as stress resistance, nitrogen storage etc. 

 Amino acids exist as zwitterions with the carboxyl group deprotonated and the 

amino group protonated at neutral pH. The pKa of the various side chains functional 

groups has a significant impact on the charge and, consequently, the reactivity of amino 

acids which are affected by pH changes. pH value of amino acids where its net charge 

value is zero is known as its isoelectric point (pI). The side chain chemistry in this 

situation plays a major role in determining the specific reactivity. For example, the 

sulphur atom in the side chains of methionine and cysteine can both be oxidised to SOx 

or, in the case of cysteine, can create disulphide bonds with other cysteine sites in the 

same or different proteins, a process known as cross-linking. Histidine, Lysine, Cysteine, 

and Serine are nucleophilic amino acids that have side chains that contain atoms with a 

free pair of electrons that can attack electron-deficient atoms. Leucine and phenylalanine 

are two examples of amino acids having hydrophobic side chains, or side chains that 

contain either aliphatic or aromatic groups; these amino acids are less reactive. Amino 

acids that are basic or acidic are charged at neutral pH and have a high reactivity in ionic 

interactions as a result.  

 Essential amino acids not only play critical functions in enzymes and other 

proteins, but they also serve as precursors for a variety of crucial nitrogen-containing 

compounds in physiology. Hormones, nucleotide bases, and neurotransmitters are a few 

of the particular products. In the fields of respiratory physiology, cardiology, renal failure, 

neurological illnesses, and congenital abnormalities, essential amino acid therapy has 

drawn a lot of interest. The relative abundance and affordability of these physiologically 

active molecules are what make exogenous essential amino acid treatment beneficial69 

a) L- Aspartic acid 

 

Figure 1.6. Structure of  L-Aspartic acid. 
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Chemical properties: Acidic 

Physical properties: Polar (Charged) 

Aspartic acid is a non- essential amino acid. It is asymmetric, and exists in two mirror-

image forms. Only one form, denoted by the L, occurs naturally in proteins, however. 

L- Aspartic acid and Glutamic acid play important roles as general acids in 

enzyme active centers, as well as in maintaining the solubility and ionic character of 

proteins. Aspartic acid is alanine with one of the β- hydrogens replaced by a carboxylic 

group. It has an α- keto homolog, oxaloacetate, just as pyruvate is the α- keto homolog of 

alanine. It stimulates a neural receptor called the NMDA receptor, which plays a role in 

memory and cognition. Finally, it has an important role in gluconeogenesis, which is the 

process of making glucose, or sugar, when the supply is low70. 

b) Histidine 

 

Figure 1.7. Structure of L-Histidine. 

 

Histidase converts histidine into N-formiminoglutamate (FIGlu), which adds the 

formimino group to tetrahydrofolate and creates glutamate71. The rationale for the FIGlu 

excretion test is an enhanced urine elimination of FIGlu caused by a dietary folic acid 

deficit72,73. One carbon metabolism heavily depends on tetrahydrofolic acid (THF), a 

metabolite of histidine and the active form of folic acid. With the addition of two protons 

(H+) and two molecules of NADPH, dihydrofolate reductase changes the inactive form 

of folic acid into its active form. In order to synthesise methionine, thymidine, purine-C8, 

and purine-C2, several types of THF are required. Some microorganisms directly 

manufacture folic acid, in contrast to humans. Methotrexate is an effective treatment for 

people with acute lymphocytic leukaemia because it prevents folic acid in humans from 

being converted to its active form74. 
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 Numerous living things and physiological systems are affected by histidine. 

Histidine quenches hydroxyl and hydrogen peroxide, but not superoxide anions, in its 

capacity as a free radical scavenger. As the adenine nucleotide pool rises after histidine 

injection, the total free energy of cells increases75. 

The control of oxidative DNA breakdown involves histidine significantly. 

Histidine loses its ability to control the oxidative degradation of DNA when its imidazole 

component is protonated76. Evidence suggests that the protective effect of histidine at low 

hydrogen peroxide levels may be due to its capacity to bind hydroxyl free radicals. In 

isolated perfused rat hearts, histidine also lessens the ischemia brought by myocardial 

damage. 

The chemical messenger histamine is a significant metabolite of histidine. This 

potent ingredient is created by decarboxylating histidine, which is a common trigger for 

allergic and inflammatory reactions. Numerous cellular processes, including gastric acid 

secretion, vasodilation and allergy reactions, are mediated by histamine. Additionally, 

histamine has been proposed as a potential brain neurotransmitter. Histamine is not 

employed in medicine; however, histamine antagonists serve vital medicinal purposes. 

The mediator of numerous inflammatory and allergic responses, histamine, is 

produced from histidine. Additionally, histidine is a good scavenger of oxygen-free 

radicals. According to research on the antioxidative effects of the amino acid in heart 

myocardial injury in rats, it was found that histidine protected postischemic reperfusion 

injury. Histidine-treated hearts recovered more functionally and had higher levels of high-

energy phosphates. Hydrogen peroxide and hydroxyl radicals were demonstrated to be 

quenched by histidine, but not superoxide anions. The effects of histidine on cerebral 

vasospasm were demonstrated in a different investigation using subarachnoid 

haemorrhage in rabbits. In a rat investigation on the effects of histidine on brain edoema 

and cardiac function following thrombotic ischemia, it was discovered that reduced 

histidine decreased brain water content and improved left ventricular performance. 

 Carnosine and anserine, two histidine-containing dipeptides, displayed anti-

inflammatory properties and might be helpful in the healing of wounds77. These 

dipeptides are thought to interact with lipid peroxidation products and oxygen radicals to 

prevent membrane deterioration. 
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c) Valine 

 

Figure 1.8. Structure of L-Valine. 

 

It has been demonstrated that diets low in valine cause chicks' urinary calcium excretion 

to increase and their bone mass to decrease. Diets lacking in BCAAs have been researched 

for potential anti-tumor applications78. These researchers have shown that diets lacking 

in valine and leucine had the best results in reducing tumour growth with the least amount 

of mass loss. However, tumour growth inhibition was less effective and host development 

was adversely affected in diets lacking in all three BCAA. This shows that limiting the 

intake of specific amino acids might be more advantageous for tumour therapy and cause 

less weight loss than cutting out all three BCAAs. If untreated, vitamin B12 deficiency 

results in neurological decline. In a study group of B12 deficient bats, the injection of 

valine and isoleucine—two precursors in the propionic acid pathway—protected against 

brain impairment79. According to this research, valine and isoleucine managed to get 

around this by promoting the propionic acid pathway. 

 

1.2.2. Pyridine 

Pyridine (py) is a significant heterocyclic substance that is present in many different 

natural products. To treat a variety of human illnesses, there are numerous medications 

with pyridine ring systems. The chemical compound pyridine and its derivatives have 

many essential uses in a wide range of industries. Both medical and non-medical 

applications exist for pyridine derivatives. Numerous biological actions of pyridine 

derivatives have been documented, and several of the compounds are being used in 

medicine. Additionally, the use of pyridine derivatives in contemporary medicine is 

growing80. 

Observing the pharmaceutical industry, Omeprazole has been a popular pyridine-based 

medication since 1998. Since 2014, the antiemitic medicine netupitant has been used in 

combination with another medication to prevent immediate and delayed nausea and 
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vomiting brought on by cancer chemotherapy, paving the way for the creation of 

anticancer treatments. On the basis of these developments, pyridine research is an 

ongoing field with higher expectations for addressing a number of disease-related 

problems. 

a) Isonicotinic acid 

 

Figure 1.9. Structure of Isonicotinic acid. 

In addition to its many other uses as a plant growth regulator, herbicide, pesticide, and 

corrosion regulator, isonicotinic acid (4-picolinic acid) has derivative applications as an 

antibacterial medicine for treating psoriasis, arthritis, and tuberculosis. 

 

1.3. Antimicrobial Activity  

A substance that kills or prevents the growth of microorganisms like bacteria, fungi, or 

protozoans is known as an anti-microbial. Antimicrobial medications either eradicate 

microorganisms or stop them from proliferating. The majority of the metal complexes 

have antibacterial properties. Chelation and coordination have been theorised to lessen 

the polarity of the metal ion by partially sharing its positive charge with the donor group 

throughout the entire chelate ring system81,82. Thus, during the process of chelation, the 

central metal atom becomes more lipophilic, which in turn favours its ability to pass 

through the lipid layer of the membrane. This increases the metal complex's ability to 

penetrate the bacterial membrane, which in turn raises the activity of the complexes. In 

addition, a number of additional elements, including solubility, dipole moments and 

conductivity affected by metal ions, may also play a role in the outstanding anti-microbial 

activity of metal complexes83. It has also been noted that some moiety introduced into 

such compounds, such as azomethine or heteroaromatic nucleus, exhibit extensive 

biological activity, which may be the cause of the increase in hydrophobic character and 

liposolubility of the molecules in crossing the microorganism's cell membrane and the 



Chapter - 1 
 

21 
 Ph.D. Thesis. 

enhancement of complexes' biological activity and utilisation ratio84. The metal 

complexes inhibit protein synthesis by disrupting cell respiration, which limits the 

organism's ability to expand further85. 

 At certain concentrations, metal complexes are poisonous to the majority of 

microorganisms and frequently cause severe disruptions in biological processes. While 

some metal ions impede the growth of many bacteria at larger concentrations, other metal 

complexes are necessary for the growth of microorganisms at extremely low 

concentrations. The type of the metal ion, the ligands, and their quantities are the key 

determinants of the metal complexes toxicity86. 

 It has been discovered that Schiff bases and their metal complexes have significant 

biological activity. Azomethines are an important class of physiologically active ligands 

that serve as models for the metal ligand binding sites in a number of enzymes. 

Azomethines bind to the metal ions through nitrogen, oxygen or sulphur atoms. It is 

known that these ligands and their metal complexes have antibacterial, antimalarial, 

anticancer and antileukemic properties87,88. 

 

1.4. Applications 

Lanthanide complexes have a variety of prospective and existing uses in both solution 

and solid states because of their intriguing characteristics. 

1.4.1. Biological 

By taking advantage of their similar chemical characteristics, the Ln3+ ions have been 

employed as spectroscopic probes for Ca2+ ions in bioinorganic chemistry. They are both 

hard cations with a preference for O and N donors, have similar coordination numbers, 

are similar in size to Ca2+ at 1.1 A, and the biological system is not considerably perturbed 

when Ca2+ ions are replaced by Ln3+ ions89. 

Similar applications for lanthanides can be seen in fluoroimmunoassay systems, 

an immunology technique for detecting biomolecules. The procedure is more sensitive 

and specific than those that use radioactive materials. Fluoroimmunoassays take 

advantage of the long-lasting luminescence of Ln ions90–93 in this process; the Ln3+ ion 

attaches to the biological species of interest, which is subsequently excited and some of 

the energy can be transferred to the Ln3+ excited state. By prolonging the duration 

between the excitation pulse and the measurement of emission, the luminescence 

emerging from the Ln3+ ion can be preferentially recorded because the fluorescence 
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arising from the biological species (commonly referred to as autofluorescence) is brief in 

comparison. 

It has been shown that luminous lanthanide complexes can be utilised as pH, 

hydroxide, halide and oxygen sensors90. The oxygen sensor makes use of the fact that 

energy is transferred back from the excited Ln3+ state to the chromophore's Ti state, which 

is susceptible to O2 deactivation. 

The potential health benefits of Ln3+ complexes and their application as potential 

medications have been investigated in recent review papers94. Biochemists are currently 

interested in studies of novel chemotherapeutic Schiff bases. Some medications 

reportedly had more activity as metal complexes than as organic molecules. Their 

inclusion as anti-cancer medicines are one of the intriguing potential advantageous uses. 

Ln3+ ions are hypothesised to raise intracellular Ca2+ concentration, which is crucial for 

mediating DNA cleavage, which is the chemical process underlying how they increase 

the mortality rate of cancer cells. Ln3+ ions can be utilised to analyse medicines as well 

as used as potential drugs95. It was discovered that certain medications that are present in 

solution cause sensitised emission from Eu3+ and Tb3+ ions bound to organic ligands, 

enabling the identification of the former. 

Complexes are utilised as shift reagents in NMR spectroscopy to take advantage 

of the magnetic behaviour of the Ln3+ ions in solution96, and the paramagnetic properties 

of gadolinium are utilised since Gd(III) complexes are frequently used as in vivo contrast 

agents for magnetic resonance imaging (MRI)97–99. 

1.4.2. Physical 

Recently, a possible use for triboluminescent substances (such as Eu3+ and Tb3+ 

complexes) has been emphasised100. Triboluminescent Ln3+ materials, which release light 

only when damaged, can be utilised to detect damage to the composite material's 

structural integrity in bridges, aeroplanes and other structures. Numerous applications, 

including as phosphors for fluorescent lighting, display monitors and x-ray imaging, 

utilise solid-state Ln3+ ions doped into insulating hosts33,101. 

In optical fibres, Er3+ and Nd3+ are utilised to amplify light through stimulated emission. 

It has been demonstrated that numerous crystalline hosts containing Ln3+ ions can 

generate effective lasers. Nd is employed in hosts like YAG or YLF in one of the most 

popular lasers. It is possible to build effective lasers to the line-like emission band at about 

1064 nm, which has a substantially stimulated emission cross-section. Solid-state lasers 



Chapter - 1 
 

23 
 Ph.D. Thesis. 

have all used Yb3+, Eu3+, Tm3+ and Ho3+. Heller studied many Ln3+ ions in solution in 

1968 with the eventual goal of incorporating them into liquid lasers102–112. 

The synthesis of lanthanide compounds for electroluminescent (EL) displays is a newer 

topic of research that has received progress. Device studies have demonstrated that the 

EL emission from the Eu3+ (red) and Tb3+ (green) complexes is effective. High charge 

carrier mobility, high thermal stability and photoluminescence (PL) efficiency are 

characteristics of good EL materials. Semiconducting (conjugated) polymers, which 

make up the majority of the materials used in EL displays today, have difficulty emitting 

pure colour. Since polymers (and small organic compounds) produce broadband emission 

that is rarely pure in one colour, filters must be used. Full-color displays (red, green, and 

blue) are the ideal requirement. It is common for β-diketonates to be present in the Ln3+ 

electroluminescent complexes that have been examined, and this is especially true of the 

Eu3+ complexes113–117. This is due to the extreme hypersensitive ΔJ = 2 emission that Eu3+ 

β-diketonates exhibit, which appears as monochromatic radiation in the red area. 

 

1.5. Synthesis and Importance of Lanthanide Complexes 

Numerous investigations and research projects have made significant 

advancements in the field of the chemistry of lanthanides. They have made advancements 

in the fields of coordination chemistry118, inorganic chemistry119, applications in 

industries and agriculture120, medical and biological applications121, magnetic resonance 

imaging agents (MRI)122,123, bio-imaging, lighting devices124 and telecommunications8. 

The use of Lanthanides is also noticeably expanding as an excellent diagnostic and 

prognostic probe in biological and clinical aspects125. Because of the unique electronic 

configuration of lanthanides, they are considered to have remarkable physical and 

chemical characteristics126. 

Since they exhibit a variety of reactions in both their ground state and excited state, 

lanthanide complexes in organic and aqueous solutions have been attracting a significant 

amount of interest for the past 20 years125. The majority of lanthanides are ionic salts, 

making them hard acceptors. Lanthanide ions create 9 or 8 coordinations by forming 

stable complexes with oxygen and nitrogen donor ligands. Due to the chelate effect, 

Lanthanide complexes that are synthesized using chelated ligands result in stronger 

complexes than those that are made with monodented ligands127. Lanthanide ions are used 

to form coordination compounds and supramolecular systems such as helicate, grids, 

interlock, and bundle molecules because they have smaller atomic radii and a high 
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positive charge, which meet the ideal conditions for producing a higher coordination 

number128–130. These structures cannot be formed using commonly used templating ions 

(ligand-based reactions on the coordination site of the metal), and so using the Lanthanide 

ions is necessary131. Lanthanide complexes in solution display a wide range of 

characteristics, and they typically show a narrow emission band, significant Stroke shifts, 

and extended excited lifetimes. They also typically emit in the red and green regions of 

the spectrum132,133. 

The Lanthanide ions prefer to coordinate to oxygen, sulphur, and nitrogen donor 

atoms of the ligand due to their high charge density, Lewis’s acid and reactivity. The 

ligands, which serve as transmitters for complexation, are used to transport energy in 

order to achieve a consistent excitation state134–137. Lanthanide ions can work as a 

substitute for other elements like calcium and magnesium and act as a probe in place of 

these metals when examining the structural roles played by bimolecular processes 

because they share similar properties with these other elements138–140. 

P. R. Maravalli et al. (1999) synthesized a series of Lanthanide (III) complexes 

using 3-N-methyl piperidion-4-salicylidene amino- 5- mercapto- 1, 2, 4-trazole ligand 

with Ln (III) nitrate; where Ln = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, ER, Yb and Y by direct 

reaction method (figure 1.10). The complexes synthesized were characterized by different 

methods and suggested the structure of the complexes. The spectral studies show that the 

coordination bonding between the metal and the ligand is a bidentate one and proposed 

the complexes to have coordination number six141. 

 

Figure 1.10. Proposed Structures of the Complexes. 

 

I. P. Kostova et al.(2001) reported the synthesized Lanthanide(III) complexes with 

4-methyl-7-hydrocoumarin ligand and studied their thermal analysis and the various 

spectral properties using different spectroscopic methods. The synthesized complexes 

were identified and characterized by elemental analysis, IR, NMR, conductivity, Mass 
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spectroscopy, DTA and TGA142. Irena Kostova and group (2005) synthesized some of the 

Lanthanide complexes and disclosed its antineoplastic activity and its cytotoxic effect. 

The complexes were found to have metal-ligand coordination through hydroxyl 

group143,144. 

As Lanthanide(III) complexes were used as a detector of natural sugar and as a 

cancer biomarker at a certain pH, O. Alpturk and co-workers in 2006 designed complexes 

of Lanthanide which shows a successful detection of natural sugar and exhibits enhanced 

fluorescence emission145. 

B. S. Kumari et al. (2009) synthesized a series of Lanthanide(III) chloride 

complexes with heterocyclic Schiff base (2-(N-salicylideneamino)-3-carboxyethly-4,5- 

dimethylthiophene) base under microwave irradiation in solid state (figure 1.11). The 

spectral studies showed that the metals were coordinated at the ONO donor site of the 

ligand acting as a neutral tridentate and studies shown from the X-ray diffraction of the 

lanthanide (III) complexes results in orthorhombic. The synthesized complexes were also 

reported to be a promising antimicrobial agent146. 

 

Figure 1.11. Structure of the Lanthanide(III) Complexes. 

 

T. Moaienla and co-workers (2009) studied the comparative absorption spectra of 

Lanthanide with L-phenylalanine, L-glycine, L-alanine, and L-aspartic in the presence 

and absence of Ca2+ in organic solvents. The investigation shows that 4f-4f transition 

Lanthanides can be utilized to study the binding nature of biologically important ligands. 

From the different studies and evaluated parameters (Slator-Condon Fk, Racah Ek, spin-

orbit coupling constant ξ4f, Nephelauxetic β, oscillator strength and Judd-Ofelt Tλ) it is 

found that the absorption spectra of Lanthanide complexes in DMF solvent was the most 

favorable one among the organic solvents used147. 

N. V.S. Rao and co-workers (2010) synthesized new Lanthanide complexes, Tb(III), 

Dy(III), and Gd(III) of N-aryl base showing mesomorphism (figure 1.12); all the 
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synthesized complexes were characterized and it is observed that electronic properties are 

dominated by the donor-acceptor of the organic chromophore ligand and the emission 

maxima shows a ligand-driven strong fluorescence with large Stokes shift. The nature of 

the interaction (Vander Waals interaction, electrostatic interaction) between the 

coordinated ligand and the Lanthanide ions leads to an increase transition temperature 

and thermal stability148. 

 

Figure 1.12. Synthesis of Lanthanide(III) Complexes. 

 

M. R. Anoop et al. (2011), reported the synthesis, thermal and spectral study of 1,2-

diphenyl-4-butyl-3,5-pyrazolidione(phenylbutazone) Lanthanide(III) complexes which 

were characterized by elemental analysis, IR, molar conductance, Uv-Vis and NMR 

spectra. In their study the spectra show that the phenylbutazones act as a bidentate and 

mono-ionic ligand coordinating at the carbonyl oxygen of the ligand ring. TGA analysis 

showed the thermal stability of the complex and the kinetic and thermodynamic 

parameters were also evaluated for the dehydration and decomposition state of the 

complexes. From the different spectral characterizations analysis data they have given the 

possible structure of the complexes149 which is shown in figure 1.13. 

 

Figure 1.13. Possible Structures of Lanthanide(III) Complexes. 
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R. Gupta and his group (2012) synthesized a biologically active La(III), Sm(III), 

Gd(III) and Dy(III) complexes with furan-2-carboxylic acid as ligand and their spectra 

were characterized and reported. The synthesized complexes were found to have more 

promising activity then that of the ligand itself150. 

A. Hussain et al. (2012) synthesized Lanthanide(III) complexes (figure 1.14) with 

4- phenyl-2,2,6,2-terpyridine, curcumin and diglucosylcurcumin and studied their DNA 

photocleavage and photocytotoxicity activity. The coordination between the ligands and 

the Ln3+ ions increase the hydrolytic stability and photocytotoxicity of the ligands. This 

study made a way for the Lanthanide(III) complexes to the field of 

photochemotherapeutic applications as the synthesized complexes were found to be 

suitable for photochemotherapeutic applications as it doesn’t show any hydrolytic DNA 

cleavage activity and it also show photocytotoxicity in HeLa cancer cells151. 

 

Figure 1.14. Schematic Structures of Lanthanide Complexes. 

 

X. Hu et al. (2013) successfully synthesized series of Lanthanide amidate complexes by 

direct protonolysis and studied its structural diversity. The characterization data show that 

the complexes possessed abundant and different structures with varying coordination 

mode. Coordinations at the carbonyl oxygen site of the ligand both in the anionic and 

neutral with rare earth metal complexes, high molecular weight and low distributions of 

molecular weight of heterotatic-rich polymers and the ability for the ring opening 

polymerization of rac-lactide using lanthanide amidate complexes as a catalyst were also 

reported in this study152.  

L. Zhao et al. (2014) by simple silylamine elimination prepared two novel amidate rare-

earth metal amide of Ln[SiMe3)2]3 and proligand N-(2,6-diisoprophylphenyl) benzamide 

(figure 1.15), both the complexes were reported to have two chelating amidate; 

coordinated terahydrofuran and amino group molecule. Complexes were also found to 
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have an excellent catalyatic activity for aldehydes and a moderate activity for inactivated 

ketones153. 

 

Figure 1.15. Synthesis of Earth Metal Complexes. 

 

S. M. A. Barody and H. Ahmad, (2015) synthesized four Ln (III) complexes [where 

Ln=La(III), Ce(III), Sm(III) and Gd(III)]. The ligand used was a new mesogen Schiff 

base name N-N-di-(pentyloxybenzoate) salicylidene-1,3-diamino propane which was 

prepared by 1:2 reaction of 4-pentyloxy(4׳-forml-3׳-hydroxy)-benzoate and 1,3-

diaminopropane. The complexes are characterized by FT-IR, elemental analysis, NMR, 

Mass, magnetic susceptibility and molar conductivity. Investigation of the data collected 

shows that two of the ligands is bonding to the metal in stereochemistry: one deprotonated 

phenolic oxygen and the other bidentate through phenolic oxygen (figure 1.16). From the 

studies of thermal stability TGA/DSC curve of the complexes, it was found to be very 

stable thermally154. 

 

Figure 1.16. Suggested Molecular Structure of the Lanthanide Complexes. 

 

R. Su et al. (2016), reported a Lanthanide polymer nanostructure by templatefree 

solvothermal methods using DMF as a solvent and ligand 2-methyl benzoic acid. The 

outcome of the reaction was characterized by elemental analysis, powder X-ray 

diffraction, scanning electron microscopy and downward luminescence which give a 

characteristic transitions155.  

Berezhnytska et al. (2017), synthesized a series of polycomplexes of 

Neodymium(III) nitrate with 2-methyl-5-phenylpenten-1-3,5-dione and allyl-3-oxo-
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butanoate. The nature and the structure of the coordination were found to be dependent 

on the ligand and they remain constant on polymerization which was important for the 

investigation of the coordination and the structure of the polyhydra156.  

C. Lian et al. (2017), reported a synthesized and characterized novel coordinated 

polymer of Ln(III) (Ln=Pr(III), Gd(III) and Yb(III)) and 1,1-(2,4,6-trimethylbenzene- 

1,3,5-triyl(methylene))- tris (pyridine-4-carboxylic acid) and N,N-dimethylacetamide as 

ligand. Examining the polymer, they are found to be isomorphous and iso-structural 

exhibiting the cavate 14- membered cages which gives infinite 1D metallic chain through 

two COO- groups that later interlinks to polymerize into 3D porous scaffold. The study 

also shows that they can be used as a luminescent probe toward Pd2+ions157. 

I. Olyshevets et al. (2018) synthesized Lanthanide(III) complexes using 

dimethyl[(4-methylphenyl)sulfonyl] amido phosphate as a ligand and single-crystal to 

single-crystal phase transition phase of the newly anion (figure 1.17), characterized, 

studied and reported. The study leads to a highly thermal stability, red luminescence 

dominated by 5D0 - 
7F4 transition and a longer emission decay period which support the 

complexes for further application in light-emitting diode158. 

 

Figure 1.17. Schematic Representations of Lanthanide(III) Complexes. 

 

M. P. C. Campello et al. (2019), reported a series of Lanthanide (III) complexes which 

were stabilized by a mixed ligand of three β-diketonate units and a phenanthroline 

derivative (figure 1.18). Using DMSO and PBS as a solvent UV-Vis and florescent 

spectra were recorded exhibiting absorption and emission bands at 350 nm and 520 nm 

respectively. The complexes show a similar cytotoxic activity towards ovarian cancer 

cells and the effect of the complexes, particularly the Eu (III) complex in the mitochondria 

and lysosome which were determined through Transition Electron Microscopy (TEM). 
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These studies pointed out the potentiality of the complexes as an anticancer agents which 

could challenge future investigations159. 

 

Figure 1.18. Molecular Structures of the Complexes. 

 

Lanthanide complexes are making a remarkable way into synthetic clay as they exhibit a 

charismatic trait. Y. Wang et al. (2019), outline the development of the luminescent 

organic-inorganic material using Lanthanide complexes as the host. The study provides 

excellent aqueous solubility, a hydrogel with self-sustaining, and thin, flexible and 

independent films of the hybrid material. The luminescent properties of the Lanthanide 

complexes were retained even on the impact of the clay and so, it boosted the 

luminescence of the hybrid material which was used for the chemical molecule and the 

sensing of metal ions luminescent. In view of the different traits that the hybrid exhibit, 

its novel material was reported to be auspicious in the field of biology, therapeutic, 

security and solar cells160. 

In 2020, R. Li et al. reported the synthesis of Lanthanide(III) complexes as a suitor 

for the photoluminescence device and a photo-magnetic functional using Ln(III), Sm(III), 

Dy(III) and 2,2′-bipyridine-6,6′-dicarboxylic acid. Their magnetic properties, florescent 

properties and crystallography of the compounds were examined; showing a long-lasting 

luminescence, excellent quantum capability and a strong f-f transition. Dy(III) complex 

shows a single magnetic manner and were moderate in magnetization, which can be 

served as the photo-magnetic activity161.  

R. Fouad (2020) set-forth unique potential biological agents of Lanthanide(III) 

complexes that were synthesized through a reaction between two biologically active 

molecules 2-carbaldehyde thiophene and salicylic acid hydrazide, and Sm(NO3)3.6H2O, 

Eu(NO3)3.6H2O, Dy(NO3)3.6H2O, and LaCl3.6H2O. On exploring the complexes, it was 

disclosed that the coordination was at the OONS site of the donor ligand (figure 1.19) and 
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characterization was done through different methods such as the FT-IR, Mass, H1 NMR, 

molar conductance and elemental analysis for further studies. The complexes were also 

reported to exhibit promising anti-tumour, anti-microbial, anti-oxidant agents and anti-

microbial agents against bacteria which are more convincing than that of the reference 

drug162. 

 

Figure 1.19. Structure of Lanthanide Metal Complexes. 

 

T.D. Nguyen and group (2020) synthesized a highly-purified f-element nitrate 

using Lanthanides as there is a struggle to obtain it in a pure form which mostly preferred 

sophisticated apparatus with high temperatures. Using an aqueous reaction, the lanthanide 

complexes were prepared by combining Lanthanide salts (Lanthanum, Cerium, 

Praseodymium, Neodymium and Europium) and a ligand which holds high nitrogen (5,5′-

bis(tetrazolato)amine monohydrate). Nano-structural lanthanide nitrate, formed were 

obtained on dehydration of the synthesized complexes as under an inert environment, they 

have the ability to go through self-extension burning reaction. The study shows that the 

Ln3+ ions possessed a very low reduction potential, so they must react with the nitrogen 

to give Ln(III) nitrate rather than Lanthanide itself. This new way of producing authentic 

Lanthanides/Actinides nitrate may provide a way into the application in nuclear fuels in 

the coming days163. 

L. Zeybel and D. A. Köse (2021) reported a hydrothermal synthesis of Lanthanide 

cations (Eu, Tb, Ho, Er, Yb) with acesulfame-K (figure 1.20). The synthesized complexes 

were analyzed and characterized through Mass, NMR, IR, Solid state UV-Vis and 

elemental analysis. On examining the TGA curve shows that the hydrated water 

coordinates outside the coordination sphere. The coordination of the complexes was 

found to be six coordinates164. 
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Figure 1.20. Synthesis of Acesulfame Lanthanide Metal Complexes. 

 

Lanthanide complexes have drawn the interest of many researchers to synthesize, 

characterize and investigate their applications, and with it L. Zhu et al. (2021) reported 

satisfactory coordination for stabilizing Lanthanide monochloride and monoborohydrate 

using β-diketiminato as the ligand (figure 1.21). On the investigation of the ring-opening 

polymerization in lactide, Lanthanide monoborohydrate was found to have an efficient 

capability for L-lactide and rac-lactide to give the α,ω-telechelic polylactide diols with 

high molecule weight and moderate molecular weight distribution165. 

 

Figure 1.21. Synthesis of Lanthanide Monoborohydrate from Lanthanide Monochloride 

Complexes. 

 

Lanthanide complexes have many other implementations in different fields. 

Complexes of Lanthanides have made its way into the field of nano science and 

technology as the complexes can decompose to oxide molecule of nano size166. 

Lanthanide complexes were also found to have DNA cleaving ability and with increase 

in time the potentiality of the complexes also increases due to the change in the DNA 

strain on the insertion of the complex into the DNA167,168. The complexes of Lanthanides 

were found to have capability to act as antibacterial agents to fight pathogenic strains that 

causes urinary tract infections169. Currently hydrolysis is securing a lot of interest in 

biotechnology and as the lanthanide ions have been discovered to obtain 

phosphodiesterolytic activity with increasing pH, they made a way into biotechnology 

province170. As Lanthanides hold a long lifetime period of emission, they applied as 
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luminescent biolabeling. They can be found in the market as Lanthanide label kit which 

can be utilized for the labeling171. 

 

1.6. Chemical Kinetics 

Chemical kinetics is the area of chemistry that deals with understanding the mechanism 

and rate of chemical reactions. It is a positive number that expresses how a reactant's or 

product's concentration changes throughout the course of a reaction. The concentration 

of the reactants steadily falls while that of the products gradually increases as a reaction 

progresses. When the temperature changes, a reaction's pace changes significantly. Every 

100 degree rise in temperature has been found to result in an increase in the rate of reaction 

2 to 3 times. This is caused by an increase in the number of molecules that exceed the 

threshold energy (ET) due to an increase in the number of collisions that actually occur as 

temperature rises172. 

 

Figure 1.22. Effect of temperature on the rate of reaction. 

 

Change of activation energy with temperature The activation energy is discovered to 

be almost constant over a constrained temperature range. But accurate measurements 

across a large temperature range reveal that the activation energy rises as the temperature 

falls, i.e., it tends to rise at lower temperatures. 

Concept of activation energy (Ea)  

In 1897, Arrhenius put forth the idea of activation energy (Ea). Arrhenius asserted that 

the process of turning the reactant into the product is not one of a downward slope 

(process taking place of its own). Instead, before the interacting molecules transform to 

products, they must pass an energy barrier. An idealised high energy state between the 

reactants and products is the energy-barrier. Threshold energy is the quantity of energy 

that corresponds to the top of the energy barrier (ET). The reacting molecules must obtain 

this amount of energy at a minimum before they may react. Activated molecules are those 
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responding molecules whose energy is greater than or equal to the threshold energy, 

which is located at the top of the energy barrier. 

 

Figure 1.23. The concept of activation energy 

 

The activation energy is the additional energy that the molecules that are reacting must 

receive in addition to their normal energy in order to react.  

Thus, Activation energy = Threshold energy – Average energy of the reactant molecules. 

Or, Ea = ET - ER 

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

possible: 

i) When the activation energy (Ea) is small, the reaction is fast.  

ii) When the activation energy (Ea) is large, the reaction is slow.  

iii) When the activation energy (Ea) is zero (0), the reaction is very fast or 

instantaneous. 

 

1.7. Scope and Aim of the study 

Over the past few decades, Lanthanide complexes have gained a lot of attention in various 

research due to their implementation in Inorganic chemistry, Organometallic, 

Industries, Agriculture, Biotechnology, Biomolecular, Lighting Device, Imaging, 

Labeling and nano-sciences. Currently one of the most needed magnetic and luminescent 

materials for LEDs, Bio-medical, NMR shift reagent, MRI contrast agent, 

telecommunication and lasers need to be synthesized with Lanthanide ions which have a 

unique magnetic and photophysical properties that could offer a charm and attraction to 

many researcher’s interests. Lanthanide ions are known to be one of the best non-
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enzymatic agents for DNA and RNA hydrolysis; they can also interact with peroxide and 

free radicals without forming into radicals. 

Because of the vast applications and importance of Lanthanide complexes our 

interest was to synthesize a series of Lanthanide complexes using Praseodymium and 

some selected amino acids and pyridine as ligands and the spectral studies were carried 

out using UV-visible spectrophotometer through which the energy interaction and 

intensity parameters were computed. Elemental analysis, FT-IR, powdered XRD, 

photoluminescence spectrophotometer, molar conductometry and TGA were used for the 

characterization of the synthesized complexes. The characterization was used for 

conformations of the complexation, phase identification, cell parameters, thermal stability 

and to analyse the mode of coordination of the metal with ligands. The solubility of the 

synthesized complexes was recorded and their antimicrobial activities were also studied. 

The reaction pathway of the complexation is further studied through chemical kinetics 

and thermodynamic parameters were evaluated. 

The present work will play a vital role in the forthcoming studies on the interaction of 

lanthanides with biomolecules in the field of biological chemistry. The synthesized 

complexes show good luminescence characteristics and could be useful in various 

photochemical applications. The complexes also exhibit good antimicrobial properties as 

compared to that of the metal and ligand alone and can be used in various therapeutic fields. 
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CHAPTER 2 

 

EXPERIMENTAL METHODS 

AND TECHNIQUES 

 

This chapter outlines the materials employed, solvents used, experimental techniques 

adopted and analytical procedures used in the current research work.  A brief discussion 

of the various instrumentation techniques used for the characterization of synthesized 

complexes is also presented in this chapter. Theoretically on how the intensity, energy 

interaction parameters and thermodynamic parameters are computed have also been 

discussed in detail 
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2.1. MATERIALS EMPLOYED 

2.1.1. Lanthanide 

Praseodymium (III) nitrate hexahydrate [Pr(NO)3.6H20] of 99.9% purity was purchased 

from Sigma Aldrich and was used as received. 

 

2.1.2. Amino Acids 

L-Aspartic acid, L-Histidine and L-Valine were obtained from HIMEDIA and were 

used as received. 

 

2.1.3. Solvents 

Acetonitrile, N,N-Dimethylformamide, 1,4-Dioxane, Methanol, Ethanol and Ether of 

99.5% purity was purchased from Merck and used as received. 

 

2.1.4. Pyridine 

Pyridine derivative Isonicotinic acid was purchased from HIMEDIA and was used as 

received 

 

2.2. EXPERIMENTAL 

2.2.1. Synthesis of lanthanide complexes [Pr(III):Ligands (L-Aspartic acid, L-

Histidine, L-Valine and Isonicotinic acid) complexes]: 

All of the praseodymium(III) complexes were synthesized using the general method 

outlined below. 20 ml of  0.01 mol aquated solution of the ligand was added to 20 ml of 

hot alcoholic solution of praseodymium(III) nitrate hexahydrate and refluxed. The 

refluxing procedure was carried out for 24-36 hours while the pH of the solution was kept 

at its isoelectric point. The solution was taken and kept in a water bath until it had been 

concentrated to half of its original volume. The solution was allowed to cool,  filtered and 

the filtrate was kept. After a few days, the crystals were collected at the bottom of the 

beaker which was washed with modest amounts of distilled water, alcohol and ether. The 

collected crystals were dried in a desiccator. 

 

2.3. INSTRUMENTATION 

2.3.1. Elemental analysis 

The carbon, hydrogen, oxygen and nitrogen contents of the newly prepared Schiff base 

metal complexes were performed at Mizoram University. 
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2.3.2. Estimation of metal 

The percentage of metal in the Schiff base metal complexes was estimated gravimetrically 

as their oxides by fusion with AnalaR ammonium oxalate. In a typical experiment, about 

0.3 g of the dried complex was accurately taken in a previously weighed silica crucible. 

AnalaR ammonium oxalate, roughly 3 parts by weight of the complex was added and the 

mixture was incinerated slowly at first and then strongly using a Bunsen burner for 3 hrs. 

It was then cooled in a desiccator and weighed. The procedure was repeated till the final 

oxide weight was constant. From this, the percentage of metal in the complex was 

calculated. 

 

2.3.3. Molar conductance measurements 

Conductance measurements are useful in determining the electrolytic nature of the 

complexes. Conductance values of the complexes were obtained on a Systronics Model-

304 digital conductivity meter using ethanol as solvent. The molar conductivity of the complexes 

was determined using the formula: 

 

𝜆
𝑚 = 

(1000 x Conductance x Cell constant)
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

 

The conductance values were compared with the standard values from the literature1 to find out 

the electrolytic nature of the complexes. 

 

2.3.4. Fourier Transform Infrared Spectroscopy (FT-IR)  

Spectroscopy is the study of the emission and absorption of electromagnetic radiation due 

to vibrations of atoms or molecules. Infrared spectroscopy is one of the most widely used 

spectroscopic techniques for chemical analysis and characterization of both organic and 

inorganic compounds which is also known as vibrational spectroscopy. Vibrational 

spectroscopy detects the vibrational energies of molecules by the absorption of infrared 

radiation or by the inelastic scattering of light by a molecule associated with solid, gas, 

or liquid. It is considered to be an easy way to detect the certain impurities and functional 

groups present in a molecule and also the absorption spectra confirm the identity of a pure 

compound. 
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Figure 2.1. Basic components of a FT-IR spectrometer. 

 

Fourier transform infrared spectroscopy (FT-IR) is the most commonly used vibrational 

spectroscopic technique for the characterization of various materials. The FT-IR 

spectroscopy is based on the principle of the interference of IR radiation between two 

beams to produce an interferogram or a signal as a function of optical path difference 

between the beams. The basic components of the FT-IR spectrometer are illustrated 

schematically in Fig. 2.1. The two commonly used IR light sources are Nernst glower and 

Globar which generate infrared radiation energy by heating the solid materials using 

electric current to incandescence. The radiation beam generated by the source enters an 

interferometer then to the sample. Michelson interferometer is the most commonly used 

interferometer which is the key component in FT-IR spectrometer where the spectral 

encoding takes place. The Michelson interferometer consists of one beam-splitter 

bisecting the planes of two mirrors as shown in Fig. 2.2. The beam-splitter transmits half 

of the incident beam from the source to one of the fixed mirrors and reflects the other half 

to the other moving mirror. These two transmitted and reflected beams returns from both 

the mirrors and recombine into one beam at the beam-splitter which exits and irradiates 

the sample. In a Michelson interferometer the two beams reflected from the fixed and 

moving mirrors interfere as follows: 

Af = A1 + A2            (1) 

where Af, A1 and A2 are the amplitude of the final, fixed mirror, and moving mirror beam 

respectively. If Af is greater than A1 or A2 the two beams are said to undergo constructive 

interference and if Af is less than A1 or A2 it is said to be destructive interference. Also, 

the square of the amplitude of a light beam is proportional to its intensity. The moving 

mirror functions to create an optical path difference between the two split beams to 

produce the light interference which is termed an interferogram. These interferogram 

signals are received by the FT-IR detector which is then transmitted to or reflected from 

the sample. To interpret the produced interferogram signal, a mathematical technique 

called the Fourier transformation is used as a means to convert the interferogram into an 
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infrared spectrum. This transformed spectrum is a plot of the light intensity versus 

wavenumber. This is performed by a computer using a fast Fourier transform (FFT) 

algorithm equipped with FT-IR which constructs the infrared spectrum which results in a 

substantial reduction of computation time.2 The final Fourier transform infrared spectrum 

is ready for interpretation. 

 

Figure 2.2. Optical diagram of a Michelson interferometer in FT-IR. 

 

Infrared spectra (IR) are highly useful in identifying the nature of coordination sites, 

particularly in Schiff base complexes involving multidentate ligands. Most of the 

assignments of IR absorption frequencies have been based on the concept of group 

frequency. The important vibrating group in free Schiff bases is naturally the functional 

group. IR spectra of the Schiff bases and their complexes in the range of 400-4000 cm-1 

were recorded on a Shimadzu FT-IR spectrophotometer (spectrum two) using KBr 

pellets. 

 

2.3.5.  Powdered X-ray Diffraction (XRD) studies 

The structural characterization of the crystalline material can be accomplished using the 

significant and widely applied analytical technique known as X-ray diffraction. It is 

generally used for phase identification, determining crystallite size, finding unit cell 

parameters, sample purity, an atomic position as well as arrangement in the crystal. The 

basis of the X-ray diffraction method is the interaction of a monochromatic X-ray beam 

with a crystalline sample. X-rays are electromagnetic radiation ~1 Å wavelength range. 

X-rays are generated when electrically charged particles having a sufficient level of 
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kinetic energy, KE = eV = 
1

2
 mv2 are instantly decelerated by a heavy metal target such as 

molybdenum or copper. These X-rays are used to study the crystallographic nature of the 

crystals following Bragg’s law. The concept of Bragg’s law can be illustrated in Fig. 2.3. 

The group of black dots in the figure represent the periodic atomic arrangement forming 

a given set of planes A, B, and C separated by an inter-planar distance d. Two perfectly 

monochromatic and parallel X-ray beams 1 and 2 of wavelengths λ are incident on the 

atoms S and Q on the adjacent planes within the crystal making an angle θ. This is also 

called Bragg’s angle of reflection which is equal to the incident angle θ. From the figure, 

it can be seen that the path difference between X-ray beam 1S1′ and beam 2Q2′ is 

𝑃𝑄+𝑄𝑅 = 𝑑 𝑆𝑖𝑛𝜃+𝑑 𝑆𝑖𝑛𝜃         (2.1) 

 These X-ray beams will be in phase if their path difference differs by a whole number 

‘n’ of wavelengths, therefore: 

                                               𝑛𝜆 = 𝑃𝑄+𝑄𝑅                          (2.2) 

         𝑛𝜆 = 𝑑 𝑆𝑖𝑛𝜃+𝑑 𝑆𝑖𝑛𝜃              (2.3) 

[Since PQ = QR]                  𝑛𝜆 = 2𝑑 𝑆𝑖𝑛𝜃                           (2.4) 

This expression is known as Bragg’s law. 

 

Figure 2.3. Illustration of Bragg’s law. 

 

From the corresponding 2𝜃 values of the diffraction peak, the phase of the nanomaterials 

can be found by comparing with JCPDS (Joint Committee on Powder Diffraction 

Standards) powder diffraction file. If the d-spacing with corresponding hkl planes are 

known, the lattice parameters can be determined using the following formulae: 

(a) For monoclinic phase:  
1

𝑑2 = 
1

𝑆𝑖𝑛2𝛽
 (

ℎ2

𝑎2 + 
𝑘2𝑆𝑖𝑛2𝛽

𝑏2  +  
𝑙2

𝑐2   −
2ℎ𝑙𝐶𝑜𝑠𝛽

𝑎𝑐
 )       (2.5) 

 

(b) For cubic phase:          
1

𝑑2  = 
ℎ2+𝑘2+𝑙2

𝑎2                                                 (2.6) 

(c) For tetragonal phase:    
1

𝑑2 = 
ℎ2+𝑘2

𝑎2  + 
𝑙2

𝑐2                                           (2.7)  
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(d) For hexagonal phase:    
12

𝑑2 = 
4

3
 (

ℎ2+ ℎ𝑘 + 𝑘2

𝑎2
)  +  

𝑙2

𝑐2
                                       (2.8) 

Where, a, b and c are the lattice parameters and β is Bragg’s angle. 

 

Figure 2.4. Effect of particle size on diffraction curve. 

 

By measuring the width (in radians) of the diffraction curves, one can determine the 

average particle size 'r' of a very small crystal. As crystal size decreases, the diffraction 

curve's width widens. Half of the highest intensity of the diffraction curve is used to 

measure the width B. It is the deviation from the two angles where the intensity is zero, 

assuming the diffraction curve to be triangular. From Fig. 2.4 

𝐵 = 
1

2
 (2𝜃1−2𝜃2) = 𝜃1−𝜃2                             (2.9) 

Equations of path difference for the two angles are  

2𝑟𝑆𝑖𝑛𝜃1 = (𝑚+1)𝜆                                        (2.10) 

and 2𝑟𝑆𝑖𝑛𝜃1 = (𝑚−1)𝜆                                 (2.11) 

By subtraction we get  

𝑟(𝑆𝑖𝑛𝜃1−𝑆𝑖𝑛𝜃2) = 𝜆,                                     (2.12) 

2𝑟𝐶𝑜𝑠 
𝜃1+𝜃2

2
 𝑆𝑖𝑛 

𝜃1−𝜃2

2
 = 𝜆                             (2.13) 

But 𝜃1and 𝜃2 are both very nearly equal to 𝜃𝐵, so that  

𝜃1+𝜃2 = 2𝜃𝐵 and 𝑆𝑖𝑛 
𝜃1−𝜃2

2
 = 

𝜃1−𝜃2

2
 (approx.) (2.14) 

Therefore  

2𝑟 
𝜃1−𝜃2

2
 𝐶𝑜𝑠𝜃𝐵 = 𝜆,                                      (2.15) 

𝑟 = 
𝜆

𝐵𝐶𝑜𝑠𝜃𝐵
                                                     (2.16) 

A more exact treatment of the problem gives  
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𝑟 = 
0.9𝜆

𝐵𝐶𝑜𝑠𝜃𝐵
                                                     (2.17) 

which is known as the Scherrer formula.  

The diffracted X-rays are detected and recorded by an X-ray diffractometer which 

consists of three basic components: (i) An X-ray tube, (ii) sample holder, and (iii) a 

detector. X-ray spectra Kα and Kβ are generated by heating a filament in a cathode ray 

tube to produce electrons which are accelerated by applying voltage and allowed to 

bombard with the target material (Cu, Fe, Mo, Cr). These collimated X-rays are directed 

towards the sample at an angle θ while the intensity of the X-ray is scanned at twice the 

angle of the incident (2θ) by the detector. When the incident X−rays impinges the sample 

satisfying the Bragg’s law, constructive interference is produced and an intensity of peak 

occurs. The detector records the diffracted signal and converts them to a count rate with 

a distinct pattern which is then sent to an output device such as computer or printer.34 

Crystal and molecular structure determination by X-ray diffraction technique is probably 

the ultimate in structural elucidation in the solid state. The powder X-ray diffraction 

(XRD) patterns were recorded with Rigaku Ultima IV X-ray diffractometer with Cu Kα 

radiation (λ=1.540Å) from 10° to 80° (2θ) at room at NIT, Chumukedima; Dimapur 

temperature and match with JCPDS data from P-Analytical - X'pert highscore software. 

All samples were single-phase to XRD. 

 

2.3.6. Spectrofluorometer  

Photoluminescence bands can be either fluorescence or phosphorescence depending on 

the average lifetime of the excited state which is much longer for phosphorescence than 

fluorescence. The emission of the luminophore is monitored in luminescence 

spectroscopy which is one of the most sensitive and selective methods of analysis for 

measuring the energy levels between the two electronic states of the luminescence centres 

in many inorganic and organic compounds. Two different types of luminescence spectra 

can be scanned i.e., excitation and emission spectra using a spectroscopic technique called 

spectrofluorometer. It is an analytical instrument used to monitor and record the 

fluorescence of a sample. Spectrofluorometer contains both an excitation monochromator 

and an emission monochromator. A schematic representation of the main elements of the 

spectrofluorometer is displayed in Fig 2.5. 
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Figure 2.5. Schematic representation of a Spectrofluorometer 

The sample is excited with a light source such as lasers, xenon arcs or mercury-vapor 

lamps, etc. which are then focused on the entrance slit of the monochromator (the 

excitation monochromator). The emitted light is collected by a focusing lens and analysed 

utilizing a second monochromator (the emission monochromator). These 

monochromators maintain high resolution over the entire spectral range and minimize 

spherical aberrations and re diffraction by using all its reflective optics. It contains two 

detectors: a Signal detector and a reference detector. The signal detector is a photon-

counting detector that uses a photomultiplier tube to send the signal to a photon counting 

module. The reference detector monitors the xenon lamp to correct the wavelength and 

time-dependent output of the lamp. A suitable detector is connected to a computer that 

records two kinds of spectra, (i) emission spectra and (ii) excitation spectra. During the 

emission spectra measurement, the excitation wavelength is fixed and the emission 

monochromator is scanned. The excitation is usually fixed at a wavelength at which the 

sample has significant absorbance. Emission spectra give information on the energetic 

position of the optical transitions that are involved in the emission of light. On the other 

hand, in excitation spectra, the emission wavelength is fixed and the excitation 

monochromator is scanned. The emission is normally fixed at a wavelength that 

corresponds to the emission peak of the sample. In contrast to an absorption spectrum, an 

excitation spectrum gives information on the energetic position of absorption bands that 

lead to the emission of the chosen wavelength.5,6 
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Photoluminescence is the emission of light from any form of matter irradiated by 

any light source under optical excitation. The emitted light can be measured and analysed 

spectrally, spatially, and transiently. These factors of photoluminescence can be a direct 

measure of various important material properties. The photoluminescence spectra were 

recorded with SHIMADZU Flourescence Spectrophotometer Model No. RF – 6000. 

 

2.3.7. Thermogravimetric (TGA)  

Basic Principle  

It is a simple analytical technique that measures the amount and rate of change in the 

weight of a material as a function of temperature or time in a controlled atmosphere. 

Measurements are used primarily to determine the composition of materials and to predict 

their thermal stability at temperatures up to 1000 °C. It is the most widely used thermal 

method as shown in fig. 2.6. which can characterize materials that exhibit weight loss or 

gain due to decomposition, oxidation, or dehydration. As materials are heated, they can 

lose weight from a simple process such as drying, or from chemical reactions that liberate 

gases. Some materials can gain weight by reacting with the atmosphere in the testing 

environment. Since weight loss and gain are disruptive processes to the sample material, 

knowledge of the magnitude and temperature range of those reactions are necessary in 

order to design adequate thermal ramps and holds during those critical reaction periods. 

Such analysis relies on a high degree of precision in three measurements: weight, 

temperature, and temperature change.  

A plot of weight change versus temperature is referred to as the thermogravimetric curve 

(TGA curve) which helps in revealing the extent of purity of analytical samples and 

determining the mode of their transformations within specified range of temperature. As 

many weight loss curves look similar, the weight loss curve may require transformation 

before results may be interpreted. A derivative weight loss curve can be used to tell the 

point at which weight loss is most apparent.  

Therefore, TGA curves can provide information about the composition of multi 

component systems, thermal stability, oxidative stability of materials, decomposition 

kinetics of materials, the effect of reactive or corrosive atmospheres on materials and 

moisture content of materials. 
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Figure 2.6. Schematic diagram of thermogravimetric analyzer. 

 

Experimental Set Up  

The instrument used in thermogravimetry (TGA) is called a thermobalance. It consists of 

a sample pan that is supported by a precision balance. That pan resides in a furnace and 

is heated or cooled during the experiment. The mass of the sample is monitored during 

the experiment and a purge gas controls the sample environment. This gas may be inert 

or a reactive gas that flows over the sample to prevent oxidation or other undesired 

reactions and exits through an exhaust. The whole arrangement shown in fig. 2.7. with 

block diagram provides the flexibility necessary for the production of useful analytical 

data in the form of TGA curve. Basic components of a typical thermobalance are listed 

below:  

1. Balance  

2. Furnace: heating device  

3. Unit for temperature measurement and control (Programmer)  

4. Recorder: automatic recording unit for the mass and temperature changes  

The basic requirement of an automatic recording balance are includes accuracy, 

sensitivity, reproducibility, and capacity. Recording balances are of two types, null point 

and deflection type. The null type balance, which is more widely used, incorporates a 

sensing element which detects a deviation of the balance beam from its null position. A 

sensor detects the deviation and triggers the restoring force to bring the balance beam to 

back to the null position. The restoring force is directly proportional to the mass change. 

Deflection balance of the beam type involve the conversion of the balance beam 

deflection about the fulcrum into a suitable mass change trace by (a) photographic 

recoding i.e. change in path of a reflected beam of light available of photographic 
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recording, (b) recording electrical signals generated by an appropriate displacement 

measurement transducer, and (c) using an electrochemical device. The different balances 

used in TGA instruments are having measuring range from 0.0001mg to 1g depending on 

sample containers used.  

The furnace and control system must be designed to produce linear heating at over 

the whole working temperature range of the furnace and provision must be made to 

maintain any fixed temperature. A wide temperature range generally 150 °C to 2000 °C 

of furnaces is used in different instruments manufacturers depending on the models. The 

range of furnace basically depends on the types of heating elements are used. In our 

instrument, temperature can vary from 25 °C to 900 °C isothermally and the maximum 

temperature range is 1000 °C. Sample weight can range from 1 mg to 150 mg but sample 

weights of more than 25 mg are preferred and sometimes excellent results are obtained 

with 1mg of material.  

Temperature measurement are commonly done using thermocouples, 

chromal−alumel thermocouple are often used for temperature up to 1100 °C whereas Pt–

Rh thermocouple is employed for temperature up to 1750 °C. Temperature may be 

controlled or varied using a program controller with two thermocouple arrangement, the 

signal from one actuates the control system whilst the second thermocouple is used to 

record the temperature.  

Graphic recorders are preferred to meter type recorders. X−Y recorders are 

commonly used as they plot weight directly against temperature. The present instrument 

facilitates microprocessor-controlled operation and digital data acquisition and 

processing using personal computer with different types recorder and plotter for better 

presentation of data.  

The whole of the balance system is housed in a glass to protect it from dust and 

provide inert atmosphere. There is a control mechanism to regulate the flow of inert gas 

to provide inert atmosphere and water to cool the furnace. The temperature sensor of 

furnace is linked to the programme to control heating rates, etc. The balance output and 

thermocouple signal may be fed to recorder to record the TGA Curve.7–14 
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Figure 2.7. Block diagram of thermobalance. 

 

2.3.8. UV−Visible Spectroscopy  

Basic Principle The instrument used in ultraviolet−visible spectroscopy is called a 

UV−Visible Spectrophotometer. A spectrophotometer provides a means for analyzing 

liquids, gases and solids through the use of radiant energy in the far and near ultraviolet 

and visible regions of the electromagnetic spectrum.  

The instrument operates by passing a beam of light through a sample and 

measuring the wavelength of light reaching a detector. The wavelength gives valuable 

information about the chemical structure and the intensity is related to the number of 

molecules, which means quantity or concentration. Analytical information can be 

revealed in terms of transmittance, absorbance or reflectance of energy in the wavelength 

range between 160 and 3500 mill microns.15 

 Light is quantized into tiny packets called photons, the energy of which can be 

transferred to an electron upon collision. However, the transfer occurs only when the 

energy level of the photon equals the energy required for the electron to get promoted 

onto the next energy state, for example from the ground state to the first excitation state. 

This process is the basis for absorption spectroscopy. Generally, light of a certain 

wavelength and energy is illuminated on the sample, which absorbs a certain amount of 

energy from the incident light. The energy of the light transmitted from the sample 

afterwards is measured using a photo detector, which registers the absorbance of the 

sample. A spectrum is a graphical representation of the amount of light absorbed or 

transmitted by matter as a function of wavelength. A UV−Visible spectrophotometer 

measures absorbance or transmittance from the UV range to which the human eye is not 

sensitive to the visible wavelength range to which the human eye is sensitive. 

Bouguer−Beer law as shown in fig. 2.8. is a basic principle of quantitative analysis, is 
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also called the Lambert−Beer rule. The following relationship is established when light 

with intensity Io is directed at a material and light with intensity I is transmitted. 

 

Figure 2.8. Bouguer−Beer Rule. 

 

In this instance the value I/Io is called transmittance (T) and the value I/Io*100 is called 

transmission rate (T%). The value log (1/T) = log (Io/I) is called absorbance (Abs). 

T = I/Io = 10−kcl 

Abs = log (1/T) = log(Io/I) = −kcl 

 Here k is proportionality constant and & l = length of light path through the cuvette in 

cm. As can be seen from the above formulas, transmittance is not proportional to sample 

concentration. However, absorbance is proportional to sample concentration (Beer's law) 

along with optical path (Bouguer's law). In addition, when the optical path is 1cm and the 

concentration of the target component is 1mol/l, the proportionality constant is called the 

molar absorption coefficient and expressed using the symbol ε. The molar absorption 

coefficient is a characteristic value of a material under certain, specific conditions. 

Finally, stray light, generated light, scattered light, and reflected light must not be present 

in order for the Bouguer−Beer rule to apply. 

 

Experimental Set Up  

Spectrophotometers consist of a number of fundamental components: Light Sources (UV 

and VIS), monochromator (wavelength selector), sample holder, a detector, signal 

processor and readout. The radiation source used is often a tungsten filament, a deuterium 

arc lamp which is continuous over the ultraviolet region, and more recently light emitting 

diodes (LED) and xenon arc lamps for the visible wavelengths. The detector is typically 

a photodiode or a CCD. Photodiodes are used with monochromators, which filter the light 

so that only light of a single wavelength reaches the detector. When measuring 

absorbance at the UV spectrum, the other lamp has to be turned off. The same goes when 
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measuring visible light absorbance. Fig. 2.9. shows schematic diagram of UV−Visible 

Spectrophotometer. 

 

 

Figure 2.9. Schematic diagram of UV−Visible Spectrophotometer. 

The light source is a monochromator; the light is split into two equal intensity beams by 

a half-mirrored device before it reaches the sample. One beam, the sample beam, passes 

through a small transparent container (cuvette) containing a solution of the compound 

being studied in a transparent solvent. The other beam, the reference, passes through an 

identical cuvette containing only the solvent. The containers for the sample and reference 

solution must be transparent to the radiation which will pass through them. Quartz or 

fused silica cuvettes are required for spectroscopy in the UV−Vis−NIR region. The light 

sensitive detector follows the sample chamber and measures the intensity of light 

transmitted from the cuvettes and passes the information to a meter that records and 

displays the value to the operator on an LCD screen. The intensities of these light beams 

are then measured by electronic detectors and compared. Some UV−Visible 

spectrophotometry has two detectors the phototube and the photomultiplier tube. The 

sample and reference beam are measured at the same time. The intensity of the reference 

beam, which should have suffered little or no light absorption, is defined as I0. The 

intensity of the sample beam is defined as I. Over a short period of time, the Spectrometer 

automatically scans all the component wavelengths in the manner described.  

The ultraviolet (UV) region scanned is normally from 200 to 400 nm, and the visible 

portion is from 400 to 800 nm. Therefore, this method is excellent to both determine the 

concentration and identify the molecular structure or the structural changes. 

Spectrophotometer is also useful to study the changes in the vibration and conformation 
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energy levels after and before an interaction with a substrate, or another molecule.16 The 

spectral datas have been recorded on Perkin Elmer Lambda-35 UV-Vis 

Spectrophotometer with computer attached, high resolution. The temperatures of all the 

observations were maintained using water circulating HAAKE DC 10 thermostat. 

 

2.3.9. Biocidal studies 

The in vitro biological activity of the investigated Schiff base metal complexes were 

tested against bacteria Gram-positive Staphylococcus aureus and Bacillus subtilis were 

utilised in addition to Gram-negative Escherichia coli and Klebsiella pneumonia by disc 

diffusion method17 using Muller Hinton agar as nutrient and ampicillin as control. 

Antifungal activities against Fusarium oxysposum, Penicillium italicum, Aspergillus 

niger and Candida albicans were determined in sabourd dextrose agar medium using 

nystatin as control. Filter paper discs of 6.0 mm diameter were charged with solutions of 

appropriate metal complexes in DMSO. The discs were stored dry in the cold. The broth 

culture of the test bacterium was flooded on the surface of Muller Hinton plate and 

inoculated. After drying the plates at 37° C for 30 minutes, the filter paper discs 

containing the metal complexes were incubated at 36° C for a period of 24 hrs. The degree 

of sensitivity was determined by measuring the zone of inhibition of growth around the 

discs. 

 

2.4. Spectral analysis of 4f-4f transition of Pr(III) with some selected amino acid and 

pyridine ligands  

 The dimensions of lanthanide coordination chemistry in solutions becomes a new age 

with the increasing use of lanthanides as probes in the exploration of the structural 

functions of biomolecular reactions.18 The paramagnetic nature and the presence of a 

quite detailed internal f- electron transition spectra in easily accessible spectral region of 

lanthanide ions have been utilized as an absorption spectral probe in various biomolecular 

reactions. The 4f–4f transition spectra of lanthanide have been found to exhibit significant 

sensitivity towards even minor changes in the immediate coordination environment 

around lanthanide ion through variation in the absorption spectral pattern, degree of red 

shift and intensification of 4f–4f bands, which makes absorption spectral spectroscopy 

involving 4f–4f transitions an extremely powerful tool for studying lanthanide chemistry 

particularly in solutions both in aqueous and non-aqueous media.19,20 Comparative and 

differential absorption spectral study involving 4f-4f transitions is therefore one of the 



Chapter - 2 

 

66 
 Ph.D. Thesis 

most effective techniques to reveal the interaction of biologically active ligands with 

Ln(III).21 The Comparative Absorption Spectral Analysis of the complexation of 

Lanthanides with biological ligands (Amino acids/Pyridine) involves: 

a) Evaluation of Energy Interaction Parameters, i.e  

(i) Nephelauxetic Ratio (β)  

(ii) Slater- Condon (Fk)  

(iii) Lande Factor/Spin-Orbit Coupling Constant (ξ4f)  

(iv) Bonding Parameter (b1/2)  

(v) Percentage Covalency (δ)  

b) Evaluation of Electric Dipole Intensity Parameters, which includes  

(i) Oscillator Strength (P)  

(ii) Judd- Ofelt Parameter (Tλ)  

 

2.4.1. Theoretical background 

The energy of 4f-4f transitions is composed of two main components, viz the electrostatic 

and spin orbit interaction between 4f electrons i.e., 

E = ∑ ∫ 𝐹𝑘
𝑘

𝑘
+ 𝐴𝑆𝑂 𝜉4𝑓  ………………………………. (1) 

where FK and ASO are the angular part of electrostatic and spin orbit interaction 

respectively and their values can be calculated by applying tensor operator technique; FK 

and ξ4f are radial integrals.Thus, to define energy level scheme of 4fn configuration, four 

radial integrals F2, F4, F6 and ξ4f are required which had been evaluated by the Hartee 

Fock Method.22,23 

Using Taylor Expansion Series, the energy level structure of lanthanides can be expressed 

in the first order approximation. Then, the energy Ej of the jth energy level is given by: 

Ej (Fk, ξ4f) = Eoj (𝐹𝑘
0, ξ0

4f) + ∑
𝜕𝐸𝑗

𝜕𝐹𝐾
𝑘 =2,4,6 ∆𝐹𝑘 + 

𝜕𝐸𝑗

𝜕ξ4f
∆ξ4f … (2) 

where Eoj is the zero-order energy of the jth level. The values of FK and ξ4f are given by,  

𝐹𝑘 = 𝐹𝑘
0 + ∆𝐹𝑘…………………………….….. (3) 

𝜉4𝑓 = 𝜉4𝑓
0 + ∆𝜉4𝑓…………………………..…. (4) 

When ∆𝐹𝑘  << 𝐹𝑘
0 𝑎𝑛𝑑 ∆ξ4𝑓 << ξ0

4f …………. (5) 

∆𝐸𝑗  = ∑
𝜕𝐸𝑗

𝜕𝐹𝐾
𝑘=2,4,6 ∆𝐹𝑘 + 

𝜕𝐸𝑗

𝜕ξ4f
∆ξ4𝑓 ………….. (6) 

The observable changes leading to intensification of peaks in the spectral region is due to 

the red shift on all the electronic transitions, indicating the expansion of the metal orbital 
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radius which results in the decrease of the inter-electronic repulsion parameters (Slater-

Condon, FK’s). This phenomenon is known as nephelauxetic effect, which measures the 

change in FK with respect to free ion and expressed by a nephelauxetic ratio ‘β’ and is 

given as: 

β1 = 
𝐹𝑘

0

𝐹𝑘
𝑓 ; β2 = 

𝜉4𝑓
0

𝜉4𝑓
𝑓  and ………………………... (7) 

                              β =  [
𝛽1−β2

2
] 

Where𝐹𝑘
0 and 𝐹𝑘

𝑓
 (k=2,4,6) refers to parameters in complex and free ion respectively.  

The amount of mixing of 4f orbital and ligand orbital can be given by another bonding 

parameter i.e., ‘b1/2’ which is related to nephelauxetic effect and given as: 

               𝑏
1

2= [
1−β

2
]

1

2
 …………………………………. (8) 

Sinha24, introduced another parameter known as the percentage covalency parameter, 

which can be expressed as: 

𝛿% = [
1−β

β
] × 100 ………….……….......…. (9) 

The intensity of the absorption band is measured by the oscillator strength (P), which is 

directly proportional to the area under the absorption curve. It can be expressed in terms 

of molar extinction coefficient (εmax), energy of the transition in wave number (𝑣̅) and the 

refractive index (η) of the medium by the following relationship:  

P = 4.31 × 10−9 [ 
9𝜂

(𝜂2 + 𝜂)2 ] ∫ 𝜀𝑚𝑎𝑥(𝑣̅)d𝑣̅ …… (10) 

The experimental values of oscillator strength (Pexp) of the absorption bands were 

calculated by performing Gaussian curve analysis of the curves [Fig.4.1].  

By Guassian Curve analysis. The half band width is given by 

𝑣̅
𝟏

𝟐 = [ 
1

𝑃  
−

1

𝑄
] × 107 ……………………… (11) 

Now, Oscillator strength (Pexp) can be found out from the equation,  

P = 4.60 × 10−9 × 𝜀𝑚 × 𝛥𝑣1

2

 ……….……. (12) 

where the molar extinction co-efficient εmax is given by the equation,  

𝜀𝑚 = 
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × 1
 

Where 1 = path length of the cell in cm = 1 cm 
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Figure 2.10. Gaussian curve analysis on an expanded single peak of Pr(III) spectrum 

 

In order to define the energy parameters, we have to calculate four terms i.e, F2, F4, F6 

and ξ4f which can be solved using the following equation, 

∆𝐸𝑜𝑏𝑠  = ∑
𝜕𝐸𝑗

𝜕𝐹𝐾
𝑘   2,4,6 ∆𝐹𝐾 + 

𝜕𝐸𝑗

𝜕ξ4f
∆ξ4𝑓 ….. (13) 

Considering Fk’s and ξ4𝑓 as empirical, derived from least square fit of the experimental 

energy level of the Pr3+ ion, which is either free or complexes, the solution of the equation 

taking into account, the difference in energy and calculating the energy terms using 

Wong’s values and practical differential co-efficient for F2
0, F4

0, F6
0 and ξ4𝑓

0 for 

Praseodymium gave parameters of Slater-Condon integrals, in some cases, higher than 

those observed for the aqueous ion. In our complexes, we expect the metal ion to expand 

so that the bonding parameters become positive and subsequently the Slater-Condon 

integrals should be lower than that for the aqueous ion. Thus, the values, which yield from 

the above method, are not realistic. Because of the above shortcomings, a pure solution 

of the four equations with four unknown is ruled out. Another method known as the partial 

and multiple regression method25–29, yield the values of only two parameters F2 and ξ4𝑓. 

Equation (13) can now be written as, 

∆𝐸𝑜𝑏𝑠  = 𝐸𝑜𝑗 +
𝜕𝐸𝑗

𝜕𝐹2
∆𝐹2 + 

𝜕𝐸𝑗

𝜕ξ4f
∆ξ4𝑓 ………. (14) 

and it can be again expressed as, 

𝑬𝒐𝒃𝒔 − 𝑬𝒐𝒋

𝜹𝑬𝒋/𝝃𝟒𝒇
 = 𝛥𝜉4𝑓 +

𝛿𝐸𝑗/𝛿𝐹2

𝛿𝜉4𝑓/𝛿𝜉4𝑓
 ΔF2…………… (15) 

The reported values for the Zero Order Energies and Partial Derivatives with respect to 

FK and ξ4f parameters for Pr (III) ion are given in Table 4.1a on making the following 

substitutions in equation (3).  
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Table 2.1. The zero order energies and partial derivatives with respect to Fk and ξ4f 

parameters with Pr(III). 

Level 𝑬𝒐𝒋
(a) 𝝏𝑬𝒋

𝝏𝑭𝟐
 

𝝏𝑬𝒋

𝝏𝑭𝟒
 

𝝏𝑬𝒋

𝝏𝑭𝟔
 

𝝏𝑬𝒋

𝝏𝛏𝟒𝐟
 

1D2 16972 45.97 -37.63 510 2.906 

3P0 20412 70.17 81.81 -1253 1.905 

3P1 20990 70.07 80.66 -1278 3.974 

3P2 22220 67.56 68.42 -1077 5.029 

a) F2
0 = 305.0 cm-1, F4

0 = 51.88 cm-1, F6
0 = 5.321 cm-1 and ξ4f

0 = 730.5 cm-1 

* E.Y. Wong, J. Chem. Phys., 38 (1963) 976. 30 

 

Y = 
𝐸𝑜𝑏𝑠 − 𝐸𝑜𝑗

𝛿𝐸𝑗/𝛿𝜉4𝑓
 ,          a = 𝛥𝜉4𝑓 

X = 
𝛿𝐸𝑗/𝛿𝐹𝑘

𝛿𝐸𝑗/𝛿𝜉4𝑓
,             b = ∆𝐹2 

Hence the equation (15) can be written in the form,  

Y = a + Xb …………………………….…. (16) 

Considering the four bands of Pr3+, the above equation becomes the set of equation which 

can be represented as:  

Y1 = a + X1b 

Y2 = a + X2b 

Y3 = a + X3b…………………………….… (17) 

Y4 = a + X4b 

Where each equation corresponds to an observed band in praseodymium.  

On solving the above equation (17) by statistical method, we get; 

b = 
Σ𝑋𝑌

Σ𝑋2      and    a = 𝑌̅ − 𝑏𝑥̅̅ ̅ …………….… (18) 

where,  

EΣXY = ΣXY − 
ΣXΣY

4
 

Σ𝑋2 = Σ𝑋2 − 
(∑ 𝑋)2

4
 

𝑌̅  =  
ΣY

4
 and 𝑋 ̅ =  

ΣX

4
 

The values obtained yield approximate solutions for F2 and ξ4f. Approximate values for 

F4 and F6 are then found from the following relation: 

𝐹4

𝐹2
 = 0.13805 and 

𝐹6

𝐹2
 = 0.0151 
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In order to get more accurate values of Fk’s and ξ4f, their initial values are slightly 

perturbed so that the roots mean square deviation denoted by  

R.M.S = [
Σ(𝐸𝑐𝑎𝑙 − 𝐸𝑜𝑏𝑠)2

4
]

1/2

    for Pr (III) 

is reduced. Care is to be taken that the values of Fk’s and ξ4f don’t exceed those reported 

for the aqueous Pr3+ system. Mathematically correct solution is the one which makes the 

weighted difference between the squares of observed and calculated values (i.e, r.m.s 

value minimum) have the minimum values, with N denoting the number of observations 

as: 

R.M.S = [
Σ(𝐸𝑐𝑎𝑙 − 𝐸𝑜𝑏𝑠)2

𝑁
]

1/2

 

The observed oscillator strength (Pobs) of the transition energies were expressed in terms 

of parameters defined by Judd and Ofelt known as the T2, T4 and T6 parameters which 

are given by the following equation. 

𝑃𝑜𝑏𝑠

𝑣
 = [(U2)]2 T2 + [(U4)]2 T4 + [(U

6)]2 T6 ………. (19) 

These values are procurred using Carnall’s co-efficient for aquo system.  

For praseodymium complexes, four equations exist for the observed values of the four 

bands. Since [(U2)]2 and [(U6)]2 has zero value for the 3P1 and 3P0 levels, the ordinary 

simultaneous equation gave the values of T2, T4 and T6 by simple calculation. Matrix 

elements for Pr(III) are given in Table 4.2a. 

Table 2.2. Matrix Element * for Pr(III) 

Level [(U2)]2 [(U4)]2 [(U6)]2 

1D2 0.0026 0.0170 0.052 

3P0 0 0.1728 0 

3P1 0 0.1707 0 

3P2 0 0.0362 0.1355 

*W.T. Carnall, P.R. Fields and K. Rajnak, J. Chem. Phys., 49 (1968) 4424. 31 

 

Carnall’s formation envisages intensities for the 3P1 and 3P0 bands, whereas in reality 

these values differ by a factor of nearly two. Hence the derived T4 value is approximate, 

not accurate. However, this does not introduce much error in T6, though one would accept 

that this T6 value is not exactly correct. The calculation of T2 involves T4 and T6 and suffer 

from disadvantage that its value is affected by inaccuracies incurred in both T4 and T6. In 

some cases, it turns out a negative value, a physically unacceptable solution. However, 
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we believe that our conclusions about structure derived from T4 and T6 do have some 

meaning.  

For Pr3+, 3H4 → 3F2 transition occurring around 5200 cm-1 shows hypersensitivity, 

however, the 3H4 → 3P2, 
3H4 → 3P1, 

3H4 → 3P0 and 3H4 →
 1D2 transitions also have been 

found minor changes in the immediate coordination environment around Pr(III)32,33, 

though this transition cannot be regarded as hypersensitive as these do not obey selection 

rules. 

 

2.5. Kinetic studies 

2.5.1. Rate of the reactions 

Based on the concept of activation energy. Arrhenius described the temperature 

dependence of the rate constant (k) by the equation, 

                                             k = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  ……………………………… (5) 

This equation is known as the Arrhenius rate equation. 

Where A stands for frequency factor. The factor exp (-Ea/RT) is a measure of the 

likelihood of a molecule being in an activated state. 

Plotting graph log k (rate constant) versus 1/T yields the Arrhenius rate equation, which 

is used to determine the activation energy for the Pr(III):L-Aspartic acid complex in DMF 

solvent.34,35 The equation (5) may be expressed as follows: 

lnk = lnA − 
𝐸𝑎

𝑅𝑇
 

                                              or, 2.303logk = 2.303logA− 
𝐸𝑎

𝑅𝑇
 

                                      or, logk = logA − 
𝐸𝑎

2.303𝑅𝑇 
    ………………... (6) 

where, A = pre-exponential factor, often known as the frequency factor. 

As a result, plotting log k versus 1/T should provide a straight line with a negative slope.        

Slope = 
Ea

2.303𝑅
     and Intercept = logA; R is the universal gas constant. 

The activation energy Ea is calculated from the slope as 

                            Ea = −Slope ×2.303 ×R ………………………………….…... (7) 

The complexation's thermodynamic characteristics were established using a Van't Hoff 

plot of log k versus 1/T× 103, which was provided as 

                                 𝑙og𝑘 = − 
ΔH°

 R 
[

1

T 
] +

ΔS°

R
 ………………………………………. (8) 

                                                Or 𝑙og𝑘 = −
𝛥𝐺°

𝑅𝑇
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Chapter – 3 

 

Synthesis, spectral and antimicrobial studies of Praseodymium (III): 

Ligands (L-Aspartic acid, L-Histidine and L-Valine) Complexes. 

 

 

In this chapter, three new Praseodymium (III) complexes were synthesized using some 

selected amino acids (L-Aspartic acid, L-Histidine and L-Valine) as ligands. These 

complexes, the metal ions and the ligands were characterized through various 

physicochemical, spectral and TGA studies. The elemental and IR studies revealed that 

the ligand is coordinated to the metal ion in a bidentate fashion through the oxygen atom 

of the carboxylic acid and nitrogen atom of the amine. The powder XRD of 

Praseodymium (III) complexes was studied. The photoluminescent properties of the 

metal ion and the metal complexes were evaluated, and it was observed that the metal 

complexes show enhancement of intensities compared to the free metal ion. TGA studies 

show that all the complexes were thermally stable, and the antimicrobial properties of the 

complexes could also be detected. 
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3.1. Introduction 

Lanthanide chemistry has just been intensively investigated in the last two decades, when 

it was discovered that these elements had distinctive chemical features, such as 

fluorescence and powerful magnetic capabilities, due to their peculiar 4f electrons1. 

Lanthanides are being rapidly and efficiently incorporated by chemists into a wide range 

of substances and materials for advanced uses. Because they are necessary for so many 

technical products, such as computers, smartphones, solar cells, batteries, optical glasses, 

wind turbines, lasers2 etc, lanthanides are sometimes referred to as "the seeds of 

technology." It is often believed that lanthanide (III) complexes with ligands are the most 

crucial elements in the search for novel materials because of the sharp f-f transitions. The 

motivation to keep researching novel lanthanide complexes came from these 

characteristics of lanthanide compounds and their prospective uses1.  

As the fundamental components of proteins, amino acids also act as the nitrogenous basis 

for molecules like neurotransmitters and hormones. An amino acid is a type of organic 

chemical that, as defined by chemistry, possesses both a carboxylic acid (-COOH) and an 

amino (-NH2) functional group. The distinctive characteristics of each amino acid depend 

on the variation in the side-chain group or R-group. Strong Lewis's acids, such as 

lanthanides, coordinate with hard bases (carboxylates) and strongly electronegative 

donors like N or O3. Similar to biological complexes [i.e., protein-lanthanide 

interactions], the formation of many lanthanide complexes depends on the Lewis acid 

reactivity of these elements. The generation of novel structure of Lanthanide (III): Amino 

acids complex is formed through the oxygen donor atom of the carboxylate group, and 

via the nitrogen atom of the amino group. They are frequently utilised in the synthesis of 

complexes to produce unique structures. This kind of ligand can generate coordination 

compounds that have a wide range of uses4. Numerous coordination compounds of this 

sort may have antibacterial, antioxidant, anti-tumour, and anti-diabetic activities. The 

lanthanide chemistry that underpins our contemporary technologies is crucial, and as a 

result, the scientific community is making significant contributions to comprehending the 

mechanistic specifics of the interaction between lanthanides and ligands, allowing for the 

development of direct applications of these concepts. 

 In this paper, we synthesized three praseodymium (III): amino acid complexes. 

Characterization of the complexes were performed based on the following techniques of 
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elemental analysis, IR, XRD, Fluorescence studies and TGA. We also made an attempt 

to study the antimicrobial properties of the Pr (III): amino acids complexes.  

 

3.2. Materials and methods 

The ligands L-Aspartic acid, L-Histidine and L-Valine were acquired from HIMEDIA, 

while praseodymium (III) nitrate hexahydrate [Pr(NO)3.6H20] of 99.9% purity was 

purchased from Sigma Aldrich. Nutrient Agar, Nutrient Broth and Sabouraud dextrose 

agar was purchased from HIMEDIA. Elemental Analyzers CHNS-O EuroVector were 

used to analyse the elemental analyses for C, H, O, and N. Using the oxalate-oxide 

technique, the metal content was determined. Using a Systronic direct reading 

conductometer and 10-3 M solutions of the complexes in a suitable solvent, measurements 

of molar conductance were performed. The infrared spectra were recorded using KBr 

pellets on the Perkin Elmer FT-IR spectrophotometer (Spectrum two) over the range of 

400-4000 cm-1. Luminescence studies was carried out using flourescence 

spectrophotometer SHIMADZU model no. RF – 6000. Powder X-Ray diffraction studies 

were carried out using the X-Ray Diffraction Rigaku Ultima IV using Cuκα radiation of 

wavelength λ = 1.5406 A from 10° to 80° (2θ) at room temperature. With a heating rate 

of 20° C/min and nitrogen environment, thermal analysis was performed using the SDT 

Q600V20.9 Build 20 thermal analyzer. 

 

3.2.1. Synthesis of lanthanide complexes [Pr(III):Ligands (L-Aspartic acid, L-

Histidine and L-Valine) complexes]: All of the praseodymium(III) complexes were 

synthesized using the general method outlined below. 20 ml of  0.01 mol aquated solution 

of the ligand was added to 20 ml of hot alcoholic solution of praseodymium(III) nitrate 

hexahydrate and refluxed. The refluxing procedure was carried out for 24-36 hours while 

the pH of the solution was kept at its isoelectric point. The solution was taken and kept in 

a water bath until it had been concentrated to half of its original volume. The solution was 

allowed to cool,  filtered and the filtrate was kept. After a few days, the crystals were 

collected at the bottom of the beaker which was washed with modest amounts of distilled 

water, alcohol and ether. The collected crystals were dried in a desiccator. 
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Figure 3.1. Probable Chemical Reaction for the synthesized Praseodymium (III): Ligands 

[(i) Aspartic acid, (ii)Histidine (iii) Valine] Complexes. 
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3.2.2. Biological Activity  

Source of Microorganism: For the purpose of evaluating the antimicrobial activities, 

organisms such as Gram-positive Staphylococcus aureus and Bacillus subtilis were 

utilised in addition to Gram-negative Escherichia coli and Klebsiella pneumonia. The 

fungal culture Fusarium oxysposum, Penicillium italicum, Aspergillus niger and Candida 

albicans were used. 

 

Preparation of Bacterial Pathogens: The overnight cultures (0.2ml) of each bacterium 

were divided into 20ml of sterile nutrient broth and incubated for around 3-5 hours in 

order to standardise the culture. The standard cultures were employed in a loop for the 

antibacterial test.  

 

Antibacterial Assay: Nutrient Agar was sterilised and prepared. In Petriplates, 20 ml of 

medium were added and left to solidify. The sterile cotton swab used to create the 

bacterial grass culture was labelled. With the use of a metallic borer with centres at least 

24 mm in diameter, the wells were drilled into the medium. 50 μl of the test sample, 

diluted to the necessary concentration of 1 mg/ml, were added to the appropriate wells. 

Reference antimicrobial medication is added to additional wells5. The plates are 

immediately incubated for 24 hours at 37°C. By measuring the diameter of zones 

exhibiting total inhibition, activity was calculated (mm). The medication was contrasted 

with growth inhibition. 

 

Minimum Inhibitory Concentration: The minimum inhibitory concentration was 

determined using the tube dilution method by preparing different concentration of metal 

complex solution (i.e., 300 μg/ml, 500 μg/ml, 600 μg/ml, 800 μg/ml and 1 mg/ml)6. 

Cleaned test tubes were taken and different concentration of metal complex such as 300 

μl/ml, 500 μl/ml, 600 μl/ml, 800 μl/ml and 1 mg/ml was poured in the cleaned test tubes 

respectively and the volume of the medium was made upto 2 ml with nutrient broth. 2ml 

of the prepared control was put into the test tubes and autoclave at 121°C temperature 

and 15 lbs pressure for 15 minutes. After sterilization, the medium was allowed to cool 

and 0.2ml of overnight cultures of each organism was dispensed into sterile medium and 

incubated for 24 hours. The activity was measured by turbidity in the broth7. 
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Antifungal Assay: The antifungal activity of metal complex was studied against four 

fungal cultures, Aspergillus niger, Penicillium italicum, Candida albicans and Fusarium 

oxysposum,. Sabouraud dextrose agar was prepared and sterilized. The culture plates were 

prepared with the same method as that of the antibacterial assay. After the media was 

solidified, respective fungal spore suspensions were transferred in the petri plates. With 

the help of a sterile metallic borer, the wells were made in the centers at least 24 mm of 

the media. Recommended concentration 50 μl of the test sample 1 mg/ml in water was 

introduced in the wells. The plates were incubated at 30°C for 72 hours. The results were 

recorded as zones of inhibition in mm8. 

 

3.3. Results and discussion 

According to analytical data, Praseodymium (III) complexes were synthesized with a 

metal-ligand stoichiometry of 1:3 and had good storage properties. The complexes are 

non-hydroscopic solids and are soluble in common organic solvents, such as methanol, 

ethanol, ACN and DMF. The analytical values of the complexes are in good agreement 

with their formation and the elemental analysis and metal composition of the complex are 

given in table 3.1. The molar conductance values of the complexes, given in table 3.1. 

were in the range of 10-13.1 Ω-1cm2mol-1 in DMF solution at room temperature. These 

values indicated that the complexes were non-electrolytes in nature9.  

 

Table 3.1. Analytical data and other details of the lanthanide (III) complexes (Asp. 

=Aspartic Acid, His=Histidine and Val=Valine); calculated values are given in brackets. 

 

Sl.

no 

 

Complexes 

 

%Yield 

 

Colour 

 

M 

 

C 

 

H 

 

N 

 

O 

 

Molar 

conductance 

(DMF) 

Ω-1 cm2 mol-1 

1 [Pr(Asp.)3(NO3)3] 

PrC15H22N6O21 

83 Greenish 

white 

18.46 

(18.51) 

23.60 

(23.58) 

2.91 

(2.88) 

11.01 

(11.05) 

44.02 

(43.98) 

12.6 

2 [Pr(His.)3(NO3)3] 

PrC21H28N12O15 

80 Brown 16.99 

(16.96) 

30.40 

(30.42) 

3.41 

(3.39) 

20.27 

(20.31) 

28.93 

(28.91) 

12.9 

 

3 [Pr(Val)3(NO3)3] 

PrC18H34N6O15 

77 Green 19.69 

(19.72) 

30.21 

(30.19) 

4.80 

(4.81) 

11.75 

(11.69) 

33.35 

(33.40) 

11.5 
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IR Spectra 

 

Figure 3.2. The FT-IR spectra of the ligands (L-Aspartic acid, L-Histidine and L-Valine) 

and Pr(III): Ligands complexes. *Red are the complexes and black are the ligands. 

 

The infrared spectra of Pr(III):L complexes (L-Aspartic acid, L-Histidine and L-

Valine) and pure ligands are shown in figure 3.2. The characteristic infrared absorption 

frequencies of these complexes in solid state are tabulated in Table 3.2. Analysing the 

characteristic infrared absorption frequencies of the L-Aspartic acid complex with Pr3+ 
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ion, we could observe the representative -OH (carboxylic acids) and -NH (amine) 

stretching vibrations in the spectrum of the complex at 3104.30 cm-1 and 3437.03 cm-1. 

We have also observed the characteristic bands of the carboxyl group at 1712 cm-1 and 

1338.84 cm-1. The peak at 1614.52 cm-1 corresponds to the bending vibration of the NH2 

group. The peaks at around 492.37 cm-1 and 406.62 cm-1 leads to M-O strong coordination 

bond10,11. Whereas, the peak at 1566.61 cm-1 represents the presence of NO3 in the 

complex.  

However, analysing the characteristic infrared absorption frequencies of the Pr : 

L-Histidine complex, we could observe the -NH (amine) stretching vibration in the 

spectrum of the complex at 3383.52 cm-1. We have also observed the characteristic bands 

of the carboxyl group at 1192.09 cm-1 and 1145.13 cm-1. The peak at 1621.92 cm-1 

corresponds to the bending vibration of the NH2 group, which leads to the vibrations in 

the ring at 624.24 cm-1. However, the other two types of vibrations such as twisting and 

wagging of the NH2 group appeared at 830.15 cm-1 and 624.24 cm-1, respectively. The 

different modes of vibrations of the existing -COO group in the complex gave rise to the 

peaks at 1192.09 cm-1and 1145.13 cm-1, which may correspond to its wagging, bending 

and rocking. The peaks at around 536.93 cm-1 and 419.55 cm-1 may lead to coordinating 

sites such as oxygen and nitrogen; M-O and M-N, respectively12. The peak at high energy 

(536.93 cm-1) may correspond to M–O coordination if we consider the electronegativity, 

availability of lone pair of electrons and opposite charges on praseodymium (III) and 

oxygen ions that form strong bonding as compared to that of M–N. The peak at 419.55 

cm-1 is though may due to the coordination of nitrogen atom with praseodymium (III). 

The other peaks at 2024.39 cm-1, 1269.71 cm-1, 1247.35 cm-1, 1086.03 cm-1, 794.70 cm-

1, 722.81 cm-1, 682.84 cm-1, and 655.80 cm-1 may represent -C-H bending, -C=N and -

C=C stretching, --CH wagging, and -CH rocking vibrations, respectively13. However, the 

peak at 1340.63 cm-1 represents NO3 counter ion.  

Similarly, the Pr: L-Valine complex are analysed and -N-H (Amine) and -O-H (carboxylic 

acid) stretching vibration spectrum were found at 3727.80 cm-1 (medium), 2110.54 cm-

1(weak and broad) and 3136.56 cm-1. We have also observed the characteristic bands of 

the carboxyl group at 1191.22 cm-1, 1176.39 cm-1 and 1140.20 cm-1. The peak at 1564.65 

cm-1 corresponds to the bending vibration of the NH2 group, which leads to the wagging 

of -N-H at 889.16 cm-1. The peaks at 1521.59 cm-1 and 1352.14 cm-1 represents the 

presence of NO3 ion in the complex. The peaks at around 541.76 cm-1 and 470 cm-1 may 
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lead to coordinating sites such as oxygen and nitrogen respectively. The peak at high 

energy (541.76 cm-1) leads to M–O coordination and the peak at 470 cm-1 praseodymium 

(III) is coordinated to nitrogen atom. 

 

Table 3.2. FT-IR wavenumbers with functional groups assigned to the Pr:L(L-Aspartic 

acid, L-Histidine and L-Valine) complexes. 

 

Assignments (Functional groups) 

 

 

Wavenumbers (cm-1) 

Pr(III):Aspartic 

acid complex 

 

Pr(III):Histidine 

complex 

Pr(III):Valine 

complex 

-N-H stretching (amines) 3437.03 3383.52 3727.80(m), 2110.54 

(w, b) 

-O-H stretching (carboxylic acid) 3104.30,   3136.56(b) 

-COO stretching 2414.49   

-C-H bending (aromatic compounds)  2024.39  

-C=O stretching (carboxylic acid) 1712.59   

-N-H bending 1614.52 1621.92 1564.65 

Ring  1596  

-N-O asymmetric stretching (nitro 

compound) 

1566.61  1521.59 

-C-C stretching (in ring)  1497.86  

-C-H bending 1413.27, 1487.38  1474.17, 1424.95, 

1384.72 

-N-O symmetric stretching (nitro 

compounds) 

 1340.63 1352.14 

-C-H rocking  722.81(s) 1329.44 

-C-N stretching (aromatic amine)  1269.71  

-C-H wagging 1233.10, 1026.42 1247.35 1271.68 

-C-O stretching (carboxylic acid) 1338.84 1192.09, 1145.13 1191.22, 1176.39, 

1140.20 

-C-N stretching (amine)  1086.03 1065.14, 

1033.45 

-O-H bending (carboxylic acid)  921.52 948.72, 903.10 

-N-H wagging 857.34, 761.53 830.15, 624.24 889.16 

=C-H bending  697.03, 673.55 794.70, 682.84, 

655.80 

775.39, 665.01 
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Luminescence studies 

 

Figure 3.3. (a) Emission spectra and (b) Excitation spectra of Praseodymium(III) and 

Praseodymium complexes.  

 

Figure 3.3. (a) and (b) shows the emission spectra of Pr3+ ions and Pr(III) 

complexes in the spectral region 430–700 nm obtained by 444 nm excitation 

corresponding to the 3H4→
3P2 transition. The emission bands centred at 479, 510, 556 

and 671 nm are assigned to 3P0→
3H4, 

3P1→
3H5, 

1D2→
3H4 and 3P0→

3F2 transition, 

respectively. Upon 444 nm excitation, the excited Pr3+ ion decay non-radiatively from the 

3PJ and 1D2 excited state to the lower lying 3H4, 
3H5 and 3F4 energy states14,15. The 

luminescence intensity of the emission transitions depends on the population of the 

complexes and Pr ion in the excited levels. However, the intensity of the 3P0→
3H4 

transition is high due to the fast nonradiative decay from the higher lying 3P2,1,0 levels. 

The inset of Figure 3.3. describes the emission channels of Pr3+ ions in Pr(III):amino acid 

complexes. From the emission spectra it is clear that the emission intensity of the 

3P0→
3H4 transition is almost constant for the Pr(III):amino acid complexes due to the 

increase in the energy transfer among the excited complexes ions. Moreover, the free 

metal ion and lanthanide complex of the emission bands 3P0→
3F4 transition overlap each 

other whereas for 3P0→
3H4, 

3P1→
3H5 and 1D2→

3H4, they are well resolved. Significant 

red shift has been observed for the 3P0→
3H4, 

3P1→
3H5 and 1D2→

3H4 emission transition 

whereas, 3P0→
3F2 emission transition shows blue shift. Observation of the emission 
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transitions shows that the emission band 3P0→
3H4 occurs peaked at ~476 nm, ~ 478 nm, 

~ 479 nm and ~480 nm while, 
3P1→

3H5 peaks occurs at ~510 nm, ~511 nm, ~513 and 

~514 nm whereas, for 3P0→
3H5 peaks occurs at ~556 nm, ~558 nm, ~560 nm and ~561 

nm respectively. This red shift may be due to the distribution of excited ions in the vicinity 

of ligand fields at complexation16. The intensities of all the observed emission bands 

increase with the increase of functional groups in the ligands of the complexes. This may 

be mainly due to the phenomenon of quenching through the energy transfer between the 

excited state of the Pr(III) ion. The emission dominates from the 3P0 state which is 

populated by fast multiphonon non-radiative relaxation from the higher lying 3P2,1,0 levels. 

As the complexation of the Pr3+ ion with the ligands takes place, the energy transfer 

process becomes more predominant and fast quenching in emission intensity takes 

place17. At lanthanide (III): Ligands complexes red emission quenches significantly but 

quenching of blue emission is less. All the lanthanide complexes show enhancement in 

the emission intensity compared to that of the metal ion. The enhancement of 

luminescence intensity of the lanthanide ion and the metal complexes was in the order 

Pr(III):Histidine >  Pr(III):Aspartic acid > Pr(III):Valine > Pr(III). The enhancement of 

the emission intensity of all metal complexes was clear evidence of metal-ligand 

complexation. The quantum yield for Pr(III):L-Aspartic acid complex was 0.0505, 

Pr(III):L-Histidine complex was 0.0741 and Pr(III):L-Valine complex was 0.0449 and for 

Pr(III) was 0.0441 respectively. Compared to the metal ion, which served as their 

precursor, the metal complexes displayed significant fluorescence intensities. The 

addition of a metal ion to the complex may have made the ligand more rigid in its 

conformation, which would have raised the fluorescence intensities of the complexes. 

These findings indicate that the created complexes could be useful in photochemical 

application18–20 .  

 

X-Ray Diffraction 

Praseodymium (III):ligand complexes' X-ray diffraction pattern was observed (figure 

3.4.). The unit cell parameters and Miller indices were used to connect the Bragg angles 

and the set of interplanar spacing to these values, which were then applied to the 

individual reflections using formulas using sin 2θ21. The reflections between 2θ in the 

diffractogram of the complexes ranged from 10 to 60°, with a maxima at 2θ = 23.772, 

19.029 and 29.676. 
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Figure 3.4. XRD spectrum of Praseodymium: Ligands ((a) L-Aspartic acid, (b) L-

Histidine and (c) L-Valine) complexes. 

 

The lattice parameters calculated for the unit cell value of Pr (III):L-Aspartic acid 

complex are; a = 7.6080 (Å), b = 6.9660 (Å), c = 5.1220 (Å) and cell volume of cell = 

267.55 (Å)3 with space group P21. The lattice parameters for Pr(III):L-Histidine complex 

was found to be a = 5.1430 (Å), b = 7.2940 (Å), c = 18.6740 (Å) and cell volume of cell 

= 700.52 (Å)3 with space group P212121. And finally, The lattice parameters calculated 

for the unit cell value of Pr(III):L-Valine complex are; a = 9.6470 (Å), b = 5.2550 (Å), c 

= 12.0100 (Å) and cell volume of cell = 608.67 (Å)3 with space group P21. However, the 

three observed diffraction pattern corresponds to monoclinic, orthorhombic and 

monoclinic phases which matches with the JCPDS PDF No. 00-023-1519, 00-051-2290 
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and 00-022-1930 respectively. The presence of possible phases such as PrO3 is not 

observed. This confirms the lattice substitution of Pr3+in (C4H6NO4)3
-, Pr3+in 

(C6H8N302)3
- and Pr3+ in (C5H10NO2)3

- sites respectively. The crystal size was estimated 

using the Scherrer formula’s,  

dXRD = 
𝜅𝜆

𝛽 cos𝜃′
 

where k is the shape factor (≈0.9), β is the full width at half maximum of the reflection 

peak, θ is Bragg’s angle, and λ is the wavelength of Cu kα radiation. The average crystal 

size (dXRD) was found to be 40.11 nm, 15.78 nm and 25.20 nm respectively.  

 

Thermal analysis 

 

 

Figure 3.5. TGA of the three synthesized Praseodymium: Ligands (a) L-Aspartic acid, 

(b) L-Histidine and (c) L-Valine complexes. 
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The TGA measurements of the complexes were measured in dynamic air while 

being heated at a rate of 20°C/min. From figure 3.5., it has been found that the 

Praseodymium (III): Aspartic acid complex thermally decomposes in two stages, in the 

first stage three molecules of nitrate molecules decomposes and in the second stage three 

molecules of aspartic acid decomposes leaving Pr(III) as the final residue. Also, the 

Praseodymium (III):Histidine acid complex decomposes thermally in two stages, in the 

first stage a single molecule of nitrate decomposes and in the second stage the three 

molecules of ligand and two molecules of nitrate decomposes leaving PrO as the final 

residue. Finally, the Praseodymium (III):Valine complex thermally decomposes in two 

stages, similarly as that of the Pr:L-Aspartic acid complex where in the first stage three 

molecules of nitrate decomposes and in the second stage the three molecules of Valine 

decomposes leaving Pr(III) as the final residue. The stages of decomposition of the 

synthesized complexes are quite in agreement when compared to the elemental analysis 

result as given in table 3.1. Among the three synthesized complexes, The stability of 

praseodymium (III):Histidine complex is greatest as it start decomposes  ~250oC in room 

temperature, whereas praseodymium(III):Aspartic acid complex is lowest as it start 

decomposition at ~210oC and praseodymium(III):Valine complex starts at ~230oC. 

Following is the stability order of the three complexes in dynamic air. 

[Pr(histidine)3(NO3)] > [Pr(valine)3(NO3] > [Pr(aspartic acid)3(NO3] 

 

Table 3.3. Antibacterial activity of lanthanide complex, metal ion as negative control, 

commercial drug as positive control, here A is [Pr(Aspartic acid)3NO3], B is 

[Pr(Histidine)3NO3] and C is [Pr(Valine)3NO3]. 

 

 

Sl. No. 

 

 

Name of bacterial 

pathogens 

 

Zone of inhibition(mm) 

Lanthanide complex Negative control Positive control 

(Ampicillin) A B C 

1 Escherichia coli 32 32 32 No zone 37 

2 Klebsiella pneumonia 23 25 22 No zone 20 

3 Staphylococcus aureus 22 24 21 No zone 26 

4 Bacillus subtilis 14 14 13 No zone 10 
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Table 3.4. Minimum Inhibitory Concentration assay of Lanthanide (III) complexes 

against bacterial pathogens. 

 

Sl. No. 

 

Name of the bacterial 

pathogens 

 

Observation of Growth 

300 μg/ml 500 μg/ml 600 μg/ml 800 μg/ml 1 mg/ml 

                            [Pr(Aspartic acid)3(NO3)3]  

1 Klebsiella pneumonia + - - - - 

2 Bacillus subtilis + + - - - 

[Pr(Histidine)3(NO3)3] 

1 Klebsiella pneumonia + - - - - 

2 Bacillus subtilis + - - - - 

[Pr(Valine)3(NO3)3] 

1 Klebsiella pneumonia + + - - - 

2 Bacillus subtilis + - - - - 

Note: + = Growth of bacteria, - = No growth of bacteria 

 

Table 3.5. Antifungal Activity of Lanthanide (III) complexes, here A is [Pr(Aspartic 

acid)3NO3], B is [Pr(Histidine)3NO3] and C is [Pr(Valine)3NO3]. 

 

Sl. No. 

 

Name of Fungal Pathogens 

 

Zone of inhibition (mm) 

A B C 

1 Candida albicans 45 48 40 

2 Aspergillus niger 34 31 33 

3 Penicillium italicum 21 18 20 

4 Fusarium oxysposum 15 13 10 

 

Antibacterial Activity of Lanthanide (III) Complex: Antibacterial activity of 

Lanthanide (III) complex with positive control commercial drugs (Ampicillin) and 

negative control as metal ion22 were studied against four bacterial pathogens such as 

Escherichia coli, Klebsiella pneumonia, Staphylococcus aureus and Bacillus subtilis. 

Lanthanide complex has shown better result in the form, zone of inhibition in culture 

plates rather than commercial drugs against two pathogens such as Klebsiella pneumonia 

and Bacillus subtilis. The zone of inhibition (mm) of Lanthanide metal complex in the 

culture plates were 23, 25 and 22 mm against Klebsiella pneumonia and 14, 14 and 13 

mm against Bacillus subtilis respectively. Whereas negative control (metal ion) did not 



Chapter - 3 

 

90 
*This chapter has been communicated in Dalton transactions (RCS) and is under review. 

 

show any zone of inhibition (Table 3.5.). The present finding shows the antibacterial 

activity of the three synthesized Lanthanide (III) complexes. 

 

Minimum Inhibitory Concentration Assay: Klebsiella pneumonia and Bacillus subtilis 

were checked for the Minimum inhibitory concentration. Minimum inhibitory 

concentrations of bacterial pathogens were observed such as Bacillus subtilis (300 μg/ml) 

and Klebsiella pneumonia (500 μg/ml) (Table 3.6.). This result is similar to the finding 

of Chohan et al23.  

 

Antifungal Activity of Praseodymium (III) Complex: The inhibitory activity of 

Lanthanide (III) complexes was observed in fungal pathogens. Among the three fungal 

pathogens Candida albicans was highly susceptible (45 mm, 48 mm and 40 mm) 

followed by Aspergillus niger (34 mm, 31 mm and 33 mm), Penicillium italicum (21 mm, 

18 mm and 20 mm) and Fusarium oxysposum (15mm, 13 mm and 10 mm). The results 

are presented in Table 3.7. 

 

3.4. Conclusions 

Three new Praseodymium (III): Amino acids complexes were synthesized which is 

verified by the characterization and they were non hydroscopic solid and soluble in water 

and most of the organic solvents. Their molar conductance was in the range from 10-13.1 

Ω-1cm2mol-1 in DMF solution at room temperature which indicated that the complexes 

were non-electrolytes in nature9. Amino acid coordinates with Praseodymium (III) by its 

oxygen anion of deprotonated carboxyl group and the nitrogen atom of NH2 group. The 

metal to oxygen and metal to nitrogen coordination has been justified by our IR data. The 

synthesized complexes were crystalline in nature and they match the JCPDS PDF No. 00-

023-1519, 00-051-2290 and 00-022-1930. The Pr(III):Aspartic acid complex and 

Pr(III):Valine complex have monoclinic phase and average crystal size (dXRD) are 

40.11nm and 15.78nm respectively. Whereas, Pr(III):Histidine complex have 

Orthorhombic phase and average crystal size (dXRD) is 25.20nm. The lattice parameters 

calculated for the unit cell value of Pr (III):L-Aspartic acid complex are; a = 7.6080 (Å), 

b = 6.9660 (Å), c = 5.1220 (Å) and cell volume of cell = 267.55 (Å)3 with space group 

P21. The lattice parameters for Pr(III):L-Histidine complex was found to be a = 5.1430 

(Å), b = 7.2940 (Å), c = 18.6740 (Å) and cell volume of cell = 700.52 (Å)3 with space 
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group P212121. And finally, The lattice parameters calculated for the unit cell value of 

Pr (III):L-Valine complex are; a = 9.6470 (Å), b = 5.2550 (Å), c = 12.0100 (Å) and cell 

volume of cell = 608.67 (Å)3 with space group P21. 

The metal ion and the complexes were excited at 444 nm and the excited metal ion and 

complexes decay non-radiatively from the 
3

P
J 
and 

1

D
2
 excited state to the lower lying 

3

H
4
, 

3

H
5
 and

 3

F
4
 energy states. The quantum yield for Pr(III) is 0.0335,  Pr(III):Aspartic acid 

complex was 0.0505, Pr(III):Histidine complex was 0.0741 and Pr(III):Valine complex 

was 0.0449 respectively. The synthesized complexes possess high thermal stability in air 

at room temperature as they start decomposition above 200°C and they have good 

antimicrobial properties. The findings indicates that it can be useful for photochemical 

and therapeutic applications. 
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Chapter-4 

 

Absorption spectral study for the interaction of Pr(III) with L-Aspartic acid in 

various aquated organic solvents through 4f-4f transition spectra: Analysis of 

reaction pathways and thermodynamic parameters. 

 

In this chapter the interaction of Praseodymium (III) with L-Aspartic Acid has been 

analysed theoretically through 4f-4f transition in various aquated organic solvents (DMF, 

ACN, Dioxane and methanol). Spectral parameters such as: Energy interaction 

parameters like Slater–Condon (Fk's), Lande factor (ξ4f), Racah energy (Ek), nephelauxetic 

effect (β), bonding (b1/2) and percent covalency (δ), as well as intensity parameters: 

oscillator strength 'P' and Judd–Ofelt Tλ (λ=2,4,6) were evaluated. The degree of outer and 

inner sphere coordination, the level of metal 4f-4f orbital involvement in the 

complexation, defining the immediate coordination environment around the metal Pr(III), 

and the coordination number of the complex formed could be revealed through the 

analysis of these spectral parameters. The rate of complexation for Pr(III) with L-Aspartic 

acid and consequently its thermodynamic parameters have been evaluated through 4f-4f 

transition spectra. 
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4.1. Introduction  

In recent decades Lanthanide chemistry has received a lot of attention. Lanthanides are 

used as structural and functional probes to understand biomolecule structures, 

conformations and properties[1–3]. Many concepts and hypotheses have been amended 

or abandoned as the science of coordination chemistry progresses. Complex formation 

processes are a "key" in several research fields like analytical, bioinorganic, clinical and 

biochemical aspects of coordination chemistry has an emerging research area[4][5][6][7]. 

Under certain experimental and physiological circumstances, lanthanide (III) ions are 

hard metal ions, preferring hard donor ligands such as oxygen, halogen and nitrogen. In 

multidentate large biological molecules, many ligands contain oxygen, nitrogen, sulphur, 

halogen and phosphorous donor atoms in the form of functional groups[8]. While 

analysing the comparison in the absorption spectra of Pr(III): amino acids complex 

quantitatively, we discovered some interesting structural information about the amino 

acid molecule, including its coordinating sites[9]. When Pr(III) binds to amino acids, the 

energies of 4f-4f bands shifts, reducing the energy interaction parameters such as Fk, ξ4f  

and  Ek of 4f-4f electronic transitions[10]. Amino acids contain amine and carboxylic acid 

functional groups and can modify the form and size of buoyant materials while 

maintaining the -R group (side chains) [11]. Amino acids are essential to our general 

health since they play a critical role in enzyme and protein synthesis and contribute 

significantly to human health, the brain system, hormone secretion and muscle 

construction. They are also required for the proper functioning of vital cellular and organ 

networks[12,13]. It has been thoroughly examined how different lanthanides interact with 

a wide spectrum of proteins, amino acids, and polypeptides [14]. In complexation, 

lanthanides favour donor atoms in the following order: O>N>S and F>Cl. This indicates 

that the lanthanide ion has a strong preference for 'O' donor atoms. There is strong 

evidence of the bonding of Ln (III) ions with amino acids; Ln(III) ion is bonded with the 

carboxylate group's oxygen atom and the amine group's nitrogen atom [15]. Amino acids 

exist in a neutral state when they are in the solid phase. As seen in figure 4.1., if their 

isoelectric point is preserved, they exist as zwitterions in aquated solution. [16]  

The inner structure of the lanthanide (III) complex can be revealed by examining the 4f-

4f transition spectra. Using 4f-4f transition spectra recorded in various aquated organic 

solvents, the energy interaction and intensity parameters for the complexation of Pr (III) 

with amino acids, other ligands and polypeptides including O, N, and S donors were 

examined [13–15]. The spectroscopic characteristics of trivalent lanthanide ions are 

https://www.researchgate.net/profile/Juliana-Sanchu
https://www.researchgate.net/profile/Zevivonue-Thakro
https://www.researchgate.net/profile/Mhasiriekho-Ziekhrue
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unusual. Because the overlaying 5s2 and 5p6 shells shelter the 4f electrons from external 

forces, the electron cloud of the Ln (III) ion is mostly unaffected by the ligand 

environment.[20] The f-f transitions spectra are responsible for the absorption spectra of 

trivalent lanthanide ions. As a result, the absorption spectra of lanthanide complexes are 

often sharp and line-like, in contrast to transition metal's broad absorption bands. The f-f 

bands' intensity is affected by the nature of the coordination sphere in a quantitative way 

[21].  

Comparative absorption spectroscopy was used in this study to estimate the energy 

interaction and intensity parameters for the complexation of praseodymium (III) with L-

aspartic acid in various aqueous organic solvents. The fluctuation in spectral 

characteristics could reveal the mechanism of binding in terms of inner and outer-sphere 

complexation, degree of covalency, and 4f-orbital involvement. The simultaneous 

coordination of Pr(III): L-Aspartic acid complex at various temperatures in DMF medium 

was investigated using reaction rate and thermodynamic parameters to investigate 

reaction rate, pre-exponential factors, and thermodynamic parameters. 

 

4.2. Materials and methods 

Praseodymium (III) chloride hydrate was purchased from Sigma Aldrich with 99.9% 

purity, and L-Aspartic acid from HIMEDIA are used for spectral and kinetic studies. The 

solvents used DMF, ACN, Dioxane and MeOH are of A/R grade from E. Merck. The 

concentrations of Pr(III):L-Aspartic acid complex were kept at 0.01 M and the pH was 

maintained to 2.77.  In all the preparations, binary mixtures (50%v/v) of water in four 

different organic solvents (Acetonitrile, Dioxane, Dimethylformamide & Methanol) were 

used. The absorption spectra were recorded using a UV-Vis spectrophotometer (Perkin 

Elmer Lambda 365). 

For kinetic experiments, equimolar quantities of Pr(III):L-Aspartic acid complex was 

added to aquated DMF solvent and the resulting mixture was agitated in an inert 

atmosphere generated to form the complex in solution.  All spectra were taken using a 

Perkin Elmer Lambda-35 UV-Visible Spectrophotometer with a connected kinetic 

assembly that was temperature-controlled. Water flowing HAAKE DC 10 thermostat is 

used to maintain the desired temperature. 
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Praseodymium (III) with Amino acids form Metal Complex 

Praseodymium (III) are "hard acids" and hard acceptors, they prefer to form 

complexes with "hard bases" and hard donor ligands. Coordination numbers typically 

range from 6 to 12, the physiologically significant being 8 or 9. Therefore, the complexes 

can take on a variety of geometrical forms. In their solid-state, amino acids are neutral. 

However, when they are dissolved in an aqueous medium and their isoelectric point is 

maintained, they exist as zwitterions as shown in figure 4.1. [22–24]. 

 

Figure 4.1. The zwitterions of L-Aspartic acid. 

 

When the value of the pH is less than 7, only the ‘O’ atom bind to the metal ion; but when 

the pH value is above 7, both ‘O’ atom and ‘N’ atom bind with the metal ion [25]. Since 

the isoelectric point of L-aspartic acid is pH 2.77 the metal ion interacts with only the 

oxygen atoms of the L-Aspartic acid and acts as bidentate, forming a complex with the 

praseodymium(III) as given in figure 4.2. 

 

Figure 4.2. Chemical reaction pathway of Praseodymiuym(III) with L-Aspartic acid  

complex in aquated medium. 
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4.3. Theoretical 

4.3.1. Energy interaction parameters 

The Nephelauxetic ratio is determined by the covalency, as illustrated below. 

β = 
𝐹𝐾

𝐶

𝐹𝐾
𝑓 or 

𝐸𝐶
𝐾

𝐸𝑓
𝐾 

For complex and free ions, Slater–Condon parameters are written as FK while Racah 

parameters are expressed as EK. Covalent percentage and bonding parameter are 

calculated using the equations given below; 

b1/2 = [
1−β

2
]

1/2

 

     𝛿 = [
1−β

β
] × 100    

The Electrostatic term E0 was stated as, using the Slater radial integral and the Slater-

Condon parameter. 

𝐸0 =  ∑ 𝐾𝑘𝐹𝑘

𝑘=6

𝑘=0

 

Where 𝐾𝑘 is the angular coefficient. 

The direct-integrals, or Slater-Condon parameters (Fk), are a decreasing function of K 

with the relationship given as, 

𝐹1
𝑘 =  ∫ ∫

𝑟<
𝑘

𝑟>
𝑘=1 𝑅𝑖

2(𝑟𝑖)𝑅𝑗
2(𝑟𝑗)𝑟𝑖

2𝑟𝑗
2𝑑𝑟𝑖𝑑𝑟𝑗

∞

0

∞

0

 

The near and distant electron radii are ‘𝑟< & 𝑟>’, the 4f-radial wave function is 'R,' and 

the ith & jth electrons are ‘i & j’. Condon and Shortley reformulated the Slater-Condon 

parameter (Fk) integrals in terms of reduced integrals (Fk). 

𝐹𝑘 =  
𝐹𝑘

𝐷𝑘
 

Combining the above two relations, the reduced Slater-Condon integral is given by an 

equation, 

𝐹𝑘 =  
1

𝐷𝑘
∫ ∫

𝑟<
𝑘

𝑟>
𝑘=1 𝑅𝑖

2(𝑟𝑖)𝑅𝑗
2(𝑟𝑗)𝑟𝑖

2𝑟𝑗
2𝑑𝑟𝑖𝑑𝑟𝑗

∞

0

∞

0

 

The linear combinations of 𝐹𝑘 are given as the energy interaction parameter Racah 𝐸𝑘𝑖, 

𝐸1 =  
70𝐹2 +  231𝐹4 +  20.02𝐹6

9
 

𝐸2 =  
𝐹2 − 3𝐹4 + 7𝐹6

9
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𝐸3 =
5𝐹2 + 6𝐹4 − 9𝐹6

3
 

The energy (Eso) in 4f–4f electronic transition is known to come from a significant 

magnetic contact, but the spin-orbit interactions may be written as, 

                                                          Eso= Aso ξ4f                                                                                                 

where ‘ξ4f’ denotes the radial integral and ‘Aso’ denotes the angular component of spin-

orbit interaction. By first-order approximation, the energy Ej of the jth level is represented 

as, 

                                                Ej(Fk, ξ4f) = Eoj(𝐹𝑘
0, ξ4f) + 

𝜕𝐸𝑗

𝜕𝐹𝑘
∆𝐹𝐾 + 

𝜕𝐸𝑗

𝜕ξ4f
∆ ξ4f 

where ‘E0j’ denotes the jth level's zero-order energy. The equivalent values of FK and ξ4f 

are provided in the equations below. 

𝐹𝑘 = 𝐹𝑘
0 + ∆𝐹𝑘 

𝜉4𝑓 = 𝜉4𝑓
0 + ∆𝜉4𝑓 

The zero-order ∆Ej and the observed value of Ej are expressed by the given equation,  

∆𝐸𝑗  = ∑
𝜕𝐸𝑗

𝜕𝐹𝐾
𝑘   2,4,6

+  
𝜕𝐸𝑗

𝜕ξ
4f

∆ξ
4𝑓

 

The following problem may be solved using the least square approach to determine the 

values of ∆𝐹2 & ∆ξ
4𝑓

.  

The following is the formula for determining the estimated values of 𝐹4 and 𝐹6: 

𝐹4

𝐹2
= 0.1380 𝑎𝑛𝑑

𝐹6

𝐹2
= 0.0150 

 

4.3.2. Intensity Parameters 

Judd[26] and Ofelt[27] established a theoretical technique for calculating band intensities. 

They thought the transitions are essentially electric dipole transitions, and that the 

oscillator strength corresponding to the induced electric dipole transition ΨJ → Ψ/J/ as 

given by 

                                     ∑ 𝑇𝜆𝜎(𝑓𝑁
𝜆=2,4,6 𝜓 𝐽‖ 𝑈λλ ‖ 𝑓𝑁ψ' J')2…….………………. (1) 

The rank matrix element is denoted by U(λ). The three numbers T2, T4, and T6 are 

associated with the radial components of the 4fN wave functions, the closest of which is 

4fN-15d.  

The expression connects the measured intensity of an absorption band to the probability 

(P) of radiant energy absorption (oscillator strength): 
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                               P = 
2303𝑚𝑐2

𝑁𝜋𝑒2 ∫ 𝜀𝑖 (σ)dσ  

                               P = 4.318 x 10-9 ∫ 𝜀𝑖 (σ)dσ ……………………………….……. (2) 

The intensity of the absorption band is determined by the experimentally observed 

oscillator strength (Pobs), which is directly proportional to the area under the absorption 

curve and is estimated using Gaussian curve analysis:  

                                P = 4.60 x 10-9 x εmax x 𝛥𝑣1

2

 …………………………………… (3) 

The molar extinction coefficient is given by εmax.  

The T2, T4 and T6 values supplied by Judd and Ofelt were utilised to represent the 

computed oscillator strength (Pobs) of the transition energies, as derived by the equation 

below. 

                             
𝑃𝑜𝑏𝑠

𝑣
 = [(U2)]2T2 + [(U4)]2T4 + [(U

6)]2T6 ……………………….... (4)  

Carnall[26] gave the matrix elements of Pr(III) system as U(λ). 

 

4.3.3. Rate of the reactions 

Based on the concept of activation energy. Arrhenius described the temperature 

dependence of the rate constant (k) by the equation, 

                                             k = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  ……………………………… (5) 

This equation is known as the Arrhenius rate equation. 

Where A stands for frequency factor. The factor exp (-Ea/RT) is a measure of the 

likelihood of a molecule being in an activated state. 

Plotting graph log k (rate constant) versus 1/T yields the Arrhenius rate equation, which 

is used to determine the activation energy for the Pr(III):L-Aspartic acid complex in DMF 

solvent. [29,30] 

The equation (5) may be expressed as follows: 

lnk = lnA − 
𝐸𝑎

𝑅𝑇
 

                                              or, 2.303logk = 2.303logA− 
𝐸𝑎

𝑅𝑇
 

 

                                      or, logk = logA − 
𝐸𝑎

2.303𝑅𝑇 
    ………………... (6) 

where, A = pre-exponential factor, often known as the frequency factor. 
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As a result, plotting log k versus 1/T should provide a straight line with a negative slope.        

Slope = 
Ea

2.303𝑅
     and Intercept = logA 

The activation energy Ea is calculated from the slope as 

                                         Ea = −Slope ×2.303 ×R …..………………….…... (7) 

Where R is the universal gas constant 

The complexation's thermodynamic characteristics were established using a Van't Hoff 

plot of log k versus 1/T× 103, which was provided as 

                                 𝑙og𝑘 = − 
ΔH°

 R 
[

1

T 
] +

ΔS°

R
 ………………………………………. (8) 

                                                Or 𝑙og𝑘 = −
𝛥𝐺°

𝑅𝑇
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4.4. Figures and tables 

 

Figure 4.3. UV-vis spectra of Praseodymium(III) and Praseodymium(III):L-Aspartic 

acid complex in aquated DMF solvent. 

 

Figure 4.4. UV-vis absorption spectra of Praseodymium(III):L-Aspartic acid complex in 

various aquated organic solvents.  
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Table 4.1. Comparative studies of energy interaction values- Slater–Condon (Fk), Lande 

(ξ4f), Racah energy (Ek), Nephelauxetic ratio (β), bonding (b1/2), and covalency (δ) factors 

of Praseodymium(III) and Praseodymium(III):L-Aspartic acid complex  in various 

aqueous medium. 

 

 

 

 

 

 

 

Systems 

 

 

F2 

 

F4 

 

F6 

 

 ξ4f  

 

E1 

 

E2 

 

E3 

 

β 

 

b1/2 

 

δ 

 

ACETONITRILE 

 

 

Pr(III) 

 

 

309.523 

 

44.534 

 

6.691 

 

724.72 

 

3612.55 

 

25.327 

 

589.34 

 

0.947 

 

0.1616 

 

5.612 

 

Pr(III)+Aspartic Acid 

 

 

309.294 

 

44.512 

 

6.672 

 

724.49 

 

3612.34 

 

25.311 

 

588.96 

 

0.948 

 

0.1628 

 

5.634 

 

DIMETHYLFORMAMIDE 

 

 

Pr(III) 

 

 

309.043 

 

44.572 

 

6.759 

 

725.33 

 

3613.21 

 

25.376 

 

589.78 

 

0.946 

 

0.1631 

 

5.703 

 

Pr(III)+Aspartic Acid 

 

 

309.020 

 

44.537 

 

6.731 

 

724.94 

 

3612.92 

 

25.298 

 

589.34 

 

0.949 

 

0.1642 

 

5.741 

 

1,4-DIOXANE 

 

 

Pr(III) 

 

 

309.196 

 

44.493 

 

6.654 

 

724.52 

 

3612.32 

 

25.318 

 

589.21 

 

0.947 

 

0.1609 

 

5.609 

 

 

Pr(III)+Aspartic Acid 

 

 

309.173 

 

44.469 

 

6.633 

 

724.25 

 

3612.15 

 

25.294 

 

588.83 

 

0.948 

 

0.1619 

 

5.627 

 

METHANOL 

 

 

Pr(III) 

 

 

309.323 

 

44.474 

 

6.639 

 

724.48 

 

3612.09 

 

25.274 

 

589.05 

 

0.945 

 

0.1589 

 

 

5.594 

 

 

Pr(III)+Aspartic Acid 

 

 

309.305 

 

44.427 

 

6.613 

 

724.12 

 

3611.85 

 

25.248 

 

588.77 

 

0.947 

 

0.1611 

 

 

5.621 
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Table 4.2. Comparative studies of energies (cm−1) values as well as RMS values for 

Praseodymium(III) and Praseodymium(III):L-Aspartic acid in various aqueous medium. 

 

 

 

 

 

 

 

 

 

Systems 

 

3H4 →
3P2 

 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

 

RMS 

Eobs Ecal Eobs Ecal Eobs Ecal Eobs Ecal 

 

ACETONITRILE 

 

 

Pr(III) 

 

 

22626.84 

 

22543.21 

 

22247.33 

 

22185.47 

 

21763.55 

 

21649.72 

 

18945.34 

 

19146.05 

 

102.56 

 

Pr(III)+Aspartic Acid 

 

 

22626.63 

 

22527.66 

 

22229.14 

 

22170.89 

 

21741.29 

 

21621.43 

 

18925.11 

 

19120.52 

 

102.33 

 

DIMETHYLFORMAMIDE 

 

 

Pr(III) 

 

 

22627.13 

 

22575.31 

 

22273.67 

 

22199.15 

 

21789.23 

 

21689.43 

 

18968.61 

 

19178.63 

 

102.81 

 

Pr(III)+Aspartic Acid 

 

 

22626.63 

 

22556.63 

 

22251.61 

 

22183.09 

 

21763.75 

 

21643.09 

 

18947.07 

 

19151.23 

 

102.46 

 

1,4-DIOXANE 

 

 

Pr(III) 

 

 

22626.72 

 

22529.71 

 

22231.09 

 

22152.76 

 

21736.43 

 

21626.21 

 

18923.14 

 

19125.72 

 

102.32 

 

Pr(III)+Aspartic Acid 

 

 

22626.51 

 

22505.37 

 

22213.65 

 

22129.41 

 

21717.79 

 

21603.76 

 

18901.51 

 

19101.34 

 

102.12 

 

METHANOL 

 

 

Pr(III) 

 

 

22626.69 

 

22513.58 

 

22207.82 

 

22135.72 

 

21719.65 

 

21638.26 

 

18921.56 

 

19104.62 

 

102.14 

 

Pr(III)+Aspartic Acid 

 

 

22626.39 

 

22498.27 

 

22185.62 

 

 

22094.56 

 

21689.23 

 

21612.87 

 

18889.23 

 

19092.13 

 

102.05 
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Table 4.3. Comparative studies of Oscillator strengths and Judd–Ofelt parameters for 

Praseodymium(III) and Praseodymium(III):L-Aspartic acid complex in various aqueous 

medium. 

 

 

 

 

 

 

Systems 

 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 → 1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

ACETONITRILE 

 

 

Pr(III) 

 

 

17.265 

 

17.265 

 

5.321 

 

4.428 

 

2.265 

 

3.067 

 

2.197 

 

2.197 

 

-253.2 

 

10.127 

 

54.321 

 

Pr(III)+Aspartic Acid 

 

 

21.735 

 

21.735 

 

5.721 

 

4.699 

 

3.595 

 

4.321 

 

3.765 

 

3.765 

 

-350.4 

 

11.893 

 

67.853 

 

DIMETHYLFORMAMIDE 

 

 

Pr(III) 

 

 

19.042 

 

19.042 

 

5.542 

 

4.456 

 

2.367 

 

4.256 

 

3.623 

 

3.623 

 

-321.7 

 

12.153 

 

53.428 

 

Pr(III)+Aspartic Acid 

 

 

20.098 

 

20.098 

 

5.921 

 

4.761 

 

2.972 

 

4.541 

 

4.035 

 

4.035 

 

-465.1 

 

13.239 

 

62.653 

 

1,4- DIOXANE 

 

 

Pr(III) 

 

 

17.623 

 

17.623 

 

5.278 

 

4.165 

 

2.231 

 

3.967 

 

2.978 

 

2.978 

 

-209.5 

 

10.078 

 

49.152 

 

Pr(III)+Aspartic Acid 

 

 

19.326 

 

19.326 

 

5.567 

 

4.539 

 

3.389 

 

4.349 

 

3.436 

 

3.436 

 

-312.9 

 

12.217 

 

55.294 

 

METHANOL 

 

 

Pr(III) 

 

 

15.723 

 

15.723 

 

5.123 

 

4.067 

 

1.725 

 

3.721 

 

2.749 

 

2.749 

 

-189.3 

 

10.026 

 

52.236 

 

Pr(III)+Aspartic Acid 

 

 

17.265 

 

17.265 

 

5.434 

 

4.478 

 

2.328 

 

4.167 

 

2.967 

 

2.967 

 

-232.5 

 

12.518 

 

57.447 

https://www.researchgate.net/profile/Juliana-Sanchu
https://www.researchgate.net/profile/Zevivonue-Thakro
https://www.researchgate.net/profile/Mhasiriekho-Ziekhrue
https://www.researchgate.net/scientific-contributions/M-Indira-Devi-38926870


Chapter - 4 

 

107 
 

*The text of this chapter has been published as: 

1Juliana Sanchu, Chubazenba Imsong, Zevivonü Thakro, Mhasiriekho Ziekhrü and M. Indira Devi, “Absorption spectral study 

for the interaction of Pr(III) with L-Aspartic acid in various aquated organic solvents through 4f-4f transition spectra: Analysis 

of reaction pathways and thermodynamic parameters”, Journal of Pharmaceutical Negative Results, Volume 13(S01) (2022). 

 

 

Figure 4.5. Absorption spectrum for Praseodymium (III): L-Aspartic acid complex in 

DMF medium at different time intervals of 25°C, 30°C, 35°C, 40°C and 45°C. 
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Table 4.4: Oscillator Strengths and Judd-Ofelt  parameters for Praseodymium(III):L-

Aspartic acid complex at different time intervals of 298 K (25°C).  

 

 

 

 

 

 

 

 

 

System  

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

0 

 

4.711 

 

4.711 

 

2.612 

 

1.865 

 

1.181 

 

1.911 

 

1.804 

 

1.804 

 

79.023 

 

4.187 

 

14.460 

 

2 

 

4.921 

 

4.921 

 

2.623 

 

1.932 

 

1.234 

 

1.894 

 

1.775 

 

1.775 

 

79.245 

 

4.398 

 

14.945 

 

4 5.131 

 

5.131 

 

2.645 

 

1.966 

 

1.265 

 

1.933 

 

1.815 

 

1.815 

 

81.923 

 

4.821 

 

15.332 

 

6 5.223 

 

5.223 

 

2.665 

 

1.992 

 

1.279 

 

1.967 

 

1.921 

 

1.921 

 

88.921 

 

4.943 

 

15.873 

 

8 

 

5.407 

 

5.407 

 

2.763 

 

2.067 

 

1.355 

 

2.036 

 

2.113 

 

2.113 

 

91.231 

 

5.466 

 

16.231 

 

10 5.545 

 

5.545 

 

2.846 

 

2.097 

 

1.367 

 

2.099 

 

2.267 

 

2.267 

 

171.431 

 

5.687 

 

16.436 

 

12 

 

5.672 

 

5.672 

 

2.883 

 

2.133 

 

1.396 

 

2.128 

 

2.345 

 

2.345 

 

202.321 

 

5.977 

 

16.643 

 

14 

 

5.723 

 

5.723 

 

2.925 

 

2.185 

 

1.411 

 

2.165 

 

2.431 

 

2.431 

 

208.562 

 

6.056 

 

16.851 

 

16 

 

5.851 

 

5.851 

 

2.966 

 

2.212 

 

1.485 

 

2.197 

 

2.546 

 

2.546 

 

210.214 

 

6.167 

 

18.176 

 

18 

 

5.915 

 

5.915 

 

3.038 

 

2.279 

 

1.513 

 

2.265 

 

2.672 

 

2.672 

 

211.875 

 

6.269 

 

18.598 

 

20 

 

6.149 

 

6.149 

 

3.125 

 

2.334 

 

1.554 

 

2.329 

 

2.754 

 

2.754 

 

270.137 

 

6.559 

 

18.784 

 

22 6.246 

 

6.246 

 

3.236 

 

2.451 

 

1.620 

 

2.435 

 

2.918 

 

2.918 

 

273.751 

 

6.749 

 

18.904 

 

24 6.355 

 

6.355 

 

3.376 

 

2.545 

 

1.767 

 

2.523 

 

3.075 

 

3.075 

 

276.920 

 

6.921 

 

19.123 

 

26 6.429 

 

6.429 

 

3.534 

 

2.631 

 

1.823 

 

2.646 

 

3.156 

 

3.156 

 

285.706 

 

7.063 

 

19.334 

 

28 6.541 

 

6.541 

 

3.625 

 

2.756 

 

1.891 

 

2.727 

 

3.227 

 

3.227 

 

308.334 

 

7.137 

 

19.525 

 

30 

 

6.653 

 

6.653 

 

3.768 

 

2.867 

 

1.908 

 

2.816 

 

3.454 

 

3.454 

 

345.413 

 

7.285 

 

19.667 

 

32 

 

6.718 

 

6.718 

 

3.838 

 

2.952 

 

1.976 

 

2.881 

 

3.523 

 

3.523 

 

359.202 

 

7.564 

 

19.843 

 

34 

 

6.823 

 

6.823 

 

3.974 

 

3.066 

 

2.026 

 

2.935 

 

3.741 

 

3.741 

 

401.576 

 

7.758 

 

20.266 
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Table 4.5. Oscillator Strengths and Judd-Ofelt  parameters for Praseodymium(III):L-

Aspartic acid complex at different time intervals of 303 K (30°C). 

 

 

 

 

 

 

 

 

 

System 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

0 

 

5.523 

 

5.523 

 

1.195 

 

1.079 

 

1.075 

 

1.091 

 

1.342 

 

1.342 

 

215.230 

 

3.731 

 

17.845 

 

2 

 

5.756 

 

5.756 

 

1.366 

 

1.147 

 

1.091 

 

2.046 

 

1.557 

 

1.557 

 

204.312 

 

4.145 

 

19.361 

 

4 

 

5.921 

 

5.921 

 

3.154 

 

2.187 

 

1.165 

 

2.147 

 

1.107 

 

1.107 

 

187.542 

 

5.817 

 

20.056 

 

6 

 

6.156 

 

6.156 

 

3.232 

 

2.247 

 

1.223 

 

2.246 

 

1.168 

 

1.168 

 

175.527 

 

6.231 

 

20.189 

 

8 

 

6.325 

 

6.325 

 

2.756 

 

1.985 

 

1.241 

 

1.953 

 

1.227 

 

1.227 

 

163.606 

 

5.326 

 

20.556 

 

10 6.562 

 

6.562 

 

2.768 

 

2.023 

 

1.263 

 

1.995 

 

1.338 

 

1.338 

 

149.805 

 

5.535 

 

20.609 

 

12 

 

6.735 

 

6.735 

 

2.742 

 

2.071 

 

1.304 

 

2.007 

 

1.447 

 

1.447 

 

137.163 

 

5.656 

 

20.665 

 

14 

 

6.967 

 

6.967 

 

2.797 

 

2.056 

 

1.389 

 

2.114 

 

1.545 

 

1.545 

 

140.427 

 

5.723 

 

21.314 

 

16 

 

7.008 

 

7.008 

 

3.121 

 

2.265 

 

1.411 

 

2.239 

 

1.768 

 

1.768 

 

133.712 

 

6.217 

 

21.452 

 

18 7.167 

 

7.167 

 

3.245 

 

2.361 

 

1.447 

 

2.341 

 

1.969 

 

1.969 

 

36.274 

 

6.467 

 

21.942 

 

20 

 

7.245 

 

7.245 

 

3.411 

 

2.439 

 

1.502 

 

2.412 

 

2.073 

 

2.073 

 

16.434 

 

6.752 

 

22.324 

 

22 

 

7.573 

 

7.573 

 

3.485 

 

2.531 

 

1.585 

 

2.491 

 

2.139 

 

2.139 

 

21.507 

 

6.959 

 

22.954 

 

24 

 

7.761 

 

7.761 

 

3.513 

 

2.572 

 

1.614 

 

2.522 

 

2.371 

 

2.371 

 

9.318 

 

7.043 

 

23.125 

 

26 

 

7.827 

 

7.827 

 

3.647 

 

2.663 

 

1.659 

 

2.607 

 

2.463 

 

2.463 

 

45.164 

 

7.353 

 

23.641 

 

28 

 

7.914 

 

7.914 

 

3.721 

 

2.725 

 

1.692 

 

2.675 

 

2.529 

 

2.529 

 

58.173 

 

7.463 

 

23.743 

 

30 

 

8.168 

 

8.168 

 

4.429 

 

3.086 

 

1.714 

 

3.146 

 

2.783 

 

2.783 

 

65.239 

 

8.556 

 

25.068 

 

32 

 

8.382 

 

8.382 

 

5.047 

 

3.371 

 

1.783 

 

3.447 

 

2.912 

 

2.912 

 

66.428 

 

9.571 

 

25.487 

 

34 

 

8.582 

 

8.582 

 

3.634 

 

2.962 

 

1.828 

 

2.849 

 

3.065 

 

3.065 

 

121.135 

 

7.917 

 

25.891 
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Table 4.6. Oscillator Strengths and Judd-Ofelt parameters for Praseodymium(III):L-

Aspartic acid complex at different time intervals of 308 K (35°C). 

 

 

 

 

 

 

 

 

 

System 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

0 

 

6.521 

 

6.521 

 

2.635 

 

1.711 

 

0.646 

 

1.669 

 

1.121 

 

1.121 

 

78.145 

 

4.643 

 

20.421 

 

2 

 

6.643 

 

6.643 

 

2.741 

 

1.823 

 

0.723 

 

1.729 

 

1.357 

 

1.357 

 

78.341 

 

4.862 

 

20.569 

 

4 

 

6.755 

 

6.755 

 

2.852 

 

1.936 

 

0.845 

 

1.841 

 

1.573 

 

1.573 

 

66.705 

 

5.497 

 

20.656 

 

6 

 

6.813 

 

6.813 

 

2.942 

 

2.008 

 

0.898 

 

1.967 

 

1.636 

 

1.636 

 

76.187 

 

5.775 

 

20.832 

 

8 

 

6.962 

 

6.962 

 

3.017 

 

2.145 

 

0.904 

 

2.085 

 

1.742 

 

1.742 

 

38.428 

 

5.887 

 

21.362 

 

10 

 

7.039 

 

7.039 

 

3.165 

 

2.263 

 

0.947 

 

2.138 

 

1.838 

 

1.838 

 

42.276 

 

5.945 

 

21.672 

 

12 

 

7.183 

 

7.183 

 

3.273 

 

2.352 

 

0.993 

 

2.253 

 

1.916 

 

1.916 

 

44.456 

 

5.997 

 

22.019 

 

14 

 

7.234 

 

7.234 

 

3.361 

 

2.476 

 

1.006 

 

2.321 

 

2.058 

 

2.058 

 

40.745 

 

6.019 

 

22.345 

 

16 

 

7.341 

 

7.341 

 

3.446 

 

2.531 

 

1.018 

 

2.392 

 

2.148 

 

2.148 

 

132.415 

 

6.096 

 

22.567 

 

18 

 

7.475 

 

7.475 

 

3.573 

 

2.619 

 

1.038 

 

2.425 

 

2.363 

 

2.363 

 

37.543 

 

6.287 

 

22.876 

 

20 

 

7.681 

 

7.681 

 

3.690 

 

2.755 

 

1.092 

 

2.489 

 

2.481 

 

2.481 

 

47.458 

 

6.372 

 

23.471 

 

22 

 

7.767 

 

7.767 

 

3.756 

 

2.838 

 

1.114 

 

2.556 

 

2.546 

 

2.546 

 

66.371 

 

6.463 

 

23.535 

 

24 

 

7.943 

 

7.943 

 

3.829 

 

2.953 

 

1.146 

 

2.678 

 

2.661 

 

2.661 

 

48.169 

 

6.548 

 

24.323 

 

26 

 

8.006 

 

8.006 

 

3.992 

 

3.009 

 

1.192 

 

2.742 

 

2.734 

 

2.734 

 

66.321 

 

6.749 

 

24.573 

 

28 

 

8.216 

 

8.216 

 

4.051 

 

3.156 

 

1.236 

 

2.837 

 

2.826 

 

2.826 

 

86.538 

 

6.992 

 

24.729 

 

30 

 

8.473 

 

8.473 

 

4.193 

 

3.231 

 

1.288 

 

2.907 

 

2.969 

 

2.969 

 

91.376 

 

7.418 

 

25.468 

 

32 

 

8.567 

 

8.567 

 

4.258 

 

3.312 

 

1.316 

 

2.989 

 

3.013 

 

3.013 

 

100.464 

 

7.587 

 

26.352 

 

34 

 

8.748 

 

8.748 

 

4.385 

 

3.476 

 

1.371 

 

3.069 

 

3.145 

 

3.145 

 

99.276 

 

7.276 

 

26.867 
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Table 4.7. Oscillator Strengths and Judd-Ofelt parameters for Praseodymium(III):L-

Aspartic acid complex at different time intervals of 313 K(40° C). 

 

 

 

 

 

 

 

 

 

System 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

0 

 

6.532 

 

6.532 

 

1.812 

 

1.623 

 

1.417 

 

1.623 

 

2.645 

 

2.645 

 

212.561 

 

4.537 

 

20.175 

 

2 

 

6.641 

 

6.641 

 

1.983 

 

1.836 

 

1.631 

 

1.743 

 

2.734 

 

2.734 

 

234.323 

 

5.117 

 

20.365 

 

4 

 

6.867 

 

6.867 

 

2.043 

 

1.917 

 

1.678 

 

1.865 

 

2.846 

 

2.846 

 

251.635 

 

5.350 

 

20.735 

 

6 

 

7.037 

 

7.037 

 

2.174 

 

1.987 

 

1.708 

 

1.956 

 

2.951 

 

2.951 

 

269.266 

 

5.832 

 

21.537 

 

8 

 

7.321 

 

7.321 

 

2.231 

 

2.061 

 

1.783 

 

2.043 

 

3.067 

 

3.067 

 

263.437 

 

5.543 

 

22.482 

 

10 

 

7.549 

 

7.549 

 

2.452 

 

2.136 

 

1.882 

 

2.159 

 

3.134 

 

3.134 

 

266.431 

 

5.752 

 

23.368 

 

12 

 

7.811 

 

7.811 

 

2.531 

 

2.251 

 

1.955 

 

2.238 

 

3.265 

 

3.365 

 

45.672 

 

7.291 

 

23.653 

 

14 

 

7.949 

 

7.949 

 

2.672 

 

2.304 

 

1.998 

 

2.376 

 

3.347 

 

3.347 

 

243.435 

 

5.652 

 

24.434 

 

16 

 

8.098 

 

8.098 

 

2.708 

 

2.443 

 

2.008 

 

2.436 

 

3.409 

 

3.409 

 

66.134 

 

6.653 

 

24.842 

 

18 

 

8.213 

 

8.213 

 

2.785 

 

2.567 

 

2.089 

 

2.498 

 

3.574 

 

3.574 

 

270.456 

 

6.762 

 

25.365 

 

20 

 

8.423 

 

8.423 

 

4.084 

 

2.647 

 

2.134 

 

2.505 

 

3.623 

 

3.623 

 

91.532 

 

7.456 

 

25.473 

 

22 

 

8.565 

 

8.565 

 

2.659 

 

2.721 

 

2.235 

 

2.596 

 

3.745 

 

3.745 

 

274.382 

 

6.631 

 

26.267 

 

24 

 

8.677 

 

8.677 

 

2.934 

 

2.836 

 

2.341 

 

2.625 

 

3.813 

 

3.813 

 

315.438 

 

7.264 

 

26.453 

 

26 

 

8.746 

 

8.746 

 

3.521 

 

2.905 

 

2.393 

 

2.677 

 

3.885 

 

3.885 

 

209.367 

 

6.266 

 

26.854 

 

28 

 

8.828 

 

8.828 

 

4.347 

 

3.006 

 

2.427 

 

2.712 

 

3.957 

 

3.957 

 

99.587 

 

7.743 

 

26.987 

 

30 

 

9.453 

 

9.453 

 

2.173 

 

3.113 

 

2.481 

 

2.747 

 

4.007 

 

4.007 

 

299.683 

 

4.365 

 

29.765 

 

32 

 

9.669 

 

9.669 

 

3.856 

 

3.248 

 

2.512 

 

2.793 

 

4.083 

 

4.083 

 

151.374 

 

7.632 

 

29.987 

 

34 

 

10.056 

 

10.056 

 

2.867 

 

3.355 

 

2.678 

 

2.853 

 

4.169 

 

4.169 

 

258.467 

 

7.462 

 

30.644 
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Table 4.8. Oscillator Strengths and Judd-Ofelt parameters for Praseodymium(III):L-

Aspartic acid complex at different time intervals of 318 K (45°C).  

 

 

 

 

 

 

 

System  

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

0 

 

6.762 

 

6.762 

 

1.991 

 

1.782 

 

1.543 

 

1.786 

 

2.856 

 

2.856 

 

203.541 

 

4.865 

 

20.376 

 

2 

 

6.945 

 

6.945 

 

2.045 

 

1.866 

 

1.649 

 

1.856 

 

2.967 

 

2.967 

 

209.633 

 

5.345 

 

20.554 

 

4 

 

7.067 

 

7.067 

 

2.168 

 

1.953 

 

1.716 

 

1.941 

 

3.039 

 

3.039 

 

261.458 

 

5.549 

 

20.941 

 

6 

 

7.231 

 

7.231 

 

2.227 

 

2.047 

 

1.789 

 

2.019 

 

3.155 

 

3.155 

 

271.413 

 

5.654 

 

21.482 

 

8 

 

7.459 

 

7.459 

 

2.356 

 

2.231 

 

1.852 

 

2.123 

 

3.226 

 

3.226 

 

265.827 

 

5.861 

 

22.630 

 

10 

 

7.676 

 

7.676 

 

2.473 

 

2.436 

 

1.940 

 

2.185 

 

3.346 

 

3.346 

 

268.623 

 

6.068 

 

23.342 

 

12 

 

7.864 

 

7.864 

 

2.540 

 

2.673 

 

2.017 

 

2.234 

 

2.461 

 

2.461 

 

48.719 

 

6.361 

 

23.558 

 

14 

 

8.057 

 

8.087 

 

2.607 

 

2.721 

 

2.069 

 

2.387 

 

3.589 

 

3.589 

 

246.347 

 

6.543 

 

24.376 

 

16 

 

8.253 

 

8.253 

 

2.745 

 

2.789 

 

2.178 

 

2.453 

 

3.664 

 

3.664 

 

69.381 

 

6.843 

 

24.896 

 

18 

 

8.491 

 

8.491 

 

2.952 

 

2.824 

 

2.221 

 

2.584 

 

3.721 

 

3.721 

 

273.425 

 

6.952 

 

25.469 

 

20 

 

8.653 

 

8.653 

 

3.084 

 

2.876 

 

2.294 

 

2.638 

 

3.855 

 

3.855 

 

94.456 

 

7.267 

 

25.921 

 

22 

 

8.844 

 

8.844 

 

3.254 

 

2.921 

 

2.356 

 

2.679 

 

3.954 

 

3.954 

 

278.309 

 

7.459 

 

26.256 

 

24 

 

8.912 

 

8.912 

 

3.476 

 

2.992 

 

2.432 

 

2.745 

 

3.989 

 

3.989 

 

317.417 

 

7.660 

 

26.864 

 

26 

 

9.058 

 

9.058 

 

3.753 

 

3.043 

 

2.491 

 

2.809 

 

2.345 

 

2.345 

 

212.367 

 

7.857 

 

27.658 

 

28 

 

9.475 

 

9.475 

 

3.905 

 

3.127 

 

2.523 

 

2.876 

 

4.019 

 

4.019 

 

104.285 

 

7.563 

 

28.409 

 

30 

 

9.931 

 

9.931 

 

4.016 

 

3.178 

 

2.568 

 

2.911 

 

4.154 

 

4.154 

 

303.674 

 

8.045 

 

29.377 

 

32 

 

10.168 

 

10.168 

 

4.127 

 

3.227 

 

2.617 

 

2.985 

 

4.275 

 

4.275 

 

155.438 

 

8.129 

 

30.563 

 

34 

 

10.456 

 

10.456 

 

4.187 

 

3.331 

 

2.684 

 

3.059 

 

4.303 

 

4.303 

 

262.382 

 

7.539 

 

31.478 
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                         (a)                                                                        (b) 

 

                                      (c)                                                                      (d) 

 

                                    (e) 

Figure 4.6. Graph for oscillator strength vs. time (in hrs) for 3H4 →
3P2

 transition for 

Praseodymium (III): L-Aspartic acid complex in DMF solvent at various temperatures 

25°C, 30°C, 35°C, 40°C & 45°C 
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Table 4.9. Rate Constants of Praseodymium (III): L-Aspartic acid complex in DMF 

solvent. 

 

Figure 4.7. Plot of Log k versus 1/T × 103 for Praseodymium (III): L-Aspartic acid 

complex in DMF at different temperatures.  

 

 

Table 4.10. Thermodynamic parameters, activation energy and rate constants for 

Praseodymium(III):L-Aspartic acid complex.  

 

Temperature ‘K’ 

 

Rate Constant ‘k’ Mol 

L-1s-1 

 

∆H (kJ) 

 

∆G (kJ) 

 

∆S (kJ) 

 

Activation Energy ‘Ea’ 

(kJ) 

 

298 16.65833 

 

 

 

 

 

0.02382 

 

 

-6.97044 

 

0.02347 

 

 

 

 

 

0.02382 

 

 

303 17.86111 

 

-7.38291 

 

0.02405 

 

308 23.94167 

 

-8.00126 

 

0.02649 

 

313 26.46944 

 

-8.52662 

 

0.02732 

 

318 29.10000 

 

-8.91332 

 

0.02810 

 

Temperature 

’K’ 
 

 

1/T x 103 Rate Constant 

‘k’ (Mol L-1hr-1) 

Rate Constant 

‘k’ Mol L-1s-1  

 

Log k 

 

Pre-exponential 

factor ‘A’ 

 

Activation Energy ‘Ea’ 

(kJ) 

298 3.3557 0.05997 16.65833 1.22163 
16.81879  

 

0.02382 

 

303 3.3003 0.06430 17.86111 1.25191 18.03067 

308 3.2468 0.08619 23.94167 1.37915 24.16578 

313 3.1949 0.09529 26.46944 1.42275 26.71235 

318 3.1447 0.10476 29.10000 1.46389 
29.36339 
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4.5. Results and discussion 

Hypersensitive transitions are those transitions that obeyed the selection principle |ΔS|=0; 

|ΔL|≤2; |ΔJ|≤2 and are extremely responsive to fluctuations in the coordination 

environment [27]. The transitions 3H4→
3P2, 

3P1, 
3P0, and 1D2 of Praseodymium(III) are 

non-hypersensitive because they do not obey selection principles. They however have 

shown significant sensitivity to minute changes in the coordination surroundings of 

Praseodymium(III). Hence, these non-hypersensitive transitions were named 

Pseudohypersensitive, and such findings were termed 'Ligand Mediated 

Pseudohypersensitivity'[28,29]. Absorption spectrophotometry is an extremely useful 

tool for lanthanide coordination chemistry, especially in solution and non-aqueous media, 

because most lanthanides have detailed internal f-electron transition spectra in the visible 

spectral region and are sensitive to the metal-ligand coordination environment. Pr(III) has 

a paramagnetic property. In the visible region, it has 4f–4f transition spectra (3H4→
3P2,

 

3H4→
3P1,

 3H4→
3P0, &

3H4→
1D2)[33]. In Pr(III):L-Aspartic acid complex, the intensity of 

the spectral bands increases dramatically, which could be owing to the ligand 

involvement in the complexation with Pr (III). 

Table 4.1. shows the comparison of energy interaction parameters: Slater-Condon Fk (cm-

1), Lande ξ4f (cm-1), Racah energy Ek (cm-1), nephelauxetic ratio (β), bonding (b1/2) and 

covalency (δ) factor for Pr(III) and Pr(III):L-Aspartic acid complex in different aquated 

MeOH, MeCN, DMF and dioxane solvents. When compared to the free Pr(III) state, the 

values of energy interaction parameters such as Fk, Ek, and ξ4f for Pr(III):L-Aspartic acid 

complex decreases, indicating a decrease in interelectronic repulsion and spin-orbit 

interaction parameters, resulting in a decrease in the metal-ligand bond distance, making 

complexation possible. The decrease in the values of Fk parameters indicates that ligand 

affects electrostatic repulsion more than spin-orbit coupling. The order of Slater-Condon 

parameters is found to be F2>F4>F6. According to the nephelauxetic effect, the metal-

ligand bond distance must decrease when complexation occurs and its impact depends on 

the coordination number, according to Jorgensen and Ryan[32]. According to Frey and 

Dew Horrocks [37], the nephelauxetic effect is connected to the covalency of the metal-

ligand bond and the coordination number: the smaller the coordination number, the 

greater the amplitude of the nephelauxetic effect. In all systems, the nephelauxetic effect 

is between 0.944-0.948, showing the validity of the study; the positive value of δ could 

indicate the possibility of a covalent bond formed between the Pr (III) and L-Aspartic 

acid complex. When complexation occurs between Pr(III) and the L-Aspartic acid, the 
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values of nephelauxetic effect, bonding parameters and covalency factor increase, 

resulting in the decrease of effective nuclear charge and the interelectronic repulsion 

parameters. Due to the nephelauxetic effect, the metal-ligand distance is lowered, 

implying orbital overlapping is more likely to occur, which is a requirement for improving 

covalency. The binding parameter, often known as the mixing coefficient, is related to β. 

It is commonly used to assess the extent of engagement of the metal ligands in 

binding[33]. In Pr(III) spectra, all three of these parameters (β, δ, and b1/2) are utilized to 

define the degree of covalency. The presence of covalent nature in the metal-ligand 

bonding is indicated by the positive values of b1/2
. Because of the tiny value of b1/2 and 

the minor change in its values, 4f orbitals are only minimally involved in ligand binding. 

Sinha’s parameter (δ) is usually taken as a measure of covalency. 

In table 4.2. except for the 3H4→
1D2 transition, the observed value of energies for 

3H4→
3P2, 

3P1 and 3P0 transitions of Pr (III) and Pr(III):L-Aspartic acid complex are more 

significant than the calculated value of energies. The precision of different energy 

interaction parameters: Slater-Condon (Fk), Lande factor (ξ4f), Racah energy (Ek), 

Nephelauxetic ratio (β), bonding (b1/2) and covalency (δ) factors, is shown by the root 

mean square deviation (RMS) values.  

Table 4.3. gives the values of oscillator strength (P) and Judd-Ofelt parameters (𝑇𝜆) for 

Praseodymium(III) and Praseodymium(III):L-Aspartic acid complex under various 

experimental conditions. The table shows that when Pr(III) was added to L-Aspartic acid 

there were significant changes in the oscillator strength and Judd Ofelt parameters values, 

which validates the possibility of binding of L-Aspartic acid to Praseodymium(III) in the 

solution. T2 is not considered since it is associated to the 3H4→
3F3 transition, which is 

beyond the UV-Visible area and has negative findings. Minor changes in the coordinating 

environment, on the other hand, had a considerable impact on the values of T4 and T6 

parameters, which were both positive. Variation in the symmetry characteristics of the 

complex is connected to both 𝑇4 and 𝑇6 parameters[34]; therefore the significant changes 

in the values of 𝑇4 and 𝑇6 suggest changes in the symmetry of Pr(III), its complex systems 

and their immediate coordination environment. Outer-sphere coordination occurs 

between the ligand and metal ion when there are small variations in the values of oscillator 

strength and Judd Ofelt parameters, while inner-sphere coordination occurs when there 

are large variations in P and Tλ (λ=2,4,6). The change in computed values of P and 𝑇𝜆 
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presented in table 4.3. could provide strong evidence of the involvement of inner-sphere 

coordination between L-Aspartic acid and Praseodymium (III).  

From figure 4.3., the absorption bands of Pr (III) complexes shift significantly as 

compared to Pr (III), demonstrating their sensitivity to small changes in the coordination 

ambience which induce a wavelength shift towards longer wavelengths, resulting in a 

redshift and strengthening of the 4f-4f transition spectral bands. A red shift is observed 

leading to the phenomena of the nephelauxetic effect. The nephelauxetic effect causes the 

metal-ligand bond length to shorten, leading to the intensification of the 4f-4f bands, 

indicating the likelihood of ligand binding to the metal ion. Figure 4.4. shows the 

comparative spectra of Pr(III) and Pr(III): amino acid complexes in aquated MeOH, 

MeCN, dioxane and DMF solvents. Variation of solvents brings a significant effect on 

the oscillator strengths of the 4f-4f bands and consequently marked variation in the 

magnitudes of intensity Tλ parameters (λ=2,4,6). DMF has high polarizability and 

sensitivity, which means it efficiently enhances 4f-4f electric dipole intensity and hence 

could show the possibility of highest covalency for the complexation of Pr(III): Ligands 

among the four solvents followed by the solvents MeCN, Dioxane and MeOH. 

In particular, ligand properties including ion formation, donor atoms, sizes, and 

solvation effects influence the coordination numbers and geometries. The coordination 

number of lanthanides in an aqueous solution is 9 and 8, but it can increase to 12 when a 

ligand is added [35]. Because of the chelate effect, when praseodymium ions create a 

complex with ligands that are chelated, the resulting complexes are stronger than when 

they form a complex with monodentate ligands [36]. When the isoelectric point of an 

amino acid is preserved, the amino acid exists in solution in its zwitterion form. Amino 

acids are hard donors, whereas the ionic compound Pr(III) is a hard acceptor. L-Aspartic 

acid produces zwitterion at pH 2.98 in an aqueous solution because at this pH, Pr(III) and 

the amino acid's oxygen atom form complex  [23–25]. The oxygen donor of L-aspartic 

acid and the praseodymium ion created a stable complex with a 9-coordination number. 

For the nona-coordinated Pr(III):L-Aspartic acid combination in an aqueous media, 

Figure 4.2. depicts potential chemical reaction routes. 

Five sets of kinetic experiments were analysed at various temperatures (298K, 303K, 

308K, 313K, and 318K) to indicate changes in the value of absorbance over time. The 

kinetic studies were executed by examining the rising variations in absorbance with time 

corresponding to four bands in the complexation of Praseodymium(III) with L-Aspartic 

acid, as illustrated in Figure 4.5. all four bands of the Pr(III): L-Aspartic acid complex are 
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equally sensitive. The rate constants were calculated by plotting oscillator strength over 

time in Figure 4.6. and listing them in Tables 4.4.-4.8.; oscillator strength graphs develop 

linearly with time. The absorbance and oscillator strength of the various absorption 

transition bands can thus be used to explore the Pr (III) and L-Aspartic acid complexation 

reaction pathways. Absorption spectrum analysis can be used to investigate the kinetics 

of Pr (III) complexation with L-Aspartic acid since the strength of 4f- 4f transitions 

increases over time. Table 4.9. shows the measured rates (k) in terms of the complex 

formed during the reaction, as well as plots of oscillator intensity of 3H4→
3P2 transitions 

for Pr(III):L-Aspartic acid complex vs. time. We can see from the table that when the 

temperature rises, the rate constant values of complexation rise as well, which is 

consistent with the Arrhenius equation's theoretical prediction. Additionally, when the 

temperature rises, the values of the Pre-exponential factor (A) rise, increasing the 

probability of molecules collision. The Van't Hoff equation is used to compute the 

activation energy (Ea) and other thermodynamic parameters (ΔGo, ΔHo and ΔSo); figure 

4.7. depicts a plot of 1/T against ln k. The rate of complexation has been conclusively 

proved to increase with increasing temperature, and this is used to compute the activation 

energy Ea of the complexation. Table 4.10. shows that the values of the thermodynamic 

parameters ΔHo and ΔSo are positive, indicating that the complexation reaction is 

endothermic and that entropy is increasing. In addition, because TΔSo > ΔHo, the 

coordinating reaction is entropy-driven. Negative ΔGo values imply that complex 

formation is favoured and spontaneous, as shown in all of Pr(III) and L-Aspartic acid 

complex systems. As a result, we can further justify that as the system approaches higher 

temperatures (increasing ΔSo values), the complexation process between Pr(III) and L-

Aspartic acid takes place at a random pace. The activation energy (Ea) for the 

complexation of Pr(III) with L-Aspartic acid in DMF solvent was found to be 0.02382 

kJ, lower values of Ea substantiate recent information about the reaction’s spontaneity. 

 

4.6. Conclusion 

For Praseodymium(III) complexes, a drop in the Lande factor, Racah energy, and Slater-

Condon parameters points to a reduction in interelectronic repulsion and spin-orbit 

interaction, which in turn causes a reduction in the metal-ligand bond distance. The 

nephelauxetic effect is found to be between 0.944-0.948, showing the validity of the study 

and indicating the possibility of a covalent bond formed between the Pr (III) and L-

Aspartic acid complex. The increased values of the Nephelauxetic ratio, bonding 
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parameters and covalency factor as well as the resulting decrease of effective nuclear 

charge and the interelectronic repulsion parameters signify the formation of complex 

Pr(III):L-Aspartic acid. The appearance of redshift is caused by the intensification of the 

absorption bands that arise from complexation between Pr (III) and L-Aspartic acid. A 

red shift is observed leading to the phenomena of the nephelauxetic effect. The 

nephelauxetic effect causes the metal-ligand bond length to shorten, leading to the 

intensification of the 4f-4f bands, indicating the possibility of ligand binding to the metal 

ion. The ligand, L-Aspartic acid's role in the inner-sphere coordination of Pr (III) may be 

strongly supported by the fluctuations in the estimated values of P and Tλ. With the 

oxygen donor ligands of L-aspartic acid, praseodymium ions form a stable complex, and 

the inner sphere coordination produces a nona-coordination number. The considerable 

variations in 𝑇4 and 𝑇6 readings show that the symmetry has changed. DMF has high 

polarizability and sensitivity, which means it efficiently enhances 4f-4f electric dipole 

intensity and hence could show the possibility of highest covalency for the complexation 

of Praseodymium (III): Ligands among the four solvents followed by the solvents MeCN, 

Dioxane and MeOH. The 4f-4f band intensities of the organic solvents have sensitivity in 

the order: 

DMF>CH3CN>C4H8O2>CH3OH 

It reveals that the changing oscillator strengths of different 4f-4f transitions over time 

could aid in determining the nature of the reaction pathways for the complexation of L-

Aspartic acid with Pr(III) in DMF solvent. The rate of complexation increases with time 

and temperature confirming the Arrhenius prediction of the reaction rate.  The positive 

values of ΔHo and ΔSo indicate that the complexation reaction is endothermic and that 

entropy is increasing. Furthermore, negative ΔGo values indicate a favourable and 

spontaneous complex formation. The rate of the reaction for Pr(III):L-Aspartic acid 

complex increases with temperature and the activation energy are found to be 0.02382 

KJ, the lower values of Ea substantiate information on the reaction’s spontaneity. The 

empirical relation between temperature and reaction rate is provided by the readings of 

the pre-exponential factor (A), which is dependent on the possibility of how often the 

molecules collide. 
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Computation of spectral parameters for the complexation of Pr(III) 

with L-Histidine through 4f-4f transition spectra: Further analysis of its 

kinetic and thermodynamic parameters. 

 

In this chapter the interaction of Pr(III) with L-Histidine has been analysed through 4f-4f 

transition spectra in different solvents. Mode of binding of Pr(III) with L-Histidine is 

interpreted considering the variations in evaluated values of intensity parameters like 

oscillator strength (P) and Judd Ofelt electric dipole intensity parameters ‘Tλ’ (λ=2,4,6). 

Energy interaction parameters like Slater–Condon (Fk's), Lande factor (ξ4f), Racah energy 

(Ek), nephelauxetic effect (β), bonding (b1/2) and percent covalency (δ).  It is further 

studied through kinetics, subsequently activation energy (Ea), pre-exponential factor (A), 

specific rate constant/rate constant (k) and thermodynamic parameters viz, ΔH°, ΔG°, ΔS° 

etc., has been evaluated from which detailed thermodynamical information for the 

complexation of Pr(III) with L-Histidine in DMF solvent can be explored. Solution 

spectral studies through kinetic approach could provide pertinent information about the 

mechanism, reaction pathways, and also about the mode of chemical bond.  
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5.1. Introduction  

The chemistry of the Lanthanides has been playing an emerging role in the different fields 

of modern research. They have achievements in the field of coordination chemistry[1], 

inorganic chemistry[2], application in industries and agriculture[3], medical and 

biological application[4], magnetic resonance imaging agent (M.R.I)[5,6], 

bioimaging[7], lighting devices[8], lasers[9], telecommunications[10] and the application 

of the lanthanides are also remarkably increasing as an excellent diagnostics and 

prognostic probe in biological and clinical aspects[11]. Lanthanides are also found to have 

excellent physical and chemical properties due to its special electronic configuration[12]. 

For the last 20 years, the Lanthanide complexes in the organic solution and aqueous 

solution is attracting much interest as their ground state and excited state have many 

activities[11]. Because of its coordination chemistry and application in MRI as contrast 

agents[13] and ion-selective reagents in analytical chemistry[14], lanthanide (Ln) 

complexes have sparked a lot of interest in thermodynamic[15] and kinetic[16] 

investigations. Lanthanides are mostly ionic salts and are hard acceptors. Lanthanide ions 

form stable complexes with oxygen and nitrogen donor ligands and form 9 or 8 

coordination[17,18]. 

Alpha-amino acid such as histidine has one carboxylic group and holds dibasic properties. 

If the “R” group of alpha-amino acid is replaced by the imidazole, we obtain histidine. 

The basicity of histidine comes from the imidazole group. Histidine carries four different 

groups and that can contribute as bonding sites during complexation with the metal ion. 

These groups with bonding sites include the prime carboxyl and amino groups within the 

alpha amino acid. However, the two others are contributed by the imidazole compound 

such as secondary and tertiary nitrogen atoms[19,20]. Because the structure of amino 

acids prevents all of their possible binding sites from being coordinated to the same metal 

ion at the same time, their coordination chemistry is characterised by protonated and 

polynuclear complexes. Amino acid coordination chemistry particularly L-Histidine is 

extremely significant, and it's a model system of considerable interest[21]. In this present 

study, L-Histidine an essential amino acid is used as a ligand to study the mode of binding 

with Pr(III) in their complexation and also to understand the possible structure, 

conformation and coordination number of the complex formed. Another reason is to 

understand the thermodynamic properties of the complexation process of Pr(III) with L-

Histidine. 

https://www.sciencedirect.com/journal/chemical-physics-impact
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Chemical kinetics is one of the oldest fields of physical chemistry, with its focus on 

understanding processes and giving exact rate constants to distinct mechanistic stages. 

The 4f-4f transition spectrum variations in lanthanides have been employed only 

infrequently for mechanistic and kinetic studies. Our research might be one of the few to 

look at the kinetics of lanthanide complexation with amino acid ligand. Using 

comparative and absorption difference spectroscopy, we investigated the energy 

interaction and intensity parameters were computed theoretically to study the mode of 

binding between Pr (III) and L-Histidine. The variation in the spectral parameters could 

provide information on the degree of outer and inner sphere coordination, the level of 

metal 4f-4f orbital involvement in the complexation, defining the immediate coordination 

environment around the metal Pr(III), and the coordination number of the complex 

formed. The kinetic study of the interaction for Pr (III) with L-Histidine are investigated 

at various temperatures in aqueous DMF medium, exploiting the sensitivities of 4f-4f 

transitions of Pr(III) to minor coordination changes. We calculated the rate of reactions 

by monitoring the variations in the absorbance and intensity of pseudohypersensitive 

transitions 3H4 → 3P2 of Praseodymium (III): L-Histidine complex. The activation energy 

(Ea) for the interaction of Pr (III) with L-Histidine has been examined using the Arrhenius 

equation. The thermodynamic parameters ΔH0, ΔS0 and ΔG0 as well as the pre-

exponential factor (A), for Pr (III): L-Histidine complex, were calculated using Van't 

Hoff's plot of log k Vs. 1/T x 103.  

 

5.2. Materials and Methods 

Praseodymium (III) chloride hydrate of 99.9% purity, purchased from Sigma Aldrich L-

Histidine from HIMEDIA are used for spectral and kinetic studies. DMF, ACN, Dioxane 

and MeOH of A/R grade from E. Merck were used as solvents. The concentrations of 

Pr(III): L-Histidine complex was kept at 0.01 M.  The four different organic solvents 

(DMF, ACN, Dioxane & MeOH) used were made to pH to 7.6.  The spectra from 400 to 

700 nm were recorded using a Perkin Elmer Lambda 365 UV-Vis spectrophotometer. For 

kinetic experiments, equimolar quantities of Pr(III):L-Histidine complex were added to 

aqueous DMF solvent and the resulting mixture was agitated in an inert atmosphere 

generated to form the complex in solution.  On a temperature-controlled Perkin Elmer 

Lambda-35 UV-Visible Spectrophotometer with attached kinetic assembly in the range 

298K (250C), 303K (300C), 308K (350C), 313K (400C), and 318K (450C), a water flowing 

HAAKE DC 10 thermostat is used to maintain the desired temperature. 

https://www.sciencedirect.com/journal/chemical-physics-impact
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Metal Complexes of L-Histidine with Praseodymium Ion 

As “class A” or “hard” acceptors, Praseodymium (III) prefers “class A” or “hard” donor 

ligands (in the order O > N > S and F > Cl). Coordination numbers typically range from 

6 - 12, and the physiologically significant are 8 and 9. The complexes can exhibit a variety 

of geometrical shapes due to its variations in coordination numbers [20]. When ligands 

are brought to their isoelectronic state in solution, they exist in their neutral form [21] as 

shown in figure 5.1. 

 

Figure 5.1. Chemical representation of L-Histidine in its isoelectronic point pH 7.6 

(zwitter ion form). 

 

The pH values affect ligand-metal bonding; for example, when the pH value is less, the 

metal ion bonds with only the oxygen atom, however when the pH value is high, the metal 

bonds with both oxygen and nitrogen atoms of the ligand [22-25]. Since the isoelectronic 

point of L-Histidine is pH 7.6, the Pr(III) binds to the oxygen and nitrogen atoms of L-

Histidine as illustrated in figure 5.2. 

 

Figure 5.2. The Possible chemical reaction for Praseodymium(III): L-Histidine complex  

in solution. 

 

https://www.sciencedirect.com/journal/chemical-physics-impact
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5.3. Theoretical  

5.3.1. Energy interaction parameters 

The covalency is determined by the Nephelauxetic ratio, and that is the ratio of the free 

ion and complex stated in terms of Racah parameters and Slater–Condon. 

β = 
𝐹𝐾

𝐶

𝐹𝐾
𝑓 or 

𝐸𝐶
𝐾

𝐸𝑓
𝐾 

Covalent percentage and bonding parameter are calculated using the equations given 

below; 

b1/2 = [
1−β

2
]

1/2

 

     𝛿 = [
1−β

β
] × 100    

The Electrostatic term E0 was stated as, using the findings of Slater's radial integral, 

known as the Slater-Condon parameter. 

𝐸0 =  ∑ 𝐾𝑘𝐹𝑘

𝑘=6

𝑘=0

 

The angular coefficient is denoted by 𝐾𝑘. 

The direct-integrals, or Slater-Condon parameters (Fk), are a decreasing function of K 

with a relationship given as 

𝐹1
𝑘 =  ∫ ∫

𝑟<
𝑘

𝑟>
𝑘=1 𝑅𝑖

2(𝑟𝑖)𝑅𝑗
2(𝑟𝑗)𝑟𝑖

2𝑟𝑗
2𝑑𝑟𝑖𝑑𝑟𝑗

∞

0

∞

0

 

The close and distant electron radii are ‘𝑟< & 𝑟>’, the 4f-radial wave function is ‘R’, and 

the ith & jth electrons are ‘i & j’. Shortley and Condon reformulated the Slater-Condon 

parameter (Fk) integrals in terms of reduced integrals (Fk). 

𝐹𝑘 =  
𝐹𝑘

𝐷𝑘
 

The reduced Slater-Condon integral is provided by an equation that combines the 

preceding two relations, 

𝐹𝑘 =  
1

𝐷𝑘
∫ ∫

𝑟<
𝑘

𝑟>
𝑘=1 𝑅𝑖

2(𝑟𝑖)𝑅𝑗
2(𝑟𝑗)𝑟𝑖

2𝑟𝑗
2𝑑𝑟𝑖𝑑𝑟𝑗

∞

0

∞

0

 

The linear combinations of 𝐹𝑘 are given as the energy interaction parameter Racah 𝐸𝑘𝑖, 

𝐸1 =  
70𝐹2 +  231𝐹4 +  20.02𝐹6

9
 

𝐸2 =  
𝐹2 − 3𝐹4 + 7𝐹6

9
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𝐸3 =
5𝐹2 + 6𝐹4 − 9𝐹6

3
 

The energy (Eso) is known to come from a significant magnetic contact, but the spin orbit 

interactions may be written as, 

Eso= Aso ξ4f 

where the radial integral is ‘ξ4f’ and the angular component of spin orbit interaction is 

‘Aso’. By first order approximation, the energy Ej of the jth level is represented as, 

Ej(Fk, ξ4f) = Eoj(𝐹𝑘
0, ξ4f) + 

𝜕𝐸𝑗

𝜕𝐹𝑘
∆𝐹𝐾 + 

𝜕𝐸𝑗

𝜕ξ4f
∆ ξ4f 

where ‘E0j’ is the energy of zero-order in jth level. The equations for FK and ξ4f are given 

below: 

𝐹𝑘 = 𝐹𝑘
0 + ∆𝐹𝑘 

𝜉4𝑓 = 𝜉4𝑓
0 + ∆𝜉4𝑓 

The difference between the value of zero order ∆Ej and the observed value of Ej is 

calculated as follows: 

                                           ∆𝐸𝑗  = ∑
𝜕𝐸𝑗

𝜕𝐹𝐾
𝑘   2,4,6 + 

𝜕𝐸𝑗

𝜕ξ4f
∆ξ4𝑓 

The following equation can be solved using the least square approach to determine the 

values of ∆𝐹2 & ∆ξ4𝑓. The following is the formula for determining the estimated values 

of 𝐹4 and 𝐹6, 

                                               
𝐹4

𝐹2
= 0.1380 𝑎𝑛𝑑

𝐹6

𝐹2
= 0.0150 

 

5.3.2. Intensity Parameters 

A theoretical approach for determining band intensities was developed by Judd [26] and 

Ofelt [27]. They hypothesised that the transitions are fundamentally electric dipole 

transitions, and that the oscillator strength corresponding to the induced electric dipole 

transition ΨJ → Ψ/J/ as given by 

                                     ∑ 𝑇𝜆𝜎(𝑓𝑁
𝜆=2,4,6 𝜓 𝐽‖ 𝑈λλ ‖ 𝑓𝑁ψ' J')2…………………. (1) 

The rank matrix element is denoted by U(λ). The three values T2, T4, and T6 are associated 

to the radial components of the 4fN wave functions, the closest of which is 4fN-15d.  

The following equation links measured absorption spectrum intensities to the probability 

(P) of radiant energy absorption (oscillator strength):                               

                               P = 
2303𝑚𝑐2

𝑁𝜋𝑒2 ∫ 𝜀𝑖 (σ)dσ  

                               P = 4.318 x 10-9 ∫ 𝜀𝑖 (σ)dσ ……………………………….……. (2) 

https://www.sciencedirect.com/journal/chemical-physics-impact
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The experimentally measured oscillator strength (Pobs), which is directly proportional to 

the area under the absorption curve and computed using Gaussian curve analysis, 

determines the intensity of the absorption band:  

                               P = 4.60 x 10-9 x εmax x 𝛥𝑣1

2

 …………………………………… (3) 

The molar extinction coefficient is given by εmax.  

The observed oscillator strength (Pobs) of the transition energies was represented using 

the T2, T4 and T6 parameters supplied by Judd and Ofelt, which can be calculated using 

the equation below. 

                             
𝑃𝑜𝑏𝑠

𝑣
 = [(U2)]2T2 + [(U4)]2T4 + [(U

6)]2T6 ………………………. (4)  

Carnall[23] gave the matrix elements of Pr(III) system as U(λ). 

 

5.3.3. Rate of the reactions 

On the basis of the concept of the activation energy. Arrhenius described the temperature 

dependence of the rate constant (k) by the equation, 

                                             k = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  …………………… (5) 

This equation is known as Arrhenius rate equation. 

Where, A is called frequency factor. The factor exp (-Ea/RT) is a measure of the 

probability for the occurrence of a molecule in the activated state. 

The activation energy for Praseodymium (III):L-Histidine complex in DMF solvent is 

determined from the plot of log k ( k = rate constant) against 1/T by using Arrhenius rate 

equation[24,25] 

The above equation (5) can be written as 

lnk = lnA − 
𝐸𝑎

𝑅𝑇
 

                             or, 2.303logk = 2.303logA− 
𝐸𝑎

𝑅𝑇
 

 

                                      or, logk = logA − 
𝐸𝑎

2.303𝑅𝑇 
    …………... (6) 

where A is the pre-exponential factor or frequency factor.  

Thus, a plot of log k against 1/T should give a straight line with negative slope, in 

which 

                       Slope = 
Ea

2.303𝑅
  and Intercept = logA 

From the slope the activation energy Ea is calculated as 
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                             Ea = −Slope ×2.303 ×R ………………………………….…... (7) 

Where R is the universal gas constant. 

The Van’t Hoff plot of log k against 1/T× 103 were used for determining the 

thermodynamic parameters of the complexation and is given as: 

                         𝑙og𝑘 = − 
ΔH°

 R 
[

1

T 
] +

ΔS°

R
……………………………………….…. (8)                

                     or 𝑙og𝑘 = −
𝛥𝐺°

𝑅𝑇
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5.4. Figures and Tables 

 

Figure 5.3. The absorption spectra for Praseodymium(III) and Praseodymium(III):L-

Histidine complex in aqueous solution. 

 

 

Figure 5.4. The absorption spectra for Praseodymium(III):L-Histdine complex in 

aqueous solution. 
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Table 5.1. Comparison of energy interaction values- Slater–Condon (Fk), Lande (ξ4f), 

Racah energy (EK), Nephelauxetic ratio (β), bonding (b1/2), and covalency (δ) factors of 

Pr(III) and Pr(III):L-Histdine complex in aqueous solution. 

 

 

 

 

 

 

 

 

 

 

 

Systems 

 

 

F2 

 

F4 

 

F6 

 

 ξ4f  

 

E1 

 

E2 

 

E3 

 

β 

 

b1/2 

 

δ 

 

ACETONITRILE 

 

Pr(III) 

 

 

308.471 

 

43.721 

 

5.757 

 

723.62 

 

3515.12 

 

24.782 

 

588.22 

 

0.947 

 

0.1626 

 

5.589 

 

Pr(III)+L-Histidine 

 

 

308.289 

 

43.697 

 

5.670 

 

723.47 

 

3514.09 

 

24.765 

 

587.86 

 

0.949 

 

0.1629 

 

5.605 

 

DIMETHYLFORMAMIDE 

 

Pr(III) 

 

 

308.035 

 

43.655 

 

5.669 

 

721.27 

 

3509.62 

 

24.748 

 

587.38 

 

0.945 

 

0.165 

 

5.754 

 

Pr(III)+ L-Histidine 

 

 

308.000 

 

43.630 

 

5.659 

 

720.99 

 

3509.49 

 

24.743 

 

587.32 

 

0.947 

 

0.167 

 

5.819 

 

1,4-DIOXANE 

 

Pr(III) 

 

 

308.275 

 

43.724 

 

5.677 

 

723.29 

 

3512.75 

 

24.792 

 

588.28 

 

0.947 

 

0.163 

 

5.607 

 

 

Pr(III)+ L-Histidine 

 

 

308.144 

 

 

43.716 

 

5.670 

 

722.74 

 

3512.62 

 

24.770 

 

588.15 

 

0.948 

 

0.165 

 

5.631 

 

METHANOL 

 

Pr(III) 

 

 

308.305 

 

43.698 

 

5.678 

 

722.52 

 

3512.85 

 

24.768 

 

587.92 

 

0.944 

 

0.162 

 

 

5.577 

 

 

Pr(III)+ L-Histidine 

 

 

308.263 

 

43.694 

 

5.669 

 

722.30 

 

3511.79 

 

24.763 

 

587.86 

 

0.947 

 

0.164 

 

5.675 
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Table 5.2. Comparison of energies (cm−1) values as well as RMS values for Pr(III) and 

Pr(III):L-Histidine complex in aqueous solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Systems 

 

3H4 →
3P2 

 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

 

RMS 

Eobs Ecal Eobs Ecal Eobs Ecal Eobs Ecal 

 

ACETONITRILE 

 

Pr(III) 

 

 

22525.06 

 

22469.51 

 

21351.10 

 

21258.39 

 

20741.72 

 

20694.87 

 

16975.33 

 

17146.05 

 

103.56 

 

Pr(III)+  L-Histidine 

 

 

22524.06 

 

22471.64 

 

21349.73 

 

21258.39 

 

20741.17 

 

20694.39 

 

16974.33 

 

17146.05 

 

103.56 

 

DIMETHYLFORMAMIDE 

 

Pr(III) 

 

 

22493.65 

 

22441.63 

 

21293.45 

 

21231.80 

 

20742.15 

 

20674.09 

 

16920.87 

 

17122.77 

 

103.84 

 

Pr(III)+  L-Histidine 

 

 

22493.14 

 

22441.80 

 

21292.91 

 

21222.58 

 

20741.29 

 

20666.83 

 

16919.61 

 

17121.43 

 

117.09 

 

1,4-DIOXANE 

 

Pr(III) 

 

 

22525.06 

 

22470.04 

 

21351.10 

 

21258.39 

 

20741.72 

 

20694.04 

 

16975.33 

 

17146.15 

 

103.56 

 

Pr(III)+  L-Histidine 

 

 

22524.55 

 

22470.86 

 

21350.19 

 

21257.57 

 

20740.86 

 

20694.54 

 

16974.76 

 

17146.81 

 

103.58 

 

METHANOL 

 

Pr(III) 

 

 

22525.16 

 

22470.32 

 

21351.10 

 

21258.39 

 

20741.72 

 

20694.07 

 

16975.33 

 

17146.05 

 

103.56 

 

Pr(III)+  L-Histidine 

 

 

22524.04 

 

22470.64 

 

21349.73 

 

21258.79 

 

20740.32 

 

20694.87 

 

16974.05 

 

17146.69 

 

103.56 

 

https://www.sciencedirect.com/journal/chemical-physics-impact
https://www.sciencedirect.com/journal/chemical-physics-impact/vol/5/suppl/C


Chapter - 5 

 

135 
 

*The text of this chapter has been published as:  

1Juliana Sanchu, Zevivonü Thakro, Chubazenba Imsong and M.I. Devi, “Computation of spectral parameters for the 

complexation of Pr(III) with L-Histidine through 4f-4f transition spectra: Further analysis of its kinetic and thermodynamic 

parameters”, Chemical Physics Impact, Volume 5 100127 (2022). 

 

Table 5.3. Comparison of Oscillator strengths and Judd–Ofelt parameters for Pr(III) and 

Pr(III):L-Histidine complex in aqueous solution. 

 

 

 

 

 

 

 

 

Systems 

 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 → 1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

ACETONITRILE 

 

Pr(III) 

 

 

17.386 

 

17.386 

 

5.559 

 

4.371 

 

3.131 

 

4.299 

 

3.281 

 

3.281 

 

-411.8 

 

11.99 

 

53.83 

 

Pr(III)+ L-Histidine 

 

 

22.694 

 

22.694 

 

5.952 

 

4.702 

 

3.765 

 

4.625 

 

3.943 

 

3.943 

 

-725.7 

 

12.90 

 

71.08 

 

DIMETHYLFORMAMIDE 

 

Pr(III) 

 

 

18.671 

 

18.671 

 

5.797 

 

4.263 

 

2.685 

 

4.193 

 

3.898 

 

3.898 

 

-524.4 

 

11.70 

 

58.12 

 

Pr(III)+ L-Histidine 

 

 

21.167 

 

21.167 

 

6.118 

 

4.554 

 

2.940 

 

4.479 

 

4.094 

 

4.094 

 

-675.2 

 

12.49 

 

66.10 

 

1,4- DIOXANE 

 

Pr(III) 

 

 

16.855 

 

16.855 

 

5.506 

 

3.697 

 

2.871 

 

4.343 

 

3.025 

 

3.025 

 

-356.4 

 

12.12 

 

52.06 

 

Pr(III)+ L-Histidine 

 

 

20.787 

 

20.787 

 

6.535 

 

5.023 

 

3.886 

 

4.952 

 

4.053 

 

4.053 

 

-476.1 

 

13.82 

 

64.50 

 

METHANOL 

 

Pr(III) 

 

 

16.613 

 

16.613 

 

5.551 

 

4.405 

 

1.859 

 

3.639 

 

2.238 

 

2.238 

 

-368.6 

 

10.15 

 

51.80 

 

Pr(III)+ L-Histidine 

 

 

20.384 

 

20.384 

 

6.104 

 

4.616 

 

2.673 

 

4.538 

 

3.212 

 

3.212 

 

-458.5 

 

12.66 

 

63.47 
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Figure 5.5. Absorption spectra for the complexation of Pr(III):L-Histidine  at  298°K, 

303°K, 308°K, 313°K and 318°K  in aqueous DMF solvent. 
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Table 5.4. Observed and calculated oscillator strengths and Judd-Ofelt intensity 

parameters for the complexation of Pr(III):L-Histidine at 298K (25OC) in various time 

intervals(hr). 

 

 

Time 

(in 

hour) 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

T2 

 

T4 

 

T6 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

0 6.252 6.252 3.095 2.286 

 

1.465 2.221 

 

2.832 2.832 235.11 

 

6.281 

 

18.742 

 

2 6.463 6.463 3.107 2.295 

 

1.481 2.229 

 

2.897 2.897 

 

240.05 6.340 

 

18.929 

 

4 6.601 6.601 

 

3.119 2.297 

 

1.498 2.285 

 

2.971 2.971 

 

249.33 

 

6.407 

 

19.015 

 

6 6.643 6.643 3.224 2.304 1.502 2.329 

 

3.023 3.023 

 

255.81 

 

6.483 

 

19.449 

 

8 6.673 6.673 

 

3.257 2.321 

 

1.515 2.374 

 

3.035 3.035 

 

261.45 

 

6.511 

 

19.519 

 

10 6.716 6.716 3.294 2.352 

 

1.520 2.379 

 

3.041 3.041 

 

263.09 

 

6.254 

 

19.914 

 

12 6.843 

 

6.843 

 

3.346 2.398 

 

1.535 2.385 

 

3.049 3.049 

 

269.75 

 

6.582 

 

19.619 

 

14 6.925 

 

6.925 3.381 2.432 

 

1.547 2.389 

 

3.057 3.057 

 

274.48 

 

6.634 

 

19.721 

 

16 6.993 

 

6.993 

 

3.425 2.467 

 

1.562 2.394 

 

3.068 3.068 

 

281.64 

 

6.709 

 

19.832 

 

18 7.008 

 

7.008 

 

3.469 2.490 

 

1.573 2.399 

 

3.073 3.073 

 

289.71 

 

6.764 

 

19.921 

 

20 7.021 

 

7.021 

 

3.501 2.540 

 

1.581 2.407 

 

3.081 3.081 

 

294.55 

 

6.823 

 

20.014 

 

22 7.042 

 

7.042 

 

3.575 2.591 

 

1.593 2.419 

 

3.098 3.098 

 

301.98 

 

6.885 

 

20.127 

 

24 7.059 

 

7.059 3.653 2.671 

 

1.641 2.426 3.112 3.112 

 

307.29 

 

6.971 

 

20.249 

 

26 7.072 

 

7.072 

 

3.712 2.736 

 

1.764 2.439 

 

3.125 3.125 

 

315.09 

 

7.059 

 

20.462 

 

28 

 

7.095 

 

7.095 3.732 2.782 1.827 2.447 3.139 3.139 324.83 

 

7.149 21.164 

30 7.125 

 

7.125 

 

3.751 2.864 

 

1.896 2.458 

 

3.151 3.151 

 

333.77 

 

7.221 22.763 

 

32 7.209 

 

7.209 

 

3.774 2.913 

 

1.948 2.470 

 

3.169 3.169 343.95 

 

7.289 

 

21.891 

 

34 7.396 

 

7.396 3.790 2.997 

 

1.991 2.484 

 

3.182 3.182 355.61 

 

7.373 

 

22.992 
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Table 5.5. Observed and calculated oscillator strengths and Judd-Ofelt intensity 

parameters for the complexation of Pr(III):L-Histidine at 303K (30OC) in various time 

intervals (hr). 

 

 

Time 

(in 

hour) 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

T2 

 

T4 

 

T6 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

0 6.231 6.231 3.091 2.286 

 

1.457 2.251 

 

2.870 2.870 234.51 

 

6.274 

 

18.738 

 

2 6.320 6.320 

 

3.123 2.321 

 

1.471 2.280 

 

2.911 2.911 

 

239.05 6.320 

 

18.932 

 

4 6.398 6.398 

 

3.157 2.347 

 

1.490 2.305 

 

3.012 3.012 

 

247.43 

 

6.397 

 

19.012 

 

6 6.471 6.471 3.191 2.360 

 

1.506 2.324 

 

3.022 3.022 252.80 

 

6.478 

 

19.469 

 

8 6.520 6.520 

 

3.206 2.412 

 

1.519 2.351 

 

3.052 3.052 258.45 

 

6.521 

 

19.501 

 

10 6.590 6.590 3.091 2.286 

 

1.458 2.251 2.870 2.870 

 

210.96 

 

6.274 

 

19.916 

 

12 6.648 

 

6.648 

 

3.231 2.308 

 

1.461 2.275 

 

3.072 3.072 

 

263.09 

 

6.591 

 

19.603 

 

14 6.703 

 

6.703 3.268 2.321 

 

1.472 2.295 3.107 3.107 

 

269.75 

 

6.643 

 

19.711 

 

16 6.775 

 

6.775 

 

3.291 2.359 

 

1.486 2.311 

 

3.148 3.148 

 

274.48 

 

6.701 

 

19.823 

 

18 6.831 

 

6.831 

 

3.301 2.371 

 

1.498 2.338 

 

3.185 3.185 

 

281.64 

 

6.756 

 

19.906 

 

20 6.892 

 

6.892 

 

3.326 2.395 

 

1.507 2.346 

 

3.221 3.221 

 

289.71 

 

6.812 

 

20.008 

 

22 6.951 

 

6.951 

 

3.349 2.419 

 

1.528 2.359 

 

3.276 3.276 

 

294.55 

 

6.893 

 

20.119 

 

24 7.012 

 

7.012 3.364 2.441 

 

1.547 2.376 3.317 3.317 

 

301.98 

 

6.962 

 

20.239 

 

26 7.094 

 

7.094 

 

3.376 2.462 

 

1.561 2.395 

 

3.376 3.376 

 

307.29 

 

7.048 

 

20.452 

 

28 

 

7.172 

 

7.172 3.413 2.518 1.618 2.481 3.491 3.491 315.09 

 

7.132 21.042 

30 7.217 

 

7.217 

 

3.450 2.560 

 

1.651 2.598 

 

3.589 3.589 

 

324.83 

 

7.219 22.865 

 

32 7.309 

 

7.309 

 

3.589 2.658 

 

1.701 2.617 

 

3.626 3.626 333.77 

 

7.296 

 

21.998 

 

34 7.669 

 

7.669 3.789 2.807 

 

1.798 2.764 

 

3.777 3.777 343.95 

 

7.706 

 

23.067 
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Table 5.6. Observed and calculated oscillator strengths and Judd-Ofelt intensity 

parameters for the complexation of Pr(III):L-Histidine at 308K (35OC) in various time 

intervals (hr). 

 

 

Time 

(in 

hour) 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

T2 

 

T4 

 

T6 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

0 6.109 6.109 3.011 2.227 

 

1.431 2.225 

 

2.875 2.875 237.11 

 

6.281 

 

18.741 

 

2 6.225 6.225 

 

3.053 2.278 

 

1.476 2.269 

 

2.981 2.981 

 

236.03 6.342 

 

18.952 

 

4 6.398 6.398 

 

3.097 2.309 

 

1.509 2.295 

 

3.009 3.009 

 

245.43 

 

6.383 

 

19.022 

 

6 6.471 6.471 3.139 2.356 

 

1.555 2.332 

 

3.018 3.018 257.81 

 

6.456 

 

19.465 

 

8 6.590 6.590 

 

3.175 2.399 

 

1.598 2.372 

 

3.027 3.027 259.52 

 

6.513 

 

19.572 

 

10 6.673 6.673 3.091 2.286 

 

1.637 2.399 3.039 3.039 

 

265.09 

 

6.554 

 

19.696 

 

12 6.783 

 

6.783 

 

3.141 2.315 

 

1.672 2.438 

 

3.046 3.046 

 

269.55 

 

6.592 

 

19.713 

 

14 6.891 

 

6.891 3.198 2.327 

 

1.698 2.475 3.057 3.057 

 

272.34 

 

6.641 

 

19.861 

 

16 6.995 

 

6.995 

 

3.239 2.355 

 

1.738 2.499 

 

3.066 3.066 

 

275.81 

 

6.702 

 

19.893 

 

18 7.113 

 

7.113 

 

3.273 2.377 

 

1.773 2.539 

 

3.078 3.078 

 

282.45 

 

6.762 

 

19.926 

 

20 7.231 

 

7.231 

 

3.316 2.399 

 

1.798 2.572 

 

3.089 3.089 

 

288.13 

 

6.814 

 

20.105 

 

22 7.347 

 

7.347 3.345 2.427 

 

1.825 2.602 

 

3.094 3.094 

 

295.55 

 

6.884 

 

20.118 

 

24 7.429 

 

7.429 3.369 2.448 

 

1.876 2.654 3.134 3.134 

 

302.09 

 

6.952 

 

20.261 

 

26 7.555 

 

7.555 

 

3.385 2.482 

 

1.909 2.697 

 

3.194 3.194 

 

308.29 

 

7.062 

 

20.622 

 

28 

 

7.672 

 

7.672 3.419 2.511 1.943 2.734 3.255 3.255 316.32 

 

7.144 21.132 

30 7.723 

 

7.723 

 

3.456 2.569 

 

1.993 2.991 

 

3.309 3.309 

 

323.76 

 

7.229 22.234 

 

32 7.817 

 

7.817 

 

3.498 2.608 

 

2.021 3.019 

 

3.387 3.387 335.47 

 

7.353 

 

21.398 

 

34 7.906 

 

7.906 3.549 2.667 

 

2.076 3.065 

 

3.423 3.423 341.61 

 

7.551 

 

23.461 
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Table 5.7. Observed and calculated oscillator strengths and Judd-Ofelt intensity 

parameters for the complexation of Pr(III):L-Histidine at 313K (40OC) in various time 

intervals(hr). 

 

 

Time 

(in 

hour) 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

T2 

 

T4 

 

T6 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

0 6.115 6.115 3.039 2.165 

 

1.465 2.239 

 

2.889 2.889 239.41 

 

6.291 

 

18.789 

 

2 6.245 6.245 

 

3.087 2.254 

 

1.486 2.272 

 

2.987 2.987 

 

246.05 6.362 

 

18.977 

 

4 6.398 6.398 

 

3.145 2.343 

 

1.512 2.299 

 

3.035 3.035 

 

249.32 

 

6.395 

 

19.053 

 

6 6.485 6.485 3.193 2.446 

 

1.543 2.338 

 

3.087 3.087 256.83 

 

6.476 

 

19.471 

 

8 6.592 6.592 

 

3.235 2.543 

 

1.587 2.377 

 

3.137 3.137 259.21 

 

6.553 

 

19.584 

 

10 6.667 6.667 3.280 2.672 

 

1.617 2.393 3.185 3.185 

 

264.19 

 

6.578 

 

19.698 

 

12 6.754 

 

6.754 

 

3.312 2.753 

 

1.645 2.445 

 

3.246 3.246 

 

268.54 

 

6.592 

 

19.778 

 

14 6.885 

 

6.885 3.356 2.811 

 

1.689 2.482 3.326 3.326 

 

273.46 

 

6.651 

 

19.891 

 

16 6.976 

 

6.976 

 

3.389 2.856 

 

1.718 2.531 

 

3.387 3.387 

 

277.15 

 

6.742 

 

19.978 

 

18 7.109 

 

7.109 

 

3.439 2.898 

 

1.753 2.576 

 

3.413 3.413 

 

283.53 

 

6.798 

 

20.145 

 

20 7.335 

 

7.335 3.555 2.949 

 

1.789 2.602 

 

3.489 3.489 

 

289.12 

 

6.843 

 

20.342 

 

22 7.559 

 

7.559 

 

3.661 2.993 

 

1.829 2.765 

 

3.523 3.523 

 

298.57 

 

6.895 

 

20.521 

 

24 7.746 

 

7.746 3.732 3.117 

 

1.865 2.801 3.591 3591 

 

308.92 

 

6.972 

 

20.731 

 

26 7.906 

 

7.906 3.845 3.245 

 

1.929 2.897 

 

3.653 3.653 

 

312.25 

 

7.088 

 

20.967 

 

28 

 

8.113 8.113 3.913 3.297 1.943 2.953 3.761 3.761 319.23 

 

7.178 21.132 

30 8.326 8.326 

 

3.996 3.321 

 

1.993 2.997 

 

3.837 3.837 

 

326.65 

 

7.267 22.376 

 

32 8.509 8.509 4.124 3.386 

 

2.021 3.076 

 

3.949 3.949 334.72 

 

7.384 

 

21.584 

 

34 8.711 8.711 4.372 3.427 

 

2.076 3.165 

 

4.084 4.084 344.63 

 

7.491 

 

23.789 
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Table 5.8. Observed and calculated oscillator strengths and Judd-Ofelt intensity 

parameters for the complexation of Pr(III):L-Histidine at 318K (45OC) in various time 

intervals(hr). 

 

 

Time 

(in 

hour) 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

T2 

 

T4 

 

T6 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

0 6.198 6.198 3.045 2.187 

 

1.489 2.281 

 

2.891 2.891 241.11 

 

6.295 

 

18.793 

 

2 6.289 6.289 

 

3.098 2.263 

 

1.532 2.325 

 

2.965 2.965 

 

250.53 6.372 

 

18.925 

 

4 6.377 6.377 

 

3.167 2.367 

 

1.591 2.397 

 

3.043 3.043 

 

259.12 

 

6.390 

 

19.065 

 

6 6.463 6.463 3.243 2.454 

 

1.615 2.423 

 

3.095 3.095 260.67 

 

6.469 

 

19.327 

 

8 6.575 6.575 

 

3.319 2.583 

 

1.652 2.496 

 

3.137 3.137 263.15 

 

6.545 

 

19.572 

 

10 6.766 6.766 3.457 2.648 

 

1.697 2.523 3.243 3.243 

 

264.57 

 

6.571 

 

19.692 

 

12 6.981 

 

6.981 

 

3.534 2.761 

 

1.704 2.585 

 

3.355 3.355 

 

267.68 

 

6.598 

 

19.783 

 

14 7.107 

 

7.107 

 

3.654 2.843 

 

1.749 2.618 3.465 3.465 

 

273.86 

 

6.671 

 

19.876 

 

16 7.331 

 

7.331 

 

3.713 2.918 

 

1.794 2.683 

 

3.527 3.527 

 

277.67 

 

6.756 

 

19.982 

 

18 7.563 

 

7.563 

 

3.821 3.014 

 

1.851 2.757 

 

3.631 3.631 

 

282.39 

 

6.792 

 

20.151 

 

20 7.755 

 

7.755 3.943 3.145 

 

1.895 2.843 

 

3.745 3.745 

 

288.62 

 

6.847 

 

20.345 

 

22 7.902 

 

7.902 4.027 3.265 

 

1.939 2.916 

 

3.835 3.835 

 

295.07 

 

6.875 

 

20.537 

 

24 8.125 8.125 4.132 3.372 

 

1.975 2.976 3.946 3.946 

 

307.82 

 

6.792 

 

20.727 

 

26 8.349 8.349 

 

4.243 3.441 

 

2.009 3.004 

 

4.045 4.045 

 

312.51 

 

7.058 

 

20.945 

 

28 

 

8.523 8.523 4.321 3.513 2.066 3.162 4.134 4.134 319.31 

 

7.183 21.165 

30 8.735 8.735 4.451 3.635 

 

2.123 3.225 

 

4.253 4.253 

 

329.59 

 

7.273 22.398 

 

32 8.947 8.947 4.580 3.717 

 

2.186 3.361 

 

4.346 4.346 336.92 

 

7.395 

 

22.569 

 

34 9.156 9.156 4.628 3.867 

 

2.245 3.448 

 

4.484 4.484 345.27 

 

7.461 

 

23.761 
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Figure 5.6. Plot of oscillator strength Vs time (in hrs) for 3H4 →
3P2

 transition for 

Pr(III):L-Histidine complex in aqueous DMF solvent at five different temperatures (i.e., 

298°K, 303°K, 308°K, 313°K and 318°K). 
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Table 5.9. Rate constant k (Mol L-1 s-1) and activation energy, Ea values for the 

complexation of Pr(III):L-Histidine at various temperatures.  

 

Figure 5.7. Plot of Log k versus 1/T × 103 for Pr (III): L-Histidine complex in aqueous 

DMF solvent at different temperatures.  

 

Table 5.10. Thermodynamic parameters for Pr(III):L-Histidine complex at different 

temperatures and activation energy for the complexation reaction. 

 

Temperature (K) 

 

Rate Constant (k) Mol L-

1s-1 

 

∆H (kJ mol-

1) 

 

∆G (kJ mol-1) 

 

∆S (J K-1) 

 

Activation Energy 

‘Ea’ (kJ mol-1) 

 

298 

 

7.275 

 

 

 

 

0.05108 

 

-4.91747 

 

16.67 

 

 

 

 

0.05108 

 

303 

 

9.797 

 

-5.74989 

 

19.15 

 

308 

 

14.669 

 

-6.87863 

 

22.50 

 

313 

 

20.850 

 

-7.90550 

 

25.42 

 

318 

 

25.156 

 

-8.52821 

 

26.98 

 

 

Temp(K) 

 
 

 

 

 

1/T x 103 

 

Rate Constant (k) 

Mol L-1hr-1 

 

 

Rate Constant 

(k) Mol L-1s-1 

 

Log k 

 

 

 

 

Pre-exponential factor 

‘A’ Mol L-1s-1 

 

 

Activation Energy 

‘Ea’ (kJ mol-1) 

298 3.3557 0.02619 7.275 0.86183 
7.42658  

 

0.05108 
303 3.3003 0.03527 9.797 0.99109 9.99776 

308 3.2468 0.05281 14.669 1.16640 14.96455 

313 3.1949 0.07506 20.850 1.31911 21.26336 

318 3.1447 0.09056 25.156 1.40064 
25.64662 
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5.5. Results and Discussion 

The spectroscopic features of the trivalent lanthanide ions are unusual; because the 4f 

subshell is adequately insulated by closed 5s and 5p subshells, the ligand environment 

has only a little impact on the lanthanide ion's electronic cloud. This disturbance is 

responsible for the spectral fine structure, notwithstanding its weakness. The band’s line 

width is modest, and the peak location shows the electrical structure of the 4fn 

configuration. Judd–Ofelt theory has been used to analyse the absorption spectra of rare 

earth ions[26,27]; Lanthanide coordination chemistry in solution is becoming 

increasingly important as lanthanides are used as probes in the discovery of the structural 

roles of biomolecular processes.[28]. 

The hypersensitivity of lanthanide trihalides in gaseous form with Dnh symmetry may be 

seen in their absorption spectra. [29]. Jorgenson and Judd[30,31] studied sensitivities and 

came to the conclusion that such transitions followed selection criteria. The 4f-4f 

transitions of Pr(III), namely 3H4→
3P2,

 3P1, 
3P0 and 1D2 do not follow the selection criteria 

and are thus classified as non-hypersensitive transitions. Experiments have shown that 

even minor changes in the co-ordination environment around lanthanide ions caused by 

configuration, density, chelating capability, and co-ordinating power of donor sites of 

ligand, all of which are related to the coordination number of lanthanide ions, are 

extremely sensitive to such non-hypersensitive transitions. It's important to emphasize 

that the current study is only done in the solution state since investigations involving the 

solution state might give the most relevant data when it comes to human metabolism and 

the role of L-Histidine. We investigated the coordination of L-Histidine with Pr(III) using 

comparative and absorption difference spectroscopy involving intra 4f –4f transitions as 

a probe. 

Table 5.1. shows the energy interaction parameters: Slater-Condon Fk (cm-1), Lande ξ4f 

(cm-1), Racah energy Ek (cm-1), nephelauxetic ratio (β), bonding (b1/2) and covalency (δ) 

factor for Pr(III) and Pr(III):L-Histidine complex in various aqueous MeOH, MeCN, 

DMF and dioxane solvents. The values of energy interaction parameters such as Fk, Ek, 

and ξ4f for the Pr(III) complex decrease when compared to the free Pr(III) state, indicating 

a decrease in interelectronic repulsion and spin orbit interaction parameters, resulting in 

a decrease in the metal-ligand bond distance, allowing complexation. The drop in Fk 

parameters shows that the ligand has a greater impact on electrostatic repulsion than on 

spin-orbit coupling. The Slater-Condon parameters are in the following order: F2>F4>F6. 

The nephelauxetic effect in all systems is between 0.944 and 0.949, indicating the study's 
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validity; and a positive value of β could imply the possibility of a covalent bond formed 

between the Pr (III) and L-Histidine complex. When Pr(III) and L-Histidine form a 

complex, the values of  nephelauxetic effect, bonding parameter and covalency 

percentage parameters rises, resulting in a drop in effective nuclear charge and 

interelectronic repulsion parameters shown by the decrease values of Fk (k=2,4,6) and ξ4f. 

The metal-ligand distance is reduced due to the nephelauxetic effect, thereby increasing 

interelectronic interaction between the metal and the ligand, which is needed for better 

covalency. 

Except for the 3H4→
1D2 transition, the observed values of energy for the3H4→

3P2, 
3P1 and 

3P0 transitions of Praseodymium (III) and Praseodymium (III):L-Histidine complex are 

greater than the estimated values of energies in table 5.2. The root means square deviation 

(RMS) values demonstrate the accuracy of multiple energy interaction parameters: Slater-

Condon (Fk), Lande factor (ξ4f), Racah energy (Ek), Nephelauxetic ratio (β), bonding 

(b1/2), and covalency (δ) factors. 

Table 5.3. shows the computed values of ‘Tλ’ parameters and ‘P’ for 

pseudohypersensitive transitions of Praseodymium(III) and Praseodymium(III): Ligand 

complex in various experimental ambiances. When Pr(III) interacts with L-Histidine, the 

P values and Tλ parameters changes dramatically indicating the possibility of the 

complexation of Praseodymium (III) with L-Histidine. Because ‘T2’ is associated to the 

hypersensitive transition 3H4→
3F3, which is beyond the UV-Vis. area and has negative 

values, ‘T2’ is disregarded. Small variations in the coordination environment, on the other 

hand, had a considerable impact on the amounts of T4 and T6 parameters during 

complexation, and their values were +ve. The 𝑇4 and 𝑇6 parameters are both related to 

changes in symmetry features during complexation. As a result, significant variations in 

T4 and T6 detect differences in the symmetry of Pr(III), its complex systems, and the 

nearby coordination environment. Complexation through the inner-sphere is revealed by 

large changes in the amounts of ‘P’ and ‘Tλ’ (λ=2,4,6), whilst complexation through the 

outer-sphere is revealed by the small change in the amounts of ‘P’ and ‘Tλ’ (λ=2,4,6). 

Table 5.3. demonstrates how the calculated values of P and Tλ have varied over time, 

suggesting that the coordination between Praseodymium(III) and  L-Histidine occurs 

through the inner-sphere. As shown in the same table, T6 is the most significant of the 

three Tλ (λ=2,4,6) parameters for the complexation of Pr(III) with L-Histidine, and is in 

the order: 𝑇6 > 𝑇4 > 𝑇2.  
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In comparison to the bands of Pr (III) alone to that when it gets complex with L-Histidine, 

the absorption band of Praseodymium(III):L-Histidine complex has shifted significantly 

and the band becomes more intense, demonstrating its sensitivity to small changes in the 

coordination ambiance that causes a wavelength shift towards longer wavelengths 

(figures 5.3.) i.e., redshift and thereby strengthening the 4f-4f transition spectral band. 

Solvent changes have a considerable impact on the oscillator strengths of the 4f-4f  bands, 

resulting in variations in the magnitudes of the intensity parameters ‘P’ and ‘Tλ’ (λ=2,4,6). 

From table 5.3. and figure 5.4., we can say that as compared to the other solvents 

Acetonitrile shows more preferences for covalent bonding in the formation of 

Praseodymium(III):L-Histidine complex this might be because Acetonitrile contain ‘N’ 

donor atoms [32,33]. Looking into the computed values of the ‘P’ and ‘Tλ’ parameters, 

the sensitivity of 4f-4f transition of the various aquated organic solvents are in the:                    

CH3CN> DMF>C4H8O2>CH3OH. 

Pr(III) are ionic salt and are hard acceptors, whereas amino acid are hard donors. In 

aqueous solution, L-Histidine form zwitter-ion at pH 7.6; Since at high pH the 

complexation occurs between Pr(III) and oxygen and nitrogen donor atom of amino 

acids.[22,34,35] Praseodymium ion form stable complex with oxygen and nitrogen donor 

of L-Histidine with 9 coordination number. Figure 5.2. shows the possible chemical 

reaction for nona-coordinated Pr(III):L- Histidine complex  in solution.  

Figure 5.5. shows that the intensity of 4f-4f transitions increases significantly with time, 

implying that absorption spectrum investigation might be utilised to study the reaction 

mechanisms for the present complexation process. The oscillator strengths and ‘Tλ’ 

(λ=2.4.6) for Praseodymium(III): L-Histidine complex in DMF medium at different 

temperatures (298°K, 308°K, 308°K, 310°K, and 318°K) are shown in Tables 5.4.-5.8. 

In comparison to the other 3H4 →3P1, 
3H4 →3P0, and 3H4 →1D2 transitions, the 

pseudohypersensitive transition 3H4→3P2 is reported to be the most sensitive 4f-4f 

transition based on changes in the estimated values of P and Tλ (λ=2,4,6) parameters for 

the complexation of Pr(III) with L-Histidine. The calculated Tλ data reveals that their 

values grow proportionally with temperature and time; this tendency indicates that the 

rate constants for the complexation process of Pr(III) with L-Histidine rise 

proportionately with time and temperature.  

Figure 5.6. illustrates the oscillator strength of 3H1→ 3P2 transitions for the complexation 

of Pr(III) with L-Histidine vs. time at different temperatures. The slope, pre-exponential 

factor, and rate of complexation for Pr(III):L-Histidine complexes in DMF medium at 
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various temperatures may be measured by graphing the Pobs. with time. The rate of Pr(III) 

complexation with L-Histidine rises linearly with temperature and time which validates 

the Arrhenius prediction of the reaction rate. The pre-exponential component (A) also 

rises as the temperature increases. Because molecules travel faster as temperature rises, 

they are more likely to clash, increasing the collision number and hence affecting the pre-

exponential factor 'A'. The Van't Hoff plot of ln k against 1/T (Figure 5.7.) are used to 

determine the activation energy (Ea) and further ‘Ea’ value is used to evaluate the other 

thermodynamic parameters. This approach may be applicable to measure the 

thermodynamic parameters of Pr(III): L-Histidine complexation in DMF medium 

indirectly. The rate of complexation increases with increasing temperature, as shown in 

Table 5.9., which is used to compute the rate of reaction and the activation energy 'Ea' of 

the complexation. Table 5.10. shows that the complexation process is an endothermic, 

entropy-increasing activity since ΔH˚ and ΔS˚ are both positive. Table 5.9. shows that 

when the temperature rises, the rate of complexation increases, which is used to compute 

the rate of reaction and the activation energy 'Ea' of the complexation. Table 5.10. show 

that the values of ΔH˚ and ΔS˚ are positive, indicating that the complexation reaction is 

an endothermic and entropy-increasing activity. Furthermore, the coordination reaction 

is an entropy-driven process since TΔS˚ > ΔH˚. Negative standard Gibbs energy 

(ΔG˚) values imply that the coordination is a spontaneous process as well as favoured one 

in solution. We may also conclude that the complexation of Pr(III) ions with L-Histidine 

occurs spontaneously, following the system's randomness as it reaches higher 

temperatures (increasing S values). Furthermore, the activation energies (Ea) for the 

Pr(III): L-Histidine complex were found to be 0.05108 kJ. This lower ‘Ea’ values support 

the idea that the reaction is an instantaneous one. 

 

5.6. Conclusion 

When compared to the free Pr(III) state, the energy interaction parameters such as Fk, E
k 

and ξ4f for Pr(III):L-Histidine complex decrease, implying a declines in spin orbit 

interaction and interelectronic repulsion parameters, indicating the possibility of Pr(III) 

complexation with L-Histidine. The rise in the values of δ and b1/2 implies increase in the 

complexation and the possibility of covalent bonding between Pr(III) and L-Histidine. 

The nephelauxetic effect (β) in all systems is between 0.944 and 0.949, revealing the 

study's validity; and a positive value of β could imply the possibility of a covalent bond 

formed between the Pr (III) and L-Histidine complex. When Pr(III) and L-Histidine form 
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a complex, the values of nephelauxetic effect (β), bonding parameter (b1/2) and percent 

covalency (δ) parameters rise, resulting in a decrease in effective nuclear charge and 

interelectronic repulsion parameters shown by the decrease values of Fk  and ξ4f. The 

metal-ligand distance is reduced due to the nephelauxetic effect, thereby increasing 

interelectronic interaction between Pr (III) and L-Histidine, which is needed for better 

covalency (δ). When L-Histidine is added to Pr (III), the interaction of 4f-orbitals 

increases, as seen by the intensification of absorption spectrum and the formation of 

redshift. The reliability of the analyzed data is predicted by the root mean square (RMS) 

values. In the complexation of Pr(III) with L-Histidine, considerable differences in the 

calculated values of P and Tλ might lead to the coordination of inner-sphere. 

Praseodymium ion form stable complex with oxygen and nitrogen donor atom of L-

Histidine and form nona-coordination through the inner sphere coordination. The 

fluctuation in the values of  𝑇4 and 𝑇6 implies that the symmetry of the complex produced 

has changed. Looking into computed values of the P and Tλ parameters, the sensitivity of 

4f-4f transition of the various aquated organic solvents are in the:  

CH3CN> DMF>C4H8O2>CH3OH. 

The findings of the discussions based on the values of intensity parameters for 

complexation at various time intervals and temperatures clearly demonstrated that, as 

predicted by Arrhenius, the rate of complexation increased with time and temperature. 

The fact that the activation energy (Ea) is low indicates that the complexation reaction is 

instantaneous. The positive values of ΔH0 denotes an endothermic reaction associated 

with complexation, whereas the negative value of ΔG0 denotes the spontaneity of the 

reaction process as well as its favorability in solution. The current investigation of the 

reaction is determined to be entropy-driven because TΔS0>ΔH0 Depending on the 

probabilities of how often the molecules collide, the pre-exponential factor (A) values 

might offer an explicit relation between temperature and reaction rate. 
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4f-4f transition spectral study of the interaction of Pr(III) with L-Valine 

in solution: Further analysis of its kinetics and thermodynamic 

parameters  

 

In this chapter we have investigated the 4f-4f transition spectra for the interaction of L-

Valine with Praseodymium (III) in aquated organic solvents (50 percent v/v) of CH3CN, 

DMF, CH3OH, and C4H8O2. The variation in the theoretically computed values of the 

absorption spectral parameters: Energy interaction parameters- Spin-orbit interaction 

(ξ4f), Slater-Condon (Fk), nephelauxetic ratio (β), Racah energy (Ek), bonding parameter 

(b1/2) and percentage covalency (δ) explained the nature of complexation. The values of 

evaluated intensity parameters: oscillator strengths (P) and Judd-Ofelt 

parameters 𝑇𝜆  ( 𝜆 = 2, 4, 6) were analysed to see the possibility of outer and inner sphere 

coordination of Pr(III) with L- Valine. Further, reaction pathways for Pr(III) with L-

Valine and consequently its thermodynamic parameters have been evaluated through 4f-

4f transition spectra in DMF solvent. 
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6.1. Introduction  

Lanthanide(III) with ligands like amino acids or peptides and their bonding 

character are being studied within the field of biological chemistry because of their 

potential utility as structural probes. [1][2][3]. Lanthanides are important in a variety of 

areas, including organic and bioorganic chemistry, optical sensing technologies (such as 

luminescence sensors), and medicine (diagnostic and therapy), with medical applications 

developing rapidly in recent years. The fact that lanthanides, with their unique 4f- electron 

configuration, have coordination numbers ranging from 6 to 12 justifies their vast range 

of uses. Rare earth ions have antibacterial, anticancer, and antiviral properties when 

combined with organic ligands, and they play a significant role in many essential 

biological processes [4–6]. Because of their enthralling and important characteristics, 

such as their capability to attach to nitrogen, oxygen and skeletal probes in biological 

systems, lanthanide complexes have received a great deal of research interest. A 

comprehensive analysis of the interactions of several lanthanides with a wide range of 

proteins, amino acids, and polypeptides has been reported [7]. Because of the lanthanide's 

paramagnetic properties, which make it spectroscopically active, the lanthanide (III) 

complex can provide important details regarding how it interacts with amino acids. [8–

10]. As lanthanides are utilised more often as probes to examine the structural function of 

biomolecular processes, their coordinating chemistry in solution is fast emerging [11–

13].  

Lanthanides favour the donor atoms O>N>S and F>Cl in the complexation. This 

shows a high preference for 'O' donor atoms by the lanthanide. As long as the side chains 

(-R group) of amino acids are present, their functional groups (-COOH & -NH2) can be 

employed to change the shape and size of positive materials [14]. Peptides and amino 

acids are frequent macromolecules that function as efficient metal binding sites in 

physiological conditions. Simple amino acid building blocks make up peptides, which 

have a wide spectrum of biological significance. Due to its therapeutic qualities, peptide 

research is one of the most popular areas of study [15]. The relationship between Ln (III) 

ions and amino acids is well known; the lanthanide ion is attached to  

 

the oxygen atom of the carboxylate group and the nitrogen atom of the amine group [16]. 

When amino acids are solid, they are in a state of neutrality. They exist as zwitterions in 

an aqueous solution if their isoelectric point is maintained [17,18], as seen in figure 6.1. 

https://www.researchgate.net/profile/Mhasiriekho-Ziekhrue
https://www.researchgate.net/profile/Zevivonue-Thakro
https://www.researchgate.net/scientific-contributions/M-Indira-Devi-38926870
https://www.researchgate.net/publication/363661425_4f-4f_Transition_Spectra_of_the_Interaction_of_PrIII_with_L-Valine_in_Solution_Kinetics_and_Thermodynamic_Studies
https://www.researchgate.net/publication/363661425_4f-4f_Transition_Spectra_of_the_Interaction_of_PrIII_with_L-Valine_in_Solution_Kinetics_and_Thermodynamic_Studies
https://www.researchgate.net/journal/Asian-Journal-of-Chemistry-0970-7077


Chapter - 6 

 

155 
 

*The text of this chapter has been published as:  

1Juliana Sanchu, Mhasiriekho Ziekhrü, Zevivonü Thakro and M. Indira Devi, “4f-4f Transition Spectra of the Interaction of 

Pr(III) with L-Valine in Solution: Kinetics and Thermodynamic Studies”, Asian Journal of Chemistry, 34(10):2688-2696 (2022). 

 

Thus, using a probe (4f-4f spectra) of Praseodymium (III) to understand the interaction of 

the ligand with the metal ion would be a fascinating scope to investigate in detail. 

By employing the 4f-4f spectra of praseodymium (III) as a probe, the current study 

explores the complexation between the praseodymium (III) ion and L-Valine in the binary 

mixtures of water and organic solvents (CH3CN, DMF, C4H8O2, and CH3OH).  The 

fluctuations in the theoretically determined values of the energy parameters—Slater-

Condon (Fk), Spin-orbit interaction (ξ4f), Racah energy (Ek), Nephelauxetic ratio (β), 

bonding parameter (b1/2) and percentage covalency (δ) were used to investigate the 

complexity of the complexation. The oscillator strengths (P) and Judd-Ofelt parameters 

Tλ (λ=2, 4, 6) used to measure intensity were analysed. The variations in P and Tλ (λ = 2, 

4, 6) values show a specific correlation between relative intensities, ion behaviour toward 

solvents, ligand structures, and complexation nature. By calculating the parameters such 

as rate constant (k), ΔH0, ΔS0 ΔG0 and frequency factor (A), it is possible to analyse the 

thermodynamic behaviour as well as the pathways of the reaction.  

 

Figure 6.1. Structure of L-Valine in its free state and zwitterion form. 

 

6.2. Materials and methods: 

Pr(III) chloride hydrate [PrCl3.xH20] of 99.9% purity was purchased from Alfa Aesar, 

and the ligand i.e. L-Valine was purchased from HIMEDIA. The solvents used are DMF, 

acetonitrile, methanol and 1,4-dioxane are of AR grade. The concentration of solutions 

for recording spectra is maintained at 10-2 M and the instrument used is a Perkin Elmer 

35 UV-Vis spectrophotometer in the 400-700 nm region.  

For kinetic investigations, a 10-2 M concentration of Pr (III) and L-Valine combination 

was prepared in DMF solvent. At various temperatures, all spectra were recorded from 

400-700 nm using a temperature-controlled Perkin Elmer Lambda-35 UV-Visible 

spectrophotometer with related kinetic assembly. Using a water-circulating HAAKE DC 

10 Thermostat, all of the observations are kept at the same temperature. The energy bands 

are determined using Judd [19]and Ofelt [20] theoretical treatment. 
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6.3. Theoretical 

6.3.1. Energy interaction and Intensity parameters 

For Pr (III) complexes, the values of interelectronic parameters, i.e., F2, F4, F6 and ξ4f   were 

determined by using the technique developed by Mishra et al.[21] 

𝐸𝑜𝑏𝑠 =  𝐸𝑜𝑗 + 
𝛿𝐸𝑗

𝛿𝐹2
𝛥𝐹2+

𝛿𝐸𝑗

𝛿𝜉4𝑓
𝛥𝜉4𝑓……………………………………. (1) 

The partial regression approach is then used to obtain estimated 𝐹2 and 𝜉4𝑓 values. The following 

relationship yields approximate 𝐹4 and 𝐹6 values: 

𝐹4

𝐹2
 = 0.13805 and 

𝐹6

𝐹2
 = 0.0151 …………………….…………………. (2) 

Nephelauxetic ratio ‘β’ measures the change in 𝐹𝑘 w.r.t free ion, which is defined as: 

𝛽1 =  
𝐹𝑘

𝑐

𝐹𝑘
𝑓 ; β2 = 

𝜉4𝑓
𝑐

𝜉4𝑓
𝑓  and β = [

𝛽1+𝛽2

2
]…………………………………… (3) 

Where 𝐹𝑘
𝑐  𝑎𝑛𝑑 𝐹𝑘

𝑓
 refer to parameters in free ion and complex respectively. 

Another bonding measure, b1/2, related to the nephelauxetic effect, can be used to determine the 

degree of mixing between the 4f-orbital and the ligand orbital: 

b1/2 = [
1−𝛽

2
]1/2 ………………………………………………………. (4) 

Sinha[22] introduced another parameter known as the percentage covalency parameter (δ%) 

which is defined as: 

δ% = [
1−𝛽

𝛽
]× 100 …………………………………………………... (5) 

The area under the absorption curve and the oscillator strength (P) are directly related. It is 

given by: 

P = 4.6 × 10-9 [
9𝜂

(𝜂2+𝜂)2
] ∫ 𝜀𝑚𝑎𝑥  𝜈̅ 𝑑𝜈̅ ………………………………. (6) 

Where 𝜀𝑚𝑎𝑥 = molar extinction coefficient, 𝜈̅  = transition energy in wave number and η = 

refractive index of the medium 

The experimental value of oscillator strengths (Pobs) of absorption band determined via Gaussian 

Curve analysis is 

                      Pobs = 4.6 × 10-9 × 𝜀𝑚𝑎𝑥 × 𝜈 ̅1/2 ………………………...……………….… (7) 

The transition energies' observed oscillator strength (Pobs) was expressed in terms of T2, T4 and 

T6 parameters provided by Judd[19] and Ofelt[20], which are supplied:  

                     
𝑃𝑜𝑏𝑠

𝑣
  = [(U2)]2 T2 + [(U4)]2T4 + [(U6)]2 T6 ……………………………..…. (8)   

Where 𝑈𝜆 is the matrix element given by Carnall et al.[23] and the transition energy is ‘v’. 
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6.3.2. Evaluation of thermodynamic parameters 

Using the Arrhenius rate equation[24] by graphing log k versus 1/T, and is used to 

calculate the activation energy for the complexation of Praseodymium (III) and L- Valine. 

                                    logk = logA −
𝐸𝑎

2.303𝑅 
×

1

𝑇
    ………………………......… (9) 

From the slope, the activation energy Ea is given by: 

                                  Ea = − 2.303×R× Slope …………………………………. (10) 

                             Where R = universal gas constant 

The thermodynamic features for Praseodymium (III): L-Valine complex is evaluated 

using Van’t Hoff [29] equation of log k Vs. 1/T x 103 

                                  log k =  −
𝛥𝐻°

𝑅
 [

1

𝑇
] +

𝛥𝑆°

𝑅
  

                               or log k =   −
𝛥𝐺°

𝑅𝑇
 ……………………………………….… (11) 
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6.4. Figures and tables 

 

Figure 6.2. Absorption spectra of Pr(III) and Pr(III): L-Valine complex in aqueous  DMF 

solvent. 

 

Figure 6.3. Absorption spectra of Pr(III) and Pr(III): L-Valine complex in various 

aqueous organic solvents. 

https://www.researchgate.net/profile/Mhasiriekho-Ziekhrue
https://www.researchgate.net/profile/Zevivonue-Thakro
https://www.researchgate.net/scientific-contributions/M-Indira-Devi-38926870
https://www.researchgate.net/publication/363661425_4f-4f_Transition_Spectra_of_the_Interaction_of_PrIII_with_L-Valine_in_Solution_Kinetics_and_Thermodynamic_Studies
https://www.researchgate.net/publication/363661425_4f-4f_Transition_Spectra_of_the_Interaction_of_PrIII_with_L-Valine_in_Solution_Kinetics_and_Thermodynamic_Studies
https://www.researchgate.net/journal/Asian-Journal-of-Chemistry-0970-7077


Chapter - 6 

 

159 
 

*The text of this chapter has been published as:  

1Juliana Sanchu, Mhasiriekho Ziekhrü, Zevivonü Thakro and M. Indira Devi, “4f-4f Transition Spectra of the Interaction of 

Pr(III) with L-Valine in Solution: Kinetics and Thermodynamic Studies”, Asian Journal of Chemistry, 34(10):2688-2696 (2022). 

 

Table 6.1. Comparison of energy interaction values- Slater–Condon (Fk), Lande (ξ4f), 

Racah energy (EK), Nephelauxetic ratio (β), bonding (b1/2), and covalency (δ) factors of 

Pr(III) and Pr(III): L- Valine complex in different aquated solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Systems 

 

 

F2 

 

F4 

 

F6 

 

 ξ4f  

 

E1 

 

E2 

 

E3 

 

β 

 

b1/2 

 

δ 

 

ACETONITRILE 

 

 

Pr(III) 

 

308.471 

 

43.721 

 

5.757 

 

723.62 

 

3515.12 

 

24.782 

 

588.22 

 

0.946 

 

0.163 

 

5.589 

 

Pr(III)+Valine 

 

308.303 

 

43.698 

 

5.678 

 

723.60 

 

3514.99 

 

24.768 

 

587.89 

 

0.947 

 

0.164 

 

5.593 

 

DIMETHYLFORMAMIDE 

 

 

Pr(III) 

 

308.035 

 

43.655 

 

5.669 

 

721.27 

 

3509.62 

 

24.748 

 

587.38 

 

0.945 

 

0.165 

 

5.754 

 

Pr(III)+Valine 

 

308.029 

 

43.650 

 

5.665 

 

720.21 

 

3509.58 

 

24.746 

 

587.35 

 

0.947 

 

0.165 

 

5.778 

 

1, 4 – DIOXANE 

 

 

Pr(III) 

 

308.275 

 

43.724 

 

5.677 

 

723.29 

 

3512.75 

 

24.792 

 

588.28 

 

0.946 

 

0.163 

 

5.607 

 

Pr(III)+Valine 

 

308.270 

 

43.722 

 

5.674 

 

723.22 

 

3512.69 

 

24.786 

 

588.22 

 

0.947 

 

0.163 

 

5.588 

 

METHANOL 

 

 

Pr(III) 

 

308.305 

 

43.698 

 

5.678 

 

722.52 

 

3512.85 

 

24.768 

 

587.92 

 

0.944 

 

0.162 

 

5.577 

 

Pr(III)+Valine 

 

 

308.301 

 

43.697 

 

5.675 

 

722.49 

 

3511.81 

 

24.767 

 

587.88 

 

0.945 

 

0.163 

 

5.590 
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Table 6.2. Comparison of energies (cm−1) values as well as RMS values for Pr(III) and 

Pr(III): L- Valine in different aquated solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Systems 

 

3H4 →
3P2 

 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

 

RMS 

Eobs Ecal Eobs Ecal Eobs Ecal Eobs Ecal 

 

ACETONITRILE 

 

 

Pr(III) 

 

22525.06 

 

22469.51 

 

21351.10 

 

21258.39 

 

20741.72 

 

20694.87 

 

16975.33 

 

17146.05 

 

103.56 

 

Pr(III)+ Valine 

 

22524.55 

 

22470.19 

 

21350.36 

 

21257.21 

 

20740.43 

 

20693.66 

 

16974.76 

 

17145.28 

 

103.44 

 

DIMETHYLFORMAMIDE 

 

 

Pr(III) 

 

22493.65 

 

22441.63 

 

21293.45 

 

21231.80 

 

20742.15 

 

20674.09 

 

16920.87 

 

17122.77 

 

103.84 

 

Pr(III)+ Valine 

 

22493.64 

 

22441.69 

 

21293.36 

 

21222.04 

 

20742.11 

 

20666.31 

 

16920.47 

 

17122.07 

 

117.21 

 

1, 4 – DIOXANE 

 

 

Pr(III) 

 

22525.06 

 

22470.04 

 

21351.10 

 

21258.39 

 

20741.72 

 

20694.04 

 

16975.33 

 

17146.15 

 

103.56 

 

Pr(III)+ Valine 

 

22524.76 

 

22470.30 

 

21350.64 

 

21258.42 

 

20741.29 

 

20694.29 

 

16975.25 

 

17146.51 

 

103.60 

 

METHANOL 

 

 

Pr(III) 

 

22525.16 

 

22470.32 

 

21351.10 

 

21258.39 

 

20741.72 

 

20694.07 

 

16975.33 

 

17146.05 

 

103.56 

 

Pr(III)+ Valine 

 

22525.06 

 

 

22470.47 

 

21351.05 

 

21258.45 

 

20740.59 

 

20694.35 

 

16974.76 

 

17145.54 

 

103.68 
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Table 6.3. Comparison of Oscillator strengths and Judd–Ofelt parameters for Pr(III) and 

Pr(III): L- Valine complex in different aquated solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

Systems 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 → 1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

ACETONITRILE 

 

 

Pr(III) 

 

18.671 

 

18.671 

 

5.797 

 

4.263 

 

2.685 

 

4.193 

 

3.898 

 

3.898 

 

-524.4 

 

11.697 

 

58.123 

 

Pr(III) Valine 

 

19.29 

 

19.29 

 

5.865 

 

4.405 

 

2.897 

 

4.333 

 

3.98 

 

3.98 

 

-595.4 

 

12.086 

 

60.044 

 

DIMETHYLFORMAMIDE 

 

 

Pr(III) 

 

17.386 

 

17.386 

 

5.559 

 

4.371 

 

3.131 

 

4.299 

 

3.281 

 

3.281 

 

-411.8 

 

11.992 

 

53.831 

 

Pr(III)+Valine 

 

20.879 

 

20.879 

 

5.571 

 

4.595 

 

3.216 

 

4.520 

 

3.435 

 

3.435 

 

-492.1 

 

12.608 

 

65.049 

 

1, 4 – DIOXANE 

 

 

Pr(III) 

 

16.855 

 

16.855 

 

5.506 

 

3.697 

 

2.871 

 

4.343 

 

3.025 

 

3.025 

 

-356.4 

 

12.116 

 

52.055 

 

Pr(III)+Valine 

 

18.022 

 

18.022 

 

5.861 

 

4.639 

 

3.674 

 

4.574 

 

3.883 

 

3.883 

 

-378.3 

 

12.759 

 

58.872 

 

METHANOL 

 

 

Pr(III) 

 

16.613 

 

16.613 

 

5.551 

 

4.405 

 

1.859 

 

3.639 

 

2.238 

 

2.238 

 

-368.6 

 

10.149 

 

51.796 

 

Pr(III)+Valine 

 

 

18.437 

 

18.437 

 

5.898 

 

4.134 

 

2.367 

 

4.066 

 

2.418 

 

2.418 

 

-400.2 

 

11.341 

 

55.741 
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Figure 6.4. Absorption spectra for the interaction of Pr(III): L-Valine at various 

temperatures 298°K, 303°K, 308°K, 313°K and 318°K in DMF solvent. 
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Table 6.4. Computed oscillator strengths and Judd-Ofelt intensity parameter for Pr(III): 

L-Valine complex at 298OK (25OC) in various time (hr) intervals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time 

 

3H4→ 3P2 

 

3H4→ 3P1 

 

3H4 → 3P0 

 

3H4→ 1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

 

0 

 

6.636 

 

6.636 

 

2.745 

 

1.765 

 

0.634 

 

1.656 

 

1.122 

 

1.122 

 

-180.23 

 

4.731 

 

20.412 

 

2 

 

6.678 

 

6.678 

 

2.915 

 

1.913 

 

0.755 

 

1.787 

 

1.357 

 

1.357 

 

-179.55 

 

4.965 

 

20.545 

 

4 

 

6.734 

 

6.734 

 

3.164 

 

2.072 

 

0.872 

 

1.986 

 

1.406 

 

1.406 

 

-179.87 

 

5.342 

 

20.672 

 

6 6.855 

 

6.855 

 

3.243 

 

2.098 

 

0.897 

 

2.023 

 

1.628 

 

1.628 

 

-79.36 

 

5.578 

 

20.819 

 

8 

 

6.918 

 

6.918 

 

3.356 

 

2.106 

 

0.909 

 

2.091 

 

1.849 

 

1.849 

 

-39.78 

 

5.731 

 

21.223 

 

10 

 

7.116 

 

7.116 

 

3.361 

 

2.142 

 

0.949 

 

2.126 

 

1.884 

 

1.884 

 

-43.99 

 

5.827 

 

21.674 

 

12 

 

7.207 

 

7.207 

 

3.378 

 

2.192 

 

0.995 

 

2.145 

 

1.906 

 

1.906 

 

-45.78 

 

5.965 

 

22.123 

 

14 

 

7.296 

 

7.296 

 

3.391 

 

2.204 

 

1.003 

 

2.159 

 

1.975 

 

1.975 

 

-41.67 

 

6.055 

 

22.356 

 

16 

 

7.367 

 

7.367 

 

3.433 

 

2.219 

 

1.016 

 

2.191 

 

2.104 

 

2.104 

 

-134.36 

 

6.097 

 

22.543 

 

18 

 

7.475 

 

7.475 

 

3.482 

 

2.271 

 

1.042 

 

2.213 

 

2.338 

 

2.338 

 

39.05 

 

6.173 

 

22.812 

 

20 

 

7.654 

 

7.654 

 

3.567 

 

2.338 

 

1.066 

 

2.276 

 

2.434 

 

2.434 

 

48.56 

 

6.359 

 

23.256 

 

22 

 

7.734 

 

7.734 

 

3.712 

 

2.456 

 

1.096 

 

2.341 

 

2.543 

 

2.543 

 

68.02 

 

6.534 

 

23.786 

 

24 

 

8.012 

 

8.012 

 

3.821 

 

2.465 

 

1.118 

 

2.431 

 

2.589 

 

2.589 

 

49.45 

 

6.717 

 

24.423 

 

26 

 

8.094 

 

8.094 

 

3.872 

 

2.572 

 

1.135 

 

2.487 

 

2.641 

 

2.641 

 

68.78 

 

6.856 

 

24.876 

 

28 

 

8.211 

 

8.211 

 

3.976 

 

2.624 

 

1.145 

 

2.532 

 

2.731 

 

2.731 

 

87.76 

 

6.967 

 

25.512 

 

30 

 

8.376 

 

8.376 

 

4.199 

 

2.687 

 

1.231 

 

2.631 

 

2.897 

 

2.97 

 

93.67 

 

7.234 

 

25.854 

 

32 

 

8.521 

 

8.521 

 

4.295 

 

2.791 

 

1.362 

 

2.708 

 

3.013 

 

3.013 

 

102.45 

 

7.441 

 

26.398 

 

34 

 

8.889 

 

8.889 

 

4.387 

 

2.867 

 

1.456 

 

2.829 

 

3.201 

 

3.201 

 

100.67 

 

7.653 

 

26.875 
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Table 6.5. Computed oscillator strengths and Judd-Ofelt intensity parameter for Pr(III): 

L-Valine complex at 303OK (30OC) in various time (hr) intervals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time 

 

3H4 →
3P2 

 

3H4 →
3P1 

 

3H4 →
3P0 

 

3H4 →
1D2 

 

T2 

 

T4 

 

T6 

 

Pobs 

 

Pcal 

 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

0 4.629 4.629 2.519 1.857 1.153 1.834 1.717 1.717 78.187 5.145 13.841 

 

2 4.864 4.864 2.591 1.919 1.227 1.896 1.794 1.794 78.385 5.268 14.574 

 

4 5.055 5.055 2.623 1.959 

 

1.259 1.912 

 

1.822 1.822 70.866 

 

5.373 

 

15.162 

 

6 5.178 5.178 2.644 1.967 1.278 1.986 1.915 1.915 89.827 5.436 15.387 

 

8 5.439 5.439 

 

2.765 2.065 

 

1.341 2.025 

 

1.997 1.997 90.855 

 

5.663 

 

16.319 

 

10 5.585 5.585 2.918 2.138 1.366 2.116 2.356 2.356 170.46 5.872 16.655 

 

12 5.667 

 

5.667 2.935 2.163 

 

1.389 2.122 

 

2.523 2.523 201.66 5.965 

 

16.786 

 

14 5.772 

 

5.772 2.958 2.193 

 

1.412 2.166 

 

2.576 2.576 207.45 

 

6.059 

 

17.512 

 

16 5.954 

 

5.954 

 

2.987 2.214 

 

1.462 2.191 

 

2.646 2.646 209.76 

 

6.182 

 

18.154 

18 6.172 

 

6.172 

 

3.056 2.294 

 

1.523 2.242 

 

2.782 2.782 210.87 

 

6.271 

 

18.587 

 

20 6.287 

 

6.287 

 

3.178 2.379 

 

1.577 2.383 

 

3.009 3.009 269.76 

 

6.545 

 

18.842 

 

22 6.345 

 

6.345 

 

3.352 2.482 

 

1.634 2.462 

 

3.045 3.045 272.66 

 

6.739 

 

19.063 

 

24 6.456 

 

6.456 3.467 2.639 

 

1.701 2.571 3.095 3.095 267.52 

 

7.179 

 

19.267 

 

26 6.531 

 

6.531 

 

3.681 2.744 

 

1.795 2.683 

 

3.187 3.187 283.12 

 

7.461 

 

19.396 

28 

 

6.569 

 

6.569 3.782 2.798 1.804 2.725 3.298 3.298 309.69 

 

7.673 19.544 

 

30 6.672 

 

6.672 

 

3.863 2.859 

 

1.813 2.784 

 

3.495 3.495 346.31 

 

7.791 

 

19.683 

 

32 6.723 

 

6.723 3.887 2.946 1.967 2.855 3.565 3.565 360.88 8.158 19.881 

34 6.881 6.881 4.123 3.106 2.245 2.983 

 

3.884 3.884 410.59 8.374 20.218 
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Table 6.6. Computed oscillator strengths and Judd-Ofelt intensity parameter for Pr(III): 

L-Valine complex at 308OK (35OC) in various time (hr) intervals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time 

 

3H4→ 3P2 

 

3H4→ 3P1 

 

3H4 → 3P0 

 

3H4→ 1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

     0  5.355 

 

5.355 

 

1.183 

 

1.189 

 

1.003 

 

1.056 

 

2.467 

 

2.467 

 

 219.55 

 

2.475 

 

16.854 

 

2 5.767 

 

5.767 

 

1.372 

 

1.156 

 

1.072 

 

1.155 

 

2.574 

 

2.581 

 

 209.52 

 

3.431 

 

18.571 

 

4 

 

6.605 

 

6.605 

 

3.168 

 

2.187 

 

1.155 

 

2.147 

 

1.116 

 

1.116 

 

-185.21 

 

5.459 

 

20.712 

 

6 

 

6.679 

 

6.679 

 

3.247 

 

2.233 

 

1.204 

 

2.246 

 

1.187 

 

1.187 

 

-173.65 

 

6.234 

 

20.129 

 

8 6.706 

 

6.706 

 

2.756 

 

1.997 

 

1.235 

 

1.969 

 

1.248 

 

1.248 

 

-166.36 

 

5.493 

 

20.621 

 

10 6.735 

 

6.735 

 

2.764 

 

2.008 

 

1.251 

 

1.993 

 

1.317 

 

1.329 

 

-148.51 

 

5.542 

 

20.682 

 

12 6.787 

 

6.787 

 

2.767 

 

2.041 

 

1.285 

 

2.007 

 

1.383 

 

1.381 

 

-138.23 

 

5.651 

 

20.843 

 

14 6.951 

 

6.951 

 

2.789 

 

2.113 

 

1.336 

 

2.182 

 

1.406 

 

1.406 

 

-141.59 

 

5.771 

 

21.273 

 

16 7.046 

 

7.046 

 

3.143 

 

2.236 

 

1.407 

 

2.248 

 

1.875 

 

1.875 

 

-136.26 

 

6.243 

 

21.345 

 

18 7.187 

 

7.187 

 

3.245 

 

2.366 

 

1.449 

 

2.308 

 

1.961 

 

1.961 

 

 -37.83 

 

6.461 

 

21.783 

 

20 7.276 

 

7.276 

 

3.316 

 

2.451 

 

1.494 

 

2.427 

 

2.083 

 

2.083 

 

 -16.67 

 

6.726 

 

22.082 

 

22 7.437 

 

7.437 

 

3.455 

 

2.570 

 

1.584 

 

2.490 

 

2.121 

 

2.121 

 

 -22.83 

 

6.969 

 

22.813 

 

24 7.609 

 

7.609 

 

3.527 

 

2.553 

 

1.636 

 

2.576 

 

2.195 

 

2.195 

 

 -9.39 

 

7.183 

 

23.126 

 

26 7.716 

 

7.716 

 

3.617 

 

2.642 

 

1.656 

 

2.631 

 

2.491 

 

2.491 

 

  43.91 

 

7.327 

 

23.648 

 

28 7.878 

 

7.878 

 

3.727 

 

2.732 

 

1.689 

 

2.685 

 

2.578 

 

2.578 

 

  57.19 

 

7.464 

 

23.838 

 

30 8.339 

 

8.339 

 

4.445 

 

3.134 

 

1.715 

 

3.123 

 

2.623 

 

2.623 

 

  65.57 

 

8.531 

 

25.118 

 

32 8.549 

 

8.549 

 

5.423 

 

3.284 

 

1.786 

 

3.405 

 

2.787 

 

2.787 

 

  66.26 

 

9.562 

 

25.339 

 

34 8.637 

 

8.637 

 

5.905 

 

3.845 

 

1.855 

 

3.806 

 

3.099 

 

3.099 

 

  122.59 

 

7.937 

 

25.981 
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Table 6.7. Computed oscillator strengths and Judd-Ofelt intensity parameter for Pr(III): 

L-Valine complex at 313OK (40OC) in various time (hr) intervals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time 

 

3H4→ 3P2 

 

3H4→ 3P1 

 

3H4 → 3P0 

 

3H4→ 1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

0 

 

6.545 

 

6.545 

 

1.856 

 

1.663 

 

1.456 

 

1.657 

 

2.765 

 

2.765 

 

203.34 

 

4.545 

 

20.167 

 

2 

 

6.667 

 

6.667 

 

1.967 

 

1.847 

 

1.612 

 

1.723 

 

2.824 

 

2.824 

 

211.23 

 

5.123 

 

20.567 

 

4 

 

6.834 

 

6.834 

 

2.135 

 

1.945 

 

1.678 

 

1.865 

 

3.167 

 

3.167 

 

234.12 

 

5.245 

 

20.978 

 

6 

 

7.143 

 

7.143 

 

2.255 

 

1.989 

 

1.734 

 

1.967 

 

3.264 

 

3.264 

 

253.53 

 

5.476 

 

21.698 

 

8 

 

7.367 

 

7.367 

 

2.354 

 

2.076 

 

1.785 

 

2.007 

 

3.312 

 

3.312 

 

263.56 

 

5.672 

 

22.543 

 

10 

 

7.545 

 

7.545 

 

2.513 

 

2.231 

 

1.813 

 

2.089 

 

3.398 

 

3.398 

 

266.78 

 

5.895 

 

23.276 

 

12 

 

7.788 

 

7.788 

 

3.624 

 

2.651 

 

1.667 

 

2.654 

 

2.491 

 

2.491 

 

47.45 

 

7.653 

 

23.645 

 

14 

 

7.945 

 

7.945 

 

2.383 

 

2.176 

 

1.925 

 

2.234 

 

3.541 

 

3.372 

 

243.65 

 

5.954 

 

24.521 

 

16 

 

8.097 

 

8.097 

 

3.765 

 

2.454 

 

1.168 

 

2.482 

 

2.685 

 

2.685 

 

66.164 

 

6.734 

 

24.634 

 

18 

 

8.234 

 

8.234 

 

3.945 

 

2.564 

 

2.018 

 

2.234 

 

3.576 

 

3.576 

 

271.56 

 

6.324 

 

25.321 

 

20 

 

8.347 

 

8.347 

 

4.056 

 

2.676 

 

2.148 

 

2.567 

 

3.661 

 

3.661 

 

93.76 

 

7.543 

 

25.865 

 

22 

 

8.564 

 

 8.564 

 

4.067 

 

2.686 

 

2.216 

 

2.573 

 

3.765 

 

3.765 

 

276.38 

 

6.989 

 

26.182 

 

24 

 

8.672 

 

8.672 

 

4.112 

 

2.645 

 

2.292 

 

2.587 

 

3.812 

 

3.812 

 

316.31 

 

8.143 

 

26.586 

 

26 

 

8.784 

 

8.784 

 

4.256 

 

2.731 

 

2.307 

 

2.671 

 

3.883 

 

3.883 

 

-210.12 

 

6.563 

 

26.889 

 

28 

 

8.865 

 

8.865 

 

4.354 

 

2.784 

 

2.421 

 

2.741 

 

3.945 

 

3.945 

 

100.06 

 

7.632 

 

26.955 

 

30 

 

9.463 

 

9.463 

 

4.472 

 

2.921 

 

2.572 

 

2.838 

 

4.046 

 

4.046 

 

-298.34 

 

4.731 

 

29.987 

 

32 

 

9.651 

 

9.651 

 

4.512 

 

3.029 

 

2.463 

 

2.678 

 

4.134 

 

4.134 

 

-152.45 

 

7.464 

 

30.408 

 

34 

 

10.089 

 

10.089 

 

4.634 

 

3.231 

 

2.678 

 

2.992 

 

4.263 

 

4.263 

 

258.65 

 

7.534 

 

31.519 
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Table 6.8. Computed oscillator strengths and Judd-Ofelt intensity parameter for Pr(III): 

L-Valine complex at 318OK (45OC) in various time (hr) intervals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time 

 

3H4→ 3P2 

 

3H4→ 3P1 

 

3H4 → 3P0 

 

3H4→ 1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

0 

 

6.134 

 

6.134 

 

1.745 

 

1.543 

 

1.321 

 

1.456 

 

2.524 

 

2.524 

 

202.56 

 

4.321 

 

20.123 

 

2 

 

6.345 

 

6.345 

 

1.881 

 

1.673 

 

1.387 

 

1.515 

 

2.637 

 

2.637 

 

209.23 

 

5.112 

 

20.654 

 

4 

 

6.543 

 

6.543 

 

1.964 

 

1.733 

 

1.398 

 

1.567 

 

2.721 

 

2.721 

 

231.12 

 

5.267 

 

20.862 

 

6 

 

6.767 

 

6.767 

 

2.015 

 

1.890 

 

1.406 

 

1.589 

 

2.798 

 

2.798 

 

243.52 

 

5.321 

 

21.701 

 

8 

 

6.911 

 

6.911 

 

2.165 

 

1.947 

 

1.435 

 

1.625 

 

2.835 

 

2.835 

 

254.61 

 

5.546 

 

22.683 

 

10 

 

7.058 

 

7.058 

 

2.223 

 

2.001 

 

1.487 

 

1.664 

 

2.905 

 

2.905 

 

258.07 

 

5.786 

 

23.465 

 

12 

 

7.286 

 

7.286 

 

2.299 

 

2.104 

 

1.502 

 

1.697 

 

3.023 

 

3.023 

 

46.56 

 

7.543 

 

23.870 

 

14 

 

7.457 

 

7.457 

 

2.383 

 

2.156 

 

1.563 

 

1.722 

 

3.112 

 

3.112 

 

241.52 

 

5.872 

 

24.324 

 

16 

 

7.631 

 

7.631 

 

2.523 

 

2.266 

 

1.599 

 

1.776 

 

3.234 

 

3.234 

 

64.124 

 

6.931 

 

24.701 

 

18 

 

7.886 

 

7.886 

 

2.741 

 

2.198 

 

1.627 

 

1.855 

 

3.345 

 

3.345 

 

270.61 

 

6.573 

 

25.253 

 

20 

 

8.049 

 

8.049 

 

2.956 

 

2.564 

 

1.709 

 

1.902 

 

3.427 

 

3.427 

 

91.62 

 

7.497 

 

25.907 

 

22 

 

8.278 

 

 8.278 

 

2.989 

 

2.645 

 

1.785 

 

1.996 

 

3.491 

 

3.491 

 

271.33 

 

6.831 

 

26.342 

 

24 

 

8.542 

 

8.542 

 

3.009 

 

2.667 

 

1.831 

 

2.045 

 

3.532 

 

3.532 

 

314.55 

 

8.432 

 

26.671 

 

26 

 

8.781 

 

8.781 

 

3.078 

 

2.692 

 

1.891 

 

2.098 

 

3.589 

 

3.589 

 

-217.16 

 

6.231 

 

26.967 

 

28 

 

8.959 

 

8.959 

 

3.111 

 

2.712 

 

1.935 

 

2.157 

 

3.665 

 

3.665 

 

99.16 

 

7.751 

 

27.563 

 

30 

 

9.258 

 

9.258 

 

3.156 

 

2.761 

 

1.986 

 

2.231 

 

3.712 

 

3.712 

 

-297.84 

 

4.645 

 

29.675 

 

32 

 

9.573 

 

9.573 

 

3.179 

 

2.795 

 

2.021 

 

2.354 

 

3.755 

 

3.755 

 

-150.75 

 

7.573 

 

30.617 

 

34 

 

9.813 

 

9.813 

 

3.213 

 

2.816 

 

2.188 

 

2.406 

 

 3.803 

 

3.803 

 

256.71 

 

7.470 

 

31.456 
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Figure 6.5. Plot of oscillator strength vs. time (in hrs) for 3H4 →
3P2

 transition for Pr (III): 

L-Valine complex in DMF solvent at different temperatures 298°K, 303°K, 308°K, 

313°K and 318°K. 
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Table 6.9. Rate constant and activation energy for the complexation of Pr(III): L-Valine 

at various temperatures. 

 

Figure 6.6. Graph of Log k versus 1/T × 103 for the complexation of Pr (III): L-Valine in 

DMF at various temperatures  

 

Table 6.10. The activation energy and thermodynamic features for Pr(III): L-Valine 

complex at various temperatures.  

 

Temperature (K) 

 

Rate Constant (k)  

 

∆H  

 

∆G  

 

∆S  

 

Activation Energy ‘Ea’  

 

298 

 

17.614 

 

 

 

 

 

0.05119 

 

-7.13859 

 

0.02402 

 

 

 

 

 

0.05119 

 

303 

 

17.828 

 

-7.34724 

 

0.02413 

 

308 

 

23.814 

 

-7.98780 

 

0.02653 

 

313 

 

26.372 

 

-8.65303 

 

0.02737 

 

318 

 

29.322 

 

-8.79295 

 

0.02826 

 

Temp(K) 

 

 

1/T x 103 Rate Constant  Rate Constant (k) Log k 

 

 

ln k 

 

 

Frequency factor (A) 

 

 

Activation Energy 

298 3.3557 0.06341 17.614  1.24586 2.86869 

17.98173  

 

0.05119 303 3.3003 0.06418 17.828 1.25110 2.88077 18.19407 

308 3.2468 0.08573 23.814 1.37683 3.17027 24.29479 

313 3.1949 0.09494 26.372 1.42114 3.27230 26.89593 

318 3.1447 0.10556 29.322 1.46719 3.37834 
29.89539 
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6.5. Results and discussion 

Deep within the metal's core cell, non-hypersensitive transitions are assumed to 

be insensitive to the coordination environment [29]. The hypersensitive transitions, on 

the other hand, are extremely receptive to changes in their coordination sphere and 

conform to the selection criteria, when Ln(III) complexes with ligand [25]. Studies have 

shown that some Pr(III) transition intensities (3H4 →3P2, 
3P1, 

3P0 and 1D2) do not follow the 

selection criteria but are extraordinarily sensitive to even the smallest variations in their 

coordinating surroundings. Because of how their coordinated environment affects their 

sensitivity, these pseudoquadrupole transitions are also known as Ligand Mediated 

Pseudohypersensitive Transitions [26,27][28]. To study the structural conformations and 

interactions of Pr(III) with ligand, this pseudohypersensitive transition has been widely 

exploited in solution absorption studies [29].  

Table 6.1. shows the calculated values for Pr(III) and Pr(III): L-Valine complex 

for the following energy interaction parameters: Spin-orbit interaction (ξ4f), Racah energy 

(Ek), nephelauxetic ratio (β), Slater-Condon (Fk), bonding (b1/2) and covalency factor (δ) 

in all systems. Table 6.1. shows that when L-Valine is added to Pr(III), the Slater-Condon 

'Fk' (k = 2,4,6) and Spin-Orbit interaction ‘ξ4f’ decreases, indicating a decrease in both 

spin-orbit interaction and coulombic parameters, resulting in an expansion of the central 

metal ion orbital and a decrease in the metal-ligand bond distance, allowing 

complexation. The nephelauxetic effect (β) in all systems ranges between 0.944-0.947, 

which is less than unity, indicating the validity of the computed data. The values of 

bonding parameters (b1/2) are positive, with increasing values of Sinha's parameter (δ) 

indicating the possibility of covalent bonding. It is based on the earlier stated notion of f-

f transition[30]. Table 6.2. shows the calculated and observed values of energy for the 

different bands, and the value of root mean square deviation (RMS) indicates how close 

to the accuracy of the the evaluated data. 

The intensity parameters ‘P’ and ‘𝑇𝜆’ (λ= 2, 4, 6) for the transitions (3H4 →3P2, 
3P1, 

3P0, 

and 1D2) of free Pr(III) and Pr(III): L-Valine complex in various aquated organic solvents 

were evaluated. The remarkable increases in the ‘P’ values as shown in table 6.3. suggest 

the possibility of Pr(III) and L-Valine interaction. When complexation occurs 

between Pr(III) and L-Valine in solution, the readings of ‘Tλ’ parameters increases 

significantly, the possibility of binding of  L-Valine to Pr (III). T4 and T6 are significantly 

affected, and their values are +ve, allowing them to be used in the Judd-Ofelt hypothesis. 

Large fluctuations in the magnitudes of the T4 and T6 parameters suggest the possible 
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modifications of the coordination spheres that surround them and also the possible 

influence how Pr(III) interacts with its ligands. Both T4 and T6 parameters are connected 

to changes in the symmetry characteristics of complex species [36]. Although the 

transitions 3H4→
3F3 and T2 are associated with the hypersensitive transition, T2 is 

disregarded because the transition 3H4→
3F3    has readings that are negative and is outside 

of the Ultraviolet-Visible zone [31]. While modest fluctuations of P and Tλ parameters 

show the outer-sphere complexation, whereas large variations in the readings of P and Tλ 

parameters indicate inner-sphere complexation. The significant changes in the calculated 

values of P and 𝑇𝜆 give strong support for the involvement of L-Valine in the inner-sphere 

coordination of Pr(III). 

The comparative absorption spectra of Pr(III) and Pr(III): L-Valine complex in aqueous 

DMF solvent are shown in figure 6.2. All of the energy bands experience a red shift when 

a ligand like L-Valine is added, however, the changes in the intensity data are brought by 

the strengthening of the 4f-4f transition bands. Band intensification is thought to be 

diligent from increased interaction between ligand orbitals and 4f-metal orbitals. A 

reduction in the coordination number and the metal-ligand bond length may be connected 

to the intensification of bands, notably the 3H4 →
3P2 transition. As seen in figure 6.3., the 

development of the Pr (III): L-Valine complex reveals the sensitivities of solvent shown 

by the varied intensities of the bands of the four transitions and the order of the sensitivity 

of the solvent is DMF>CH3CN>Dioxane>CH3OH. DMF often binds through oxygen 

rather than nitrogen when it coordinates to hard acids, such as lanthanide ions, whereas 

CH3CN binds through nitrogen. The increased intensification in the DMF medium also 

reveals that oxygen and nitrogen can form stronger bonds than nitrogen, that why DMF 

could show the maximum intensification and hence is the best solvent. Methanol is a poor 

donor. The coordination numbers and geometries are dictated largely by ligand properties 

such as ion generation, donor atoms, sizes, and solvation effects. Lanthanide aqueous 

solution has a coordination number of 9 and 8, which may be increased to 12 with the 

addition of a ligand. Praseodymium ions produce weak complexes when goes 

complexation with monodentate ligands, but stronger complexes when complexed with 

chelated ligands due to the chelate effect [32]. When an amino acid's isoelectric point is 

maintained, it exists in solution as a zwitterion. Praseodymium (III) is an ionic salt that is 

a hard acceptor, whereas amino acids are hard donors. At low pH, complexation occurs 

between Pr(III) and the oxygen atom of the amino acid, but at high pH, the metal ion 

bonds to the oxygen and nitrogen atoms of the amino acid, respectively. Praseodymium 
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ions form stable complexes with oxygen and nitrogen donor ligands, resulting in nona-

coordinating complex. Figure 6.7. depicts a reaction pathway for the nona-coordinated Pr 

(III): L-Valine complex in an aquated organic solvent. 

Figure 6.7. The reaction pathway for nona-coordinated Pr(III): L-Valine complex in an 

aquated organic solvent. 

 

To explore the kinetics of the complexation of Pr(III) with L-Valine, the 

absorption spectra for the complexation of Pr(III) with L-Valine were recorded at various 

temperatures (298°K, 303°K, 308°K, 313°K, and 318°K) and time intervals in aquated 

DMF solvent (figure 6.3). Based on changes in the observed and calculated values of 

oscillator strength and Judd Ofelt parameters at various temperatures for Pr(III): L-Valine 

complex as shown in tables 6.4., 6.5., 6.6., 6.7. and 6.8. it is observed that the 

pseudohypersensitive transition 3H4→3P2 is the most sensitive transition in comparison to 

the other 3H4 →3P1, 
3P0, and 1D2 transitions. The plot of Pobs vs time for the transition 

3H4→3P2 at various temperatures is shown in figure 6.5. The rate constants were calculated 

using the values of slope derived from the graph, as given in table 6.9. Following the 

Arrhenius theoretical prediction, complexation rates grow with a rise in temperature as 

shown in tables 6.4.-6.8. Additionally, the Pre-exponential Factor (A) values increasing 

with temperature suggests an increase in molecules colliding. The extremely low 

activation energy (Ea) value suggests that the reaction is a fast one.  Figure 6.6. also shows 

the graph of log k versus 1/Tx103, the values of ΔH0, ΔG0 and ΔS0 as given in table 6.10. 

were determined from the graph. The +ve values of ΔH0 demonstrate that the reaction is 

an endothermic reaction, whereas the -ve value of ΔG0 represents the spontaneity of the 

reaction process. According to the positive values of ΔS0, the complexation process is 

entropy-driven and the complex is well-formed. Additionally, it was discovered that the 

Pr(III): L-Valine complex's activation energies (Ea) were 0.05119 kJ. These kinetic 
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studies, based on an investigation through absorption spectrum are used as an alternate 

method to explore the reaction kinetics theoretically and to forecast potential 

thermodynamic behaviour related to the complexation of Pr(III): L-Valine. 

 

6.6. Conclusion 

The reduction in the values of ξ4f, Ek, Fk and the increase in the values of β, b1/2 and δ 

reveals the complexation of praseodymium (III) with L-Valine. When the ligand is 

introduced to praseodymium (III), the band intensifies showing the interaction in the 

ligand orbital and the 4f-orbital of the metal which is also substantiated by the sharpening 

of the absorption bands and the appearance of the redshift. The decrease in the 

coordination number and the metal-ligand bond length of the complex formed are both 

related to the rise in absorption bands of the Pr(III): L-Valine complex. The bonding 

parameter being positive and the growing value of Sinha's parameters (δ) implies the 

likelihood of covalent bonding in all situations where the nephelauxetic effect (β) value 

ranges from 0.944 to 0.947, which is less than unity. The correctness of the calculated 

data is predicted by the root mean square (RMS) values. The strong binding effect as well 

as the development of inner-sphere complexation in Pr(III): L-Valine complex could be 

provided by the large fluctuations in the estimated readings of P and Tλ. With the oxygen 

and nitrogen donor ligands of L-Valine, praseodymium ions form a stable complex, and 

through the inner sphere coordination, a nona-coordinated complex is formed. According 

to the assessed values of P and Tλ parameters for the various organic solvents used, their 

sensitivity to the 4f-4f transition is in the following order: 

DMF>CH3CN>C4H8O2>CH3OH. 

According to the Arrhenius reaction rate, the rate of complexation calculated from the 

intensity parameters rises with increasing time and temperature. The low activation 

energy (Ea) measurement indicates a fast reaction, the low readings of ΔG0 illustrate the 

favourability and spontaneity of the reaction, whereas +ve readings of ΔH0 imply that the 

reaction is an endothermic reaction. TΔS0>ΔH0 reveals that the current research of 

complexation reaction is entropy-driven. Depending on how frequently molecules 

collide, the frequency factor (A) values show the important correlation between reaction 

rate and temperature. 
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Synthesis, spectral and antimicrobial studies of Praseodymium (III): 

Isonicotinic acid complex. 

 

 

In this chapter, Praseodymium (III): isonicotinic acid complex was synthesized and 

characterised by elemental analysis, molar conductance, FT-IR,  X-ray power diffraction, 

Fluorescence, UV-vis spectroscopy and Thermogravimetric studies. Also, their 

antimicrobial properties were observed. The ligand isonicotinic acid contained carbonyl 

oxygen atom and nitrogen atom of the pyridine ring as potential donor sites. On 

coordination, deprotonation occurred and as a result, ligand isonicotinic acid acted as 

bidentate ligands. A coordination number of 9 was assigned to the praseodymium (III) 

ion in this complex with monoclinic structure. The complex was thermally stable and 

shows photochemical and antimicrobial properties.   
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7.1. Introduction 

Over the past few decades, research in the field of lanthanide chemistry has risen in both 

interest and scope. These efforts focus in large part on the creation of complexes with 

novel structural features for the production of advanced materials as well as the use of 

their unique spectroscopic properties in the development of biological probes and sensors 

in the fields of molecular biology and clinical chemistry. The wide range of applications 

for lanthanide compounds in biology and medicine has made lanthanide coordination 

chemistry an increasingly significant part of contemporary chemistry. The low toxicity 

and exceptional magnetic and luminous capabilities of lanthanide compounds make them 

particularly attractive for prospective uses11. There is a great deal of interest in the 

interactions of rare earths with enzymes and proteins and their application as luminous 

probes in physiologically significant systems. In biological systems, lanthanide ions are 

frequently employed as spectroscopic Ca2+ probes and as diagnostic tools in clinical 

research2. The bonding mechanism between the lanthanide and the ligand is extremely 

interesting and significant since these applications require the interaction of the 

lanthanide ion with biological ligands3. 

An essential heterocyclic substance found in many natural products is pyridine. 

To treat a variety of human illnesses, there are numerous medications on the market that 

contain the pyridine ring system. One of the active inorganic chemistry research areas is 

lanthanide coordination chemistry. According to the research that has been published, 

lanthanides are able to create stable complexes with Schiff bases and many other newly 

synthesized compounds or its derivatives4. A significant percentage of these described 

complexes have pharmaceutical uses. The lanthanide complexes have also been revealed 

to possess anticancer, antibacterial, antifungal, and several other diverse therapeutic 

characteristics5. All Lanthanide complexes displayed stronger antibacterial activity than 

lanthanide ions and radicals, according to the research of antibacterial activity6. 

It has been proven that utilization of absorption spectrophotometry, a newly 

developed method for researching the chemistry of lanthanides, particularly in solutions 

can provide an insight into complexes with intricate f-electron transitions, and sensitivity 

of lanthanide to the complex's shape and coordination environment, has made it a viable 

tool for investigating the chemistry of lanthanides7–9. The strength of the metal-ligand 

bond, coordination geometry, shape of the complex produced, and interaction of chelate-

solvent can be determined by the absorption spectra for the 4f-4f transitions of lanthanide 

ions10. 



Chapter - 7 

 

180 
 

*This chapter has been communicated and is under review 

In this paper we have synthesized Praseosymium(III):Isonicotinic acid complex 

and have characterized them with the following techniques elemental analysis, IR, 

powdered XRD, Fluorescence studies, UV-Vis spectroscopy and TGA. The molar 

conductance was measured, solubility and antimicrobial properties of the Pr (III): 

Isonicotinic acid complex was also observed. 

 

7.2. Materials and methods 

Praseodymium (III) nitrate hexahydrate [Pr(NO)3.6H20] of 99.9% purity was purchaed 

from Sigma Aesar and the ligand i.e, Isonicotinic acid was purchased from HIMEDIA. 

Nutrient Agar, Nutrient Broth and Sabouraud dextrose agar was purchased from 

HIMEDIA. Elemental analysis for C, H, O and N were analyzed using Elemental 

Analyzers CHNS-O EuroVector. The metal content was estimated by the oxalate-oxide 

method. Molar conductance measurements were carried out by using 10-3 M solutions of 

the complexes in a suitable solvent at room temperatures using a Systronic direct reading 

conductometer. The infrared spectra were recorded using KBr pellets on the Perkin Elmer 

FT-IR spectrophotometer (Spectrum two) over the range of 400-4000 cm-1. 

Luminescence studies was carried out using flourescence spectrophotometer 

SHIMADZU model no. RF – 6000. Powder X-Ray diffraction studies were carried out 

using the X-Ray Diffraction Rigaku Ultima IV using Cuκα radiation of wavelength λ = 

1.5406 A from 10° to 80° (2θ) at room temperature. With a heating rate of 20° C/min and 

nitrogen environment, thermal analysis was performed using the SDT Q600V20.9 Build 

20 thermal analyzer..  

 

7.2.1. Synthesis of Pr(III):Isonicotinic acid complex 

Praseodymium(III):Isonicotinic acid complex was synthesized using the general method 

outlined below. 20 ml of  0.01 mol aquated solution of the ligand was added to 20 ml of 

hot alcoholic solution of praseodymium(III) nitrate hexahydrate and refluxed. The 

refluxing procedure was carried out for 24-36 hours while the pH of the solution was kept 

at its isoelectric point. The solution was taken and kept in a water bath until it had been 

concentrated to half of its original volume. The solution was allowed to cool,  filtered and 

the filtrate was kept. After few days, the crystals were collected at the bottom of the beaker 

which was washed with modest amounts of distilled water, alcohol and ether. The 

collected crystals were dried in a desiccator 
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Figure 7.1. Probable Chemical Reaction for the synthesized Praseodymium (III): Ligands 

(Isonicotinic acid) complex 

 

7.2.2. Biological Activity  

Source of Microorganism: For the purpose of evaluating the antimicrobial activities, 

organisms such as Gram-positive Staphylococcus aureus and Bacillus subtilis were 

utilised in addition to Gram-negative Escherichia coli and Klebsiella pneumonia. The 

fungal culture Fusarium oxysposum, Penicillium italicum, Aspergillus niger and Candida 

albicans were used. 

 

Preparation of Bacterial Pathogens: The overnight cultures (0.2ml) of each bacterium 

were divided into 20ml of sterile nutrient broth and incubated for around 3-5 hours in 

order to standardise the culture. The standard cultures were employed in a loop for the 

antibacterial test.  

 

Antibacterial Assay: Nutrient Agar was sterilised and prepared. In Petriplates, 20 ml of 

medium were added and left to solidify. The sterile cotton swab used to create the 

bacterial grass culture was labelled. With the use of a metallic borer with centres at least 

24 mm in diameter, the wells were drilled into the medium. 50 μl of the test sample, 

diluted to the necessary concentration of 1 mg/ml, were added to the appropriate wells. 

Reference antimicrobial medication is added to additional wells10. The plates are 

immediately incubated for 24 hours at 37°C. By measuring the diameter of zones 

exhibiting total inhibition, activity was calculated (mm). The medication was contrasted 

with growth inhibition. 
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Minimum Inhibitory Concentration: The minimum inhibitory concentration was 

determined using the tube dilution method by preparing different concentration of metal 

complex solution (i.e., 300 μg/ml, 500 μg/ml, 600 μg/ml, 800 μg/ml and 1 mg/ml)11. 

Cleaned test tubes were taken and different concentration of metal complex such as 300 

μl/ml, 500 μl/ml, 600 μl/ml, 800 μl/ml and 1 mg/ml was poured in the cleaned test tubes 

respectively and the volume of the medium was made upto 2 ml with nutrient broth. 2ml 

of the prepared control was put into the test tubes and autoclave at 121°C temperature 

and 15 lbs pressure for 15 minutes. After sterilization, the medium was allowed to cool 

and 0.2ml of overnight cultures of each organism was dispensed into sterile medium and 

incubated for 24 hours. The activity was measured by turbidity in the broth12. 

 

Antifungal Assay: The antifungal activity of metal complex was studied against four 

fungal cultures, Aspergillus niger, Penicillium italicum, Candida albicans and Fusarium 

oxysposum. Sabouraud dextrose agar was prepared and sterilized. The culture plates were 

prepared with the same method as that of the antibacterial assay. After the media was 

solidified, respective fungal spore suspensions were transferred in the petri plates. With 

the help of a sterile metallic borer, the wells were made in the centers at least 24 mm of 

the media. Recommended concentration 50 μl of the test sample 1 mg/ml in water was 

introduced in the wells. The plates were incubated at 30°C for 72 hours. The results were 

recorded as zones of inhibition in mm13. 

 

7.3. Results and discussion 

Analytical data indicates that praseodymium:Isonicotinic acid complex was formed with 

1:3 metal-ligand stoichiometry and it possess good keeping qualities. The complex is non-

hydroscopic solids and is soluble in common organic solvents, such as methanol, ethanol, 

ACN and DMF. The analytical values of the complex are in good agreement with their 

formation and the elemental analysis and metal composition of the complex are given in 

table 7.1. The molar conductance value of the complex, as given was in the range of 11.9 

Ω cm-2 mol-1 in DMF solution at room temperature. This value indicated that the complex 

was non-electrolytes in nature14.  
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Table 7.1. Analytical data and other details of the Praseodymium (III):Isonicotinic acid 

complex; calculated values are given in brackets 

 

Sl. No. 

 

Complex 

 

%Yield 

 

Colour 

 

M 

 

C 

 

H 

 

N 

 

O 

Molar conductance 

(DMF) 

Ω cm-2 mol-1 

1 Pr(INA)3(NO3)3 91 Greenish 19.06 

(19.01) 

34.11 

(34.16) 

3.01 

(2.96) 

11.37 

(11.46) 

32.45 

(32.40) 

11.9 

 

IR Spectra 

 

Figure 7.2. The FT-IR spectra of the ligand (Isonicotinic acid) and Pr(III): Ligand 

complex. *Red is the complex and black is the ligand. 

 

The infrared spectra of Pr(III):Isonicotinic acid complex and pure ligand is shown in 

figure 7.2. the characteristic infrared absorption frequencies of the complex in solid state 

is tabulated in table 7.2. analysing the characteristic infrared absorption in frequencies of 

the Isonicotinic acid complex with Pr(III) ion, we could observe the intense peaks at 

1644.98 cm-1 correspond to the asymmetric stretching vibrations of the carboxyl group as 

observed for the coordinated carboxylate ligands15. When a carboxylic acid is protonated, 

the stretching frequency shifts to 1700 cm–1 and when it is deprotonated the frequency 

shifts towards 1600 cm–1. The -(C=O) vibration observed in the IR spectrum of the 

complex at 1644.98 cm-1 is absent in the spectrum of the ligand suggesting the 

deprotonation of the carboxyl group6. Absorption bands at 3414.92, 1231.62, 1021.06 and 

690.70 cm–1 is assigned to -(C=N) and -(C=C) modes of the pyridine ring. The C-H 

bending vibration appears at 1409.47 cm–1. The peaks at around 491.99 cm-1 and 419.62 
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cm-1 may lead to coordinating sites such as oxygen and nitrogen; M-O and M-N, 

respectively16,17. The presence of asymmetric stretching vibration of -N-O was seen in 

1539.49 which was absent in the ligand spectra.  

 

Table 7.2. FT-IR wavenumbers with functional groups assigned to the Pr:Isonicotinic 

acid complex. 

 

Sl. No. 

 

Assignments (Functional groups) 

 

 

Wavenumber (cm-1) 

 

Pr(III):Isonicotinic acid complex 

1 -HC=CH stretching (aromatic compound) 3414.92 

2 -O-H (carboxylic acid) 2889.95(s), 2797.96(b) 

3 -C=O (Carboxylic acid) 1644.98 

4 -COO stretching 1589.78, 

5 -N-O asymmetric stretching (nitro compound) 1539.49 

6 -C-H bending (aromatic compound) 1409.47 

7 -C-N stretching (aromatic compound) 1231.62 

8 -CH=CH bending (aromatic compound) 1021.06, 690.70 

9 Ring 851.38, 766.75 

 

Luminescence Studies 

 

Figure 7.3. (a) Emission spectra of Praseodymium(III) and 

Praseodymium(III):Isonicotinic acid complex. 
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Figure 7.3. (b) Excitation spectra of Praseodymium(III) and 

Praseodymium(III):Isonicotinic acid complex. 

 

Figure 7.3. (a) and (b) shows the emission spectra of Pr3+ ions and Pr(III):Isonicotinic 

acid complex in the spectral region 430–680 nm obtained by 444 nm excitation 

corresponding to the 3H4→
3P2 transition. The emission bands centred at 477, 512, 595 

and 640 nm are assigned to 3P0→
3H4, 

3P1→
3H5, 

1D2→
3H4 and 3P0→

3F2 transitions, 

respectively. Upon 444 nm excitation, the excited Pr3+ ion decay non-radiatively from the 

3PJ and 1D2 excited state to the lower lying 3H4, 
3H5 and 3F4 energy states18,19. The 

luminescence intensity of the emission transitions depends on the population of the 

complexes and Pr ion in the excited levels. However, the intensity of the 3P0→
3H4 

transition is high due to the fast nonradiative decay from the higher lying 3P2,1,0 levels. 

The inset of Figure 7.3. describes the emission channels of Pr3+ ions in Pr(III):isonicotinic 

acid complex. From the emission spectra it is clear that the emission intensity of the 

3P0→
3H4 transition is almost constant for the Pr(III):Isonicotinic acid complex due to the 

increase in the energy transfer among the excited Pr(III) ions. Moreover, the free metal 

ion and praseodymium(III) complex of the emission bands 3P0→
3F4 and 1D2→

3H4 

transition overlap each other whereas for 3P0→
3H4, 

3P1→
3H5 are well resolved. Significant 

red shift has been observed for all the emission transition 3P0→
3H4, 

3P1→
3H5, 

1D2→
3H4 

and 3P0→
3F4. This red shift may be due to the distribution of excited ions in the vicinity 

of ligand fields at complexation20. The intensities of all the observed emission bands 
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increase with complexation. This may be mainly due to the phenomenon of quenching 

through the energy transfer between the excited state of the Pr(III) ion. The emission 

dominates from the 3P0 state which is populated by fast multiphonon non-radiative 

relaxation from the higher lying 3P2,1,0 levels. As the complexation of the Pr3+ ion with 

the ligands takes place, the energy transfer process becomes more predominant and fast 

quenching in emission intensity takes place21. At lanthanide (III): Ligands complexes red 

emission quenches significantly. The lanthanide complexes show enhancement in the 

emission intensity compared to that of the metal ion. The enhancement of the emission 

intensity of the metal complex shows clear evidence of metal-ligand complexation. The 

quantum yield for Pr(III):Isonicotinic acid complex was 0.0575. Compared to the metal 

ion, which served as their precursor, the metal complexes displayed significant 

fluorescence intensities. The addition of a metal ion to the complex may have made the 

ligand more rigid in its conformation, which would have raised the fluorescence 

intensities of the complexes. These findings indicate that the created complexes could be 

useful in photochemical applications22–24.  

 

X-Ray Diffraction 

Praseodymium (III):Isonicotinic acid complex X-ray diffraction pattern was 

observed (figure 7.4.). The unit cell parameters and Miller indices were used to connect 

the Bragg angles and the set of interplanar spacing to these values, which were then 

applied to the individual reflections using formulas using sin 2θ25. The reflections 

between 2θ in the diffractogram of the complexes ranged from 10 to 80°, with a maxima 

at 2θ = 16.69. 

However, the lattice parameters calculated for the unit cell value of Pr (III):Isonicotinic 

acid complex are; a = 7.2391 (Å), b = 7.4661 (Å), c = 6.3910 (Å) and cell volume of cell 

: 275.03 (Å)3. The observed diffraction pattern corresponds to Anorthic crystal system 

which match with the JCPDS PDF No. 00-038-1885. The presence of possible phase such 

as PrO3 is not observed. This confirms the lattice substitution of Pr3+in (C6H5NO)3
- site. 

The crystal size was estimated using the Scherrer formula’s,  

dXRD = 
𝜅𝜆

𝛽 cos 𝜃′
 

where k is the shape factor (≈0.9), β is the full width at half maximum of the reflection 

peak, θ is Bragg’s angle, and λ is the wavelength of Cu kα radiation. The average crystal 

size (dXRD) is found to be 27.32 nm.  
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Figure 7.4. XRD spectrum of Praseodymium:Isonicotinic acid complex. 

 

Thermal analysis 

 

Figure 7.5. TGA of the the synthesized Praseodymium: Isonicotinic acid complex. 
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The TGA measurements for Pr(III): Isonicotinic acid complex was measured in dynamic 

air while being heated at a rate of 20°C/min. As shown in figure 7.5., It has been found 

that the Praseodymium (III):Isonicotinic acid complex decomposes thermally in two 

stages, in the first stage a single molecule of pyridine decomposes and in the second stage 

two molecules of the Isonicotinic acid and methanoic acid was decomposed thus leaving 

Pr(NO3)3 as the final residue. The stages of decomposition were in good agreement when 

compared with the elemental analysis result. The praseodymium (III): Isonicotinic acid 

complex starts decomposition at a temperature higher than 470oC which shows that the 

complex is thermally stable at room temperature. 

 

Table 7.3. Antibacterial activity of Pr(III):Isonicotinic acid complex, metal ion as 

negative control, commercial drug as positive control. 

 

 

Sl. No. 

 

 

Name of bacterial 

pathogens 

 

Zone of inhibition(mm) 

Pr(III):Isonicotinic 

acid complex 

Negative 

control 

Positive control 

(Ampicillin) 

 

1 Escherichia coli 28 No zone 25 

2 Klebsiella pneumonia 21 No zone 28 

3 Staphylococcus aureus 22 No zone 26 

4 Bacillus subtilis 23 No zone 19 

 

Table 7.4. Minimum Inhibitory Concentration assay of Pr(III):Isonicotinic acid complex 

against bacterial pathogens. 

 

Sl. No. 

 

Name of the bacterial 

pathogens 

 

Observation of Growth 

300 μg/ml 500 μg/ml 600 μg/ml 800 μg/ml 1 mg/ml 

                [Pr(Aspartic acid)3(NO3)3]  

1 Escherichia coli + - - - - 

2 Bacillus subtilis + + - - - 

[Pr(Histidine)3(NO3)3] 

1 Escherichia coli + + - - - 

2 Bacillus subtilis + - - - - 

[Pr(Valine)3(NO3)3] 

1 Escherichia coli + + - - - 

2 Bacillus subtilis + - - - - 

Note: + = Growth of bacteria, - = No growth of bacteria 
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Table 7.5. Antifungal Activity of Pr(III):Isonicotinic acid complex. 

 

Sl. No. 

 

Name of Fungal Pathogens 

 

Zone of inhibition (mm) 

1 Candida albicans 38 

2 Aspergillus niger 29 

3 Penicillium italicum 17 

4 Fusarium oxysposum 14 

 

Antibacterial Activity of Lanthanide (III) Complex: Antibacterial activity of 

Pr(III):Isonicotinic acid complex with positive control commercial drugs (Ampicillin) 

and negative control metal ion15 were studied against four bacterial pathogens such as 

Escherichia coli, Klebsiella pneumonia, Staphylococcus aureus and Bacillus subtilis. 

Pr(III):Isonicotinic acid complex has shown better result in the form, zone of inhibition 

in culture plates rather than commercial drugs against two pathogens such as Escherichia 

coli and Bacillus subtilis. The zone of inhibition (mm) of Pr(III):Isonicotinic acid 

complex in the culture plate was 28 mm against Escherichia coli and 23 mm against 

Bacillus subtilis respectively. Whereas negative control (metal ion) did not show any zone 

of inhibition (Table 7.5.). The present finding shows the antibacterial activity of the 

Pr(III):Isonicotinic acid complex. 

 

Minimum Inhibitory Concentration Assay: Escherichia coli and Bacillus subtilis were 

checked for the Minimum inhibitory concentration. Minimum inhibitory concentrations 

of bacterial pathogens were observed such as Bacillus subtilis (300 μg/ml) and 

Escherichia coli (500 μg/ml) (Table 7.6.). This result is similar to the finding of Chohan 

et al26.  

 

Antifungal Activity of Praseodymium (III) Complex: The inhibitory activity of 

Pr(III):Isonicotinic acid complex was observed in fungal pathogens. Among the three 

fungal pathogens Candida albicans was highly susceptible (38 mm) followed by 

Aspergillus niger (29 mm), Penicillium italicum (17 mm) and Fusarium oxysposum (14 

mm). The results are presented in Table 7.7. 
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UV-Vis spectroscopy studies 

 

Figure 7.6. Absorption spectra of Pr(III) and Pr(III):Isonicotinic acid complex in aquated 

DMF (50%v/v) 

 

Table 7.6. Computed value of energy interaction parameters Slater-Condon Fk (cm-1), 

Spin Orbit Interaction ξ4f (cm-1), Nephelauxetic ratio (β), bonding (b1/2), and covalency 

(δ) parameters of Pr(III) and Pr(III) with Isonicotinic acid in aquated  (N,N 

Dimethylformamide) solvent. 

 

System 

 

F2 

 

F4 

 

F6 

 

ξ4f 

 

E1 

 

E2 

 

E3 

 

β 

 

b1/2 

 

δ 

 

 

RMS 

 

DMF:Water 

 

Pr(III) 

 

308.895 

 

42.643 

 

4.664 

 

719.965 

 

3507.395 

 

23.735 

 

614.104 

 

0.944 

 

0.166 

 

5.856 

 

122.50 

 

 

Pr(III):Isonicotinic acid 

 

308.592 

 

42.601 

 

4.649 

 

719.767 

 

3503.955 

 

23.712 

 

613.502 

 

0.943 

 

0.167 

 

5.921 

 

121.20 
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Table 7.7. Observed and calculated P and Tλ (Tλ, λ= 2, 4, 6) intensity parameter of Pr(III) 

with Isonicotinic acid in aquated DMF solvent. 

 

The presence of a highly detailed internal f-electron transition, as well as Lanthanide's 

sensitivity to the coordination environment and geometry of the complex formed with 

various ligands in easily accessible spectral regions, have paved the way for a broad 

approach to using absorption spectrophotometry as an important tool for studying 

lanthanide chemistry, especially in solutions in both aqueous and non-aqueous 

solvents27,28. The absorption spectra for the 4f-4f transitions of the Ln3+ ions are used to 

determine the strength of Ln3+ with ligand interaction coordination geometry, structure of 

metal-ligand complex formed and chelate-solvent interactions29–31.  

4f-4f transitions of lanthanide ions occur deep within the metal's core cell and they are 

generally insensitive to the coordination environment and are referred to as non-

hypersensitive. The hypersensitive transitions, on the other hand, follow the selection 

rules, ∆S = 0, ∆L ≤ 2 and ∆J = ≤ 2 and are highly sensitive to changes in their 

coordination environment and their band intensities become more intensified when a 

lanthanide ion gets complexed with ligands32.  

Through investigations it is revealed that some transition intensities of Pr(III) (3H4 →3P2, 

3H4 →3P1, 
3H4 →3P0 and 3H4 →1D2) do not follow the selection rule but they could exhibit 

an exceptionally sensitive character towards minor changes in their coordination 

environment. Such transitions, pseudoquadrupole in character are known as Ligand 

Mediated Pseudohypersensitive transitions since their sensitivity is the inducing result of 

their coordination environment. This Pseudohypersensitive transition has been used 

extensively for the absorption study to understand the nature of bonding and structural 

conformations of Pr(III) with ligand in solution study. The interaction of Pr(III) with the 

 

 

System 

 

3H4→ 3P2 

 

3H4→ 3P1 

 

3H4 → 3P0 

 

3H4→ 1D2 

 

 

T2 

 

 

T4 

 

 

T6  

Pobs 

 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

Pobs 

 

Pcal 

 

DMF:Water 

 

 

Pr(III) 

 

5.355 

 

5.355 

 

1.826 

 

1.288 

 

0.739 

 

1.270 

 

0.915 

 

0.915 

 

-147.4 

 

3.544 

 

16.62 

 

 

Pr(III):Isonicotinic acid 

 

7.838 

 

7.838 

 

2.991 

 

2.038 

 

1.071 

 

2.010 

 

1.125 

 

1.125 

 

-265.5 

 

5.614 

 

24.24 
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ligand and their sensitivity towards the formation of the complex is shown vividly by the 

corresponding intensification of the pseudo hypersensitive transitions33. 

Table 7.8.  shows the computed values of the various energy interaction parameters: Fk 

(k=2,4,6), ξ4f, E
k (k=1,2,3), β, b1/2, δ and RMS values. From the variation in the values of 

Pr(III) and Pr(III):Isonicotinic acid complex in aqueous DMF solutions, the detailed 

nature of bonding could be studied. It was found that there was a decrease in the computed 

values of the energy interaction parameters β, ξ4f and Fk for Pr(III):Isonicotinic acid 

complex as compared to the metal ion Pr(III) revealing the possibility of formation of 

complexes. The increase of percent covalency (δ) and the bonding parameter (b1/2) 

followed by the nephelauxetic ratio (β) values, which were found to be less than unity, 

implies the possibility of the formation of covalent bond in the complexation of Pr(III) 

with isonicotinic acid. The decreased value of (β) explained the expansion of the orbital 

of central metal ion thereby shortening the metal-ligand distance known as the 

nephelauxetic effect. The decrease in the values of β also conveys its correlation to the 

intensification of the various transitions bands of Pr(III) (3P2, 
3P1, 

3P0, and 1D2) as shown 

in figure 7.6. The root mean square (RMS) values predict the accuracy of the estimated 

values of energy interaction parameters.  

The intensity parameters; Judd-Ofelt parameters (𝑇𝜆) and Oscillator strength (P) for the 

ligand-mediated pseudohypersensitive transitions (3H4 →3P2, 
3H4 →3P1, 

3H4 →3P0, and 3H4 

→1D2) for Pr(III) ion and Pr(III): isonicotinic acid complex was evaluated. The 

remarkable changes in the P values of 4f-4f bands shown in table 7.2. implies the 

possibility of the interaction between Pr(III) with isonicotinic acid. When Pr(III) interacts 

with the ligand in solution the magnitude of 𝑇𝜆 (λ = 2, 4, 6) parameters increase 

significantly; this validates the possibility of the binding of isonicotinic acid to Pr(III). 

The T4 and T6 are affected significantly and their values are positive thus can be applied 

in the Judd-Ofelt theory of 4f-4f transitions. Both  𝑇4 and 𝑇6 parameters are related to 

changes in symmetry properties of the complex species thus, the significant changes in 

the values of  𝑇4 and 𝑇6 suggest possible changes in their immediate coordination 

environment which induces to the changes in the complexation of Pr(III) with Isonicotinic 

acid. On the other hand, though the transition 3H4→
3F3 and T2 are correlated to the 

hypersensitive transition, since 3H4→
3F3 transition is beyond the UV-Visible region and 

its values are negative, thereby T2 is ignored31,34. When the values of P and their 

corresponding Tλ  have significant variations, it indicates inner-sphere complexation while 
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slight changes in the values of P and Tλ parameters indicate outer-sphere complexation of 

the metal with the ligand35. The significant changes in computed values of P and 

𝑇𝜆 provide substantial evidence of the involvement of isonicotinic acid in the nona-inner-

sphere coordination of Pr(III).  

 

7.4. Conclusions 

Pr(III):Isonicotinic acid complex was synthesized which is verified by the 

characterization and they were non-hydroscopic solid and soluble in water and most of 

the organic solvents. Their molar conductance was found to be 11.9 Ω-1cm2mol-1 in DMF 

solution at room temperature which indicated that the complex were non-electrolytes in 

nature. Isonicotinic acid coordinates with Praseodymium (III) by its oxygen anion of 

deprotonated carboxyl group and the nitrogen atom of the pyridine ring. The metal to 

oxygen and metal to nitrogen coordination has been justified by our IR data. The 

synthesized complexes were crystalline in nature and they match the JCPDS PDF No. 00-

038-1885 and average crystal size (dXRD) was found to be 27.32 nm. However, the lattice 

parameters calculated for the unit cell value of Pr (III): Isonicotinic acid complex are; a 

= 7.2391 (Å), b = 7.4661 (Å), c = 6.3910 (Å) and cell volume of cell: 275.03 (Å)3.  

From the variation in the computed energy interaction and intensity parameters, it was 

found that there was complexation between Pr(III) and isonicotinic acid.  It was also 

found that there was formation of nona-inner sphere coordination between Pr(III) and 

isonicotinic acid.  The synthesized complexes possess high thermal stability in air at room 

temperature as they start decomposition above 470°C. The metal ion and the complexes 

were excited at 444 nm and the excited metal ion and complexes decay non-radiatively 

from the 
3

P
J 
and 

1

D
2
 excited state to the lower lying 

3

H
4
, 

3

H
5
 and

 3

F
4
 energy states. The 

quantum yield was found to was 0.0575. The synthesized complex was found to exhibit 

good photochemical properties and antimicrobial properties; this finding indicates that it 

can be useful for photochemical and therapeutic applications. 
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Summary and Conclusion 

 

This chapter presents the overall summary and conclusions of the thesis. The future scope 

of the work is also highlighted in this chapter.  
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In the present study, we synthesized Praseodymium (III) with some selected 

ligands (L-Aspartic acid, L-Histidine and L-Valine and Isonicotinic acid) and were 

characterized through various physicochemical, spectral and TGA studies. The elemental 

and IR studies revealed that the ligand is coordinated to the Praseodymium(III) ion in a 

bidentate fashion through the oxygen atom of the carboxylic acid and nitrogen atom of 

the amine/heterocyclic group. The powder XRD of Praseodymium (III) complexes was 

studied. The photoluminescent properties of the metal ion and the metal complexes were 

evaluated, and it was observed that the metal complexes show significant enhancement 

of intensities compared to the free metal ion. TGA studies show that all the complexes 

were thermally stable in air at room temperatures. The antimicrobial and photochemical 

properties of the complexes could also be detected. 

We have also used absorption difference and comparative absorption 

spectrophotometry as PROBE to follow the simultaneous co-ordination of Pr(III) with 

the ligands (L-Aspartic acid, L-Histidine and L-Valine and Isonicotinic acid) in different 

solvents. It has been found that significant information can be obtained which can be of 

direct chemical interest such as co-ordination number, structure, geometry, nature of 

complex species as well as in following a number of biochemical reactions. 

We have evaluated intensity parameters: Oscillator strength ‘P’ and Judd-Ofelt 

‘Tλ’ (λ = 2,4,6) and energy interaction parameters such as Slater Condon Fk’s (k = 2,4,6), 

Lande factor (ξ4f), Racah energy (Ek), nephelauxetic effect (β), bonding (b1/2) and percent 

covalency (δ) by employing partial multiplet regression method using least square fit 

procedure. The quantitative analysis of 4f-4f spectral transitions through the computation 

of various spectral parameters gives as useful information regarding symmetry, 

coordination number, nature and strength of bonding of the co-ordinating ligand from the 

energies, intensities of transition and spectral pattern itself. 

 Literature suggests that, only a little attempt has been made to follow the kinetics 

of lanthanide complexation with biomolecules using 4f-4f transition spectra. The present 

thesis describes a systematic approach for determining the rate of the metal complexation 

of some selected amino acids and pyridine as ligands using comparative absorption and 

absorption difference spectroscopy. Since it was observed that the intensity of 4f- 4f 

transitions showed substantial increase with Time, therefore absorption spectral analysis 

of 4f- 4f transitions have been employed to explore the kinetics of the formation of the 

complexes. The Rate constants (k), Activation energy (Ea), ΔH0, ΔS0 and ΔG0 of the 

complexation of Pr(III): amino acids/pyridine in DMF medium has been evaluated. The 
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observed values of reaction rate constant (k) were evaluated in terms of the complex 

formed during the progress of the reaction and the same has been evaluated from the plots 

of oscillator strength of 3H4→
3P2 transition of Pr(III) complex versus time (in hour). The 

values of activation energy (Ea) and thermodynamic parameters, ΔH0, ΔS0 and ΔG0 are 

evaluated from the Van’t Hoff plot of log K against 1/Tx103. This technique provided the 

means to determine indirectly the thermodynamic parameters of the complexation of 

Pr(III) in DMF medium. It was observed that the rate of complexation increases with 

increase in temperature and from which the activation energy Ea of the complexation was 

evaluated. 

 

From our study it has been observed that: 

➢ All the synthesized complexes were 1:3 metal-ligand stoichiometry, non-hydroscopic 

solids and soluble in common organic solvents, such as methanol, ethanol, Dioxane, ACN 

and DMF. 

➢ The molar conductance values of the synthesized complexes were in the range of 10-13.1 

Ω-1cm2mol-1 in DMF solution at room temperature. These values indicated that the 

complexes were non-electrolytes in nature. 

➢ Amino acid coordinates with Praseodymium(III) by its oxygen anion of deprotonated 

carboxyl group and the nitrogen atom of NH2 group. Pyridine coordinates with 

Praseodymium(III) by its oxygen anion of deprotonated carboxyl group and the nitrogen 

atom of heterocyclic group.  The metal to oxygen and metal to nitrogen coordination has 

been justified by the enclosed IR data. 

➢ Compared to the metal ion, which served as their precursor, the metal complexes 

displayed significant fluorescence intensities. The addition of a metal ion to the complex 

may have made the ligand more rigid in its conformation, which would have raised the 

fluorescence intensities of the complexes. These findings indicate that the synthesized 

complexes could be useful in photochemical applications. 

➢ From powdered XRD, the four observed diffraction pattern for Pr:L-Aspartic acid, 

Pr(III):L-Histidine, Pr(III):L-Valine and Pr(III):Isonicotinic acid complexes corresponds 

to monoclinic, orthorhombic, monoclinic and anorthic phases which matches with the 

JCPDS PDF No. 00-023-1519, 00-051-2290, 00-022-1930 and 00-038-1885 respectively. 

The average crystal size (dXRD) was found to be 40.11 nm, 15.78 nm, 25.20 nm and 27.32 

nm respectively. 
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➢ All the synthesized complexes were found to be thermally stable in air at room 

temperature as they all starts decomposition at a high temperature. All the synthesized 

complexes were found to have better antimicrobial activities as compared to that of the 

metal ion and ligands alone.  

➢ The presence of internal 4f electron transition spectra in the accessible spectral region for 

most of the lanthanides and the sensitivities of such transitions towards coordination 

environment makes quantitative absorption spectroscopy, involving 4f-4f transitions a 

powerful tool in the investigation of coordination chemistry and biochemistry of 

lanthanides especially in solution. The 4f–4f transition of Pr(III) can be used to investigate 

the nature of binding of some biologically important ligands even though they are non-

hypersensitive.  

➢ On complexation red shift is observed leading to the phenomena of nephelauxetic effect. 

Nephelauxetic effect brings about the shortening of metal-ligand bond distance resulting 

in the intensification of the 4f-4f bands showing the binding of ligands to the metal ions.  

➢ The decrease in the values of Fk and ξ4f on addition of ligands as compared to those of the 

free metal ion indicates the decrease in the inter-electronic repulsion and spin orbit 

interaction. This can be attributed to the complexation of Pr(III) with ligand present in 

the surrounding environment and which in turn indicates the expansion of the central 

metal ion orbital. This information is further supplemented more clearly by increase in 

the observed value of oscillator strengths ‘P’ and Judd–Ofelt parameter ‘Tλ’ (λ= 2, 4, 6) 

when ligands are added to metal ions.  

➢ In all the system the values of nephelauxetic ratio (β) are less than unity and the values of 

bonding parameters (b1/2) are positive which indicates the possibility of the covalent 

bonding. 

➢ The variation of solvent has significant effect on the oscillator strengths of the 4f-4f bands 

and this leads to variation in the magnitude of Judd-Ofelt (Tλ) parameters. When the 

ligands are added to the metal ion in different solvents, we find maximum intensities and 

marked variation in the magnitudes of intensity parameters in case where DMF is the 

solvent. This is due to their ability to donate oxygen donor atoms. The order of 

sensitivities of the solvents in the formation of complexes of both Pr (III) ion with the 

ligands was found to be in the order:  

DMF> CH3CN > Dioxane > CH3OH 

➢ The magnitude of T2 is found to be negative in case of Pr(III) so it is meaningless. Hence 

T6 is most significant followed by T4.  
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➢ The sensitivity of the binding of different amino acids and pyridine ligands to Pr(III) is 

in the order:  

L-Histidine < Isonicotinic acid < L-Aspartic acid < L-Valine 

➢ The positive enthalpy and entropy in Pr(III) indicates that the complexation reaction is 

endothermic and entropy increasing process. Since TΔS0> ΔH0, the coordination reaction 

is entropy driven process, spontaneous one and favoured in solution.  

➢ Negative values of ΔG0 predicts that the complex formation is favourable and also a 

spontaneous one.  

➢ We can further justify that the simultaneous complexation reaction between Pr(III) ions 

with amino acids/pyridine occurs at a spontaneous pace, following the randomness of the 

system when it approaches higher temperatures (increasing ΔS0 values). The lower values 

of Ea give further evidence that the reaction is a fast reaction.  
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CONFERENCES/SEMINARS/WORKSHOPS 

PRESENTED/ATTENDED 

 

1. Poster presented at National Seminar on “Chemistry in Interdisciplinary 

Research-2017” (NSCIR-2017), Nagaland University, Lumami. 

2. Poster presented at Conference on Recent Advances in Nano Science and 

Technology (RANST-2017) organized by Institute of Nano Science and 

Technology, Mohali, Punjab [December 19
th

 – 21
st

, 2017]. 

3. Paper presented at National Seminar on Chemistry in Interdisciplinary Research, 

Department of Chemistry, Nagaland University, Lumami, 9-10 November 2018. 

4. Paper presented at International E-Conference on Sustainable and Futuristic 

Materials (SFM-2021) organized by International Research Centre and Department 

of Chemistry, Kalasalingam Academy of Research and Education, Krishnankoil, 

Department of Chemistry, J.M. Patel Arts, Commerce and Science College, 

Bhandara & Department of Chemistry, Kamla Nehru Mahavidyalaya, Nagpur [29
th

 

– 30
th

 November 2020]. 

➢ International Conference on Emerging Trends in Nanomaterials and Technology 

(ICETNMST-2017) organized by Department of Science and Humanities, National 

Institute of Technology, Dimapur, Nagaland [January 4
th

 – 6
th

, 2017]. 

➢ National Seminar on Chemistry in Interdisciplinary Research (NSCIR-2017) 

organized by Department of Chemistry, Nagaland University, Nagaland [March 16
th

 

– 17
th

, 2017]. 

➢ Conference on Recent Advances in Nano Science and Technology (RANST-2017) 

organized by Institute of Nano Science and Technology, Mohali, Punjab [December 

19
th

 – 21
st

, 2017]. 

➢ Workshop on Advanced Techniques in Nano Science and Technology organized by 

Institute of Nano Science and Technology, Mohali, Punjab [December 13
th

 – 16th, 

2017].  



 

 

➢ Participant in Short term course on “Analytical Techniques for Physical, Chemical 

& Bioinspired Materials”, National Institute of Technology, Chumukedima, 

Nagaland [July 23t – 27
th

, 2018]. 

➢ National Seminar on Chemistry in Interdisciplinary Research (NSCIR-2018) 

organized by Department of Chemistry, Nagaland University, Nagaland [November 

9
th

 – 10
th

, 2018]. 

➢ One-day Workshop on “Importance of IPR in Academic Institutions” organized by 

IPR Cell, Nagaland University, Nagaland [May 29
th

, 2019]. 

➢ National Webinar on Opportunities in Chemical Sciences post Covid-19 Scenario 

organized by Department of Chemistry of Smt. G.G.Khadse College, Muktainagar, 

Dist. – Jalgaon (M.H.)[June 26th, 2020] 

➢ National Webinar on Scintillating Chemistry (SC-2020) organized by ACT, Homi 

Bhabha Centre for Science Education (HBCSE), Mumbai [June 28th, 2020]. 

➢ Webinar on Advanced Nanotechnology, Versatile Molecule & Spectroscopy 

organized by Department of Chemistry, Sikkim Manipal Institute of Technology in 

Collaboration with Association of Chemistry Teachers (ACT) C/O Homi 

BhabhaCentre for Science Education, Mumbai [July 3rd& 4th July 2020] 

➢ International Virtual Conference on Modern Instrumental and Characterization 

Techniques in Applied Sciences (MICTAS – N2020) organized by MIET Kumaon 

Haldwani & Department of Chemistry, H.N.B. Govt. P.G. College, Khatima, 

Uttarakhand in collaboration with USERC DST Dehradun & Department of 

Chemistry, R.H. Govt. P.G. College, Kashipur, Uttarkhand [July 5th-6th, 2020] 

➢ International E-Conference on Sustainable and Futuristic Materials (SFM-2021) 

organized by International Research Centre and Department of Chemistry, 

Kalasalingam Academy of Research and Education, Krishnankoil, Department of 

Chemistry, J.M. Patel Arts, Commerce and Science College, Bhandara & 

Department of Chemistry, Kamla Nehru Mahavidyalaya, Nagpur [29th – 30th 

November 2020]. 

➢ International Webcon on Recent Advances in Chemistry Education and Chemical 

Research (IWRACECR – 2020) organized by Association of Chemistry Teachers 

C% Homi Bhabha Centre of Science Education (TIFR) Mumbai and Department 

of Chemistry, MLSM College, Darbhanga, Bihar, India [November 29th, 30th & 

December 01, 2020].  



 

 

➢ International Webinar on Innovations in Science & Technology (IWIST-2021) 

organized by Department of Chemistry, Smt. Narsamma Arts, Commerce and 

Science College, Kiran Nagar, Amravati and Association of Chemistry Teachers, 

Mumbai [ February 27th 2021]. 

➢ TEQIP – III sponsored Five days online workshop on “Recent Advances in Organic 

and Biomolecular Chemistry 2021”, (RAOBC – 21) organized by the Department 

of Chemistry, NIT Sikkim [March 22nd – 26th, 2021]. 

➢ Two-day Workshop on “Quality Enhancement in Research” organized by IQAC, 

Nagaland University, Nagaland [March 22nd – 23rd, 2021]. 

➢ International E-Conference on Recent Trends on Advanced Materials & 

Environment (RTAME -2020) organized by the Department of Chemistry, IQAC 

and Research & Development Cell [August 5th, 2022]. 

 

 


