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SYNOPSIS

The lanthanides and actinides are the key elements in nuclear industry as fuel
materials (U, Pu, Th), nuclear poisons (Gd), burn-up monitors (Nd). The nuclear tests,
accidental release from nuclear power plants and the low level effluent discharges from
nuclear facilities are the major routes by which actinides can enter into environment. Deep
geological repositories are one of the proposed methodologies for the immobilization of the
high level waste (HLW) generated during the reprocessing of spent nuclear fuel [1]. With the
view to access the performance of the deep geological repositories over a long term to retain
the long lived actinides and fission products as well as to ensure the containment of the
radionuclides in the waste forms, it is important to investigate the migration behavior of these
radionuclides in the geosphere [2]. Depending on the prevailing conditions around these
nuclides, they can undergo various kinds of interactions like complexation, sorption,
precipitation and colloid formations [3]. The complexation of the actinides with ligands that
are co-disposed with HLW or the ligands of potential occurrence near the repository
conditions is an important pathway for transportation and mobility of these radionuclides
from their origin [4]. The anthropogenic ligands may enter the aquatic arena by artificial
routes like agro and pharma industries, processing plants, waste water treatment, degradation
products of waste confinement barriers or co deposition during decontamination of nuclear
equipment. [5-6].

The interaction of actinides with anthropogenic ligands mainly concerned with
aliphatic, aromatic carboxylates and aminocarboxylates [7-8] in the literature. The studies on
the aqueous complexation of either lanthanides or actinides with pyridine monocarboxylates,
its N-oxides and hydroxamates are very limited [9-10]. In the recent years, few studies have
been reported on the complexation of Np(V) with picolinic acid, nicotinic acid [11-13]. Most

of the literature reports on chemistry of interaction of lanthanides in general and europium in



particular with pyridine monocarboxylate-N-oxides (PCNOs) are either with the synthesis of
polymers or on coordination networks in solid state to explore their applications in
luminescence, catalysis and many other fields [14-16], but the studies in solution are limited
[17]. The studies on the interaction of simple hydroxamates with tetra- and pentavalent
actinides have been reported in the literature on extraction and reduction of actinides [18-19].
The complexation of Np(V) with HA in aqueous medium has been reported by only one
group [20].

The behaviour of actinides in aquatic environment is dependent upon their chemical
form viz. ions, polymeric forms or as colloids which in turn may affect their chemical
interaction as well as their migration [21]. Thus, the accountability of colloids is always
essential to determine the solubility limits accurately which are required as inputs in
geochemical model [22]. The presence of colloids can increase the total concentrations of
actinides above the equilibrium thermodynamic solubility limits, and thereby increase the
mass amount of actinides transportable to the environment [23-25]. Solubility data reported
for amorphous Th(IV) precipitates, called either amorphous hydroxides Th(OH), (am) or
hydrous oxides ThO,.xH,O(am), show considerable discrepancies [26-30]. This may be due
to the fact that the reported solubilities do not refer to a well-defined solid phase but to
hydrated oxyhydroxide ThO,(OH)4.2n.xH20(am) with 0 < n < 2 depending on the preparation
method, pre-treatment, alteration, and temperature . Furthermore, the presence of colloids can
also explain the widely scattered Th(IV) concentrations measured in the various solubility
studies [31].

The major findings in the literature that made us to study the complexation of
Eu(lll), Th(IV) and Np(V) with pyridine monocarboxylates or pyridine monocarboxylate-N-
oxides or hydroxamates to determine either thermodynamic parameters and/or coordination

modes of complexation are as follows: The log K values differ significantly from one another



and the uncertainty in determining the values of formation constants for higher complexes are
also high in case of Eu(l11)-picolinate complexes. There were no thermodynamic studies
reported on complexation for: 1). rare earths with isonicotinate, 2). any of the tetravalent
actinides with pyridine monocarboxylates and 3). Eu(l1l) or Th(IV) with the three isomeric
pyridine monocarboxylic acid-N-oxidess in the solution. Most of the studies on complexation
of Np(V) with pyridine monocarboxylates are limited to determination of stability constant
values only but don't shed any light on the speciation to depict the amount of various
stoichiometric complexes formed and their spectral properties during the course of the
reaction. No detailed studies to understand the binding modes and the structural changes in
terms of bond distances, bond angles, charge densities on individual atoms on coordination
with the ligands in Np(V)-HA complexes at molecular level are available in the literature.
Further, the systematic study of thermodynamics of complexation of the three pyridine
monocarboxylates helps in interpreting the effect of position of the pyridyl nitrogen with
respect to carboxylate group on the stability of the complex formed. The effect of ionic
strength on protonation constants, the interaction parameters for the deprotonated pyridine
monocarboxylic acid-n-oxides have also not been reported in the literature.
Chapter 1:  Introduction

The first chapter of the thesis presents the brief outline on the fundamental chemical
properties of f-elements covering their electronic configurations, similarities and differences
between the lanthanides and actinides, hydration and hydrolysis reactions of the same. The
fate of the radionuclides in aquatic environment by various chemical and physical processes
like sorption, colloid formation, bio-interactions, precipitations and complexation with
various inorganic and organic ligands including the anthropogenic moieties have been
discussed in relevance to transportation and migration of these radio nuclides [3]. The three

steps namely solubility, aqueous speciation and transportation models of a geochemical code



are discussed to explain the process of complete migration of actinides from the source to far
field of the repository. The data on colloids formation of actinides and thermodynamic
parameters for the complexation process are important inputs during the modelling of
migration process using geochemical code [32]. After discussion of the literature on
complexation and colloid formation by lanthanides and actinides, the motivation for the work
carried out and the scope of thesis are presented at the end of the chapter.
Chapter 2: Experimental Methodologies and Instrumentation

The chapter begins with the procedures for the preparation and standardization of
various standard and stock solutions employed in the present investigations [33]. The
methodology and instrumentation of autotitrator and spectrophotometer, which are the two
main techniques used in the present studies to determine both the protonation and
complexation constants, have been described. The instrumentation of time resolved
luminescence spectrometer is also given in detail, emphasising the procedure and
methodology in utilizing the emission intensity variations and life time in determining the
stability constants and number of coordinated water molecules present in the primary
hydration sphere of Eu(l1l) in the complexes respectively. The enthalpy of formation for both
protonation of ligand and metal-ligand complexes was determined by isothermal titration
calorimetry (ITC). The instrumentation along with the methodology to determine the
enthalpy of reactions are also explained in the present chapter. The actinide colloid formation
was probed with utilisation of an advanced new technique called laser induced breakdown
detection (LIBD). Hence, a detailed discussion on instrumentation, size and concentration

calibration procedures were illustrated for better understanding of the technique [34-35].



Chapter 3: Studies on Protonation of Pyridine Monocarboxylates, its N-Oxides and
Hydroxamates
The present chapter gives results obtained from the thermodynamic investigations for
the protonation of all the three categories of ligands namely pyridine monocarboxylates
(PMC), pyridine monocarboxylate-N-oxides (PCNO) and hydroxamates. The discussion on
determination of protonation constants of the PCNOs over a range of ionic strength starting
from 0.1 M to 3.0 M and to find out the ion interaction parameters and the protonation
constants at zero ionic strength (pKa0Q) by the application of specific ion interaction theory
(SIT) was also included in the present chapter. The effect of position of the ‘N’ (in PMCs)
and N-oxide moiety (in PCNOSs) with respect to carboxylate group and the side chain (acetyl
and phenyl) or additional functionality like ortho hydroxy in salicyl (in hydroxamates) on
protonation process are interpreted with the help of thermodynamic parameters. Lastly, the
theoretical calculations are carried out to reveal the variations in charge densities on
individual atoms for the protonated and deprotonated forms of the three acids for further
understanding the trends in experimental data.
Chapter 4. Thermodynamic, Luminescence and DFT Studies on Complexation of
Eu(l11) by Pyridine Monocarboxylates and its N-Oxides
The present chapter throws light on the determination of thermodynamic parameters
for the complexation of Eu(lll) with pyridine monocarboxylates and its N-oxides. Though
the complexation with nicotinate and its N-oxide is through carboxylate only, very
interestingly, the Eu(lll) forms innersphere complexes with nicotinate while it forms
outersphere complexes with nicotinate-N-oxide. The chapter presents an exclusive
discussions on the speciation, thermodynamic and luminescence spectroscopic studies of the
Eu(lll) complexes. The linear free energy relationships, emission intensity ratios (asymmetric

ratio), lifetime relation to coordination of the complexes formed has also been included in



this chapter. The change in position of N-oxide has played a key role in deciding the mode of
complexation with the metal ion. PANO and IANO favoured the innersphere complexation
while NANO favoured an outersphere complexation for ML with a mix of inner-outer sphere
complex in ML,. At the end of the chapter, detailed DFT calculations were added to
optimize the geometries of the predicted complexes and to calculate the bond length, bond
angles, charges on individual atoms of these optimized geometries. The systematic variation
of ligand structure on thermodynamic parameters revealed the role of chelation, charge
polarization, hydrogen bonding and hydration on complexation process.
Chapter 5: Thermodynamic and Density Functional Theory Studies on Complexation
of Th(IV) by Pyridine Monocarboxylates and its N-Oxides

Th(IV) is a representative of tetravalent actinides such as Pa(IV), U(IV), Np(IV) and
Pu(IV). The studies on complexation of Th(IV) with pyridine monocarboxylates and its N-
oxides using potentiometry and isothermal titration calorimetry have been described in the
present chapter. Th(IV) complexes are relatively more stable than the corresponding Eu(lll)
complexes which is attributed to higher entropy change due to higher dehydration in case of
former complexes. The exothermicity and higher values of formation constants of the
picolinates over the other two isomers (nicotinate and isonicotinate) with thorium is due to
the extra stability by chelating nature of picolinate. In the case of N-oxide bearing ligands,
all the Th-PCNO complexes are endothermic and are entropy driven. The thermodynamic
data has been explained on the basis of change in coordination mode due to chelation or
change in ligand basicity. The study reveals the significant effect of hetero moiety (N in PMC
and N-O in PCNO) on the complexation behaviour. The experimental results were

corroborated with the theoretical predictions and were found in good agreement to each other.



Chapter 6: Stability, Speciation and Spectral Properties of Np(V) Complexes with
Pyridine Monocarboxylates and Hydroxamic acids - A Spectrophotometric
Study Combined with DFT Calculations

The present chapter aimed at determining the stability (log ) of the complexes
formed; and the spectral properties of Np(V) complexes with PMCs are discussed in terms of
changes in Amnax and molal extinction coefficients (¢). Among the three geometrical iSomers
the picolinate forms strongest complex through five membered chelate formation. In case of
nicotinate and isonicotinate, the binding is through carboxylate group but enhanced stability
than expected from pKa values of carboxylate groups is attributed to the charge transfers
from nonbonding nitrogen. The trend in stability constants and charge polarization in ligand
molecules on complexation has been supported by theoretically calculated binding energies
and the charges on individual atoms.

The chapter also describes systematic theoretical studies to understand molecular
structures and coordination modes of neptunium complexes with three different substituent
hydroxamates  viz., acetohydroxamate (AHA), benzhydroxamate (BHA) and
salicylhydroxamate (SHA) carried out using DFT. The charges on atoms and geometrical
parameters like bond angles and bond distances are used to rationalize the energetics of
complexation reaction. The results revealed the dominant role of electrostatic interaction in
determining the complex stability. In Np-AHA, the acetyl group increases the electron
density on donating oxygen atoms compared to phenyl group in BHA, thereby making it
more stable. Among the various binding modes of Np-SHA on 1:1:1 complexes, the one
involving ortho hydroxyl group and hydroxyl group of hydroxamate moiety is most stable
whereas in 1:2:2 complex geometries, steric constraints play the dominant role making the

geometry involving hydroxamate moiety only (forming five membered ring) as most stable



for the second ligand. The calculated results corroborated the experimentally obtained
stability constants.
Chapter 7: The Solubility of Th(IV) - The Effect of pH, lonic Strength and Colloid
Formation

With a view to determine the solubility of Th(IV) in aqueous perchlorate solutions,
studies were carried out to evaluate the content of thorium present in the supernatant of
equilibrated thorium solution at various hydrogen ion concentrations and ionic strengths. lon
chromatography (IC) technique was used to find out the amount of thorium in ionic state
(Th*") and ICP-MS was employed to determine the total thorium in supernatant. LIBD
technique was used to determine the size and concentration of colloid particle formed if any.
The present chapter starts with brief introductory lines on the importance and effect of
actinide colloids in aquatic environment followed by the necessity of present studies on
colloid formation by thorium under different aquatic conditions. The results of pH, IC, ICP-
MS, DLS and LIBD measurements on the aged thorium samples was discussed in relation to
mechanism of their formation and determination of thorium colloids. The present studies
revealed the formation of colloids of range 14-37 nm at concentrations 2 to 385 ppb. The
solubility products were found to be lower than the reported values upon taking into
consideration the formation of colloids.
Chapter 8:  Summary

The results of the studies carried out as a part of this thesis have been summarized in

this chapter. The highlights on the outcomes of the Ln / An complexation with various PMCs,
PCNOs and HAs and on the studies on colloid contribution under different pH and ionic
strengths to thorium solubility were summarised. The trends in the thermodynamic
parameters for actinides of different oxidation states and ligands of different functionality

have been analysed in the light of their ionic potential (metal ions) and basicity (ligands). The



need of experiments to study the complexation and colloid formation under more realistic

conditions close to the natural environments was discussed at the end of chapter for future

research direction.
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Chapter 1

Introduction

Nuclear energy has been identified as one of the clean options and alternative to
fossil fuel in many countries in the world, including India. India has a flourishing and largely
indigenous nuclear power programme and expects to achieve 25% of electricity from nuclear
power by 2050 [1]. Due to limited resources of indigenous uranium, Indian atomic energy
program envisages an ambitious plan to harness the energy from fast breeder reactors (Il
stage) and vast thorium reserves (I11 stage) [2].

Chemistry plays an important role in all the stages of nuclear fuel cycle viz. mining
and milling of Uranium, conversion of yellow cake (ammonium diuranate or magnesium
diuranate) into uranium oxide (UO,), fuel fabrication and its quality control, behavior of the
fuel during reactor operation, spent fuel reprocessing and waste management. Inputs from
chemistry are also valuable in devising strategies for decontamination of primary heat
transport system and moderator system with a view to reduce the man rem and sustain the
reactor operation for longer period of time. With the expansion of nuclear energy programs,
research and development activities towards advanced fuels, new solvents for reprocessing
and innovative waste management philosophies become necessary.

1.1 Indian Nuclear energy Programme

A modest uranium reserve and a large thorium resource in India led to the adoption
of the three-stage programme [4]. The first stage is primarily based on the Pressurized Heavy
Water Reactors (PHWRs), which use natural uranium dioxide as the fuel and heavy water as
both moderator and coolant. A mix of the plutonium from the first stage and natural uranium
would initially fuel the second stage. Plutonium fuelled fast reactors, due to their associated

high breeding ratio, are the best choice for the second stage. Large-scale utilization of
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thorium for nuclear power has been envisaged in the third stage wherein a mix of thorium and

U-233 fuels the reactors.

1.2.

The Nuclear Fuel Cycle

The various activities associated with the production of electricity from nuclear

reactors are referred collectively as the nuclear fuel cycle (figure 1.1). It represents the

progression of nuclear fuel from creation to disposal [5].

Uranium ]/7 Tails Storage

Uranium ore / [ Enrichment
Fuel
Fabrication

[ Natural Uranium ]
A

\4

[R . ). | SpentNuclear Fuel Nuclear
eprocessing |¢ Reactor

Waste Disposal > | Repository

Figure 1.1: The important stages of nuclear fuel cycle

The nuclear fuel cycle typically includes the following stages [6]:

>

>

Mining of uranium and its milling followed by conversion into yellow cake.
Conversion of yellow cake into UO,

Fuel fabrication in suitable form depending upon the reactor type.

Burning of the fuel in reactors (nuclear power or research)

Interim storage of spent nuclear fuel
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»  Reprocessing (or recycling) of spent nuclear fuel to recover the valuable elements
such as U, Pu.
> Management of nuclear waste.
1.3. Challenges in Nuclear Fuel Cycle

Subsequent to the irradiation of nuclear fuel in reactor, the spent fuel contains
substantial amount of fission products and actinides, making it highly radioactive. In a closed
fuel cycle, the spent fuel subjected to reprocessing to cover the valuable U and Pu, leaving
the fission products and minor actinides in the high level waste (HLW) [6]. In the once
through fuel cycle operation the fuel utilization remains below 1% [7]. The multiple
reprocessing and recycling can enhance the fuel utilization by nearly a factor of 60 [8]. The
closed fuel cycle results in significant reduction in the radioactive waste burden [9].

Nuclear energy production faces a number of challenges: first and foremost the
requirement for continuous enhancement of safety culture (reinforced in particular by the
accidents of Three Mile Island, Chernobyl and the more recently at Fukushima Daiichi), the
need to adopt technologies and materials so as to make them proliferation resistant and to
have a robust radioactive waste disposal and management system [10]. Management of HLW
is one of the major challenges being faced by nuclear industry due to its high radiotoxicity. In
once through fuel cycle it takes nearly 200,000 years for the radio-toxicity level to come
down to that of natural uranium ore. By separating minor actinides from HLW, the radio
toxicity of the HLW can be brought down to the level of natural U in a much shorter time
scale of about few thousand years [11], which is a challenging task. Recently separation of
Minor Actinides (MA) from HLW has been demonstrated on a pilot plant scale [12]. The
separated minor actinides can be transmuted in accelerator driven subcritical (ADS) reactor

so as to convert them into short-lived radionuclides.
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1.4. The Radioactive Waste

The International Atomic Energy Agency (IAEA) defines Radioactive waste as
“any material that contains or is contaminated by radionuclides at concentrations or
radioactivity levels greater than the exempted quantities established by the competent
authorities and for which no use is foreseen” [13]. Classification schemes for radioactive
waste are based on different factors, such as safety or regulatory related aspects or process
engineering demands. As per IAEA safety and protection guidelines [14], there are six
classes of waste forms
14.1. Exempt Waste (EW): Waste that meets the criteria for clearance, exemption or
exclusion from regulatory control for radiation protection purposes.
1.4.2. Very Short Lived Waste (VSLW): Waste that can be cleared from regulatory
control according to arrangements approved by the regulatory body, after storing (to a low
decay) for a limited period of up to a few years. This includes waste containing primarily
radionuclides with very short half-lives often used for research and medical purposes.
1.4.3. Very Low Level Waste (VLLW): Waste that does not necessarily meet the
criteria of EW, but that does not need a high level of containment and isolation and,
therefore, is suitable for disposal in near surface landfill type facilities with limited regulatory
control. Such landfill type facilities may also contain other hazardous waste. Typical waste in
this class includes soil and rubble with low levels of activity concentration. Concentrations of
longer lived radionuclides in VLLW are generally very limited.
1.4.4. Low Level Waste (LLW): Waste that is above clearance levels, but with limited
amounts of long-lived radionuclides. Such waste requires robust isolation and containment
for periods of up to a few hundred years and is suitable for disposal in engineered near

surface facilities. This class covers a very broad range of waste. LLW may include shortlived
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radionuclides at higher levels of activity concentration, and also longlived radionuclides, but
only at relatively low levels of activity concentration.
1.4.5. Intermediate Level Waste (ILW): Waste requiring a greater degree of
containment and isolation than that provided by near surface disposal, owing to its content,
and long lived radionuclides, ILW may contain long-lived radionuclides, in particular, alpha
emitting radionuclides that will not decay to a level of activity concentration acceptable for
near surface disposal during the time for which institutional controls can be relied upon.
Therefore, waste in this class requires disposal at greater depths, of the order of tens of meters
to a few hundred meters.
1.4.6. High Level Waste (HLW): Waste with levels of activity concentration high
enough to generate significant quantities of heat by the radioactive decay process or waste
with large amounts of long lived radionuclides that need to be considered in the design of a
disposal facility for such waste. Disposal in deep, stable geological formations usually several
hundred meters or more below the surface is the generally recognized option for disposal of
HLW. The management of HLW comprises a comprehensive longterm strategy, involving
solidification, interim storage, reprocessing, partitioning, packaging and the ultimate disposal
in a deep geological repository [15].
1.5. Radioactivity in the Environment

The major sources of radionuclides into the environment can be either of natural or
artificial origin. We are surrounded by naturally occurring radioactive elements in the
geosphere, and are showred with cosmic rays entering the earth's atmosphere from outer
space. We receive internal exposure from radioactive elements, which get into our bodies
through food, water, and air. In addition, natural radioactive elements (**K, and **C) are also

present in our body [16].
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The major radioactive contamination to the environment has coccurred by nuclear
events, such as testing of nuclear weapons, nuclear reactor accidents, and re-entry of satellites
into earth’s atmosphere [17]. In addition, small quantities of radioactive materials may get
into the environment through nuclear fuel cycle activities, viz., mining and milling, fuel
fabrication, reactor operation and reprocessing of spent fuel and waste management [18].
Lelieveld et al. has described all the major nuclear accidents in different parts of the world
along with the risk assessments for the same [19]. The beginning of the atomic age marked
the onset of nuclear weapons testing, which is responsible for the radioactive contamination
of a large number of sites worldwide [20].

15.1. Radionuclides in Aquatic Environment

The aquatic environment has received the greatest input of radionuclides from the
atmospheric testing of nuclear weapons, though very low level of acceptable discharges from
nuclear facilities may also add a small fraction to this inventory [21]. Santschi et al has given
a detailed report on the concentration, residence times in marine waters, half lives of all the
major radionuclides present in the different water bodies like oceans, rivers, estuaries etc.
[22-23]. Actinides may get released to the environment at different stages of the nuclear fuel
cycle, primarily through improper disposal of mill tailings and effluents, low-level discharges
from enrichment and reprocessing plants [24].

MAYAK production association in former USSR and Hanford site in US are the
two best examples for release of high level radioactivity in aquatic environments. Through a
series of accidents and spills, the Russian nuclear facility at Mayak contaminated more than
15,000 km? with highly radioactive waste. Three significant contamination events have
occurred at Mayak: direct releases of radionuclides to the Techa river, an explosion in a high-
level radioactive waste tank in 1957 (Kyshtym) and dispersal of radionuclides from the dried

out bed of Lake Karachay in 1967. Between 1949 and 1956, 100 Peta-Becquerel (Peta = 10%°)
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of radioactive discharge, containing strontium-90, cesium-137, plutonium, and uranium was
released into the Techa river system [25]. At the Hanford Site, the U.S. produced most of its
weapons grade plutonium during the Cold War. Although the facility was decommissioned in
1988, it remains the most radioactively contaminated site in the Western Hemisphere. The
radioactive releases from Hanford had contaminated air, groundwater, soil and the Columbia
River. Fallout had spread more than 200 radioactive isotopes over Oregon, Idaho, California,
Montana and Canada [26]. Most recently, the radioactive emissions from the Fukushima
nuclear disaster into the Pacific Ocean have been estimated at 78 P Bq [27].

Actinides and long-lived fission products are the major contributors to the
radionuclide inventory in the aquatic environments. During the ractor operation, Pu isotopes,
“am, #'Np and **?*Cm isotopes undergo neutron capture followed by PB-decays. In
addition, underground repositories of radioactive wastes and the soils contaminated with
radionuclides may be sources of radionuclide inventory in aquatic environment.

1.5.2. Fate of Radionuclides in Aquatic Environment

Release and migration of radionuclides from nuclear wastes strongly depend on
their chemical composition and on the speciation of the released radionuclides [28]. The
aquatic behavior of radionuclides play the central role as water is one of the prime agents for
distribution of elements on earth and hence to the living world. Consequently, aquatic
ecosystems greatly affect the fate of radionuclides [22] along with the soils and sediments
which may fix the radionuclides depending upn their chemical properties [29].

Among all the radioactive nuclides, actinides are of major concern in aquatic
environments owing to their complex chemical behavior and the possibility of transportation
and migration to faraway places from the place of origin [30-31]. Although minor in
abundance in earth’s crust (U, 2—4ppm; Th, 10—15 ppm) and in seawater (U, 0.003 ppm; Th,

0.0007 ppm), lighter actinides (Th, Pa, U, Np, Pu, Am, and Cm) are important environmental
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contaminants associated with anthropogenic activities [24]. Actinide ions in waters are often
not in a state of thermodynamic equilibrium and their solubility and migration behavior is
related to the form in which they are introduced into the aquatic system. Chemical speciation,
oxidation state, redox reactions, and sorption characteristics are necessary in predicting
solubility of the different actinides, their migration behaviors and their potential effects on
marine biota [32].

In order to predict release and transport rates, as well as design cleanup and
containment methods, it is essential to understand the chemical reactions that the
radionuclides will undergo in prevailing environmental conditions. The actinides in aquatic
environments undergo a wide range of complex geochemical processes such as sorption,
dissolution, hydrolysis, colloid formation, precipitation, redox equilibration, radiolysis,
complexation by humic substances and other potential ligands. Of all these mechanisms, four
important processes for consideration of actinide transportation and migration in aquatic
systems are precipitation, sorption, complexation, and colloid formation [33].
1.5.2.1. Precipitation

The aqueous concentrations of actinides in aquatic environments are controlled by
the dissolution and precipitation of discrete mineral phases. Contaminant uptake by
organisms as well as its transport in natural systems typically occurs through the solution
phase, wherein the thermodynamic solubility of contaminant-bearing minerals can directly
influence the chemical reactivity, transport, and ecotoxicity of their constituent ions.
Precipitation of a solid phase will have a retarding effect on their release and transport rates,
and thus is considered to be one of the key processes for the immobilization of radionuclides
in the environment. Hydroxide, carbonate, sulfate, phosphate and fluoride ions present in

aquatic environments form insoluble compounds with actinides, which has been corroborated
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by solubility and speciation experiments with actinides in different oxidation states such as
U(VI1), Np(V), Pu(1V) and Am(I1I) in various aquifers [34].
1.5.2.2. Sorption

Actinide in aquifers can attach themselves reversibly or irreversibly onto rock or
mineral surfaces, which tends to retard migration. The mobility of released radionuclides is
strongly dependent on the sorption and desorption processes occurring at mineral surfaces.
An insight into the sorption mechanisms is of paramount importance for any predictive
modeling of radionuclide migration, and the bioavailability of radionuclides in the natural
environment [35-36]. Actinide sorption is influenced by ionic interaction of cations with
sorption sites as well as by steric effects. At neutral and basic pH, actinides interact with
hydroxyl groups of polysilicic acid, and hydrated iron oxides as well as with surface hydroxyl
groups of colloidal materials [32]. The chemical form of the actinides and their sorption, are
highly dependent on the composition of the agueous system with respect to pH, redox
potential, and concentration of anions like carbonate, phosphate, fluoride, and organic acids.
Depending on geochemical conditions and the type of mineral, reactions other than sorption,
such as surface induced redox reactions and actinide incorporation into the solid matrix, are
also possible [37].
1.5.2.3. Complexation

Fundamental understanding of the complexation of actinides in solution is of great
importance in the development of efficient separation processes as well as the environmental
management of nuclear wastes. Complexation increases the amount of radionuclide in
solution and tends to increase the release of radionuclides and hence the migration rates. The
inorganic ligands in ground water responsible for the complexation of the actinides are the
same as discussed under precipitation. Besides inorganic ligands, humic acids (HA), organic

macromolecules like fulvic acids, and pyoverdins are also ubiquitous in aquatic
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environments, and play important role in the migration of actinide. In addition, certain
organic ligands used in separation of actindies and decontamination of contaminated
components in nuclear industry may also get into the nearby aquatic streams and can complex
the actinide ions, thereby significantly influencing their migration in aquatic environment
[38].
1.5.2.4. Colloid Formation

Actinide ions can sorb on groundwater colloids generating pseudo colloids or can
undergo extensive hydrolysis resulting in polynuclear species to form intrinsic or Eigen
colloids. Colloid formation can, depending on the nature of the colloid and the solution
conditions, enhance or retard migration of the radionuclide. Therefore, failure to account for
the colloid migration as a potential vehicle for actinides can lead to serious underestimates of
the distances that actinides can migrate. For example, at Los Alamos National Laboratory,
plutonium and americium detected in monitoring wells > 1 mile from a liquid waste outfall
were characterized by ultrafiltration as being bound on colloids of 25-450 nm in diameter.
For these reasons, much attention has been focused recently on the role of colloids in
facilitating actinide migration in the geosphere [39].
1.6. Geochemical Models

The movement and fate of radionuclides in aquatic environment is determined by
two parameters: the maximum solubility of a particular radionuclide in the relevant solutions
and the distribution of the particular radionuclide between the solid and liquid phases that
they encounter on their migration path [40]. The geochemical model includes three sub-
models: solubility model, aqueous speciation model and transport model [41].
Solubility Model: Percolating water penetrates into repository waste packages and dissolves
some of the actinides. The dissolved actinides undergo re-precipitation and re-dissolution

through the canisters and form a series of complex alteration phases or secondary minerals.
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Aqueous Speciation Model: Some of these phases finally leave the waste packages and then
enter the unsaturated zone.

Transport Model: During the migration through the UZ, the dissolved actinides species
undergo a series of chemical reactions, such as hydrolysis reaction, and reaction with other
complexing anion viz. carbonate over a range of pH values.

A wide range of literature is available on the many aspects related to speciation and
migration of radionuclides in the geosphere. These include the data on solubility, hydrolysis,
complexation, sorption, and the influence of colloids and humic substances on the transport
of radionuclides. In addition, extensive literature exists on the application of new analytical
spectroscopic techniques for detection and determination of speciation in aquatic systems
(particularly for actinides) [42].

As discussed above, complexation of actinides with inorganic and organic ligands
present in aquatic system plays a key role in their transportation and migration from the
source [43]. The primary factor determining the mobility of actinides (An) in the environment
is their oxidation state, which can have a wide range of values depending on environmental
redox condition [24]. Apart from the natural radioactivity series, the most significant long-
lived radionuclides present in HLW (for example technetium, neptunium, iodine, plutonium,
americium and curium) are not normally present in measurable concentrations in relevant
natural geological systems. The actinides, such as, 2*’Np and ***Pu, do exist naturally but only
in very small quantities [44]. Therefore, in order to study the behavior of these critical long-
lived radionuclides, suitable chemical analogues are required which exhibit similar physico-
chemical properties. The trivalent lanthanides (Eu** or Nd**), tetravalent thorium (Th*"),
pentavalent neptunium (Np(V)) and hexavalent uranium (UO,*") are used as chemical

analogues for the actinides in +3, +4, +5 and +6 oxidation states respectively [45].
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1.7. The Chemistry of Lanthanides and Actinides

The lanthanides and actinides have partially filled f orbital. The lanthanides (the
fourteen elements following lanthanum, represented as ‘Ln’) are known as the rare earths and
are characterized by the filling up of the 4f energy levels, which are not usually involved in
bonding. These highly electropositive elements have a common oxidation state of +3 and
generally resemble each other in their chemical and physical properties. They have a
generic symbol “Ln”. The symbol “An” is used while referring to any of the actinide series
elements. The actinides (the 14 elements following Actinium, represented as ‘An’) are the
elements occupying the final row of the periodic table, that in which the 5f shell is filled. The
group is also known as heavier elements or inner series transition elements following
actinium [46]. All actinide series elements are radioactive in nature, they release large
amount of energy on radioactive decay. These elements are used in nuclear reactors and
nuclear weapons. Uranium and thorium have diverse applications, whereas americium is used
in ionization chambers of modern smoke detectors. The lanthanides and actinides are the key
elements in nuclear industry as fuel materials (U, Pu, Th), nuclear poisons (Gd), burn-up
monitors (Nd) [47].
1.7.1. Similarities and Differences Between Lanthanides and Actinides

Though both the series of elements Ln and An, have similar electronic
configuration namely filling of (n-2) f orbital, the different degree of shielding and radial
distribution of 4f and 5f orbitals manifest in small differences in their chemical properties. In
addition, the higher relativistic effects and poor shielding of 5f orbitals in actinides compared
to that in lanthanides results in difference in the relative energies of (n-2)f and (n-1)d orbitals
which in turn affects the stability of oxidation states particularly among the early actinides.

Both the groups are highly electropositive and very reactive in nature. With increase in
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atomic number there is a decrease in atomic and ionic size (lanthanide / actinide contraction)
for a particular oxidation state. Both show magnetic properties [48].
1.7.2. The Oxidation States

Lanthanide ions show +3 as the most stable oxidation state owing the non-
participation of the 4f orbitals in bonding. However there are exceptions such as Eu and Yb,
which also show +2 oxidation state due to extra stability of half filled (f') and completely
filled (f**) orbitals respectively. In addition Ce also shows +4 oxidation state due to extra
stability of unfilled (f°) orbitals [49].
Table 1.1: Oxidation states exhibited by actinide elements (most stable oxidation state are

given in bold)

89 90 91 92 93 94 9 96 97 98 99 100 101 102 103

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

In the actinides, the f shell does not start to fill until Pa and the 5f shell is
destabilized by differential screening due to relativistic effects, which explains in part its
greater availability for bonding, and the existence of high oxidation states in the early
actinides, wherein the 5f orbital is higher in energy compared to 6d. As the electron are being

filled in 5f it gets stabilized and becomes lower in energy than 6d, the cross over point being
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at Am (table 1.1) [50]. Consequently the 5f orbitals are able to participate in the bonding of
early actinide, thereby showing variable oxidation states in early actinides. Beyond Am the 5f
orbital gets sufficiently stabilized and hence is unable to participate in bonding thus
explaining the common oxidation state (+3) of transplutonium elements, which behave
chemically similar to Ln**. However, due to extra stability of half filled (f') and completely
filled (f*%) orbitals, Bk and No show +4 and +2 oxidation state respectively.

Among the early actinides, the most stabile oxidation state corresponds to 5f°
configuration namely Ac(lll), Th(IV), Pc(V) and U(VI). Beyond uranium, the most stable
oxidation state is lower than that corresponding f° viz. Np(V) and Pu(lV) with higher
oxidation states getting stabilized under alkaline conditions. An(lll) and An(IV) exist in
water as aqua-cations, An** and An**, An(V) and An(VI) form actinyl-cations, AnO," and
AnO,*, with protactinium(V) being an exception [43]. However, there is wide variability in
the stability of a particular oxidation state across the actinide series and for some actinides
several oxidation states can coexist in the same solution. This is most evident for plutonium
owing to small differences in the redox potentials of Pu(lll), Pu(lIV), Pu(V), and Pu(VI) over
a range of pH values [51].

1.7.3. Hydration of Lanthanides and Actinides

Solvation and complexation reactions of lanthanide and actinide ions are
dominated primarily by strong ion-dipole interactions. Therefore, the number of donor groups
(ligands) in the primary coordination sphere are the result of the subtle interplay between
steric and electrostatic factors [52]. The hydration of Ln®" has been mainly investigated by
neutron diffraction [53], X-ray diffraction [54] and extend X-ray absorption spectroscopy
[55] and by computational calculations [56]. Ln®*" ions in aqueous non-complexing media
exist predominantly as unhydrolyzed aqua ions below pH of about 5 or 6. The ionic radius of

Ln** decreases from La*" to Lu** due to the lanthanide contraction, with the corresponding
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increase in ionic potential. This causes an increase in the ion-dipole forces that affect
hydration [57]. However, owing to decrease in the ionic radii of Ln** with atomic number, the
hydration number decrease from 9 (La-Pm) to 8 (Tb-Lu) with the intermediate elements (Sm-
Gd) showing, non-integral hydration numbers [48].

The trivalent cations of both the An*" and Ln** series have similar cationic radii,
and a similar decrease in hydration number from nine to eight is observed for the trivalent
actinide elements between Am®" and Es**, which span the same range of cationic radii as
Pm*-Dy** [58]. The coordination numbers for the Th*" — Bk** aqua ions are between eight
and thirteen, indicating large uncertainties in their determination [59]. In the case of actinyl
cations, ‘yl” oxygen atoms occupy the axial position and hence the water molecules can bind
only through equatorial plane. Accordingly the hydration number n = 5 is the most stable for
actinyl cations [60].

1.7.4. Hydrolysis of Lanthanides and Actinides
The high ionic potential of Ln and An ions result in hydrolysis reactions of type,
M(H;0),™ ==> M(H20),1(OH)™* + H* (1.1)

The driving force for this hydrolysis reaction is to decrease the ionic potential and
is favored at higher metal ion concentration and lower H*. Soluble hydrolysis products are
particularly important in natural water systems in which trace concentrations of metal ions
are present. The low cation concentrations and relatively wide range of pH conditions over
which oxo and hydroxo complexes can be present can significantly affect the chemical
behavior of these metals [61]. Actually, less than 2% of the total Ln** may be transformed
into hydrolysis products before the formation of a solid phase, at pH values close to 7 [62].
The hydrolysis of trivalent lanthanides occurs near neutral conditions and depends on the
metal ion concentration, pH, temperature and ionic strength [63] and can form mono, di, tri,

tetra and polynuclear hydrolysis products. The complete data on stability constants and
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formation of various lanthanide hydroxides under different experimental conditions are
available in literature [63-65].

The degree of cation hydrolysis is principally determined by the cation charge to
radius ratio (ionic potential) and is sensitive to solution conditions including the presence or
absence of other dissolved species and their concentrations, temperature, and pH. In dilute
solutions, there can be an entire series of hydrolysis products spanning the monohydroxo- to
the fully hydrolyzed [M(H20),,(OH),] moiety and can include equilibriums that result in the
simultaneous presence of two or more such species [59]. Hydrolysis reactions occur for
actinides in weakly acidic to alkaline solutions in all oxidation states and often compete with
other complexation reactions in neutral and basic solutions. Hydrolysis of the pentavalent
actinides occurs for pH > 8. The strength of hydrolysis follows the order: An*" > AnO,*" >
An** > AnO," [66]. This behavior follows directly from the effective charges of the ion,
which is 4, 3.3, 3 and 2.2 for tetravalent, hexavalent, trivalent and pentavalent respectively
[67].

Tetravalent actinides have very strong tendency to hydrolyze even in acidic solutions
(pH > 2). Moreover, An*" cations of elements from protactinium through americium can
undergo redox reactions relatively easily if the pH is not very low or in the absence of a
strong complexant [66]. The hydrolysis of Th*" involves extensive formation of polynuclear
complexes. A number of hydrolyzed species, Thy,(OH),, denoted by (n,m), are observed in
solution, including monomeric (1,1), (2,1), (3,1) and (4,1); dimeric (1,2), (2,2), (3,2), (4,2)
and (7,2); trimeric (3,3), (5,3) and (6,3); tetrameric (8,4) and (12,4), and hexameric (14,6) and
(15,6) species [68].
1.8. The Lanthanide and Actinide Complexes in Aquatic Environment
Natural water contains a large number of metal ions as well as anions, mostly in

trace concentrations. Complexation increases the actinide solubility as opposed to the
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hydrolysis reaction [69]. The complexation strength is a measure of how effectively a ligand
can compete with water in the coordination sphere of an actinide ion. The lanthanide and
actinide ions are hard Lewis acids, and metal-ligand bonds are predominantly ionic [70].

The complexation of lanthanide and actinide ions by different types of ligands has
been the focus of much research, in the past many decades, from the point of view of
separating individual actinide elements from each other or from other elements in the nuclear
fuel cycle, as well as understanding their environmental chemistry. A number of inorganic
and organic ligands that can form complexes with the actinide ions in solution may be present
in ground waters. Determination of the thermodynamic quantities is of prime importance in
understanding the basic chemistry behind the complexation reactions such as the feasibility,
stability, the enthalpy and entropy of formation. These data also help in predicting the
migration behavior of the radionuclides in aquatic environment as the complexation increases
the amount of the actinide in solution and thus tends to increase their release and migrations
rates [71].

1.8.1. Inorganic Complexing Agents

The common anions in ground waters are hydroxide, carbonate, sulphate,
phosphate, fluoride, chloride, nitrate and silicate [72]. Many authors have reported the
thermodynamics and structural studies on complexation of lanthanides as well as actinides
with above anions [73-77]. The reaction involving the cation, anion and water can be best
explained by Eigen and Tamm, in which there are three major steps to depict the complete
formation of an ion pair (complex) in the solution [78]. These include (i) the formation of ion
pair of hydrated cation and anion (ii) formation of single hydration sphere and (iii) removal
of hydrated water molecule to form the inner sphere complex. Eigen and Tamm suggested
that the conversion from hydrated sphere contact complex (diffusion of cation and anion to

each other's hydration spheres) to inner sphere complex is the slowest step during the entire
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complexation reaction (ligand bonding to metal in its primary coordination sphere). The
entire scheme of Eigen Tamm mechanism can be correlated with the below relation.

M(H,0)_+ L(H,0), — M(H,0) LH,0) — M#H,0) L— ML — ML®H,0), (L2)

The relative tendency of a ligand to form inner sphere compared to outer sphere is
proportional to its position in spectrochemical series relative to water (the basicity of the
ligand). Choppin and group extensively investigated the inner vs. outer sphere complexation
for f-elements with a number of inorganic and organic ligands [79-82] and stated that the
ligands whose acids have pKa < 2 form outer sphere complexes predominantly while those
having pKa > 2 form inner sphere complexes with lanthanide ions.

For a given ligand, the stability of the actinide complexes decreases in the order
An*" > AnO,** > An** > AnO,". The strength of the monohalogeno complexes decreases in
the order CI" > Br > I' and they form outer sphere complexes [83-84]. In general, the
tendency of actinide ions to form complexes with univalent or bivalent inorganic ligands
follows the trends OH™ > F > NOs > CI" >>> ClO, and CO5* > SO > SO4* [66, 85].
Thermodynamic parameters for the formation of the inorganic anion complexes of actinides
in various oxidation states vary in the order U > Np > Pu for penta and hexavalent actinides
[86], Th < U < Np ~ Pu for tetravalent actinides, and Am < Cm < Bk < Cf for trivalent
actinides [87].

1.8.2. Complexation with Natural Organic Matter

Dissolved organic matter (DOM) plays an important role in aquatic ecosystems. In
many freshwaters and coastal waters, the major source of DOM is the degradation of
terrestrial plant matter, which is dissolved and transported through river systems and estuaries
to the marine environment. Exudation by aquatic plants and their degradation are also
important sources of DOM in natural waters. DOM is a heterogeneous mixture of aliphatic

and aromatic polymers and its composition varies in time and space depending on proximity
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to sources and exposure to degradation processes [88]. Organic ligands, from simple
carboxylic acids to more complex fulvic and humic acids are present at variable
concentrations in most natural waters [89]. For example, in oil-field brines, acetic acid
concentrations can approach thousands of parts per million [90] whereas surface and shallow
ground-waters typically contain di- and tricarboxylic acids at concentrations of ~10—100
ppm and a high proportion of humic acids [91]. Dissolved humic substances (HS) (humic and
fulvic acids) exist in surface waters and ground waters in concentrations ranging from less
than 1 mg (TOC)/L to more than 100 mg(TOC)/L. (TOC = Total Organic Carbon) [92]. The
formation of water-soluble complexes of humic substances with metal ions is of particular
interest because complexing can increase concentrations of these ions in natural waters far
above that expected based on the solubility of the inorganic species [93].

Several reports exist in literature on the interaction of lanthanides with fulvic and
humic acids, involving determination of the stability, binding sites and effect of
environmental conditions [94-98]. The lanthanide complexation with humic and fulvic acids
display a lanthanide contraction effect, a gradual increase in log K from La to Lu by 2-3
orders of magnitude. Humic substances show polyelectrolyte effects which causes log K to
increase with increasing pH and decreasing ionic strength [99]. This has been explained in
terms of four different types of metal binding sites on the humic substance (HS), having
different binding constant [100-101].

Most of the studies on actinide interaction with fulvic and humic substances were
aimed to investigate their behavior towards the formation of pseudo colloids and/or to know
the modes of binding by different models [102-108]. Actinides in all the oxidation states IlI,
IV, V and VI can form more stable complexes with humic and fulvic acids, than hydroxide
and carbonate complexes, particularly at low metal ion concentration. Therefore, they

compete with inorganic ligands for actinide ions even when present in low concentration.
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The presence of humic acid complexes would significantly reduce the sorption of actinides
on geologic media. This does not, however, necessarily lead to a potentially enhanced
mobility under environmental conditions, since humic and fulvic acids carrying trace metals
also would be strongly bound to mineral surface e.g. sediments and clays [109].
1.8.3. Anthropogenic Ligands

The anthropogenic ligands are basically organic moieties which enter the aquatic
arena by artificial routes like agro and pharma industries, processing plants, waste water
treatment, degradation products of waste confinement barriers or co deposition during
decontamination of nuclear equipment. Large number of aminocarboxylates like picolinic
acid, iminodiacetic acid, EDTA, isosaccharinic acids were found near waste storage facilities
in deterministic quantities [110-115]. In addition, humic substances formed by the
degradation of plants and animals constitute a heterogeneous group of compounds with
complexing tendency due to the presence of carboxylic, hydroxy and phenolic groups [116].
Therefore, different carboxylates including amino, polyamino poly carboxylates, hydroxy
carboxylates, amino acids can used as model compounds to understand the complexing
nature of humic substances with lanthanides and actinides. Thus, anthropogenic ligands can
be considered as organic functional moieties, which are either introduced into the
environment by manmade activities or used as model compounds to understand the nature of
interactions by radionuclides with HS.

Large number of reports are available in literature on the thermodynamic parameters
and the coordination modes in the complexes of lanthanides or actinides with various
aliphatic and aromatic carboxylates, aminoacids, polycarboxylates and polyamino
polycarboxylates [115-126]. Pyridine monocarboxylates, pyridine monocarboxylate-N-oxides
and simple hydroxamic acids like aceto, benzo and salicylhydroxamic acids are widely used

in nuclear industry for decontamination or for reprocessing of the spent nuclear fuel. In
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addition they are also used as valuable raw materials in agro and pharma industries [127-
131]. Thus, a large amount of these molecules are co-disposed along with the waste into
aquifer systems, resulting in their significant presence in the aquatic environments. Hence,
these ligands form a small but important group of anthropogenic ligands owing to their strong
complexation tendency, which plays a key role in the transportation, and migration of the
radionuclides.
1.9. Actinide Colloids

Once actinide ions are introduced into groundwater, two kinds of colloids can be
distinguished: (1) real colloids, which are produced by aggregation of hydrolyzed actinide
ions through oxo or hydroxyl bridge formation, and (2) pseudo colloids, which are generated
by sorption of actinide ions on real colloids or on aquatic colloids [132-133]. The hydrolysis
reaction, through splitting up the proton from hydrated water molecules, is the primary
chemical process of actinide ions in aquatic systems of near neutral pH. The process proceeds
to polynucleation, depending on the effective charge of actinide aquoions, and then to
formation of colloidal species through oxo or hydroxyl bridging. The relative tendency to
generate real colloids of actinide ions follows their hydrolysis properties. The real-colloid
generation is unambiguously observed for tetravalent actinide ions, less clearly for trivalent
and hexavalent actinide ions [134].

Actinide containing particles exhibit great variability in size, activity, composition,
and structure, depending on their source, mode of formation, and history [135-136]. The
colloids act as a third phase and, depending upon their surface charge and size, can enhance
or retard the migration of the actinides in the geosphere [137]. Therefore, failure to account
for the colloid migration as a potential vehicle for actinides can lead to serious underestimates

of the distances that actinides can migrate [138]. Walther and Denecke have reviewed the
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literature on the source, formation and interaction of colloids as well as their role in the
migration of actinides recently [139].
1.10 Thermodynamic Parameters - An Insight to Complexation

Modeling the behavior of actinides under environmental conditions is very
challenging as it requires accurate information about thermodynamic parameters for
complexes formed by interaction actinides with potential ligands that can regulate the
environmental transport of metal ions through formation of complexes. For instance, in multi-
component systems, such as natural waters, the stability constants of all the known
complexes and the concentrations of each component are used to predict the resultant species.
It is often difficult to measure the chemical activities of actinide ions, ligands, and
complexes, and hence concentrations are used commonly in place of activities for calculation
of stability constants. Such apparent stability constants are valid for only a limited range of
conditions due to their dependence on the ionic strength of the solution. These values also
help in predicting the migration behavior of the radionuclides in aquatic environment. The
enthalpy and entropy of complex formation reflect the disruption of the solvent structure as
well as the combination of the ions. The elimination of water molecules from both the metal
cation and the ligand anion in the complexation results in an endothermic enthalpy change,
which is compensated for by a positive entropy contribution. Thus, the determination of the
thermodynamic quantities , such as, stability, enthalpy and entropy of formation is of prime
importance in understanding the basic chemistry behind the complexation reactions. These
data also serve as valuable inputs in the geochemical models used to predict speciation and
migration of radionuclides in geosphere.
1.11. Motivation for The Present Work

Mixtures of decontamination reagents such as EDTA (ethylene diaminetetraacetic

acid), NTA (nitrilotriacetic acid) and picolinic acid are used for in decontamination in nuclear
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industry [110]. Nicotinic acid, also known as vitamin B-3, is one of the B-complex vitamins
that support the metabolism of natural compounds needed for good health [140] and prohibits
the penetration of Np and Pu into living organisms [141]. Isonicotinic acid and its derivatives
are chiefly used in manufacturing pharmaceuticals [142] and agrochemicals [143].The natural
occurrence of N-oxides in plant/animal tissues, and microorganisms has posed interesting
problems as to the biochemistry and function of these compounds in biological systems
[144]. Through feed wastes or from wastewater treatment plants, N-oxides might enter soils,
sediments, and aquatic environments as contaminants [145]. Formo- and acetohydroxamic
acid are used as reducing and stripping agents for neptunium in modified PUREX and UREX
solvent-extraction processes currently under development for future spent fuel reprocessing
[146]. Thus, a large amount of these molecules are either co-disposed along with the waste or
released as effluents into aquifer systems, resulting in their significance presence in the
aquatic environment. In this context, the interaction of actinides with pyridine
monocarboxylates, its N-oxides and hydroxamates (Figure 1.2) in aquatic environment is
quite prominent. Hence, the studies on complexation of actinides with pyridine
monocarboxylates and their derivatives would be very informative to know the fate of these
contaminants in the aquatic environments. Thus, it is important to study the interaction of
actinides with pyridine monocarboxylates, its N-oxides and hydroxamates (Figure 1.2).

Pyridine Monocarboxylic acids
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From left to right: Picolinic acid, Nicotinic acid and Isonicotinic acid.
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Pyridine Monocarboxylic acid N-oxides
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From left to right: Picolinic acid-n-oxide (PANO), Nicotinic acid-n-oxide (NANO),
Isonicotinic acid (IANO)

Hydroxamic acids
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From left to right: Acetohydroxamic acid (AHA), Benzhydroxamic acid (BHA) and

Salicylhydroxamic acid (SHA).

Figure 1.2: Schematic representation of the three classes of ligands (From top to bottom:
pyridine monocarboxylates, pyridine monocarboxylate-N-oxides and hydroxamates).

The literature reports on interaction of actinides with anthropogenic ligands are
mainly concerned with aliphatic, aromatic carboxylates and aminocarboxylates [147-153].
The studies on the aqueous complexation of either lanthanides or actinides with pyridine
monocarboxylates, its N-oxides and hydroxamates are very limited. Most of the
thermodynamic studies on complexation of pyridine monocarboxylic acids in solution are
concerned with transition metals. A large number of crystallographic and spectroscopic
studies on lanthanides pyridine carboxylates and their derivatives were done to explore their

luminescence properties for various applications, and there are only few studies on the
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thermodynamics of complexation of rare earths with pyridine monocarboxylates [154-158].
In the recent years, few studies have been reported on the complexation of neptunium with
picolinic acid, and nicotinic acid [159-165].

Most of the literature reports on chemistry of interaction of lanthanides in general
and europium in particular with pyridine monocarboxylate-N-oxides (PCNOs) are related to
the synthesis of polymers or on coordination networks in solid state to explore their
applications in luminescence, catalysis and many other fields [166-170], but the studies
related to chemistry in solution are limited [155, 171]. Many studies have reported the solid-
state characterization of uranyl and thorium complexes with different aromatic-N-oxides
[172-174]. Interaction of simple hydroxamates with tetra- and pentavalent actinides has been
studied with a view to understand their extraction and reduction [175-181]. The only studies
towards determination of stability constant involve complexation of U(VI) complexes by
BHA, SHA and benzoic acid [182] and that of Np(V) by HA [183] in aqueous medium. A
detailed literature survey on actinide complexation by pyridine monocarboxylates and their
derivatives revealed that, (i) The log K values differ significantly from one another and the
uncertainty in determining the values of formation constants for higher complexes are also
high in case of Eu(lll)-picolinate and nicotinate complexes. (ii) To the best of our knowledge
no studies were reported the thermodynamic quantities of complexation of rare earths with
isonicotinate in solution. (iii) Further, there are no thermodynamic studies on the
complexation of any of the tetravalent actinides with pyridine monocarboxylates in the
solution, although a few thermo gravimetric and crystallographic studies were reported on the
complexes of pyridine carboxylates and its derivatives with thorium [184-187]. (iv) Most of
the studies on complexation of Np(V) with pyridine monocarboxylates are limited to
determination of stability constant values only but don't shed any light on the speciation plots

to depict the amount of various stoichiometric complexes formed and their spectral properties
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during the course of the reaction. (v) Only the protonation constants of the three-pyridine
monocarboxylate-N-oxides were found in literature [188-189] but no other thermodynamic
parameters for the protonation of any of the three-pyridine monocarboxylate-N-oxides have
been reported. (vi) The effect of ionic strength on protonation constants, the interaction
parameters for the deprotonated pyridine monocarboxylic acid-n-oxides has also not been
reported in the literature. (vii) There were no thermodynamic studies on aqueous phase
complexation of Eu(l1l) / Th(IV) with all the three isomeric pyridine monocarboxylic acid-N-
oxides.

With this in view a systematic study of the complexation of Eu(l11)/Th(IV)/Np(V)
with pyridine monocarboxylates or pyridine monocarboxylate-N-oxides or hydroxamates has
been carried out to determine either thermodynamic parameters and/or coordination modes of
complexation. Further, a systematic study of thermodynamics of complexation of the three-
pyridinemonocarboxylates has also been carried out to investigate the effect of position of the
pyridyl nitrogen with respect to carboxylate group on the stability of the complex.

Another important area of research in actinide speciation, which has attracted
considerable interest in the recent times, is the role of colloids in the migration of actinides in
geosphere. The presence of actinide colloids provides an important pathway for enhancing
the migration of radionuclides, which can be of significance in the performance assessment of
a geologic repository for high-level nuclear waste [135-138]. The migration behavior of
colloids in groundwater can be very different from both soluble species and precipitates. The
presence of colloids can increase the total concentrations of actinides above the equilibrium
thermodynamic solubility limits, and thereby increase the mass amount of actinides
transportable to the environment. Solubility data reported for amorphous Th(IV) precipitates,
called either amorphous hydroxides Th(OH), (am) or hydrous oxides ThO,.xH,O(am), show

considerable discrepancies [190-194]. This may be due to the fact that the reported solubility
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do not refer to a well-defined solid phase but to hydrated oxyhydroxide ThO,(OH)4-2n.
xH>0(am) with 0 < n < 2 depending on the preparation method, pre-treatment, alteration, and
temperature. Furthermore, the presence of colloids can also explain the widely scattered
Th(IV) concentrations measured in the various solubility studies [195].

With this in view the solubility of thorium in aqueous solutions under the varying
conditions of pH, ionic strength and centrifugation rate at long ageing periods was studied.
For this purpose various experimental techniques, viz., dynamic light scattering (DLS), laser
induced breakdown detection (LIBD), ion chromatography (IC) and inductively coupled
plasma mass spectrometry (ICP-MS) were used.

1.12. Scope of The Thesis

The complexation and colloid formation are inevitable processes that play a key
role in the transportation and migration of radionuclides. The thermodynamic data on
complexation and contribution of colloids in solubility limits are crucial parameters for any
cleanup or decontamination strategies and for geochemical modeling for safety assessment of
a deep geological repository. Anthropogenic ligands, though not present as such in
environment, could become a matter of concern for nuclear waste management
methodologies, due to their co-deposition with the waste and release from the industries.
Most of the anthropogenic ligands are the organic moieties with one or more dissociable
protons, which occurs on complexation with various metal ions present in the aqueous
medium. Thus, the protonation/deprotonation process is always a part of complexation
reaction that needs to be taken care for the thermodynamic studies on complexation process.

The present thesis has mainly three categories of investigations: (a) The
protonation studies of the ligands, (b) The complexation of metal ions with the ligands and
(c) The contribution of colloids in determining the solubility of thorium in aqueous

perchlorate solutions.
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(@) There are two protonation sites in pyridine monocarboxylates and their N-
oxides, one at carboxylate oxygen and the other at nitrogen in the pyridine ring or the oxygen
of N-O moiety in case of N-oxides. The protonation constants revealed the presence of mono-
protonated (protonated carboxylate group) as well as di-protonated pyridine monocarboxylate
(protonated carboxylate and nitrogen atom). The protonation of nitrogen atoms in pyridyl
monocarboxylates is found to be highly exothermic whereas enthalpy of protonation of
carboxylate is nearly zero. The protonation of carboxylate groups is mainly driven by entropy
whereas protonation of pyridyl nitrogen atoms are driven by entropy as well as enthalpy. In
case of pyridine monocarboxylate-N-oxides, the pKa determined by Potentiometry follow the
order: PANO > IANO > NANO at all ionic strengths. The calorimetric results revealed
entropy driven protonation of PANO while the other two have minor contribution to
enthalpy. The hydroxamate group has three potential donor atoms: the carbonyl oxygen, the
nitrogen and oxygen of the -NHOH group (Figure 1.2). Hydroxamates behave generally as
bidentate ligand, coordinating metal ions by means of carbonyl and deprotonated hydroxyl
group oxygen atoms, leading to the formation of stable five membered rings. The analysis of
potentiometric data indicated the presence of monoprotonated species for AHA and BHA,
wth mono- and di- protonated species for SHA.

(b) The thermodynamic parameters (log K, AG, AH and AS) for complexation of
Eu(lI)/Th(1V) with pyridine monocarboxylates and their corresponding N-oxides have been
studied by potentiometry and calorimetry. Time resolved luminescence spectroscopy (TRLS)
of Eu(l11) was employed to reveal the stoichiometry of the complexes as well as to determine
their log K. Life time measurements by TRLS, for the decay of °Dy state of Eu(111) also used
to reveal the mode of complexation (inner vs. outersphere) in Eu(lll) complexation with
pyridine monocarboxylate-N-oxides. The log B values, speciation and spectral properties of

Np(V) complexes with pyridine monocarboxylates viz. picolinate, nicotinate and
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isonicotinate, have been studied using spectrophotometry. The role of substitution in
hydroxamate on complexation was investigated by carrying out DFT calculations on Np-
AHA, Np-BHA and Np-SHA complexes. The charges on atoms and geometrical parameters
like bond angles and bond distances are used to rationalize the energetic of complexation
reaction. The experimental observations on the stability and binding mode of the complexes
are corroborated by theoretical calculations using the TURBOMOLE software. The results
obtained by experiments were interpreted using those calculated theoretically for the
complexes for various geometries.

(c) Speciation of thorium in aqueous phases, is greatly influenced by pH to the
hydrolysis, which is also dependent on metal ion concentration. There has also been evidence
that thorium may form polymeric chains attaching on the colloid particle instead of only
sorbing at the host rock surface site. These polymer chains may increase the amount of metal
that may be associated to the colloid, therefore transporting higher quantities outside of the
source. In the present study, the effect of pH, ionic strength and centrifugation rate on
solubility of thorium and its fractionation to ionic and colloids form as been studied. The
presence of colloids of size 14-37 nm at very high concentrations (10'°-10" particles per mL)
were found to be formed under the experimental conditions and has a significant effect on the

solubility of thorium in aqueous perchlorate solutions.
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Chapter 2

Materials, Methodology and Instrumentation

In the present chapter, the details of the methodologies employed to study the
complexation and speciation of actinides and lanthanides in aqueous systems have been
described along with the instrumentation. The methodologies include, (i) potentiometric
titration of ligand solution with acid and/or base to determine the protonation constants as
well as the titration of the metal ion solution with the ligand solution to determine the
stability constant of the complex, (ii) UV-visible spectrophotometric measurements of the
metal ion solution with addition of ligand solution, (iii) time resolved luminescence
spectroscopy of metal ions solutions with varying ligand to metal ratio, (iv) isothermal
titration calorimetry of metal ligand systems for determination of enthalpy of complexation,
(v) fitting of the titration data with the help of nonlinear least square based programmes, viz.,
Hyperquad, (vi) density functional theory (DFT) based calculation of structures and energies
of the complexes and laser induced breakdown detection (LIBD) for determination of size
and concentration of aquatic colloids.

The agqueous speciation studies, namely, complexation and colloid formation under
different aquatic conditions, need the preparation and standardization of a number of metal
ion solutions (Eu, Th, Np), ligand solutions (pyridine monocarboxylates, its N-oxides,
hydroxamates), standard solutions (NaOH, HCIO,, NaClO,) and reagent solutions (buffers,
indicators). The thermodynamic parameters are greatly affected by the accuracy in
concentration of the solutions used to study the protonation or complexation process. For a
complete thermodynamic study, there are three key factors that always play an essential role:
(i) the preparation and standardization of all the solutions employed for the study; (ii) the
instrumentation and methodology employed for the determinations; and (iii) the methods for

data analysis which give a final value for the thermodynamic parameter.
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2.1. Preparation and Standardization of Solutions
All the solutions employed during the course of present study can be categorized

into three groups.

1. Metal ion solutions
2. Ligand Solutions
3. Auxiliary Solutions

Metal ion stock solutions are maintained at high acidity to avoid the hydrolysis,
particularly in case of actinides in higher oxidation states. Auxiliary solutions are essential to
maintain the experimental conditions, viz., ionic strength (NaClO,4) or for preparation and
standardization of metal ion and ligand solutions (acids, bases, buffers and indicators).

2.1.1. Metal lon Solutions

The work carried out as a part of present thesis involves the complexation studies with
europium, thorium and neptunium in aqueous solutions.

Eu(l11) Stock Solution: Eu(lll) stock solution was prepared by dissolving A.R. grade Eu,03
in concentrated nitric acid. This was converted into perchlorate by evaporating to dryness and
dissolving the residue in concentrated HCIO,4. The solution was evaporated to dryness thrice
and finally the residue was dissolved in 0.01 M HCIO,. The Eu(lll) concentration in the stock
solution was determined by EDTA titration using xylenol orange as an indicator [196].
Th(IV) Stock Solution: Th(NOs3)4.4H,O was dissolved in water and Th(OH),; (s) was
precipitated by adding NaOH. The precipitate was centrifuged, washed with water and re-
dissolved with an excess of HCIO,. The precipitation and dissolution were repeated three
times. The Th(IV) concentration in the stock solution was determined by EDTA titration
using xylenol orange as an indicator [196].

Np(V) Stock Solution: Np-237 stock solution in our laboratory was used for the present

studies. It was purified from Pa-233 and other cations using anion exchange (Dowex 1X4)
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resin in nitrate form [197]. The acidity of the Np stock solution was adjusted to 7.5 M
(HNO3) for loading on the anion exchange resin (Dowex 1X4). To this solution, ferrous
sulphamate and hydrazine solutions were added to ensure that all Np(VI) and Np(V) is
reduced to Np(1V). This feed solution was loaded on the column and after three column
volume washings of the resin with 7.5 M HNO3, the solution was eluted with 0.35 M HNO3
to collect the purified Np solution. The purity of neptunium was checked by alpha
spectrometry. The concentration of purified neptunium was estimated by alpha spectrometry
and by measuring the absorbance at 981 nm by UV-VIS-NIR spectrophotometry [198].
2.1.2. Ligand Solutions

The three types of ligands used in the present study include, (i) Alfa Aesar, A.R.
grade picolinic acid (pyridine-2-carboxylic acid) (99%), nicotinic acid (pyridine-3-carboxylic
acid) (99%), isonicotinic acid (pyridine-4-carboxylic acid) (99%), (ii) A.R. grade (Sigma
Aldrich) picolinic acid-N-oxide (PANO or pyridine-2-carboxylic acid-N-oxide) (97%),
nicotinic acid-N-oxide (NANO or pyridine-3-carboxylic acid-N-oxide) (98%), isonicotinic
acid-N-oxide (IANO or pyridine-4-carboxylic acid-N-oxide) (99%), and (iii) A.R. grade
(Sigma Aldrich) acetohydroxamic acid (AHAH) (98%), benzhydroxamic acid (BHAH)
(99%) and salicylhydroxamic acid (SHAH) (99%). The ligand solution for complexation
titration were prepared by dissolving appropriate amounts in milliQ (18 Mohm.cm) water and
addition of required amounts of standardized NaOH for half neutralization.
2.1.3. Auxiliary Solutions

Carbonate free NaOH was used for the electrode calibration. Potassium hydrogen
phthalate as a primary standard has been used to standardize the NaOH. The ionic strength in
all the solutions was adjusted by using NaClO,. Acetate buffer was used to adjust the pH of
europium solution to determine its concentration by EDTA titration with xylenol orange as

indicator. For all acid-base standardization, phenolphthalein was used as an indicator
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solution. Zn(ll) solution is used as primary standard solution for the standardization of EDTA
solution. MilliQ water was (Millipore, resistivity =18 M Ohm.cm) was used for preparing all
aqueous solutions.

Potassium Hydrogen Phthalate and Zinc Solution: A known amount of potassium
hydrogen phthalate / zinc metal was dissolved in ultrapure water to prepare the corresponding
solution of required strength.

Phenolphthalein Indicator Solution: 0.5 g of phenolphthalein is dissolved in 100 mL
solution consisting of 50 mL ethanol and 50 mL water.

Xylenol Orange Indicator Solution: 0.1 g of xylenol orange is dissolved in 100 mL of high
pure water and filtered if necessary.

NaOH Solution: A known amount of Suprapure (> 99.99 % purity) sodium hydroxide
(pellets) was dissolved in appropriate amount of milliQ water. Thorough washing was done
to remove the carbonate impurity present on pellets. The addition of Ba(OH), to NaOH
solution removes carbonate as BaCOg in precipitate form and the supernatant after filtration
can be taken as such for the stock solution. The concentration of NaOH is determined by
titrating against potassium hydrogen phthalate wherein phenolphthalein was used as an
indicator.

HCIO, Solution: Supra-pure (70 %) perchloric acid was diluted in milliQ water to prepare
the HCIO,4 working solutions. The standardization was done by titrating against NaOH with
phenolphthalein as indicator.

EDTA Solution: Required amount of disodium salt of EDTA was dissolved in milliQ water
and the solution was standardized by titrating against Zn(ll) solution. Eriochrome Black T
(EBT) was used as indicator and the change in colour of EDTA solution from light red to

light sky blue is the indication of end point.
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2.2. Equilibrium Constants
The formation constant (Kf) of a complex, which is also called the stability

constant, is defined as the equilibrium constant of the following complexation reaction,

XM+ yL <= MLy (2.2)
[MyLy]
_ MLy

f MR (2.2)

where M is a metal ion, L is a ligand, and x and y are coefficients. The stability constants
could be represented in two ways: stepwise and overall. For a complex formation with

stoichiometry ML, the reaction schemes could be in two ways

M + L <=> ML (2.3)
ML + L <=> ML, (2.4)
ML, + L <=> ML; (2.5)
ML; + L <=> ML, (2.6)

or the complexation scheme can also be shown in a single reaction as
M + 4L <=> ML, 2.7)
The reactions 2.3 to 2.6 represent the stepwise formation of the complex ML, with
their equilibrium constant known as step wise stability constants (K;j), while equation 2.7
represents the formation of ML, in one step, with its equilibrium constant called as
cumulative stability constant (Bi). The stepwise stability constants for all the reactions
leading to the formation of complex ML, can be represented as follows

_ M1 _ M) _ ML) _ ML) 5
T [l K aelie] 3% [ML)[L) K, [ML][L] (28)

Similarly, the overall stability constants for the successive addition of ligand to metal for

formation of all the four complexes are

_ [ML] _ ML) _ ML) _ ML) 29
By [M1[L] p, [M][L]? Bs [M][L]® B, [M][L]* (2.9)
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from equations 2.8 and 2.9, the relation between overall or cumulative stability constants and
stepwise stability constants is deduced as
Bn = K X Ko X Kz X ........ X Kn (2.10)
or in terms of logarithmic values
log By =log Ky + log K3 + log K3 + ........ + log Ky (2.11)

2.3. Activity and Activity Coefficients

The thermodynamic equilibrium constant is defined as the ratio of activities of
products to that of the reactants. For infinitely dilute solutions, the activities can be equated
with the concentrations. However, in practice, the experiments are carried out at finite
concentrations and hence the measured equilibrium constants need to be corrected for the
finite concentration of solutes. For this purpose, the conditional equilibrium constants are
determined at a constant value of ionic strength and the ionic strength dependent data are
extrapolated to zero ionic strength to determine the thermodynamic stability constant. The
ionic strength (1) of a solution is a measure of the concentration of ions in that solution.

=X CixZ? (2.12)

where C; and Z; are the concentration and charge of the species 'i' respectively. The
thermodynamic activities (a;) of aqueous solute species are usually defined on the basis of
molalities. Thus, the concentrations (C;) in equation 2.12 are expressed in molality while vy;,
represents the molal activity coefficients.

lonic solutions depart strongly from ideality due to the long-range electrostatic
interactions between the reacting species and with the solvent. Deviations from ideality are
accommodated by modifying the concentration by an activity coefficient [199].
Concentration can be related to activity using the activity coefficient as,

ai = vi X G (2.13)
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where g; is the activity, vy; is the activity coefficient and C; is the concentration of the species
I"in the solution.
24. Methodology to Determine The Stability Constants
Determination of stability constant of a complex requires the determination of the

concentration of the complex, as well as the concentration of free metal ion and free ligand.
These three quantities are related to each other through the equation of stability constant 2.9
as well as the mass balance equations. For the formation of a complex of stoichiometry MLy,
shown by equation 2.7, the mass balance equations can be written as

[M]r = [M]e + [M]c (2.14)
and [M]c = [ML] + [ML;] + [ML3] + [ML4] (2.15)
where the subscripts T, F and C correspond to total, free and complex. From the expressions
of overall stability constants for these successive complexes as shown by equation 2.9, the
complexed metal concentration can be written as,
[Mc = B1 [MIe [LIr + B2 [M]e [LIe* + B3 [M]e [LIe° + Ba [MI [L]E* (2.16)
Substituting the value of [M]c from equation 2.15 in equation 2.16,
[M]r = [MIe + Br [M]e [L]r + B2 [M]r [L]¢ + Bs [M]r [L]e° + Ba [MI [L]¢* (2.17)
[M]r= [M]e (L + By [L]r + B2 [L]e* + B3 [L]e° + Ba [L]F7) (2.18)
[M]r = [M]e (1 + = i [L]e") where i = 1-4. (2.19)
Similarly, the mass balance equation for the total ligand concentration are

[Llr=[L]r + [Llc (2.20)
and [L]c = [ML] + [ML;] + [MLg] + [ML] (2.21)
From the expressions of overall stability constants for these successive complexes as shown
by equation 2.9, the complexed ligand concentration can be written as,
[Llc = B2 [MIe [L]r + 2 B2 [MIe [L]r* + 3 B3 [MIe [L]e° + 4 Ba [M]e [L]e* (2.22)

Substituting the value of [M]c from equation 2.22 in equation 2.20,
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[L1r = [L]r + B2 [MIe [L]r + 2 B2 [M]e [L1e” + 3 B3 [M]e [L1° + 4 Ba [M]e [LIe*  (2.23)
[Llr = [L]r + [M] (1 + By [L]e + 2 B2 [L1e2 + 3 B [L1e® + 4 B4 [LIF%) (2.24)
[L]r = [L]r + [M]e (1 + 2 i Bi [L]c') where i = 1-4. (2.25)

The complexation of metal ions with ligands having dissociable protons is always
accompanied by protonation and deprotonation process. Thus, the mass balance equation for
total hydrogen ion concentrations are necessary to solve the equations to calculate the
protonation constants. The mass balance equation for total hydrogen ion concentration for a

diprotonated ligand can be given as

[Hlr =[H]r + [Hlc (2.26)
and [H]c = [HL] + [H2L] (2.27)
[Hlc = Bex [HIr [LIF + 2 Bez [LIr [H]F° (2.28)

where Bp; and Bp, are overall protonation constants for mono and di protonated ligand

respectively. Substituting the value of [H]c from equation 2.28 in equation 2.26,

[Hlt = [H]¢ + Bes [H]e [L]r + 2 Brz [LIr [H]E (2.29)
[HIt = [H]¢ + [L] (1 + Bpr [HIe + 2 Bez [H]E %) (2.30)
[H]r = [H]r + [Lr (1 + £ i Bi [H]=) where i = 1-2. 2.31)

Parameters like cell constant (Eg) and slope S are related to the stability constants through
free ligand or metal ion concentration using Nernst equation by the expression
E =Eo xS log [L/M] (2.32)
Bjerrum introduced a function called "Degree of formation or ligand number (n)"
which is the average number of ligand bound per metal ion present in whatever form [200].

_ [Complexed ligand ] (2 33)
[Total metal] .

By replacing above expression with the values of [L]c and [M]+, we get

— L (2.34)

T Ml
Putting equations 2.24 and 2.17 in 2.34,
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B1 [Mlp [L]g + 2 B [M]p [L1g+ 3 B, [M]p [L]E + 4 B, [M]p [L]§

= 2.35
[M]g+ B1[Mlg [L]p + B, [M]p [L1§+ B, [MIp[LIE + B, [M]p [LI¢ ( )
_ [MIg(B1lLlg + 2B, [LIE+ 3 B, [LIE + 45, (L1 (2.36)
[MIp(1+ B1 [L]p + B, [LIg+ B, [LIE +B, [LI®) '
i, i 8 [k
— = L
" E:.L'?.:n IE[ [L].IF (237)

when i = 0, Bp = 1 and the expression in denominator for i = O represents the free metal ion
concentration.
Similar function can be determined for protonation of ligand: the mean number of protons

bound per noncomplex bound ligand molecule (na) at different pH value is given as

I i [k
— = L
T, _L_-_—Eﬁzn AT (2.38)

When na versus pH is plotted, the values of pK; and pK; are equated to the values of pH, at
which the values of np =1.5 and 0.5, respectively.

The stability constants can be obtained from pH measurements by construction of
the formation curve of the system as a plot of n vs. pL (= - log [L]) and by solving the
formation function of the system given by equation 2.37.

Similar to formation function, Leden [201] and Fronaeus [202] also defined two

different functions given by F(JA]) and X(A) respectively by the expressions

F([.FLD — Total Metal —Free Metal (239)

Free Metal=Free Ligand

_ Mp—Mg
FlaD = 5o (2.40)

B1 [M]g [Llg +B, [Mlp [L]f+ B, Ml [L]§ + B, [M]p [L]E
F([AD = ——— ST = (2.41)
F([AD = X, B [L1F7 (2.42)
K(A] _ Total Metal (243)

Free Metal
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X(A) = T (2.44)

Mg

[Mlg+ B1 [ME [L1g + B, [M]g [L1§+ B, [MIg [LIE + B, [M]g [L]f

X(a) =
(4) My

(2.45)

X(A)=1+ E?:1 B; [L]fr (2.46)

Irving and Rossotti have discussed different methods for obtaining the stability
constants from the formation curve such as method of least squares, successive
approximation method, solution of simultaneous equations, interpolation of half n values,
interpolation of various n values, use of the midpoint slope, Schwarzenbach's graphical
method [203]. All these methods are based on: solution of the formation function, graphical
representation of the data, the use of numerical integration of curve fitting procedure. The
method of least square is the most reliable and accurate as it makes use of all the
experimental data and avoids subjective smoothening of the data accidental to plotting the
best straight line [203]. Graphical methods are very simple and could be used quite
satisfactorily for systems with not more than 1:2 complexes. However, for higher
stoichiometry and in case of polynuclear complex formations and if the ratio of successive
complex stability constants is less than 1000, the method predicts erroneous results [204-
206].

Digital computers have been increasingly used for computing stability constants
and many programmes are now available, which are generally based on the non-linear Gauss-
Newton least-squares method [207]. The most commonly used programs were reviewed by
many authors time to time [208-210]. The strategies employed in the calculations were:
separate refinement of the protonation constants, which were then given fixed values in the
calculation of the complexation constants; simultaneous refinement of both the protonation

and complexation constants; separate refinement of the data from each titration; comparison

65



of the results of the calculations based on data with and without the points for which the pH
was greater than 9 [211].
2.5. Determination of The Stability Constants

Stability constants of metal ligand complexes can be determined by potentiometry,
voltammetric methods (polarography and anodic stripping voltammetry), competitive
equilibria, ion chromatography, solvent extraction, spectrophotometric and luminescence
methods, and nuclear magnetic resonance spectroscopy [212-215]. The most widely used
technique for the measurement of metal complex stability constants is based on
potentiometric titrations of a ligand in the absence and presence of metal ions [211]. In the
present work potentiometry, spectrophotometry, emission spectroscopy, solvent extraction
and ion-exchange methods have been used to determine the protonation constants of the
ligands as well as stability constants of their complexes with lanthanides and actinides.
25.1. Potentiometric Titrations

Potentiometry is based on the measurement of the potential of an electrode system
(e.g. electrochemical cell) in the absence of current flow. In potentiometry the measuring
setup always consists of two electrodes: the measuring electrode, also known as the indicator
electrode, and the reference electrode. The potential of one electrode - the working or
indicator electrode - responds to the analyte’s activity, and the other electrode - the counter or
reference electrode - has a known, fixed potential. Potential on an electrode depends on the
ions present in the solution and their concentration. The dependence of potential between

electrodes from concentration of ions is expressed by Nernst equation [216].

R=T

E= E,— ~—lna (2.47)
where E - Electrode potential
Eo - Standard potential of the electrode
R - Universal gas constant (8.314 J/K/mol)

66



F - Faraday constant (96485 C/mol)

T - Temperature in kelvin
n - Charge of the ion or number of electrons participating in the reaction
a - Activity of the ions.

Substituting the values of R, F and T = 298 K in equation 2.47, the simplified form would be
E=E, i“"iima (2.48)

2.5.1.1. pH Electrode
pH is defined as the negative logarithm of the hydrogen ion activity (ay):
pH = -logso an (2.49)

The most convenient and accurate way of determining pH is by using a glass
electrode. The pH electrode depends on ion exchange in the hydrated layers formed on the
glass electrode surface. Glass consists of a silicate network amongst which are metal ions
coordinated to oxygen atom, and it is the metal ions that exchange with H*. The glass
electrode acts like a battery whose voltage depends on the H* activity of the solution in which
it is immersed. A glass pH electrode consists of an inert glass tube with a pH sensitive glass
tip, either hemispherical (bulb) or flat in shape, blown onto it. The tip contains a fill solution
with a known pH, and it is the influence of this solution on the inside of the glass tip versus
the influence of the process solution on the outside that gives rise to its potential. Ideally, the
pH electrode will have a slope (response) of -59.16 mV/pH. The potential (E) due to H" is

given by the equation:
E=E, + 2303 %logg‘; (2.50)

where H; and H”, are the molar concentrations of H* inside and outside the glass electrode

respectively.

E=E,+ 0.059 iagg‘; (2.51)
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Typical electrode design
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Figure 2.1: Schematic diagram of a pH electrode
2.5.1.2. The Autotitrator

Autotitrator allows the automation of all operations involved in titration: titrant
addition, monitoring of the reaction (signal acquisition), recognition of the endpoint, data
storage, calculation and results storage. In the present studies, the potentiometric titrations
were carried out using Metrohm (Model 905 Titrando) autotitrator (figure 2.2). The titrando
is the heart of the modular titrando system. Operation is carried out by a computer with a
corresponding software. It is provided with measuring interfaces like a potentiometric
electrode (pH, metal or ion-selective electrode), an iconnect (measuring interface for
electrodes with integrated data chip, so-called iTrodes), a temperature sensor (Pt1000 or
NTC) depending on the model version. Dosino is a burette unit mounted on the top of the
titrant reservoir. The Dosino units of 10 and 20 mL were used. The titrant is added to the
reaction vessel through dosing tube containing anti diffusion tip which prevent outside liquid
from diffusing inwards. Titrant is added by the movement of the software controlled piston.

The transparent housing of the dosino helps in visual monitoring of the piston movement and
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hence the presence of air bubbles in the cylinder can be observed. The reaction vessel is

placed on a stirrer which provides variable stirring speed and is also controlled by computer.

v/
erallrl
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Dau
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e

Titration
Beaker

Stirrer
Module

Figure 2.2: Schematic representation of major components Metrohm-905 titrando
autotitrator.
2.5.1.3. Determination of Protonation and Stability Constants by Potentiometry

All the potentiometric titrations were carried out with Metrohm autotitrator (model
no 905 Titrando). Prior to potentiometric titrations, the inner filling solution of electrode was
replaced by 1.0 M NaClO, to avoid the clogging of frit due to formation of insoluble KCIO,.
The Decarbonated NaOH was standardized by titrating with known amount of potassium
hydrogen phthalate (primary standard). Strong acid (0.05 M HCIO,) - strong base (0.1 M
NaOH) titration was done to calibrate the electrode. Glee software [217] was utilized for
determination of electrode standard parameters like Ey, slope and carbonate impurity. The
emf of the electrode was recorded as a function of the volume of the base and the emf vs. pH

showed a linear plot representing Egs. 2.52 and 2.53 for acidic and basic region, respectively.
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E =E, + 2303 “log [H']+ yu[H"] (2.52)
_ RT RT - -
E=E,+ 2303 —logk, — 2303 —log [OH™ ]+ yp[0H] (2.53)

The ligand solution (10 mL of 0.05 M) was titrated against 0.1 M standardized
NaOH and the pH at each addition of NaOH was recorded to analyze the data by Hyperquad
software [218] to determine the protonation constants of all the ligands. As the acid-base
titrations are instantaneous, the time between two successive points was kept around one
minute which showed a drift of < 0.01 mV or < 0.001 pH units. Titration of the metal ion
solution with the standard alkali (~0.1 M NaOH) was employed to determine the proton
concentration in the metal ion solution by Gran’s method [219]. Metal solution (25 mL) was
taken in the beaker and was titrated against the nearly half neutralized ligand solutions to
determine the formation constants of the complexes in solution. The data was considered up
to the point of first appearance of turbidity in the titrand solution in case of complexation
tending towards precipitation. The software Hyperquad [218] was used to analyze the
potentiometric data to determine the stability constants of the individual complexes. For this
purpose, several chemically possible species including the hydrolysis products of the metal
ion were submitted as input to Hyperquad [218]. However, the software program consistently
converged with the best model containing a specific set of metal complex species only along
with the estimated stability constant values (Figure 2.3). Other species were ignored or
rejected during the refinement process. All the titrations were done in duplicate and were
carried out at a temperature of 298 K and the ionic strength was adjusted by NaClO,. For all

the calculations the ionic product of water (pKw) was taken as 13.77.
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Figure 2.3: Experimental and fitted potentiometric data for titration of Eu(lll) ([Eu(lll)] =
4.453 x 10° M and [HCIO,] = 26.44 x 10 M) with buffered ligand solution ([picolinate] =
0.4989 M and [H] = 0.3328 M) along with speciation data.
2.5.2. Spectrophotometry

Metal ions, ligands or their complexes may absorb the incident light photons and
get excited from ground state to higher electronic state. The degree of absorption depends
upon the extent to which the transition is allowed. Electronic transitions occur with the
photons having wavelength in the range of 190-900 nm, that is, UV to near IR region.
Absorption of incident photons by a chemical species follows Beer Lambert's law,

A=log (lo/)=exCxL (2.54)
where A is the absorbance, Iy and I are the incident and transmitted light intensity, ¢ is the
molar extinction/absorption coefficient, C is the molar concentration of the absorbing species
and L is the path length. As can be seen from the equation, there is a linear relationship
between absorbance and absorber concentration, which makes UV-Vis spectroscopy
especially attractive for making quantitative measurements [220-221]. Molar absorption

coefficient (g) is independent of concentration and path length, whereas absorption depends
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upon both. If the values of € and Anax (Wavelength at which maximum absorption occurs) are
known, the concentration of its solution can be calculated.
2.5.2.1. Absorption Spectra of Lanthanides and Actinides in Solution

The f-electrons of lanthanides and actinides yield two types of transitions, namely,
f-f and f-d transitions. The observed spectral transitions of the lanthanide and actinide
ions are f-f transitions (table 2.1). The intensity of f-f transitions is weak, as these
transitions are Laporte forbidden. Relaxation of this selection rule is very less effective
than that of d-d transitions owing to weak crystal field interaction [222]. The actinide f-f
absorption bands are generally an order of magnitude greater in intensity than those of the
lanthanides. The absorption spectra of the di- and tetravalent lanthanide and certain actinide
ions exhibit broad-band transitions arising from f-d or ligand-metal charge-transfer
mechanisms. These "allowed" transitions result in high molar absorptivities, several orders of
magnitude greater than those of the f-f transitions, and are strongly affected by the
surrounding chemical environment [223].

The presence of internal 4f electron transition spectra in the accessible spectral
region for most of the lanthanides and the sensitivity of these transitions toward the
immediate coordination environment makes quantitative absorption spectrophotometry a
powerful tool in the investigation of lanthanide coordination chemistry, especially in aqueous
solutions. Intra 4f-4f transition spectra provide information on the effective outer and inner
sphere coordination, the extent of the metal 4f orbital involvement in the immediate
coordination environment, lability of the ligands coordinated to the metal, and the structural
nature of the complexes in solution [224].

The absorption bands that show abnormal variations in intensity and fine structure
are known as “hypersensitive”. These variations are attributed to the action of an

inhomogeneous electromagnetic field from the surrounding chemical environment. The
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intensities of normally weak quadrupole transitions increase as a result of the inhomogeneous

field. The hypersensitive lines are strongly affected by changes in the symmetry of the field

on the lanthanide and actinide ion [225].

Table 2.1: Major hypersensitive transitions of trivalent lanthanide and actinide ions

(Restructured from [226])

Lanthanide  Transition Amax (M)
Pré* 3P, — Hy, 1Dy — *Hy 444.0,593.8
Nd** *Gsy2, °Griz — "Hop, “Griz — "Hop 578.0, 521.9
Sm** °P112, °Foa, “Dir2 « °Hspa 376.0

Eu® °D, — 'Fo 465.1

Dy** *Gi12 « *Hispa, lisjz < *Hispo 427.3, 457.5
Ho®* °Gp — °lg, *Hg —°lg 452.4,361.0
Er® Hirp < *lisp, *Guip < *lis 520.0, 378.0
Tm® *Hy — ®He, 1G4 — *Hg 793.4, 469.0
Actinide Transition Amax (NM)
U *Fsip — Yorz, "Gsiy — Yoz 1052.6, 900.9
Np®* (0=2)"12)=4 1315.8, 854.7
Pu®* ®Fajp < Hsp, °F1ip « °Hspo 1470.6, 1408.4
Am** "Fy — "Fo, °Gy — 'Fy 1886.8, 476.2
BK** Fs — 'Fs 2000

cf OF 112 «— ®His, *Hazp — ®Hispo 1538.5, 1250

2.5.2.2. Instrumentation for Spectrophotometry

All the spectrophotometric measurements done in the present thesis work were

carried out using a JASCO V530 model spectrophotometer. The V-530 is designed to
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measure the absorbance of a sample in the wavelengths range 190 to 1100 nm. The light
sources used in the V-530 are a deuterium (D) lamp (190 to 350 nm) for the UV region and a
halogen (WI) lamp (340 to 1100 nm) for the VIS/NIR region. The schematic of a double

beam spectrophotometer is given in figure 2.4.

Ref
D I] 1
1
D ” I
Sam

G

Figure 2.4: Schematic diagram of JASCO V 530 spectrophotometer (W1 - Halogen lamp, D,
- Deuterium lamp, S - Slit, F - Filter, G - Grating, BS - Beam splitter, D - Detector, Sam -
Sample beam, Ref - Reference beam). (Adopted from [227])
2.5.2.3. Determination of Protonation and Stability Constants by UV-VIS-NIR
Absorption Spectrophotometry

The conjugated and aromatic organic molecules usually have very high molar
extinction coefficients facilitating determination of their thermodynamic parameters for
protonation reactions employing very low concentrations and hence at lower ionic strengths.
The ease of carrying out measurements at very low ionic strengths further enables the
application of simplest theories of ionization like Debye-Huckel and Debye Huckel limiting
law to calculate the pKa values at infinite dilution or at zero ionic strength (pKap). In 5.00 mL

quartz cuvette containing 2.00 mL of ligand solution, NaOH solution was added in
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increments of 10-50 uL for protonation studies. The absorption spectra were recorded over
190-400 nm with an interval of 1.0 nm. All the titrations were carried out at a temperature
298 K and ionic strength of 10 M adjusted by NaClO,. The spectroscopic data was analyzed
using Hyperquad software [218] to determine the species present and their fraction along
with the respective protonation constants for all the ligands.

The ligand solutions were added in steps (10 to 50 uL) to a known volume (2.00
mL) of metal solution to determine the stability constants of the complexes. An equilibration
time of 5 min between the successive additions showed a stable absorbance curve for each
point of titration and the absorption spectra were recorded for each addition of ligand over the
wavelength range from 900 to 1100 nm (in case of Np) with a wavelength interval of 0.1 nm.
All the titrations were carried out at a temperature 298 K and 0.1 M NaClO,. The
spectroscopic data was analyzed using Hyperquad software [217] to determine the species
present and their percentage of formation along with the respective log p values for all the
Np(V) complexes formed during the course of reaction. Further the molar absorptivity of the
complexes formed was derived from the deconvolution of the respective absorption spectra of
all the Np(V) complexes.

The formation constant of a complex can be calculated by taking known amounts
of a metal and a ligand; and measuring the optical densities of the metal, ligand & metal-
ligand mixture separately. The composition of the complex can be determined by Job's
method of continuous variation, method of mole ratio, method of slope ratio, method of
isosbestic point [228-233]. The absorbance, of the solution in which the complexes of
stoichiometry ML, (i= 1-4) are present simultaneously, is an additive contribution of the
absorbance of all individual species present in the solution at that point of time.

Ap = Ay +Ayy + Ay + Ay + Ay, (2.55)

Ar= gy lt s 1+ EML, CML, I+ EmL, CML, [+ Emi, CmL, 1(2.56)
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Ar = 1%, Eprr; Cmi, (2.57)
where  gwyj - Molar absorption coefficient of species 'ML;'

Cwmui- Concentration of species ‘ML’

I - Path length of the cell

The addition of each increment of ligand solution to metal solution results in an
equation of the form 2.57 for all the wavelengths. This results in a matrix of the form A (N,
A) where N is the number of titration point and A is the wavelength of consideration to solve
the equation 2.57. The solution of this matrix in combination with mass balance equations are
used to determine the molar absorption coefficients and stability constants of the species
formed during the course of titration.
2.5.3. Time Resolved Luminescence Spectroscopy

Absorption of incident light photons by a molecule leaves it in an excited state,
which may de-excite by different pathways, such as, light emission (luminescence) and non-
radiative de-excitation. The luminescence can be in the form of fluorescence or
phosphorescence depending upon the degree to which the transition is allowed. A typical
electronic states diagram of Eu®" ion is shown in figure 2.5. For any metal ion, there is a
unique wavelength (excitation wavelength) at which the ground state is excited to the excited
state, which undergoes light emission. Further, the emission wavelength is also unique
characteristic of the particular metal ion. Different excited states of metal ions show unique
luminescence decay life times. Thus measurement of excitation spectrum, emission spectrum
and life time data offer triple resolution in the techniques, called time resolved luminescence

spectroscopy (TRLS).
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Figure 2.5: The electron energy level diagram of Eu(lIl) ion.
2.5.3.1. Luminescence of Lanthanides and Actinides

Luminescence spectroscopy has proven to be a powerful tool in the speciation
analysis of actinides and lanthanides. Based on the spectroscopic properties, a wealth of
information on the species of these ions present in the sample can be obtained. From the point
of view of luminescence in aqueous solutions lanthanides(lll) can be divided into three
groups. The first one consists of elements in the middle of the lanthanide series, Sm, Eu, Gd,
Th and Dy, which exhibit the strongest luminescence. The elements in the second group,
comprising Pr, Nd, Ho, Er and Tm give low luminescence intensities. Ce, Yb and Lu, which
make up the third group, give no luminescence in the visible or ultraviolet part of the
spectrum [234]. Luminescent transitions of actinide ions in solution have been studied on
Am(I11), Cm(I), Bk(I), Cf(111), Es(l1) and U(VI). The excitation, emission wavelengths
along with life time of principle excited state for luminescent lanthanides and actinides was
shown in table 2.2. Some spectroscopic speciation methods of these elements based on their
luminescence properties using laser-induced luminescence were developed and made it
possible to perform the direct analysis of their hydration numbers or ligand coordination
states. In the series of the lower actinides the luminescence properties of U(VI), Am(lll) and

Cm(l11) are well known and often used for speciation studies connected with coordination
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chemistry [235-238]. The luminescence properties of Pr(IV) and U(IV) have been reported
recently [239-240]. Little work has been performed on the luminescence spectroscopy of
americium. This may be due to the short luminescence lifetime of this cation in aqueous
solution [241]. While the f-f transitions are generally insensitive to the ligand environment
field surrounding the metal ion, some transitions show intensity variations which depend on
the chemical environment. These are referred to as hypersensitive transitions and generally
follow the selection rules |AJ| < 2 and |AL| < 2. These transitions can be used to probe the
coordination structure of the metal ion [122].

Table 2.2: The major luminescent excitation, emission peaks and the lifetime of few

lanthanide and actinide aqua ions (taken from references [122, 240-2471]).

Metal ion  Aexcitation (NM)  Aemission (NM) Lifetime (T in ps)

Sm** 402 594 2.3
Eu®* 395 616 110
Gd®* 274 310 2300
T 351 543 400
Dy** 350 479 2.4
cm® 396 593.2 65
Am®* 503 691 0.0232
uo? 266 510 1.9

u** 245 320, 336,410 < 0.020
Pa*t 278 464 0.0183
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Several lanthanides (Sm, Eu, Gd, Tb, Dy) and actinides (U and Cm) have
characteristic long lived luminescence, that is strongly influenced by the coordination of
ligands. Luminescence decay rates are caused by radiative and non-radiative processes, the
latter being due mainly to energy transfer from the excited state to ligand vibrators, e.g. OH
vibration of coordinated H,O molecules. Luminescence lifetime measurements were used to
obtain information about the composition of the first coordination sphere of luminescent
lanthanide or actinide ion. Horrocks (for Eu**) and later Kimura and Choppin (for Cm*®*")
obtained a linear correlation between the decay rate (life time) and the number of H,O
molecules in the first coordination sphere around the metal ion [242-243]. In addition, the
time dependence of the luminescence emission contains information about the kinetics of the
complex formation reactions. If the rate of ligand exchange is high compared to that of
luminescence decay of the different excited species, we expect to observe an average lifetime
of the species and a mono-exponential decay. If the ligand exchange rate is lower than that of
luminescence decay, we expect a bi-exponential decay [244].
2.5.3.2. Instrumentation for Time Resolved Luminescence Spectroscopy (TRLS)

All luminescence instruments contain three basic components: source of light,
sample holder and detector. The excitation and emission wavelengths are selected by filters
which allow measurements to be made at any pair of fixed wavelengths. In the present
studies, all the steady state (emission spectra) measurements and the time resolved (lifetime)
measurements were carried out on an Edinburgh F-900 unit equipped with M 300
monochromators. A Xenon flash lamp with frequency range of 10-100 Hz was used as the
excitation source. The monochromatic light from the source falls on the 1 cm thick quartz cell
and the luminescence light emitted at 90° is monitored by an array of diode detectors cooled
to 247 K by Peltier cooling method. The luminescence decay spectra were collected in a 2048

channel analyzer with a time calibration of 1 ps per channel. The data were fitted into multi-
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exponential function to obtain the lifetime of the excited state. The Luminescence Lifetime is

based on the technique of Time Correlated Single Photon Counting (TCSPC).

Sample cell
Y
I\
Bxitation
monochromator
Xe lamp
emission
monochromator \

Photo detector

Figure 2.6: Block diagram for Time Resolved Luminescence Spectroscopy
2.5.3.3. Determination of Stability Constants by Luminescence Spectroscopy

The main aim of the TRLS measurements was to obtain stability constant from
emission spectra and to determine the number of water molecules in the primary coordination
sphere of the Eu(l11) complex by life time measurements, which in turn, provides information
about the nature and number of ligand anions complexed to the central metal ion. The
excitation wavelength was selected at 396 nm, while the emission spectra were recorded in
the wavelength range of 560-640 nm. The monochromatic light from the source falls on the 1
cm thick quartz cell and the luminescence light emitted at 90° is monitored by an array of
diode detectors cooled to 247 K by Peltier cooling method.

The luminescence emission and decay data in the case of Eu(lll) complexes were
measured as a function of the volume of titrant. The spectra have been normalized to the
intensity of 592 nm peak. The 616 nm peak corresponds to hypersensitive transition ("Do—

’F,) and its intensity with respect to 592 nm peak (°Do— F1) increases with complexation
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owing to its electric dipole nature. The ratio of intensities of 616 nm to 592 nm peaks, known
as the asymmetric ratio (AR) is a measure of formation of the complex. The emission
intensity of a luminescent species (F) is proportional to the intensity of the excitation beam
that is absorbed (lp — 1) by the sample.
F=K(lp-1) (2.58)

where lo = Intensity of incident radiation

I = Intensity of transmitted radiation

The constant 'K' depends upon the quantum efficiency of the luminescence process.

Using the Beer’s law,
= g =t (2.59)

Thus, F=KI,(1—e= (2.60)
Applying Taylor's expansion on e,

(sch® (ech)®
3! + 4!

et = 1— gcl+ E _ (2.61)
For £Cl < 0.05, the subsequent terms in above equation can be neglected compared
to 1 and hence
F=KleCl (2.62)
Thus for low concentrations, (absorbance < 0.05) the luminescence intensity varies
linearly with concentration. For large C, such that A > 0.05, the higher order terms become
important and the linearity is lost. The overall measured luminescence intensity (F) is equal
to the sum of the luminescence from the free metal (I¢) and the complexed metal (Ic). The

methodology to determine the stability constants of the complexes formed during the course

of reaction is similar to that in absorption spectrophotometry (section 2.5.2.3).
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2.5.3.4. Determination of Stoichiometry and Mode of Complexation by Luminescence

Lifetime Measurements

Luminescence spectra and lifetimes are very sensitive to the first solvation sphere
of the Eu(lll) ion and they can be used to study the kind of interaction of Eu(lll) ion with
different anions and the stoichiometry of the corresponding complex in case of innersphere
complex formation. The method for the determination of the number of coordination water
molecules is based on observations that the OH oscillators (vibrations) of coordinated H,O
molecules can efficiently non-radiatively depopulate the °Dy excited state of Eu(l11), whereas
the OD oscillators of coordinated D,O molecules are much less efficient for non-radiative
relaxation of the °Dy level [248-253]. Horrocks and Sudnick derived an empirical formula
between the luminescence decay rates of a series of crystalline Eu(l1l) complexes, separately
synthesized in H,O and D,O, and for the number of coordinated water molecules (known

from single crystal X-ray diffraction studies) [242, 254] .

Ny o =105 (—— —) (2.63)
THa0  TDnO

where Npoo IS the number of water molecules present in the primary hydration sphere of
Eu(ll1) ion and t is the life time of the complex formed. The estimation has an error of = 0.5
water molecules

Barthelemy and Choppin developed a formula that can be use to determine the q

value, using only the lifetime of the °Dy state in water [255].

Ny o = 1.05% —0.70 (2.64)

TH. 0

Considering the presence of nine water molecules in the primary coordination sphere of aqua
ion, the number of water molecules removed (ny20) by the complexation of a ligand can be
calculated by

Ny o=9— Nyg (2.65)
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The value of nyyo is a direct indication of the stoichiometry, denticity (chelation)
and the mode of (inner sphere or outer sphere) complexation. A ligand capable of removing
the water molecule from primary hydration sphere of aqua Eu(lll) ion will form an inner
sphere complex while a ligand unable to remove water molecule forms an outer sphere
complex. Further, a monodentate ligand will expel one water molecule from the primary
hydration shell of Eu(l1l) (in case of inner sphere complex formation) whereas a multidentate
ligand can remove more than two depending on the number of donor atoms present and the
size (bulkiness) of ligand. From the denticity of the ligand and the number of water molecules
still present in the primary coordination sphere of Eu(lll), the stoichiometry of the complex
can be determined.

2.6. The Enthalpy and Entropy of Formation of a Complex

Two important thermodynamic parameters that are directly measured by
experiments are the stability constant (K) and the enthalpy of complexation (AH). Other
parameters, including Gibbs free energy (AG) and entropy (AS) are derived from the stability

constant and enthalpy of complexation as follows.

AG=-2303RxTxInK (2.66)
AG = AH - TAS (2.67)
Thus AS=(AH -AG)/ T (2.68)

The enthalpy of complexation is resultant of the energy released in bond formation
(AHp) and the energy required for dehydration (AHy) of the metal ion and the ligand.
Depending upon the dominance of former or the latter energy, the reaction will be either
exothermic or endothermic in nature. Enthalpy of complexation can be calculated from the
temperature dependent stability constants by Van't Hoff equation

dlnk _ AH
dT RTZ

(2.69)
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The enthalpy of complexation can also be directly measured using titration
calorimetry. Provided that the magnitudes of equilibrium constant (K) and enthalpy (AH) of a
reaction are within certain ranges, calorimetric titrations can be applied to simultaneous
determination of the equilibrium constant and enthalpy [148].

2.6.1. Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry (ITC) is a technique used to study the
thermodynamics of a chemical or physical processes, and is considered as the gold standard.
It measures the energetics (heat released or absorbed) of a chemical reaction at constant
temperature. In this case, reaction is triggered by changing the chemical composition of the
sample by titration of a required reactant. The heat associated with the reaction is the direct
thermodynamic observable (related to both the enthalpy and extent of reaction). The
foundation of this technique is based on the measurement of heat, g. Because of the
relationship between the change in enthalpy and the change in internal energy (AE) of a
system, the heat (q) absorbed or released is equal to AH when the system is at constant

pressure (P)

AH= AE + PAV (2.70)
AE=qg+w=q-PAV (2.71)
AH=qp - PAV +PAV =q, (2.72)

where AV =change in volume

w = work
2.6.1.1. Instrumentation for ITC

A typical ITC instrument consists of a reference cell and a reaction cell, both made
of an inert highly conductive metal. The cells are located in an adiabatic jacket and are
connected by a thermoelectric device (TED) or Peltier device that is sensitive to relative

changes in the cells’ temperatures and is connected to a feedback power supply. The
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temperature difference between the reference and the sample cell is measured and calibrated
to a power level displayed in uW. This “feedback” power is used to maintain constant
temperature and is sometimes referred to as the differential power (DP) or cell feedback
power (CFB). When a constant power is supplied to the sample cell heater, and the
thermocouples detect a difference in temperature (AT) between the two cells, power is
reduced or increased to the sample cell feedback heater proportionally to AT, thereby

returning to the equilibrium state [256].

Fig. 2.7: Cross sectional view of Isothermal Titration Calorimeter(TAM I1l, Thermometric

Sweden)

Fig. 2.8: Picture of Isothermal Titration Calorimeter(TAM 111, Thermometric Sweden)
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An isothermal titration calorimeter (Nanocalorimeter TAM-I11, Thermometric AB,
Sweden) was used to carry out all the calorimetric experiments. It is a twin thermopile heat
conduction type calorimeter and differential power signal measured is dynamically corrected
for the thermal inertia of the system. The titration assembly consists of 4 ml reaction vessel
and a reference vessel. The heat capacity of reaction vessel and reference vessel is balanced
by keeping the same volume of solutions in both sides in order to minimize the short-term
noise. The titrant is delivered in the reaction vessel through a stainless steel injection needle
(length 1 m and internal diameter 1.5 * 10" m) connected to the Hamilton syringe containing
the titrant. The syringe is driven by Lund Syringe pump. The temperature of the bath was
maintained at 298.0000 (x0.0001) K. The instrument was calibrated electrically and the
performance of the instrument was tested by measuring log K and DH for the reaction
between BaCl, and 18C6 in water
2.6.1.2. Determination of Enthalpy of Formation by ITC

The interaction of metal ion with acidic ligands like carboxylates, is accompanied
by deprotonation of ligand. Thus, thermodynamic parameters for ligand protonation are
required during analysis of calorimetric data. The enthalpy of protonation (AHp) of ligand can
be obtained by either titrating the protonated ligand solution with base or by titrating
deprotonated ligand anion with acid solution. In the present study, the later procedure was
employed to determine the enthalpy of formation of protonated species of ligands. All the
titrations were carried out in 1.0 M NaClO,4 ionic medium at 298 K temperature.

The heat released in protonation titration comprises of two components, namely,
the heat of protonation reaction and that due to dilution of titrant, which was determined in a
separate calorimetric titration of the blank electrolyte solution (I = 1.0 M NaClO,) with the
titrant solution used in protonation experiment. At each step of titration, the reaction heat

(Qi") solely of protonation, was calculated using the equation
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Q=0 — @ (2.73)
Where  Q;° - the heat change during dilution titration

Qi" - the sum of heat changes due to both the protonation and dilution

The heat change during the formation of protonated ligand is related to AHp
(enthalpy of protonation) and AH, (enthalpy of neutralization) by following relation
Qf = AHp, ("’Erﬂ - fo'l) + (AHp, + AHp;) ["z‘H:L - ":{—f) + AH, Avy g (2.74)

where vi* - the number of moles of species ‘X’ in the cup after i injection which
were calculated using Hyperquad Simulation and Speciation software (HySS 2006) [257] by
the following relation

vi = VF[X); (2.75)
V;i* and [X]; are respectively the total volume of solution and concentration of the species ‘X’
in the cup after i™ injection. AHp; and AHp, are calculated by nonlinear least square fitting of
Qi” data using equation (2.74).

For the calorimetric titration of complexation studies, the metal ion solution at the
desired pH and ionic strength was taken in the reaction vessel and was titrated with the ligand
solution. The heat released due to complexation only (Q;°) at any injection i can be given by

Q=0 — & — ¢ (2.76)
where QiT is the heat released in titration of ligand with metal atom and QiD is the heat
released due to dilution and Q;” is the heat of protonation of the ligand. Using Hess's law of
constant heat summation, the enthalpy of formation for each complex (for example: the

formation of MLy) can be related to Qi by the relation

Qf = AHp (Vi —v}™) + [:ﬂHm + ﬂHML:)[:v:iLl: - "’:'ML:) + [:ﬂHML T AHy,, +
ML, ML, ML, ML,

AHyy, ) (Ve — v ®) 4 (AHy, + AHyy, +AHy + ﬂHML,)[:le —v ) (2.77)

In the above equation, AHyy; is the enthalpy of formation for the complex ML; and

vi'is the number of moles present at i injection for the complex ML; obtained from
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Hyperquad Speciation Simulation (Hyss) program [257] by providing the stability constants
of the complexes obtained from potentiometry data as inputs. The non linear least square
fitting of the equation 2.77 gives the enthalpy of formation of all the complexes formed
during the course of reaction.

The calorimetric data can also be presented in the form of heat per mol of ligand
(hvi) vs. nayg from which AHwy; can be calculated graphically, where hy; is calculated by using
the following equation.

n,C
h, = 2% (2.78)

vi —
where ny is the moles of metal ion present in the reaction system and na,g is the average
number of ligand atoms bound per metal ion. From such graphs, the enthalpy of formation
can directly be obtained as hy; at nag = 1, 2, 3 and 4 corresponds to the enthalpy of formation
of the complexes ML, ML,, MLz and ML, respectively. The entropy of formation (AS) of the
complexes was calculated from the log K and AH for the formation of complexes using
equation 2.68.
2.7. Characterization of Colloids

The number density and the size distribution of colloids in environmentally
relevant low concentrations, as well as the elemental composition of these nano particles are
essential information for the prediction of solubility data [258]. Methods commonly used
for speciation and quantification of colloids are scanning electron microscopy (SEM),
transmission electron microscopy (TEM), photon correlation spectroscopy (PCS), secondary
X-ray spectroscopy (SXS), auger spectroscopy, electron energy loss spectroscopy (EELS),
mass spectrometry, X-ray-based methods (including scattering, absorption, emission,
(spectro) microscopy), etc. [139]. Ultra filtration, ultra centrifugation, and dialysis are
commonly used as supporting methods. Because of obvious difficulties involved in sample

preparation, speciation by SEM or TEM may produce fictitious results, i.e., alteration of
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original states by aggregation of particles and/or deformation through dehydration. Although
PCS is a suitable method for characterizing mono dispersed spherical particles of relatively
large sizes, it is inadequate for aquatic colloids [134]. Laser-induced Breakdown Detection
(LIBD) enables the concentration and size of aquatic nano-particles (colloids), in the range of
10-1000 nm and from about 1 ng/L up to few mg/L. Such particles, which are frequently
encountered in aquatic systems, cannot be detected using methods based on laser light
scattering, and even if detection is possible, then only at a comparably low level of accuracy
[259]. In the present studies, laser induced breakdown detection (LIBD) technique was
employed for the determination of both the size and concentration of colloids formed by
thorium at various pH and ionic strengths in perchlorate media.
2.7.1. Laser Induced Breakdown Detection (LIBD)

The method of LIBD uses a high-energy pulsed laser beam to selectively generate
a plasma (dielectric breakdown) on particles and provides information on both the mean
particle size and concentration in aqueous samples. The method is practically non-invasive,
owing to minimal sample preparation and online measurement. The technique is based on the
generation of a dielectric breakdown in the focus region of a pulsed laser beam. When the
local pulse energy density is high enough and as the particle crosses the beam section in the
focal area, the light-matter interaction breaks the atomic links by a multi photon process and
creates plasma. As the threshold energy (irradiance) to incite breakdown for solid is lower
than for liquid or gas, the breakdown can be generated selectively on particles dispersed in
solution at suitable pulse energy [260].
2.7.1.1. Instrumentation for LIBD

A typical LIBD setup comprises a stable pulsed nanosecond laser, viz., a frequency
doubled Nd:YAG laser emitting at 532 nm. The energy of the pulses is adjusted

automatically with the help of a variable attenuator and recorded by an energy detector. The
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laser beam is focused into a sample cell (Quartz) by a set of AR coated optical lenses (typical
beam diameter at focus is < 10 um). The sample cell is secured in a fixed position with
respect to the beam focus. A beam dump system is usually placed after the cell to block the
unabsorbed beam. The plasma events are detected in the cell by acoustic method where an
acoustic sensor (piezoelectric transducer) is connected to the sample cell and the plasma is
detected by the acoustic wave emitted during the plasma expansion into the liquid. The
system is calibrated using standards (e.g., latex) of known size and concentrations to

determine the size and concentration of colloids in the unknown sample [261].

Energy monitor
LASER Variable Attenuator Beam Splitter LC LIV geam .
umping
N
< Piezo Detector
Computer

Figure 2.9: Block diagram with major components of a Laser Induced Breakdown Detection
(LIBD) System.
2.7.1.2. Methodology to Determine The Size and Concentration of Colloids by LIBD
The laser energy is scanned from zero to the plasma threshold of ultrapure water
with optimized energy incremental steps. For each step, a fixed number of laser pulses
(typically between 500 to 2000) at 100 Hz repetition rate bombarded. The number of induced
plasma events are recorded by a high speed acquisition card, each plasma event
corresponding to a breakdown in the liquid. For each pulse energy, a Break Down Probability

(BDP) value is calculated using the following equation.

BDP = Number of plasma svents (279)

number of laser pulses

90



-
o
3|

0 20 30 40
0.010

0.008.
Q. 0.006
o 0.004
0.002

o
(=)
1

-100 m
-30 nm

10 20 30 40
Laser energy (pJ)

S S
K o
1 1

Breakdown Probability (BDP)
o
(%)

20 40 60 80 100
Laser energy (uJ)

o
, ©
Y
o
[

Figure 2.10: The plots of BDP Vs. Laser Energy (S-curves) for 30 and 100 nm polystyrene
standards (Insert: Breakdown threshold cut-off plot).

BDP depends on several parameters: the laser beam fluence, the size and the
concentration of the nanoparticles, and varies from 0 (no breakdown) to 1 (100% of
breakdown). The plot of BDP versus pulse energy follows a typical S shape (Figure 2.10),
which is characterized by two parameters: laser energy threshold and its slope. The
breakdown threshold depends on the particle size: bigger the particle size, the lower the
threshold. The slope of the S curve is related to the colloidal concentration: the higher the
particle concentration, the higher the slope. Fitting the S curve with calibration data allows to
determine the size distribution and the absolute concentration of the colloid traces in the
solution [259].
2.7.1.3. Size and Concentration Calibration of LIBD System

The breakdown threshold of a material is the power density at which its dielectric
property collapses and a plasma is generated. The laser pulse energy released is recorded
under constant optical and experimental conditions, that is, focal length of the lens,
wavelength of the laser light, laser pulse duration, etc. The beam is aligned precisely by
optical inspection with a laser beam profiler. The laser pulse energy is adjusted to a constant
value, at which the highest signal-to-background ratio is attained for the colloid detection.
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Such operational energy is selected by comparing the breakdown probability of ‘ultrapure
water’ with that of colloid dispersion as a function of the laser pulse energy (Figure 2.11). A
calibration of the colloid mass concentration, or number density, is made by measuring the
breakdown probability for different particle size as a function of the laser pulse energy
(Figure 2.12 and 2.13). Various commercially available monodispersive particle standards
may be applied for the calibration of the LIBD instrumentation. In particular, polystyrene
standards, available in various sizes, have been found to be suitable. In this work,
monodispersed polystyrene reference colloids (Duke Scientific) were used for standard
calibration, with mean diameters of (20 £ 2) nm, (30 = 1) nm, (40 £ 1) nm, (60 £ 4) nm, (81

3) nm, (102 £ 3) nm, (203 = 5) nm, (400 £ 9) nm, (707 £ 9) nm.
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Figure 2.11: The plots of BDP Vs. Laser Energy (S-curves) for ultrapure water, (0.1 M and
1.0 M) NaClO, along with the real samples of thorium which were kept at an initial pH of 5
and 7 for an ageing period of 1080 days.

By adjusting the laser pulse energy to a value where the breakdown probability of
pure water reaches zero, a breakdown event can be selectively induced by colloids. The
breakdown probability of polystyrene reference particles is measured as a function of the
laser pulse energy. The laser energy required to reach the breakdown threshold decreases

with increasing the particle concentration as well as with increasing the particle diameter.
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With decreasing the particle diameter, a higher particle number density is needed to give the
same breakdown probability. Varying the concentrations of the particles influences the slope
of the energy curves, but not the point at which these curves start to rise (breakdown
threshold). The energy values may vary slightly, depending on the optical parameters chosen.
Consequently, any change of system parameters is likely to require a new calibration. The

position of the curves relative to each other, however, does not change.
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Figure 2.12: The variation in threshold energy with the particle size of standard

monodispersed polystyrene nanospheres.
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Figure 2.13: The variation in breakdown probability with the particle number density

(particles/cm®) of 30 nm standard monodispersed polystyrene nanospheres.
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In conclusion, the thermodynamic parameters (log K, AG, AH and AS) for
complexation of have been studied by potentiometry, UV-VIS-NIR absorption
spectrophotometry, calorimetry and Time resolved fluorescence spectroscopy (TRFS) while
the colloid formation by thorium in perchlorate media were investigated by Laser Induced

Breakdown detection (LIBD) method.
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Chapter 3
Studies on Protonation of Pyridine Monocarboxylates, Their N-Oxides and

Hydroxamates

3.1 Introduction

As discussed in the chapter-1, actinides and long lived fission products may get
into the geosphere through various modes, such as, accidental release from the operating
nuclear facilities, underground nuclear tests conducted in the past, and in future, probably
from the mobilized waste forms buried in deep geological repositories. The migration of
these released radionuclides in the geosphere might be further accelerated by their
complexation with the complexing ligands present in the aquatic systems, either naturally or
of anthropogenic origin. Pyridine monocarboxylates, their N-oxides and the hydroxamates
have a significant availability in the geological media and are potential anthropogenic carriers
for the radionuclide migration in aqueous media (detailed in chapter 1 under sections 1.8.3
and 1.11). Interactions of the complexing agents with radionuclides and the host
environment, and their response to changes in the physicochemical conditions make their role
far from simple to elucidate [262]. Determination of the thermodynamic quantities of
complexation, such as stability, enthalpy and entropy of formation of various kinds of species
that may probably form during the course of reaction is of prime importance in understanding
the basic interactions in the complexation reactions. In the case of complexation of metal ion
with acidic ligands like carboxylates, the complexation process is accompanied by
deprotonation of ligand. Thus, thermodynamic parameters for ligand protonation are required
during analysis of thermodynamic data of complexation.

The equilibrium process involving charged species or charge separation deviates
largely from ideality due to long range Coulombic interactions. All concentration equilibrium

constants thus need to be corrected for this non ideality. Measurements at varying ionic
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strengths and extrapolation to zero ionic strength is the straightforward way to correct for
non-ideality. lonic strength can have quite a dramatic effect on the pK, of an acid or base, and
consequently on the fraction deprotonated or protonated, even though the stoichiometric
concentration remains the same [263].

The determination of thermodynamic stability constants of the metal ligand
complexes, by techniques, such as, spectrophotometry, potentiometry, etc, required the
knowledge of protonation constants of the complexing anions. As these data are not available
in the literature, systematic studies on protonation of the complexing anions were carried out
by potentiometry and calorimetry before undertaking the metal complexation by these
ligands. Further, the three classes of ligands have a systematic variation in position of hetero
atom (pyridine monocarboxylic acids and its N-oxides) or change of substituent moiety
(hydroxamic acids) which helps in interpreting the role of substitution on protonation
thermodynamics.

3.2. Experimental
3.2.1. Reagents

A.R. grade pyridine monocarboxylic acids (picolinic acid, nicotinic acid,
isonicotinic acid) (99 %) procured from Alfa Aesar, pyridine Monocarboxylic acid-N-oxides
(PANO (97%), NANO (98%), IANO (99%)) and hydroxamic acids (AHAH (98%), BHAH
(99%) and SHAH (99%)) procured from Sigma Aldrich were used as such without any
further purification. Decarbonated NaOH was used for electrode calibration and for titration
of these acids for determination of protonation constants. NaOH was standardized by titrating
with potassium hydrogen phthalate as primary standard.

3.2.2. Potentiometry
The potentiometric titration, to determine the protonation constants of all the acids

were carried out, using an autotitrator Metrohm (Model no. 716 DMS Titrino) at 298 K. All
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the titrations were carried out in duplicate. The details of pH meter and potentiometric
titration methodology are given in chapter-2. Glee software was used to obtain the values of
E?, slope and carbonate impurity in alkali [216]. For all the potentiometric titrations to study
the protonation, 10 mL of pure ligand solution (0.05 M) was taken in the beaker and was
titrated against the standard NaOH solution (0.1 M). The potentiometric titration data were
analyzed using the computer program Hyperquad [217] to obtain the protonation constants of
all the three classes of ligands. For all the calculations the ionic product of water (pKyw) was
taken as 13.77.
3.2.3. Calorimetry

The calorimetric experiments were conducted with an isothermal titration
calorimeter system (Nanocalorimeter TAM-I11I, Thermometric AB, Sweden). The details of
instrumentation, methodology to obtain enthalpy of protonation from calorimetric data were
given in the previous chapter (sections 2.6.1.1 and 2.6.1.2). The enthalpy of protonation of
ligand was obtained by either titrating protonated ligand solution with base or titrating
deprotonated ligand anion with acid solution. Calorimetric titration of the partially
deprotonated ligand solutions with standard HCIO, was carried out to determine the enthalpy
of protonation of the ligands. All the titrations were carried out in 1.0 M NaClO, ionic
medium at 298 K temperature.
3.2.4. Spectrophotometry

All the spectrophotometric measurements were carried out using a JASCO V530
model spectrophotometer. 2.00 cm?® of ligand solution was titrated with standard (0.1 M)
NaOH solution in increments of 10-50 uL. The absorption spectra were recorded over the
wavelength range from 190-400 nm with an interval of 1.0 nm. All the titrations were carried

out at a temperature 298 K and ionic strength of 10* M adjusted by NaClO,. The
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spectroscopic data was analyzed using Hyperquad software [218] to determine the species
present and their fraction along with the respective protonation constants.
3.3. Theoretical Calculations

All the calculations were carried out using TURBOMOLE program package [264].
Gas phase geometries of all the three ligands and their protonated forms were optimized at
the GGA level of density functional theory (DFT). Becke’s exchange functional [265] in
conjunction with Perdew’s correlation functional (BP86) [266] were used with generalized
gradient approximation (GGA). The geometries were optimized using def-SV(P) basis set
whereas energy and charge calculations were carried out using def2-TZVP basis set. The
charges on individual atoms were calculated by natural atomic orbitals and natural bond
orbital analysis. In order to compare charge by another method, the charges were also
calculated using Mulliken populated charge analysis.
3.4. Results and Discussion
3.4.1. Protonation of Pyridine Monocarboxylates
3.4.1.1. Potentiometry

There are two kinds of proton binding sites in pyridine monocarboxylates; one at
the carboxylate oxygen and the other at the pyridyl nitrogen in the ring. The potentiometric
titrations were carried out at two different ionic strengths (0.1 and 1.0 M NaClQO,). The
protonation constants (log Kpi1 and log Kg;) for the three pyridine monocarboxylates obtained
from potentiometric titration are given in table 3.1 along with the corresponding literature
data. The more basic nature of pyridyl nitrogen of picolinic acid (log Kp;) compared to other
two isomers can be attributed to formation of intra molecular hydrogen bond between proton
attached to carboxylate anion and pyridyl nitrogen. In case of nicotinate and isonicotinate
there is no possibility of intramolecular hydrogen bonding owing to the far away position of

nitrogen in the pyridyl ring from carboxylate group.
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Table 3.1: Thermodynamic data for protonation of the pyridine monocarboxylates at 298 K

and 1 = 1.0 M NaClQ,. (AGp, AHp, TASp are given in kJ/mol)

Reaction log Kp AGp AHp TASp 1 (M) Ref.

Picolinic acid (Pyridine-2-carboxylic acid)

H"+L° — 5.75+0.02 -32.8 -104+04 22.4 1.0 p.w
HL 5.80 -33.1 1.0 [267]
5.38 £0.02 -30.7 -13.9+0.6 16.8 1.0 [165]
5.20 +0.02 -29.7 0.1 p.w
5.22 -29.8 0.1 [268]
H"+HL — 1.23+0.04 -07.0 ~0 07.0 1.0 p.w
H,L* 1.36 -07.8 1.0 [267]
1.07+0.03  -06.1 0.1 p.W
1.03 -05.8 0.1 [268]

Nicotinic acid (Pyridine-3-carboxylic acid)

H"+L — 4.86+0.02 -27.7 -149+0.1 12.8 1.0 p.w
HL 4.72 -26.9 1.0 [269]
4.62 +0.03
4.69 -26.4 0.1 p.w
-26.8 0.1 [269]
H"+HL — 2.08+0.03 -11.8 -3.2+0.6 8.7 1.0 p.w
H,L" 1.99 -11.4 1.0 [268]
2.24 £ 0.09 -12.8 0.1 p.w
2.33 -13.3 0.1 [269]

Isonicotinic acid (Pyridine-4-carboxylic acid)

H"+L — 4.94+0.02 -28.2 -16.6 +0.3 11.6 1.0 p.w

HL 4.96 -28.3 1.0 [270]
4.74 +0.02 -27.1 0.1 p.w
4.88 -27.6 0.1 [269]
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H"+HL — 1.93+0.04 -11.0 -1.1+04 9.9 1.0 p.w

H,L* 1.75 -10.0 1.0 [270]
1844007 -105 0.1 pw
1.76 -10.0 0.1 [269]

(p.w.=present work)
3.4.1.2. Calorimetric Titrations

The enthalpy of protonation (AHp) was determined by calorimetric titration. The
graph of Qi vs. volume of the titrant (ligand solution) for all the three pyridine
monocarboxylic acids is given in figure 3.1. AHp; and AHp, were calculated by nonlinear
least square fitting of Qi data using equation 2.77 (in section 2.6.1.2). The calorimetric data
can also be presented in the form of heat per mol of ligand (hvi) Vs nay (average number of
protons bound per ligand), from which the enthalpy of protonation can be derived directly
from the plot. Figure 3.2 and 3.3 shows the plot of hy; vs nay for picolinate and nicotinate
protonation respectively. The protonation of nitrogen atoms in pyridyl monocarboxylates was
found to be highly exothermic whereas enthalpy of protonation of carboxylate is nearly zero.
The protonation of carboxylate groups are mainly driven by entropy whereas that of pyridyl
nitrogen atoms are driven by entropy as well as enthalpy. The less dehydration energy
required for nitrogen makes the enthalpy of protonation negative and is determined by

electron density on nitrogen atom.
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Figure 3.1: Integrated calorimetric titration data of protonation of pyridine monocarboxylates

(cup solution 2.7 ml of 0.05 M ligand solution) by standard HCIO, (~0.25 M) (o — picolinic

acid, o — nicotinic acid, A — isonicotinic acid)
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Figure 3.2: Plot of Ahy; Vs nayq for protonation of picolinate
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Figure 3.3: Plot of Ahy; Vs nayqg for protonation of nicotinate

The enthalpy of protonation of nitrogen in pyridyl carboxylates have been found to

be in line with theoretically calculated electron density. The lower electron density on pyridyl

nitrogen of picolinate compared to isonicotinate and nicotinate (Figure 3.4) can be explained

by effective delocalization of electron density by resonance as well as negative inductive (-1)
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effect. The similar theoretically calculated electron density on pyridyl nitrogen is reflected in

similar thermodynamic parameters for protonation of nicotinate and isonicotinate.
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Figure 3.4: Charges on individual atoms (from left to right) of picolinate, nicotinate and
isonicotinate molecules. (Colour variation: pink- nitrogen atom, yellow- carbon atom, blue-
hydrogen atom, red- oxygen atom)
3.4.2. Protonation of Pyridine Monocarboxylate-N-Oxides

Zon et al. studied the reduction mechanism of pyridine monocarboxylate and its N-
oxides at mercury electrode and reported the dissociation constants of both the N-oxide and
carboxylate group while Angulo et al. studied the same in basic solutions [271-272]. The
protonation constants of the three pyridine monocarboxylate-N-oxides are available in
literature [187-188]. To the best of our knowledge no other thermodynamic parameters for
the protonation of any of the three pyridine monocarboxylate-N-oxides has been reported.
The effect of ionic strength on protonation constants, the interaction parameters for the
deprotonated pyridine monocarboxylic acid-n-oxides have also not been reported in the
literature.
3.4.2.1. Potentiometric Studies

The potentiometric data analysis showed the formation of only monoprotonated

(protonated carboxylate group) pyridine monocarboxylate N-oxide. Speciation of PANO on
progress of titration along with the fitted experimental and calculated pH is shown in figure

3.5. The speciation diagram depicts the percentage of formation of protonated and
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deprotonated form with respect to total ligand along with the change in hydrogen activity

(pH) at all points of titration.
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Figure 3.5: Speciation diagram along with the fitted data for protonation of PANO at T = 298
Kand I = 3.0 M NaClO4 (LH is the protonated form whereas L’ is deprotonated form of the
base molecule; the calculated pH is deduced from fitting of the data for determination of
protonation constant).

The protonation constants (pKa) for the three pyridine monocarboxylate-N-oxides
obtained from potentiometric titration at various ionic strengths along with the data available
in the literature are given in table 3.2. From the table, it can be seen that at all ionic strengths,
the protonation constants follow the order PANO > IANO > NANO. PANO, being the ortho
isomer, facilitates binding of proton to the oxygen atom of N-oxide through intra molecular
hydrogen bonding. The higher protonation constants of PANO among all the three can be
attributed due to the stabilization of protonated form by intra molecular hydrogen bonding
interactions. In case of other two, the N-oxide group being far away from the carboxylate
oxygen, the intra molecular hydrogen is ruled out there by resulting in lower protonation
constants than PANO. IANO, the para isomer, being in a favorable position with regard to

electron movement in the ring can pull more electron density from the non-bonding N-oxide

103



oxygen atom to bonding carboxylate oxygen atom resulting in its higher log K than NANO, a

meta isomer having carboxylate group at unfavorable position for electron movement.

Table 3.2: Protonation constants of pyridine monocarboxylate-N-oxides at various ionic

strengths at T = 298 K. [a - studies carried out in 0.1 M NaClO,4 and b - ionic strength is not

known, p.w - present work].

I (molarity) | (molality) pKa(PANO) pKa(NANO) pKa(lANO) Reference
0.100 0.101 3.35+0.01 2.52+0.01 264+001 pw
0.500 0.513 3.37+£0.01 249+0.01 2.63+0.01 pw
1.000 1.051 3.47+0.01 2.56+ 0.01 2.74+0.01 pw
2.000 2.212 3.76+ 0.01 2.61+ 0.03 289+ 0.01 pw
3.000 3.503 4.05+£ 0.01 2.87+0.01 3.10+0.01 pw
3.63+0.06 2.63+0.08 [187]°
2.63 2.90 [188]°
3.4.2.2. Calorimetric Titrations

The data obtained from a calorimetric titration are shown in three different plots:

the raw calorimetric data (figure 3.6) which gives the change in power with time; the

cumulative heat against the volume of titrant added (figure 3.7), and hy; vs. nayg (figure 3.8)
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Figure 3.6: Raw calorimetric data for protonation of isonicotinate-N-oxide
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Figure 3.7: Integrated calorimetric titration data of protonation of picolinate-N-oxide
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Figure 3.8: Plot of Ahy; vs. nayq for protonation of nicotinate-N-oxide.

The enthalpy for the protonation (AHp) along with all the other thermodynamic
parameters for the three pyridine monocarboxylate-N-oxides are given in table 3.3. The
thermodynamic parameters for the protonation of some simple monocarboxylates and the
pyridine monocarboxylates were also given in the same table for comparison. It can be seen
that the protonation of PANO is endothermic in nature while that for IANO and NANO are
exothermic in nature. The enthalpy of protonation is resultant of the energy released in bond

formation in the protonated form and the energy required for dehydration of the proton and
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the anion. Depending upon the dominance of former or the latter energy, the reaction will be
governed by enthalpy or entropy.

The various factors which affect the above two opposing forces include (a)
repulsive interaction between two negative charges (oxygen of carboxylate and of N-oxide
group). The protonation of such charged group make the process enthalpically favorable. (b)
formation of intra molecular hydrogen bonding either in anion or acid form. (c)
conformational changes involved on protonation. (d) dehydration of the reacting species
(anion and proton) and the hydration of protonated form [273]. The conformational effects on
protonation are negligible as the carboxylate is attached to a rigid pyridine ring in all the three
acids. Despite of the enthalpically favorable first two factors (a and b) in PANO, AHp is
positive which indicates the dominant role of dehydration in determining AHp. The high
dehydration of PANO compared to NANO and IANO is also reflected in its ASp values.

The dehydration and hydration process involves the perturbation of complete
solvation shell around the two negative charges and solvation of the protonated form. The
hydration shell around the carboxylate molecules include the water molecules interacting
with ionic end through electrostatic interaction and with hydrophobic end through
hydrophobic interaction. Molecular dynamic study of small dicarboxylates by Minofar et al
revealed the dominant role of hydrophilic interactions leading to encompassing of the
complete molecule by hydration shell [274]. The same effect of hydration has also been
observed in small dicarboxylates like oxalate and malonate having endothermic AHp of 4.013
+ 0.02 and 1.81 + 0.05 kJ/mole respectively [275]. The other carboxylate ligand having
similar structure, like phthalate and salicylate, also have endothermic AHp, 4.1 and 2.25 kJ
mol*respectively [276-277]. This further supports the dominant effect of hydration on AHp.
The similar hydration can be expected for PANO leading to endothermic AHp. In case of

NANO and IANO, due to larger distance between two negative charges, this effect is
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nullified. The hydration of protonated species also play a vital role in determining the entropy
of protonation. In case of NANO and IANO, the protonated species have negatively charged
oxygen atom of N-oxide away from the bound carboxylate which have higher ordering effect
on water molecules reflecting in lower AHp and ASp values. On the contrary, intra-molecular
hydrogen bonding decreases the interaction of water molecules with protonated PANO
leading to more positive AHp and ASp. In case of NANO and IANO, the protonation is
similar to that of the simple monocarboxylates like acetate, formate, etc. (table 3.3) for which
AHj, is around 0 to 2 kd/mol.

Table 3.3: Thermodynamic parameters for protonation of pyridine monocarboxylate-N-
oxides along with the literature data for simple monocarboxylates and pyridine
monocarboxylates at T = 298 K and | = 1.0 M NaClO,. (a - values determined at 0.1 M
NaClQ,, b - thermodynamic parameters for protonation of carboxylate group only and p.w -

present work)

Carboxylate pKa AGp (KI mol™) AHp (KI mol™®) ASp (I mol™ K?) Ref

Simple Monocarboxylates

Formate 3.54 -20.2 -1.28 63.5 [278]
Acetate 4.62 -26.4 -1.68 82.8 [278]
Propionate 471 -26.9 -1.08 86.6 [278]
Benzoate * 3.99 -22.8 -0.87 74.0 [279]

Pyridine Monocarboxylates

Picolinic acid 1.23 -7.02 ~0 23.48 [280]
Nicotinic acid 2.08 -11.87 -3.2 29.18 [280]
Isonicotinic acid  1.93 -11.02 -1.1 33.20 [280]

Pyridine Monocarboxylate-N-oxides
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Picolinic acid-N- 3.472 +

) -19.82 6.76 £ 0.31 89.15 p.w
oxide (PANO) 0.007
Nicotinic acid-N- 2.563 +
) -14.63 -1.83 +£0.08 42 .94 p.w
oxide (NANO) 0.003
Isonicotinic acid- 2.744 +
-15.66 -0.40 £0.02 51.20 p.w

N-oxide (IANO)  0.004

3.4.2.3. lon Interaction Parameters for PCNOs — An SIT approach

As the above measurements of enthalpy were carried out at finite ionic strength,
the system will deviate from ideality due to strong electrostatic interactions between the ions
present in the solution. At higher ionic strengths, non Coulombic interactions will add
additional deviations from ideality, which can be addressed by determining the activity
coefficient that correlates the activity with the concentration of the reactant. There are
numerous methods for estimating activity coefficients of aqueous species in electrolyte
solutions. The simplest models like Debye Huckel theory and Davies equations, which
account for electrostatic interactions between ions of opposite charge, can be used for
estimation of activity coefficients at ionic strengths less than 0.03 and 0.1 mol/kg
respectively, that too for the case of 1:1 ionic systems. The short range non electrostatic
interactions predominating at higher concentrations can be taken care by the adding extra
terms to Debye Huckel expression. More elaborate models like the Pitzer equations extend
the range of application to concentrated salt solutions but a large number of empirical
parameters need to be assigned which must be obtained from experimental data. The
Brenstedt-Guggenheim-Scatchard specific ion-interaction theory (SIT) [281] takes an
intermediate position in that it requires only a minimum number of empirical parameters but

it is commonly considered to be restricted to ionic strengths below about 3.5 mol kg™
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There are two basic assumptions in the SIT theory based on which the ion
interaction parameters (i, K) are calculated. (I) According to the SIT model, the activity
coefficient (y;) of an ion of charge Z; in a solution of ionic strength (I,) is given by an
additional linear term to Debye Huckel term,

logy, = —Z,—tm_ 4 ¥ ¢ (i,k)m, (3.1)

Y1+aB, 1y

where the first term on right side of (3.1) is the Debye Huckel term to account for all
electrostatic interactions and (i, k) is the specific ion interaction coefficient between ions i
and k (zero for ions of the same charge and sign). The second term on the right side of
equation (3.1) accounts for the all short-range non-electrostatic interactions between the
charged particles. With this SIT model for activity coefficients, the relation between
concentration protonation constants (pK,) and thermodynamic protonation constants (pKz’) of

a reaction in an ionic medium of molality m is given by

_ 2 ATy _ o_
pK_ — AZ Frory = pK, — A=, (3.2)
AZ:= AZ} — AZL+ — AZE- (3.3)
Az = gy — g+ — &~ (3.4)

The second assumption of SIT theory is that the linear correction term in the
activity coefficient ¢ (i, K) is assumed to be zero for uncharged species or for ions of the same
charge, thereby implying that e(i, k) for the neutral molecule is zero. In case of mono-
protonated ligands, as in case of the pyridine monocarboxylate-N-oxides, €y is zero. Using
the literature data for the ion interaction (SIT) parameter (e4") of proton in the medium under
study, it is possible to calculate the & values for the deprotonated pyridine monocarboxylic
acid-N-oxides provided the Ag is known. In the present study, the pKa of all the three-
pyridine monocarboxylate-N-oxides were determined at five different ionic strengths to

determine their & values. The variation of pKa with the increase in ionic strength is given in
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table 3.2 and is plotted in figure 3.9. The correlation coefficients (R?) in figure 3.9 show a

deviation from linearity of protonation constants with the ionic strength.
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Figure 3.9: Variation of pKa with ionic strength without inclusion of any correction terms
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Figure 3.10: Variation of pKa with ionic strength with inclusion of ion interaction
parameters obtained by application of SIT theory

Considering the deviations due to electrostatic interactions (by Debye Huckel term
D) and non-electrostatic interactions (by SIT parameter (i, k)), the plot of log f — AZ?D with
I becomes linear (Figure 3.10), thereby supporting the application of SIT theory in the I
range studied in the present work. The linear plots shown in figure 3.10 can be characterized
by the slope and the intercept which give the values of Ae and pK.’ respectively for each of

the three pyridine monocarboxylate-N-oxides. Once the Ae for the protonation reaction is

known and using the e (H*, CIO4) from literature [282] it is possible to calculate the ion
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interaction parameters (&) for the pyridine monocarboxylate-N-oxides using the equation 3.4.
The € values of all the three pyridine monocarboxylate-N-oxides along with the respective
pK." values are given in the table 3.4.

Table 3.4: log B° and SIT parameters of pyridine monocarboxylate-N-oxides

Ligand pKa° Ae e Cation £ Anion
PANO 3.568+0.021 0.287+ 0.011 0.300 -0.013
NANO 2.745%x0.030 0.173+0.016 0.300 -0.127
IANO 2.896+0.021 0.207+0.010 0.300 -0.093

3.4.2.4. Spectrophotometric Measurements

The conjugated and aromatic organic molecules usually have very high molar
extinction coefficients facilitating determination of the thermodynamic parameters for their
protonation reactions employing very low concentrations and hence at lower ionic strengths.
The ease of carrying out measurements at very low ionic strengths further enables the
application of simplest theories of ionization like Debye-Huckel and Debye Huckel limiting
law to calculate the pK, values at infinite dilution or at zero ionic strength (pKa®). In the
present study, 2 mL of 5 x 10° M pyridine monocarboxylic acid-N-oxide solution was
titrated against 10* M NaOH and the absorbance was monitored over the wavelength range
190-400 nm for each addition of titrant. All the titrations were done in duplicate and the ionic
strength was maintained at 10* M using NaClO, as background electrolyte. The variation in
absorbance of pyridine monocarboxylic acid-N-oxides on addition of NaOH is shown in
figure 3.11. The absorbance at all the wavelengths decreases on adding the base for all the

three pyridine monocarboxylic acid-N-oxides.
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Figure 3.11: Absorption spectra of 5 x 10° M pyridine monocarboxylate-N-oxides on
addition of NaOH (10 M) at T = 298 K and | = 10 M NaClO, (top to bottom PANO,

NANO and IANO)
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The absorbance data was analyzed using Hyperquad program [217] to determine
the pKa values of all the three pyridine monocarboxylate-N-oxides, which are shown in table
3.5 along with the calculated pKa® values determined by employing Debye Huckel theory.
The pKa® values determined from potentiometric data employing specific ion interaction
theory are also given in the same table and are in good agreement with those determined by
spectrophotometric measurements.

Table 3.5: The prominent peaks (Amax in NM), pKa from absorption measurements and pKa’

calculated from absorption as well as by potentiometric titrations determined at T = 298 K.

Ligand Peak 1 Peak 2 Spect. (I=10*M) Spect. (1=0M)? Pot. (I =0 M)°

PANO 212 252 3.55+0.01 3.58 3.57 £ 0.02
NANO 220 258 2.63+0.01 2.66 2.74 £ 0.03
IANO 214 274 2.901+0.01 2.93 2.90 +0.02

“Spectrophotometry, "Potentiometry
3.4.25. Theoretical Calculations

Most of the quantum chemical calculations reported in the literature have focused
on evaluation of intra molecular hydrogen bonding, vibrational spectra and proton dynamics
of picolinic acid-N-oxide [283-290]. Studies on Nicotinic acid N-oxide (NANO) [291-292]
and isonicotinic acid-N-oxide [293] have been carried out using UV, NMR, IR and Raman
spectra of their monomers and oligomers. The energies of different conformers of NANO
were calculated by Atac et al.[292], while that for IANO were calculated by Karaca et al
[293]. The dipole moments and the overall charge densities on all the three pyridine
monocarboxylic acid-N-oxides have been reported by Stefan Lis et al [187]. But the detailed
charge calculations on each atom and energies of the pyridine monocarboxylate-N-oxide and

its protonated form have not been carried out in detail in literature. The energies for the
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protonated and deprotonated forms for the optimized conformers of the three pyridine
monocarboxylic acid N-oxides along with literature reported values are given in the table 3.6.
Table 3.6: Calculated energies for protonated and deprotonated forms of pyridine
monocarboxylate-N-oxides and the difference in energy from protonated form to

deprotonated form of pyridine monocarboxylate-N-oxides.

Energy — E (L) E (LH) AE(LH-L) AE(LH-L)
Ligand |  (in Hartree) (in Hartree) (in Hartree) (in kJ mol™)

PANO -508.670  -512.240  -3.570 -9374.184  pw

NANO 511714  -512.249  -0.535 -1403.720  pw
-512.161 [286]*

IANO .511.716  -512.254  -0.5374910  -1411.183  pw
-512.164 [287]*

*- The stable conformer having minimum energy were taken.

From table 3.6, it can be observed that the difference in energy (AE) between
protonated to deprotonated form of the pyridine monocarboxylate-N-oxide is highest for
PANO and lowest for NANO, which is also reflected in pKa values as well (order of pK, :
PANO > IANO > NANO from table 3.2). The difference in AE for PANO to NANO and
PANO to IANO are -7970 and -7963 kJ mol™ respectively while the same from IANO to
NANO is only -7.46 kJ mol™. The larger difference in case of PANO can be attributed to
extra affinity for proton through intra molecular hydrogen bonding. The small variation of AE
between NANO and IANO reflects similar kind of affinity for proton by carboxylate as in

case of simple monocarboxylates.
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Figure 3.12: Charges (Calculated by natural bond orbital analysis) on individual atoms on
the deprotonated (left) and protonated (right) forms of pyridine monocarboxylate-N-oxides.
(From top to bottom: PANO, NANO, IANO; color code of atoms: grey - carbon, purple -
nitrogen, red - oxygen and pink - hydrogen).

The detailed calculation of charge on every individual atom of the deprotonated
and protonated forms of all the three pyridine monocarboxylate-N-oxides further gives an

insight into the effect of each individual atom on protonation. The charges on all individual
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atoms for both protonated and deprotonated forms are shown schematically in figure 3.12.
From the charges on atoms before and after protonation, the conclusions can be drawn using
the following four major fragmentations. (i) The oxygen and nitrogen of N-oxide moiety, (ii)
The carbon and two oxygen atoms of the carboxylate group, (iii) The ring carbon atoms, (iv)
The hydrogen atoms attached to the ring carbon atoms.

Upon protonation, the positive charge on the nitrogen atom increased while the
negative charge on oxygen atom decreased for N-oxide moiety in case of all the three-
pyridine monocarboxylate-N-oxides. The change in charge densities on these atoms is more
pronounced for PANO and IANO than that for NANO (figure 3.12). This can be attributed to
the redistribution of positive charge gained on protonation over the N-oxide group. The ortho
and para positions being at activated positions (Figure 3.13), the changes are more
pronounced at these positions than that in NANO where the N-oxide is at deactivating meta
position. The electronic charge on all the carbon atoms of the ring became less negative on
protonation except for the carbon atom directly attached to carboxylate group in all the three-
pyridine monocarboxylate-N-oxides. The increase in negative charge on ring carbon bound to
carboxylate on protonation is typical of charge polarization. Similar observation on
carboxylate ligand on binding to metal ions has been reported in the literature [293]. The
higher negative charge on binding oxygen atoms of carboxylate in IANO (-0.69719 e) and
total charge on complete carboxylate group (-0.75210 e) compared to that on NANO, can be
explained by higher charge transfer from para position compared to meta. This results in
higher electrostatic interaction of IANO for proton compared to NANO. In addition to the
above observation, in case of IANO, there is also decrease in the positive charge on carbon
atoms at para positions to carboxylate and ortho position to N-oxide group which is due to the
combined effect of both the deactivating groups, namely N-oxide and carboxylate group on

these positions at a time on protonation. The charge on all the hydrogen atoms is more

116



positive on protonated form than that in case of deprotonated form in all the three pyridine

monocarboxylate-N-oxides.
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Figure 3.13: Resonating structures of IANO
Table 3.7: The bond distances of N-O and C-C (carboxylate carbon and the ring carbon

attached to it) in deprotonated and protonated forms of pyridine monocarboxylate-N-oxides.

Molecule  Deprotonated form Protonated form

dvo (A% dec (A% dnvo (A  dec (AY)

PANO 1.260 1.595 1.293 1.524
NANO 1.279 1.574 1.264 1.499
IANO 1.281 1.560 1.261 1.484

Table 3.7 gives the N-O bond distance (dn.o) and the bond distance between
carboxylate carbon and the ring carbon attached to it (dc.c). Both the bond distances have
been found to decrease on protonation of the respective carboxylate group except for dy.o of
PANO. From the resonance structures of IANO (figure 3.14), it can be observed that the
negative charge on oxygen of N-oxide can move towards the ortho and para positions as in
case of PANO and IANO.

In case of IANO, the lone pair of electrons interacts with the pi-electron of the ring
leading to positive charge on nitrogen atom and movement of negative charge towards the
carbon attached to carboxylate group. This movement of electron density from oxygen atom

of N-oxide group to carboxylate group leads to increased double bond character in N-O and
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C-Cearboxylate boOnds. Thus, protonation of IANO leads to decrease in dn.o and dcc. The
protonation of carboxylate stabilizes this resonance form by reducing electron repulsion in
carboxylate group. However in case of protonation of PANO, the structure having negative
charge on oxygen atom is stabilized by intra molecular hydrogen bonding from the ortho
carboxylate group, thereby favoring the single bond character of N-O bond. Further, the intra
molecular hydrogen bonding leads to increased transfer of charge from the ring to the
protonated carboxylate group, thereby shortening of dcc.
3.4.2.6. Comparison with Pyridine Monocarboxylates

There are two protonation sites in pyridine monocarboxylates and their N-oxides,
one at carboxylate oxygen and the other at nitrogen in the pyridine ring or the oxygen of N-O
moiety in case of N-oxides. In the present section the thermodynamic parameters for the
protonation of carboxylate oxygen in pyridine monocarboxylates and their N-oxides is
discussed. The thermodynamic parameters for simple monocarboxylates and pyridine
monocarboxylates available in the literature along with that for protonation of pyridine
monocarboxylate-N-oxides determined in the present study are given in table 3.3. The
protonation of pyridine monocarboxylate-N-oxides can be differentiated from that of
carboxylate group of pyridine monocarboxylate by the following points. (i) The carboxylate
group in pyridine carboxylate is more acidic (lower pK, values) than that in corresponding
isomer in pyridine monocarboxylate-N-oxides (higher pK, values), (ii) the contribution of
entropy term in free energy of protonation is much higher for pyridine monocarboxylate-N-
oxides than that for respective pyridine monocarboxylates. (iii) Among the isomers, the
increasing order of acidity of carboxylate group in case of pyridine carboxylate follows the
order, ortho > para > meta isomers whereas in case of pyridine monocarboxylate-n-oxides the

order is reversed, that is, meta > para > ortho isomer.
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The above mentioned major differences can be explained on the basis of structural
variation caused by the N-O group on the corresponding carboxylates. The log Kp for
protonation of nitrogen atom in picolinic acid, nicotinic acid and isonicotinic acid are 5.75,
4.86 and 4.94 respectively. At lower pH values (< 5), the nitrogen atom in pyridine
monocarboxylic acids present in protonated form (NH®). The protonated nitrogen acts as a
strong electron withdrawing group, which pulls the electron density at carboxylate group,
thereby making pyridine monocarboxylates more acidic than simple benzoic acid (pKa =
4.03). The higher affinity of proton for carboxylate in pyridine monocarboxylate-N-oxide
compared to pyridine monocarboxylates can be attributed to higher electron withdrawing
effect of protonated nitrogen atom compared to N-oxide group. In case of picolinic acid,
ortho isomer, the intramolecular hydrogen bonding forms between the protonated nitrogen
and deprotonated carboxylate oxygen atom that stabilizes the deprotonated form and hence
making it the most acidic among all the three pyridine monocarboxylates. In case of PANO,
intra molecular hydrogen bonding is formed between the protonated carboxylate group and
oxygen of N-oxide group thereby stabilizing the protonated form and making it least acidic
among its other isomers. Due to presence of intra molecular hydrogen bonding in protonated
PANO and deprotonated picolinic acid, these molecules have lower hydration compared to
the corresponding meta and para isomers. The lower hydration of protonated form of PANO
leads to its high entropy of protonation (ASp) whereas the similar argument for deprotonated
picolinic acid leads to its lowest ASp values among the corresponding series of carboxylates.
However, in general, the high ASp for pyridine monocarboxylate-N-oxides can be attributed
to their higher basicity compared to corresponding pyridine monocarboxylate, which results

in the higher dehydration energy of the N-oxides during protonation.

119



3.4.3. Protonation of Hydroxamates

3.4.3.1. Potentiometric Titration

The analysis of potentiometric data by Hyperquad [217] indicated the presence of

monoprotonated species for AHA and BHA as against mono- and di- protonated species for

SHA. The speciation diagram indicating the presence of the monoprotonated SHA (LH") and

diprotonated SHA (LH,) is given in figure 3.14. The protonation constants obtained from

potentiometric titrations are given in table 3.8.
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Figure 3.14: Speciation diagram for protonation of salicylhydroxamate ([SHA] = 0.01 M

and [NaOH] = 0.03 M)

Table 3.8: Protonation constants of HA at T =298 K and I =0.1 M. (AG is in kJ / mol)

HA lOg ﬁHL AGHL

log BroL (logKpy) AGHaL

Technique / Ref

AHA 936+0.03 -23.20

9.27+0.04 -22.99
9.23 -22.88

BHA 887+0.04 -21.99

8.69+0.06 -21.54
8.43 -20.90

SHA 9.95+0.02 -24.66

9.68+0.02 -23.99
9.25 -22.93

17.53 £0.03 (7.58+ 0.04)  -43.45

17.19+0.05 (7.51+ 0.04)  -42.61
17.25 -42.76

Pot.
Spec.
[294]
Pot.
Spec.
[295]
Pot.
Spec.
[296]
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3.4.3.2. Spectrophotometric Titration

High molar extinction coefficients of hydroxamic acids (HAH) enable
spectrophotometry to be used as a convenient method to reveal the speciation and spectral
properties of various HAH and their deprotonated species. The HAH solutions were titrated
against a standardized NaOH and the absorption spectra were recorded over the wavelength
range of 190 to 350 nm. The AHAH and BHAH have prominent absorption peaks at 196 and
227 nm respectively whereas SHAH has three peaks at 202, 236 and 295 nm (figure 3.15). In
the case of AHAH and BHAH, the intensity of these peaks were found to gradually decrease
with addition of standardized NaOH to HAH solution and isosbestic points appeared at 213
and 272 nm respectively. The presence of isosbestic point suggests the formation of only one
species during the titration which corroborates the Hyperquad [217] analysis of
potentiometric as well as spectrophotometric data suggesting deprotonation of only one
proton in AHAH and BHAH. In the case of SHAH, a gradual decrease in peak intensities was
observed instead of isosbestic point (figure 3.15). The protonation constant for all the three
ligands by spectrophotometric titrations and potentiometric titrations are given in Table 3.9.
Details of the analysis of spectrophotometric titration data to obtain the protonation constants

of the ligand are given in previous chapter (Section 2.5.2.3).
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Figure 3.15: Absorption spectra of hydroxamic acids: from top to bottom - AHA, BHA and
SHA ([AHA / BHA / SHA] = 1 x 10 M and [NaOH] = 4 x 10™* M).
3.4.3.3. Theoretical Calculations
HAs have two probable deprotonation sites (NH and OH) which can be expressed
by following reactions.
RCONHOH <«  RCONHO +H* (3.5)
RCONHOH <«  RCONOH+ H* (3.6)
Several studies have been reported in the literature on experiments and theoretical

calculations on protonation of HA. However, the deprotonation site of HA has not been
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identified conclusively. Investigations by Exner and Kakac using IR and UV point towards
protonation of nitrogen atom in HA [297] which is in agreement with the *’O NMR, FT-IR,
and N vs. O alkylation experiments [295], but is contrary to the oxygen atom protonation
shown in other studies [298-301]. Recently, number of authors have pointed out coexistence
of both the protonated species, with one form being preferred over the other depending on the
medium and substituents on HA [302]. Boulet et al. carried out DFT calculations to obtain
energy of deprotonation (AEp) in gas phase as well as in water as solvation medium [303].
The authors revealed that AEp for deprotonation of NH in gas phase is lower than that of OH
whereas the trend was opposite in solvated medium. Thus, deprotonation of HA occurs first
at OH, as the calculated pKa of NH indicate that its deprotonation is highly improbable in
aqueous medium.

Among the three HAs, the log Kp, which is a measure of basicity, follows the
order, SHA > AHA > BHA (table 3.8). DFT calculations were carried out for protonation of
all the three HAs. The structure of protonated and deprotonated HA given by equation 3.7
were optimized and the energy and charge on atoms in optimized structure were calculated.

L+ H" o  LH0D (3.7)
The energy of protonation (AEp) were calculated as

AEp= E.y™V-E" -E4 (3.8)
where Ex is the calculated energy for species ‘X’ (X = L™, H*, LH™Y). The calculated
energies for protonation reaction of three acids are given in table 3.9.

Table 3.9: Calculated energy (in eV) for protonation for HA

E." E ™Y Epy ™2 AEp; AEp;
AHA  -7711.727 -7727.751 0 -16.024 0
BHA -12922.610 -12937.974 O -15.364 0

SHA  -14948.172 -14966.502 -14981.406 -18.330 -14.903
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The trend in proton binding energy of hydroxamate ligand (-AEp;), SHA > AHA>
BHA, is in good agreement with the experimental log Kp; (table 3.8). The charges on the
protonating site are also useful to understand their affinity for proton. The electron density on
oxygen atom of -NHO" group in AHA (-0.755 e) is higher than that in BHA (-0.652) (figure
3.16) which explains the higher log Kr of AHA compared to that of BHA. This can be
attributed to positive inductive effect of acetyl group in AHA and negative inductive effect of
phenyl group in BHA. Figure 3.17 shows stepwise protonation of SHAZ. The first
protonation decreases the negative charge on the atoms thereby reducing the electronic
repulsion in the dianion. The trend, | -AEp; | > | -AEp, | is in agreement with log Kp; > log Kp,
(log BraL- log BrL). The effect of hydroxyl group on protonation of SHA%can be understood
by comparing protonation of -NHO'in BHA (-AEp; = -15.363984eV) and SHA (-AEp,= -
14.903329 eV) (table 2).The negative charge on -NHO"™ group is higher in case of BHA™ (-
0.655e) compared to that in case of SHA-H (-0.598e) (figure 3.17). Thus, decrease in
electron density on —NHO™ oxygen atom in SHA-H" due to presence of ortho hydroxyl group

leads to decrease in its basicity and thereby its protonation constant.

Figure 3.16: Charges on the key atoms of AHA (left) and BHA (right).
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SHA* SHA-H-

Figure 3.17: Scheme for protonation of SHA
3.5. Conclusion

The protonation constants for the ligands having possibility of intramolecular
hydrogen bond formation (Picolinate, PANO and SHA) are relatively higher among the
respective class of ligands. Further, between the remaining two ligands of a particular class,
the one having positive inductive effect (acetyl compared to benzyl) or at favorable position
of charge polarization (isonicotinate/IANO compared to nicotinate/NANO) have higher log
Kp than the other. The enthalpy of formation is negative or positive depending on the stability
of either deprotonated form (as in case of picolinate) or protonated form (as in case of
PANO) of a ligand wherein intra molecular hydrogen bond formation is feasible. The nature
of hetero moiety (N in pyridine monocarboxylates and N-O in its N-oxides) has a dramatic
effect on the protonation thermodynamics. Though the position is same for the corresponding
class of ligands, the thermodynamic parameters (log Kp, AH) follow the opposite trend in that
particular class of ligands. Further, the extent of dehydration during the deprotonation process
also plays a key role in governing the exothermic or endothermic nature of the process.
Density functional theory calculations to derive the charge on individual atoms in the bare
ligands are in line with the experimental observation on the protonation constants of the

ligands.
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Chapter 4
Thermodynamic, Luminescence and DFT Studies on Complexation of

Eu(l11) by Pyridine Monocarboxylates and Their N-Oxides

4.1. Introduction

The natural occurrence of pyridine based carboxylates and their N-oxides in plant
and animal tissues, microorganisms has posed interesting problems as to the biochemistry
and function of these compounds in biological systems [144]. Through feed wastes or from
wastewater treatment plants, N-oxides may enter the soils, sediments, and aquatic
environments as emerging contaminants [145]. Thus, the interaction of these N-oxide
moieties with various metal ions present in aquatic environments is of interest from the point
of view of their migration in the aquatic environments. In the present chapter the
complexation of Eu(lll) (analogues of trivalent actinides) by various pyridine
monocarboxylates and their N-oxides has been studied by isothermal titration calorimetry,
time resolved luminescence spectroscopy and density functional theory.

Most of the thermodynamic studies on complexation of pyridine monocarboxylic
acids (PMCs) in solution are concerned with transition metals [304-309]. A large number of
crystallographic and spectroscopic studies on lanthanides pyridine carboxylates and their
derivatives have been carried out to explore their luminescence properties for various
applications [310-319], and there are only few studies on the thermodynamics of
complexation of rare earths with picolinate [154-157] and nicotinate [158]. But the log K
values differ significantly from one another with large uncertainty in the values of formation
constants for higher complexes. To the best of our knowledge no studies were reported the
thermodynamic quantities of complexation of rare earths with isonicotinate in solution.

Pyridine monocarboxylic acid-N-oxides (PCNOs) have an extra oxygen atom as

donor than nitrogen compared to corresponding PMCs and the studies on their complexation
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with lanthanides are limited [320-326]. The flexible N-oxide functionalization of pyridine
monocarboxylic acid-N-oxides enhances their ability to coordinate and/or hydrogen bonding
resulting in different characteristics of lanthanide PCNO complexes as compared with the
corresponding lanthanide PMC complexes [327]. Most of the literature reports on chemistry
of interaction of lanthanides in general and europium in particular with PCNOs related to
either the synthesis of polymers or coordination networks in solid state to explore their
applications in luminescence, catalysis and many other fields [165-169]. Stefan and et al
studied the structure and spectroscopy of lanthanide(lll) complexes with picolinic acid N-
oxide in solution and in the solid state but the studies in solution are limited to identification
of the number of different stoichiometric complexes [170], with no information on the
speciation, thermodynamic and coordination behaviour of the complexation. Yoneda et al
determined only the stability constants of ML and ML, lanthanide picolinate-N-oxide
complexes but the stability constants values for higher stoichiometry and other
thermodynamic parameters including for ML and ML, were not determined [155]. The
polymeric structures of europium with nicotinic acid-N-oxide and isonicotinic acid-N-oxide
were synthesized and characterized by J. G. Mao et al. [327] and Lijuan Zhang et al. [328]
but no studies on agueous complexation were reported.

The present study was aimed at determining the stability, speciation, stoichiometry,
thermodynamic and luminescence properties of the europium complexes with the three
structurally isomeric pyridine monocarboxylates and its N-oxides at 298 K temperature in 1.0
M NaClO, medium. Potentiometry and luminescence spectroscopy were used to determine
the stability constants and hence the speciation diagrams of the complexation. Isothermal
titration calorimetry was used to determine the heats of formation of the complexes, which,
along with stability constant data, were used for determination of entropy of formation of the

complexes. The fluorescence lifetime of the °Do state of Eu(lll) was used to reveal the
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number of water molecules left in primary hydration sphere and hence the stoichiometry of
the complexes. The thermodynamic parameters (AH and AS) along with variation in
luminescence lifetime of °Dy state of Eu(l11) of the complexes was used to find out the mode
of complexation (inner vs. outer sphere complexation) for Eu-PCNO complexes. The
systematic study on thermodynamics of complexation for the three PMCs/PCNOs helps in
interpreting the effect of position on the pyridyl nitrogen or N-oxide with respect to
carboxylate group on the stability of the complex formed. Theoretical calculations were also
carried out to determine the energies for most probable structures and the bond distances,
bond angles and charges on individual atoms for all the complexes to corroborate
experimental determinations.
4.2. Experimental
4.2.1. Reagents

Eu(lll) stock solution was prepared by dissolving A.R. grade Eu,Oz in
concentrated nitric acid. This was converted into perchlorate by evaporating to dryness and
dissolving the residue in concentrated perchloric acid. The solution was evaporated to
dryness thrice and finally the residue was dissolved in 0.01 M HCIO,. The Eu(lll)
concentration in the stock solution was determined by EDTA titration using xylenol orange
as an indicator. All the chemicals of A.R. grade (99%) procured from Sigma Aldrich were
used. For determination of the stability constants of the complexes, ligand solutions were
prepared by adding known amount of standardized NaOH.
4.2.2 Potentiometric Titrations

Standardized Eu(lll) solution (0.002 M) was titrated with half neutralized ligand
solution and the data was analyzed using Hyperquad [217] to determine the stability
constants of Eu(lll) - pyridine monocarboxylate and its N-oxide complexes. The

methodology to determine the stability constants from the potentiometric data was given
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chapter 2 (section 2.5.1.3). The detailed concentrations of metal and ligand solution are given
in table 4.1.

Table 4.1: Concentrations employed for the complexation by Eu(lll) with PMCs and
PCNOs. Initial Volume of metal solution taken for potentiometric, calorimetric and

luminescence studies were 10.00 mL, 2.70 mL and 2.00 mL respectively.

Complex Cup Solution Titrant Solution
Cm/10°M Ch/M CL/M Ch/M
Eu(lll) - picolinate 2.672 0.0192 0.4989 0.3328
4.453 0.0264 0.4989 0.3328
Eu(l11) - nicotinate 2.672 0.0192 0.4991 0.2359
4.453 0.0264 0.4991 0.2359
Eu(l11) - isonicotinate 2.672 0.0192 0.1934 0.0980
4.453 0.0264 0.1934 0.0980
Eu(l11) - PANO 2.000 0.008 0.2 0.1
Eu(ll1) - NANO/IANO 2.000 0.008 0.1 0.05

4.2.3 Calorimetric Titrations

The calorimetric experiments were conducted with an isothermal titration
calorimeter system (TAM-II1, Thermometric AB, Sweden). The details of the instrumentation
was given in section 2.6.1.1. For the calorimetric titration of Eu(lll) with the PMCs and
PCNOs, the metal ion solution at the desired pH and ionic strength was taken in the reaction
vessel and was titrated with the ligand solution (Table 4.1). The heat of dilution of titrant was
determined in a separate calorimetric titration of the blank electrolyte solution (I = 1.0 M
NaClO,) with the titrant solution. The dilution corrected calorimetric titration data were

analyzed to obtain the enthalpy changes in the reaction (detailed in section 2.6.1.2).
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4.2.4. Time Resolved Luminescence Spectroscopic (TRLS) Measurements

The main aim of the TRLS measurements was to obtain stability constant from
emission spectra and to determine the number of water molecules in the primary coordination
sphere of the Eu(l11) complex by lifetime measurements which, in turn, provides information
about the nature and number of ligand anions complexed to the central metal ion. The details
of the instrument are given in chapter 2 (under section 2.5.3.2). The excitation wavelength
was selected at 396 nm, while the emission spectra were recorded in the wavelength range of
560-640 nm with a data interval of 1 nm. The data were fitted into single-exponential
function to obtain the lifetime of the excited state, °Do, of Eu(lII).
4.3. Computational Protocol

The structure of PMCs, PCNOs and their complexes with Eu(lll) ion were
optimized without imposing any symmetry restriction using B3LYP functional [264,329]
with split valence plus polarization (SVP) basis set as implemented in Turbomole package
[330]. Effective core potential was used for Eu(lll) ion, that is, def-ecp with core 28 for Eu
atoms [331]. The use of B3LYP/SVP level of theory has been reported in literature by many
authors for actinide-lanthanide complexes [332-335]. The optimization of the complexes with
Eu(lll) ion was performed using septet spin state for Eu atom. The total energies were
calculated with B3LYP functional [264,329] using triple zeta valence plus polarization
(TZVP) basis set as practiced earlier [332-335] . The present calculations neglect spin-orbit
interactions which will be less effective in ligand field complexes with 4f shells of Eu [336].
All the complexes studied here show real vibrational frequencies, confirming the minimum
energy structures on the potential energy surfaces. Additionally, the (S?) values are very close
to the S(S+1) ideal values which indicates that all the structures exhibit negligible spin
contamination [337-338]. The changes in enthalpy (AH), and Gibbs free energy (AG) were

obtained by frequency calculations including thermal corrections and zero-point energy with
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the B3LYP/TZVP/RECP level of theory in the gas phase (298.15 K, 0.1MPa). The aqueous
solvent effects in the energetic were incorporated using conductor like screening model
(COSMO) approach [339-340]. The default COSMO radii were used for all elements except
Eu (1.90A) [341]. The dielectric constant, ¢ of water was taken as 78.4. The gas phase
optimized geometries were used for the single point energy calculation in COSMO phase
[342].
44. Results and Discussion
44.1. Eu(l11) Complexation by Pyridine Monocarboxylates
44.1.1. Potentiometry

Figures 4.1-4.3 show the potentiometric titration data for complexation of Eu(lll)
with picolinic acid, nicotinic acid and isonicotinic acid along with fitted data and speciation
diagram obtained by Hyperquad 2006 respectively. The potentiometric results reveal
formation of four complexes, ML; (i= 1-4) in case of picolinate but only ML (1:1 type)
complexes in case of nicotinate and isonicotinate. The log K; values obtained are given in

table 4.2.
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Figure 4.1: Experimental and fitted potentiometric data for titration of Eu(l11) with picolinate

along with speciation data. (concentration are given in table 4.1)
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Figure 4.2: Experimental and fitted potentiometric data of titration of Eu(ll1) with nicotinate

along with speciation data (concentration are given in table 4.1).
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Figure 4.3: Experimental and fitted potentiometric data for titration of Eu(lll) with
isonicotinate along with speciation data. (concentration are given in table 4.1)
Table 4.2: Thermodynamic data for complexation of Eu(l11) with pyridine monocarboxylates

at 298 K and 1 = 1.0 M NaClQO,. (AG, AH and TAS are given in kJ/mol)

Reaction log KmLi AGwmLi AHwmyi TASmL Method

Eu(l11)-Picolinate Complexes

ML 4.38 £0.10 -25.0 -12.3+0.3 12.7 Pot.
4.27+0.13 TRFS
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ML 3.85+0.12 -22.0 -11.2+0.2 10.8 Pot.

3.94+£0.15 TRFS
ML 2.93+0.12 -16.7 -10.3+0.7 6.4 Pot.

3.00+0.16 TRFS
ML, 2.42+0.18 -13.8 -94 +05 4.4 Pot.

2.24 +0.25 TRFS

Eu(l11)-Nicotinate Complexes

Eu¥ + L — 1.93+0.04 -11.0 9.0 +0.6 20.0 Pot.
EulL? 2.02 +0.04 TRFS

Eu(l11)-Isonicotinate Complexes

Eu¥® + L — 228+0.12 -13.0 55 +0.3 18.5 Pot.
EuL? 2.20 +0.08 TRFS

According to linear free energy relationship (LFER) which is based on the
electrostatic binding between the metal ion and the complexing anion, the log Ky varies
linearly with log Kp; however the data for Eu(lll)-picolinate are well above that predicted
from the correlation when compared with monodentate ligands and fall in line on comparison
with similar kind of bidentate ligands (figure 4.4) indicating the chelate formation via pyridyl
nitrogen atom. Log Ky for Eu(lll)-nicotinate and Eu(lll)-isonicotinate are higher than that
expected on the basis of log Kp; or log Kp,. However, log Ky for Eu(lll)-nicotinate and
Eu(lI)-isonicotinate fall in line with LFER when plotted with log Kp; + log Kp,, Which
indicates the participation of electron density from both groups.

The higher stability of Eu(lll) complexes with nicotinate and isonicotinate
compared to the predictions of LFER, can be explained by charge polarization from pyridyl
nitrogen to carboxylate group on complexation with Eu(lll). The electron density on

carboxylate with protonated nitrogen (log Kp,) is low enough to form stable complex and
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hence MLH complexes are not observed under the experimental conditions. The absence of
MLH species further confirms the deprotonation of nitrogen atom and charge polarization
during complexation. The higher value of log Kp of isonicotinate than nicotinate is also

reflected in stability constants of the complexes.
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Figure 4.4: Linear Free Energy Relationship for Eu(l11) —monocarboxylates (left) and Eu(lll)
— aminocarboxylates (right). (all the values are taken from the SC database, Academic
Software).
4.4.1.2. Isothermal Titration Calorimetry

Figure 4.5 and 4.6 show the data presented in the form of hyi vs nag for
complexation of Eu(lll) with picolinate and isonicotinate respectively. Similar plots were
obtained for nicotinate system. The AHc for different complexes are given in table 4.2. AHc is
the resultant of enthalpy change during metal-ligand bond formation (AHwm..) and metal-water
bond breaking (dehydration of hydrated metal ion AHw-120).

AH, =AH, , -AH, _,, @.1)
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Figure 4.6: Plot of Ahy; vs nayg for Eu(l11)-isonicotinate complexation.

The complexation of Eu(l1l) with simple carboxylates is endothermic in nature and
is entropy driven. This is typical of hard acid hard base behaviour where both the metal ion
and ligand are highly hydrated. The energy required for dehydrating the metal ion and ligand
is more than that released in metal-ligand bond formation thus making the overall reaction
endothermic. The water molecules released during complexation increase the entropy of
complexation. However, the participation of other functional groups like hydroxyl and amino
groups increases Eu(l1l) ligand interaction making the reaction exothermic. For instance, AH¢

for Eu(111) complexation with alpha hydroxy isobutyrate, glycolate and glycine are - 4.0, - 2.1
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and - 13 kJ/mol respectively. More negative value in the case of Eu(lll)-glycine can be
attributed to higher basicity of ‘N’ compared to “‘O’. In case of Eu(lll)-picolinate complexes,
the metal ion binds with the ligand through both carboxylic oxygen and nitrogen atom and
thus forms chelate complexes. Therefore, higher exothermicity of Eu(lll)-picolinate indicates
the role of nitrogen atom as well as rigid structure of ligand which favors the complexation
process. The complexation of Eu(lll) with picolinate was found to be highly exothermic, the
exothermicity decreasing with successive complexation. The decreasing magnitude of AHc
on successive complexation is the result of decreased metal ligand interaction due to reduced
charge on metal ion and limited availability of coordination space around the metal ion to
facilitate further ligand participation.

In the case of nicotinate and isonicotinate, as there is no possibility of chelation via
pyridyl nitrogen due to far away position of the nitrogen from the oxygen, the complexation
is found to be endothermic and entropy driven. This indicates that the complexation is similar
to that in case of carboxylates (table 4.3) in which the metal ion binds through carboxylate.
The difference in endothermicity between the complexes of nicotinate and isonicotinate is
indicative of a much higher charge transfer from nitrogen to carboxylate oxygen in case of
isonicotinate than that in case of nicotinate, which is corroborated by theoretical calculations
to be discussed in section 4.4.1.4.

Table 4.3: Thermodynamic data for complexation of Eu(lll) with monocarboxylates at 298

K. (AG, AH and TAS are given in kJ/mol)

Ligand log Km AGme  AHmp TASuL Reference

Acetate 1.97 £0.05 -11.20 6.2+08 174 [343]
Benzoate 2.16 £0.04 -1233 79+06 20.3 [124]
Nicotinate 1.93+0.04 -11.01 9.0+06 20.0 Present work

Isonicotinat 2.28 +0.12 -13.01 55+03 185 Present work
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4.4.1.3. Time Resolved Luminescence Spectroscopy

Figure 4.7 shows some of the normalized (with respect to 592 nm) fluorescence
emission spectra of Eu(lll)-picolinate system recorded during the fluorimetric titration of
Eu(l) with picolinate at various L/M ratio. The asymmetric ratio (AR), that is, ratio of the
intensity of 616 nm with respect to 592 nm peak increases with L/M (figure 4.8), indicating

the successive formation of Eu(l11)-picolinate complexes.
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Figure 4.7: Spectroluminescence titration of Eu(lll) (Titrand (25 mL): [Eu(lIl)] = 4.452 x

10 M and [HCIO,] = 26.44 x 10 M) with ligand solution ([picolinate]= 0.4989 M and [H] =

0.3328 M)
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Figure 4.8: The variation of asymmetric ratio (ls16/ls92) With volume of picolinate [Eu(lll)] =
4.452 x 10° M and [HCIO,] = 26.44 x 10" M) with buffered ligand solution ([picolinate]=
0.4989 M and [H] = 0.3328 M)

Luminescence spectra and lifetimes are very sensitive to the first solvation sphere
of the Eu** ion and hence can be used to study the kind of interaction between Eu(l11) ion and
different anions. The coordinated water molecules around Eu(lll) act as quenchers as they
provide non-radiative pathways for deexcitation of °Dy state through their vibronic levels.
The life time of the excited state (°Do) of Eu(l11) is related to the number of water molecules
present in the primary coordination sphere of metal ion (refer to chapter-2) and provide a

direct method to know the mode (inner or outer sphere) of complexation process [241-242].
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Figure 4.9: The variation of luminescence lifetime with the volume of ligand (Left Y-axis:
Eu(l1)-picolinate complexation; Right Y-axis: Eu(ll1)-nicotinate/isonicotinate complexation)

Figure 4.9 shows the plot of the luminescence decay lifetime for Eu(lll)-pyridine
monocarboxylate systems. The single lifetime obtained during the titration indicates the fast
exchange of ligand between free and complexed metal ion. The lifetime increases with
volume of titrant as more and more complex is formed and finally attains a constant value at
560 ps which corresponds to formation of ~100 % ML,4. Only one water molecule is present
in ML, indicating expulsion of two water molecules on complexation by each picolinate
anion. Thus, in all the complexes ML, (i=1 to 4) picolinate acts as bidentate ligand. The
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lifetime of Eu(lI1) nicotinate and Eu(lIl) isonicotinate were saturated at 120 ps (Nayg = 0.7)
and 127 ps (nag= 1.19) respectively indicating the monodentate nature of the complexes
through carboxylate oxygen (acetate life time is133 ps) .
4.4.1.4. Theoretical Calculations

Stability parameter (complexation energy), geometrical parameter (bond lengths)
and the charge distribution values (table 4.4) were calculated for all the agueous complexes
using natural population analysis scheme in TURBOMOLE. Following equation has been
used for the calculation of the complexation energy (AEs) of the various complexes
considered in the present work.

M* (ag) +n L (aq) >  [MLa]™ (aq) (4.1)

AEs = E(ML,)"® = n*E(L) - E(M*) (4.2)
where E(ML,)"™, E(L") and E(M®") denote the energy of the complex, ligand and the metal
ion, respectively. Here ‘n’ denotes the number of ligands considered in complex, (ML,)™>.
The complexation energy and bond lengths calculated for different geometries are listed in
the table 4.4. In case of picolinate, ML, ML, and MLz complexes are found to be more stable
with both nitrogen and oxygen as donors instead of two oxygens in solvent phase. This can
be explained in terms of the formation of 5-membered chelating complexes when the
nitrogen and one of the oxygen centers are involved in binding, instead of 4-membered
chelates with two oxygen donors.

Table 4.4: Calculated complexation energy, metal-ligand bond length and atomic charge

values for various Eu(lll) - pyridine monocarboxylates complexes in solvent phase.

AEs eV deyo dewn)y  Qeu do an

Eu(l11)-Picolinate Complexes

ML (OO) -2.81 2.379 - 2.454
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ML (ON) -2.90 2.243 2531 2209 -0.793, -0.499 -0.607
ML2 (ON), -4.55 2.272 2.533 1.843 -0.801 -0.598
ML21 (ON)(OO) -4.12 2.255,2.275 2.521 2.447
ML22 (O0), -4.13 2.380 - 2.278
ML3 (ON); -5.71 2.270 2.609 1.881 -0.780, -0.627 -0.569
ML31 (ON),(OO) -5.68 2.278,2.418 2599  2.412
ML32 (ON)(O0O), -5.55 2.281,2.424 2.580 2.291
ML33 (O0); -4.99 2.383 - 1.918
Eu(l11)-Nicotinate Complexes

ML (O0) -2.63 2.383 - -0.773 -0.339
ML (N) -2.51 - 2.461
ML2 (O0), -3.90 2.375 - -0.717 -0.493
ML3 (OO); -3.97 2.380 - -0.718 -0.507

Eu(l11)-1sonicotinate Complexes
ML (O0) -2.23 2.312 - -0.943 -0.071
ML (N) -2.02 - 2.514
ML2 (O0), -3.86 2.380 - -0.725 -0.478
ML3 (O0); -3.89 2.384 - -0.708 -0.496

In the case of Eu-Nicotinate and Eu-Isonicotinate systems, the complexation

energies for all the three complexes (ML, ML, and ML3) are lower than the respective

complexation energies with Eu-Picolinate complexes, which could be due to the proximity of

the N and O donor centers in Eu-Picolinate. However, there is a significant change in charge

on each atom in the complex, compared to that in bare ligand (table 4.5).
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Table 4.5: Calculated atomic charges on bonding atoms of the bare ligands

Ligand do an)

Picolinate -0.773 -0.512
Nicotinate -0.773 -0.528
Isonicotinate -0.768 -0.526

In case of Eu(lll)-picolinate complexes, there is a reduction in the charge on
carboxylate oxygen and an increase in the charge on nitrogen compared to the free ligand
case. Further the enhanced charge on nitrogen facilitates the stronger electrostatic interaction
which can be attributed to the stronger binding in these complexes by chelation through
pyridyl nitrogen atom. From the table 4.5, it can be clearly observed that reduction of charge
density on pyridyl nitrogen is more in case of isonicotinate (-0.526 to -0.088) compared to
nicotinate (-0.528 to -0.339), indicating higher charge transferred from nitrogen to
carboxylate in case of isonicotinate than that in nicotinate. This is understandable, as the meta
position is deactivating (nicotinate) while para position is an activating site (isonicotinate).
The higher charge transfer in isonicotinate faciliates closure approach of carboxylate to the
metal ion than in nicotinate, which is well reflected in the values of bond lengths (table 4.4)
and also a greater decrease in the charge on central atom in the 1:1 complexes of these
ligands with Eu(lll). This is also evident from the higher stability constant and lower
endothermic AHy_values of isonicotinate complex than nicotinate complex.

4.4.2. Eu(l11) Complexation by Pyridine Monocarboxylate-N-oxides
4.4.2.1. Stability, Stoichiometry and Speciation of The Complexes

The addition of half neutralized ligand to fixed volume of metal and monitoring the
change in hydrogen activity was employed to determine the stability constants and speciation

diagrams of europium pyridine monocarboxylate-N-oxide complexes using Hyperquad
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programming [217]. The speciation diagrams (figure 4.10) show that europium forms ML; (i

= 1-4) complexes with PANO, while it forms only ML and ML, kind of complexes with

NANO and IANO. The stability constants for complexes of Eu(lll) with all PCNOs are

given in table 4.6.
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Figure 4.10: Speciation plots for complexation of Eu(l11) by PCNOs (top to bottom: PANO,

NANO and IANO) at T =298.15 K and | = 1.0 M NaClO,. (The concentrations employed for

the titrations are given in table 4.1)

Table 4.6: Thermodynamic parameters (AG, AH and AS) for the complexation of Eu(lll)

with PCNOs at T =298.15 K and | = 1.0M NaClO,. (AG, AH and TAS are given in kJ/mol)

Complex log K -AG AH TAS AS
Eu(l11) - Picolinic acid-N-oxide (PANO) Complexation

ML 3.03+0.02 17.29+0.10 212+0.02 1942+0.12 ©651+04
2.94 + 0.05%

ML, 2.61+0.01 1490+0.06 155+0.01 16.45+0.07 55.2+0.2
2.29 +0.08°

ML 1.90 +£0.02 10.85+0.08 0.79+0.03 11.64+0.11 39.0+x04

ML, 1.53+0.01 08.73+0.06 0.30+0.02 09.03+0.08 30.3+0.3
Eu(l11) - Nicotinic acid-N-oxide (NANO) Complexation

ML 1.51+0.01 08.62+0.04 -404+0.02 4.57+0.06 153+0.2

ML, 1.70+£0.01 09.70 £ 0.02

Eu(l11) - Isonicotinic acid-N-oxide (IANO) Complexation
ML 251+0.01 1434+0.05 780+0.09 2214+014 742+0.5
ML, 1.33+£0.02 09.09 + 0.04

8 (1=2.0 M NaClQy) from ref [155]

The following observations can be made from the stability constants Eu(lll) -

PCNO complexes (table 4.6). (i) The log K for Eu-PANO complexes is considerably higher

than respective Eu-NANO and Eu-IANO complexes. (ii) Among Eu-NANO and Eu-IANO

complexes, the latter forms stronger complexes than former with log K being comparable to

that of ML, of Eu-PANO complex, (iii) The log K for successive complexation decreases
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(i.e. log K1 > log K; > log K3) in general but the log K, for EU-NANO complex is higher
than its log K;. The log K, for Eu-NANO was also found to be higher than log K, for Eu-
IANO, which is reverse of the order for log K;. The higher log K of Eu-PANO complexes is
due to the formation of six membered chelate involving the oxygen of N-oxide and the
oxygen of carboxylate group, which is not possible in NANO and IANO due to lack of
favorable configuration.

The higher log K; of Eu-IANO than Eu-NANO can be explained by drawing the
possible resonance forms of IANO (figure 3.14). During complexation the resonance form 1V
of IANO is more stabilized which acts like a dianion and thus forms stronger complexes than
simple carboxylates. The abnormality in trend of log K; and log K, for Eu-NANO can be
attributed to change in complexation process from outer sphere complex in ML to a mix of
outer and inner sphere or completely inner sphere complex in case of ML,. Harmon et al.,
also observed similar trend in case of Am(lll) thiocynate complexes for which log Kj is
higher than log K; and was attributed to the transition from outer to innersphere complexation
during the formation of ML3 from ML, [344-345].
4.4.2.2. Thermodynamics of Complexation

The enthalpy of complex formation (AH¢) can be directly obtained from the plots
of hyi vs. nayg (Figure 4.11) as hy; at nayg = 1, 2, 3 corresponds to the enthalpy of formation of
the complexes ML, ML, and MLj respectively. The entropy of formation (ASc) of the
complexes was calculated from the log K and AH¢ for the formation of complexes using
equation 4.3.

AG=-2303R*T*InK=AHc - TASc (4.3)
The thermodynamic parameters (log K, AG, AH and AS) for the formation of all the Eu(lIl) -

PCNO complexes are given in table 4.6.
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Figure 4.11: The calorimetric data for the titration of Eu(lll) with PCNOs (From top to

bottom: PANO, NANO and IANO) at T = 298.15 K and |

concentrations are given in table 4.1).
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The AHc for Eu(l1l) complexes with PANO and IANO are positive (endothermic)
while for NANO, the same is negative (exothermic). The variation in the AH¢ with respect to
change in the position of carboxylate group to N-oxide moiety can be explained on the basis
of Eigen Tamm mechanism, in which there are four major states to depict the complete
formation of an ion pair (complex) in the solution [78], viz, the approach of completely
hydrated reactants towards each other to come in direct contact followed by merge of bothe
the hydration spheres (of metal and ligand ions) to single hydration sphere and the complex
and finally direct contact of metal and ligand. Eigen and Tamm suggested that the conversion
from hydrated sphere contact complex (diffusion of cation and anion to each other's hydration
spheres) to direct contact complex involves the energy requirement for the removal of
hydration spheres and is the slowest step during the entire complex formation procedure
(ligand bonding to metal in its primary coordination sphere). The entire scheme of Eigen
Tamm mechanism can be correlated with the following relation.

M(H,0)_+ L(H,0), — M(H,0)_L(H,0), — M(H,0) L— ML — ML(H,0), (4.4)

where the subscripts x and y are the number of water molecules attached to bare metal and
ligand representing their respective primary hydration spheres, n is the number of water
molecules in the diffused hydration sphere complex and 0 < n < x+y depending on the ability
of ligand to replace the water molecule in primary coordination sphere and on the
stoichiometry of the resulting complex, f is the number of water molecules in the hydrated
complex after ML inner-sphere complex formation. The mechanism consists of a gradual
substitution of the solvent molecules in the different coordination shells of the metal ions,
involving various effects such as ion-dipole interaction, dipole-dipole interaction, field
stabilization of the ligands and stereo specific effects.

The lanthanides being hard acids and having high ionic potentials are generally

heavily hydrated in agueous medium. For a ligand to bind with the metal ion, this hydration
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sphere along with its own hydration sphere has to be broken out to form a complex if the
ligand is to occupy in the primary coordination shell (as in case of inner-sphere
complexation). Thus the complexation of lanthanides with carboxylates are considered to be
endothermic in nature and follows Eigen Tamm mechanism. The complexation of Eu(lll)
with PANO and IANO falls in the similar lines forming inner-sphere complexes and results
in positive enthalpy of formation. The outer-sphere complexation of Eu(l11) by NANO (also
supported by luminescence life time results) doesn't require energy to break the hydration
sphere of metal, and the ligand is attached to metal while its primary hydration sphere is
intact with the metal. Hence these complexation processes favor the formation of ion pairs
that leads to release of energy making the overall process exothermic in nature.

Two important and interesting observations are noteworthy from the data of AHc
(table 4.6): (1) Though the bonding moiety (carboxylate) is same in both Eu-NANO and Eu-
IANO complexes, the former is exothermic and outer-sphere while the other is endothermic
and inner-sphere. (ii) Between Eu-PANO and Eu-IANO complexes, the latter is more
endothermic and more entropically favorable (higher positive AS) than the former. Both the
observations can be explained by looking at the resonance structure of pyridine-N-oxide
(figure 4.12). The charge polarization in canonical structures of pyridine-N-oxide (figure
4.12) takes place only at ortho (2-position) and para (4-position) to N-oxide group. Thus the
ortho and para isomers can withdraw more electron density from N-oxide group to binding
carboxylate at these positions resulting in higher basicity of the ligand and enabling

replacement of water molecule form inner-sphere complexes.
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Figure 4.12: Resonance structures of pyridine-N-oxide.

The additional chelation possibility in Eu-PANO complexes further enhances their
stability. In case of Eu-NANO complexes, neither the chelation nor the ligand basicity favors
the removal of water molecule from coordination sphere of metal ion leading to outer-sphere
complexation. Comparison of resonance structures of PANO (figure 4.13) and IANO (figure
3.14) can help in understanding higher endothermicity of Eu-IANO complexation than Eu-

PANO complexation. The binding atoms in ligand are oxygen of N-oxide and oxygen of

atoms of carboxylate are binding.

o ||

carboxylate in Eu-PANO complexes while in case of Eu-IANO complexes both the oxygen
O
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Figure 4.13: Resonance structures of PANO.

The resonance structure Il of PANO (figure 4.13) bearing a negative charge on
oxygen of N-oxide and oxygen of carboxylate is more favored during the complexation in
which europium forms six membered chelate complexes with PANO. The oxygen atom in N-
oxide moiety is coordinately bonded to nitrogen while the oxygen of carboxylate is
covalently bonded to carbon atom. The coordinate bonds are commonly considered to be
comparable to, but weaker than covalent bonds as the entire bonding electrons comes from
one atom (from nitrogen in case of N-oxide) [346]. In PANO, the oxygen of N-oxide is more
like neutral due to proximity of positive charge on nitrogen and hence the extent of hydration
around this atom would be relatively low compared to carboxylate oxygen where it behaves
more like an anion. In case of IANO, during complexation, the resonance structure IV (figure

3.14) bearing negative charge on the both oxygen atoms of carboxylate acts like a dianion
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and heavily hydrated resulting in more endothermicity and higher AS of the Eu-IANO
complexes compared to Eu-PANO complexes.

Molecular dynamic studies have shown that for dianion separated by two aliphatic
carbon atoms, the hydrophobic interactions dominate the solvation process and encompass
the whole molecule [274]. However the solvation of dianion (as in case of oxalate) having
less space between two anions was lower where only six water molecules are around the
dianion [347]. Similarly, the number of water molecules that can encompass the PANO is
smaller than IANO in which both the negative charges of the molecule can accommodate
more number of water molecules. Therefore the complexation leads to higher dehydration in
IANO than PANO and hence both AH and AS are more positive for Eu-IANO complexes
than the corresponding Eu-PANO complexes. This indicates the key role of hydration of a
ligand on thermodynamic parameters during its complexation with metal ion.
4.4.2.3. Luminescence Intensities and Lifetime of The Complexes

In the present study, the luminescence emission spectra and lifetime for the decay
of europium excited state (°Do) are measured for all the three Eu(I11)-PCNO complexes in
titration mode (details in experimental section). The intensities of three important emission
peaks °Dy — 'Fo, °Dg — 'F1 and °Dy — 'F, (hypersensitive transition) on complexation of
Eu(lll) with PANO (addition of ligand solution to fixed concentration of europium solution)
is shown in figure 4.14 which clearly shows the appearance of peak at 580 nm, decrease in
intensity of °Dy — F; transition and an increase in intensity of Dy — 'F, transition with the
increased addition of ligand to metal solution. °Dy — ’Fy transition is strictly forbidden
according to Judd-Ofelt theory (a 0-0 transition is forbidden by AJ selection rule) [348].
Although °Dy — "F emission is generally observed to be relatively weak, its intensity is quite
sensitive to the ligand environment. The observation of Dy — ’Fy transition is an indication

that the Eu®* ion occupies a site with Cpny, Cn or Cs symmetry [349, 122]. This transitions
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appears when the highly symmetric (Dsy) Eu(H.O)¢ is gradually converted to a more
asymmetric ML; (i=1-4) complex. The appearance of this transition further indicates that the
symmetry is being reduced on complexation leading to the possibility of J-mixing and thus
facilitating the transition [122].

The °Dy — 'F; transition is a magnetic dipole transition and is mostly independent
of Eu** environment. Even in low-symmetry systems the Dy — 'F transition retains its
magnetic dipole character, and its radiative transition probability is not much affected by the
ligand environment. The invariance in intensity of Dy — 'F; transition is applicable only to
the total integrated intensity but not to individual intensities of the crystal field components.
The total intensity can be influenced by the J-mixing. The intensity of this transition will be
highest among all other transitions of Eu®" ijon when it is present in centrosymmetric
environment as in case of Eu(H,0)s [350]. Both °Dy — 'Fo and Dy — 'F; transitions show
very little variations in intensity and mostly provide qualitative information like the changes

in centre of inversion and symmetry of Eu(l11) aqua ion on complexation.
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Figure 4.14: Luminescence spectra showing the variation in intensities of °Dy — F; (J=0-2)
transitions for Eu-PANOcomplexation.
The hypersensitive °Dg — 'F, transition, on the other hand, is predominantly

electric dipole in character, and the radiative transition probabilities are very sensitive to the
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ligand field around Eu(l11) ion. The high intensity of ®Dy — ’F, transition or the ratio of
intensities °Dy — 'F, / °Dy — 'F1 are often attributed to the asymmetry caused by ligand
complexation with metal though other factors like the polarizability, chelation ability of
ligand also play an important role [351]. The complexation of ligand to primary coordination
sphere of metal ion can also be related to this ratio (figure 4.15). The progress of
complexation on addition of more ligand will change the coordination environment around
the Eu(lll) aqua ion by replacing the water molecules with ligands leading the formation of

higher stoichiometric complexes.
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Figure 4.15: The variation in the asymmetric ratio (*Dg — 'F» / °Dy — 'F1) with the addition
of PANO.

The decay profiles of excited °Dy state of Eu(I11) on addition of increasing volumes
of the ligand are shown in figure 4.16 and the lifetime (t) values for the same are given in
table 4.7. The table also shows the number of water molecules present in the primary
coordination sphere (Nn20) of Eu(lll) ion for different nag (average number of ligands bound
per metal ion). The lifetime data for the complexation of Eu(lll) by PANO show an
increasing trend of the lifetime with a corresponding decrease in the number of water
molecules present in the primary hydration sphere indicating an inner sphere complexation

process. Further, at the end of titration, for an nayg value of 3.12, there are only three water
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molecules in the primary hydration sphere of Eu(lll) confirming the removal of six water

molecules and hence bidentate coordination by each PANO ligand.
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Figure 4.16: Decay spectra of Eu(lll) excited state for different ligand to metal (L/M) ratio.
(Top to bottom: Eu(l11)-PANO, Eu-NANO and Eu-IANO; (All the concentrations employed
in the titration were given in table 4.1).

The similar observation for complexation of Eu(lll) by IANO indicates an
innersphere complexation with removal of one water molecule on formation of 1:1 complex.
The lifetime data of Eu(lll)-NANO complexation shows no removal of water molecule
(considering an error of 0.5 water molecules) after the formation of 1:1 complex (nNayg = 1.04
in the table 4.7). But the life time data has a systematic increase with increase in the nayg
value indicating a possibility of transition from outer-sphere to inner-sphere complexation at
higher stoichiometric ratios (larger nayq values).

Table 4.7: The lifetime data for the complexation of Eu(lll) by PCNOs at different nayq
(average number of ligand molecules bound per metal ion). Nu2o is the number of water

molecules in the primary coordination sphere).

Eu-PANO Eu-NANO Eu-1ANO

Navg T (M sec) NH2o | Navg T(Lsec) Nuzo |Navg T(HSEC)  Nuzo
0 109.5 9.15 0 109.0 9.19 |O 109.9 9.11
0.63 171.7 5.67 0.30 109.0 9.19 |0.04 1115 8.98
1.63 214.7 4.45 0.62 109.7 9.13 ]0.25 1153 8.67
2.15 246.7 3.82 0.66 112.3 891 |0.60 119.8 8.32
2.47 269.7 3.45 1.04 114.4 8.74 10.86 1245 7.99
2.72 291.6 3.16 1.03 129.3 7.68
3.12 313.4 2.91
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4.4.2.4. Density Functional Theory Calculations
4.4.2.4.1. Structural Parameters

The optimized geometries for the complexes of Eu(ll) ion with PANO are shown
in figure 4.17 and the calculated structural parameters like bond distances and the bond
angles for the binding atoms are tabulated in table 4.8. Four inner sphere complexes (ML;;
i=1-4) of Eu(lll) ion with PANO, namely [Eu(PANO)(H.0);]**, [Eu(PANO):(H,0)s]",
[Eu(PANO)3(H20)s]and [Eu(PANO)4(H20)]" as per the experimental observation were
considered for the theoretical studies while all the possible inner and outer sphere complexes

of Eu(l11) ion with NANO and IANO were considered for the same.

Eu(PANO),(H,0), [Eu(PANO)(H,0)]

Figure 4.17: Optimized geometries for Eu(l1)-PANO complexes at B3LYP/SVP level of
theory. (Colour code: Yellow - Eu(lll), Red - Oxygen, Blue - Nitrogen, Green - Carbon and

White - Hydrogen)
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From the Table 4.8, it can be seen that the average Eu-O (of H,O) bond distance is
2.500 A in case of [Eu(H,0)e]** and on complexation with PANO, the same increases with
increase in L/M. Further, among the bonding atoms, the bond distance between Eu-O (of N-
0) and Eu-O (of COOQ) also increases with increase in L/M, which can be attributed to the
steric hinderance and lower probability of interaction on successive complexation process to
achieve higher L/M ratio. The bond angles (L. O-Eu-O) also follow descending order from
ML to ML,4. The steric strain around the metal atom constrains the bond angles to freeze
further on attaining higher stoichiometry of the complex. The elongation of Eu-O (O of H,0)
bond on complexation is the lowest for Eu-PANO complexes among all the three Eu-PCNO
complexes. This can be explained on the basis of formation of inter molecular hydrogen
bonding. The inter molecular hydrogen bonding between the unbound oxygen of carboxylate
with the hydrogen atom of water molecule still present in primary coordination sphere of Eu
ion. In the case of other two complexes, such intramolecular hydrogen bonding is not
possible due to involvement of both the oxygen atoms in binding to metal ion during the
complex formation.
Table 4.8: Average bond distances and bond angles for the optimized geometries of Eu(lll)

complexes with all the three pyridine monocarboxylate-N-oxides.

Complex ?:3)0 " devo coo) (A)  dewo a0y (A?) L O-Eu-O (in?)
[Eu (H20)o]** 2.500

Eu (111) - PANO Complexation
[Eu(PANO)(H,0);] 2.355 2.284 2.532 71.35
[EU(PANO),(H20)s]  2.404 2332 2.545 70.29
[EU(PANO)s(H20)s] 2439 2322 2.874 69.73
[EU(PANO),(H20)] 2439 2471 2.475 63.16
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Eu (111) - NANO Complexation

[Eu (H20)s] (NANO) 4.278 2.602 29.67
[Eu(NANO)(H20)s] 2.519 2.709 51.89
[Eu (H20)s] (NANO), 4.031 2.534 32.21
[Eu(NANO)(H20)g] 2.484 (Inner) 2671 52.60 (Inner)
(NANO) 4.183 (Outer) 30.82 (Outer)
[Eu(NANO),(H20)1] 2.739 2.707 44.85

Eu (I111) - IANO Complexation

[Eu (H20)s] (IANO) 4171 2.674 30.86
[Eu(IANO)(H20)q] 2.527 2.693 51.57

[Eu (H20)s] (IANO), 4.060 2.607 31.67,31.74
[Eu(IANO)(H20)s] 2.531 (Inner) 2625 51.63 (Inner)
(IANO) 4.295 (Outer) 29.91 (Outer)
[Eu(IANO),(H20)7] 2.726) 2.702 37.62, 54.04

*within square brackets indicates innersphere nature while outside of it indicates outersphere
complexation.

The optimized geometries for all the possible 1:1 and 1:2 complexes of Eu-NANO
and Eu-IANO are shown in figure 4.18 and 4.19 respectively. In the case of Eu-NANO
complexes, two inner [Eu(NANO)(H,0)s]** (for 1:1) and [Eu(NANO)»(H,0);]* (for 1:2),
two outer [Eu(H20)s](NANO)* (for 1:1), [Eu (H20)s](NANO)," (for 1:2) and one inner-
outer sphere complex [Eu(NANO)(H,0)s](NANO)" (for 1:2) are considered for the geometry
optimization process. Similar scheme of complexation was employed for Eu-IANO as well.
The Eu-O (O of H,0) bond was elongated in outer sphere mode of complexation in case of
both Eu-NANO and Eu-IANO complexes. Further, the elongation is higher in case of 1:1

complex than that in 1:2 complexes. Higher elongation in innersphere complexes is due to the
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higher charge neutralization of Eu(lll), which decreases its affinity for coordinated water
molecules. This effect gets reduced for coordination by second ligand, which reflects in
nearly same Eu-O (H,O) bond distance in 1:1 and 1:2 complexes for [Eu(NANO)(H,0)s]**
and [Eu(NANO),(H.0);]". Due to higher basicity of IANO, the difference in Eu-O (H;0)
bond for [Eu(IANO)(H20)s]*" and [Eu(IANO),(H,0);]* was observed to a small extent. For
both Eu-NANO and Eu-IANO inner sphere complexes, the elongation of Eu-O (O of H,0)

bond is higher than the corresponding outer sphere complexes.

[Eu(NANO)(H0)% " [Eu (H,0)g[(NANOY [Eu(NANO)(H,0)]"

[Eu(NANOY(H,0)g(NANO)' [Eu (11,0)(NANO),'

Figure 4.18: Optimized geometries for Eu(l11)-NANO complexes at B3LYP/SVP level of
theory. (Colour code: Yellow - Eu(lll), Red - Oxygen, Blue - Nitrogen, Green - Carbon and

White - Hydrogen)
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[Eu(NANO)(ILO)[(IANO)* [Eu (ILO)[(IANO),*

Figure 4.19: Optimized geometries for Eu(l11)-NANO complexes at B3LYP/SVP level of
theory. (Colour code: Yellow - Eu(lll), Red - Oxygen, Blue - Nitrogen, Green - Carbon and
White - Hydrogen)

The Eu-O (O of COO) bond distance for outer sphere complexes of Eu-NANO are
higher than that in respective Eu-IANO complexes indicating the stronger interaction of the
latter than the former with the metal ion. The identical inner sphere complexes have nearly
equal Eu-O (O of COO) bond distance indicating the same extent of interaction with the
metal ion. In case of 1:2 complexes wherein one ligand is in inner sphere while the other is in
outer sphere, the ligand in inner sphere is nearly at same distance to metal atom in both the
cases while outer ligand is farthest in Eu-IANO than Eu-NANO indicating the higher
probability of formation of this complex in case of Eu-NANO than in case of Eu-IANO.
4.4.2.4.2. Binding Energy and Free Energy of Complexation

The calculated binding energy and free energies of different complexes of Eu(lll)
with all the three PCNOs are presented in Table 4.9. Both the binding energy and free energy

of formation in gas phase for the Eu-PANO complexation show a descending order from ML
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to MLy, which is in good agreement to the experimental stability constants (table 4.2). The
trend is in line with the increase in entropy on successive addition of PANO to [Eu(H,0)s]**
during the complex formation. The aqueous phase energetics also shows the formation of
inner sphere Eu-PANO complexes to be more favorable with similar trend as in gas phase
with exception to the formation of ML,. The higher interaction and free energies of formation
for ML, can be attributed to the additional symmetry attained on formation of ML, from
unsymmetrical ML complex.

Table 4.9: Gas phase and aqueous phase stepwise energetics for the Eu(lll)-PCNO

complexes (IC - innersphere complex and OC - outersphere complex and AE and AG are in

kJ/mol).
Gas Phase Aqueous Phase

Complex AE AG AE AG

Eu (111) - PANO Complexation
ML -1170 -1206 -83 -119
ML, -744 -791 -89 -136
ML 3 -412 -450 -80 -118
ML, -66 -103 -18 -56

Eu (111) - NANO Complexation
ML -1143 (IC) / -1134 (IC) / -55 (IC) / -46 (IC) /

-1173 (OC) -1115 (OC) -27 (OC) 30 (OC)
ML, (OC)  -736 (from OC) -668 (from OC) -102 (from OC) -34 (from OC)

ML, (OC) -683 (from IC)  -664 (from IC)  -56 (from IC) -37 (from IC)
-654 (from OC) -682 (from OC) 17 (from OC) -79 (from OC)

ML, (IC& -753 (from IC)  -683 (from IC) -95 (from IC) -25 (from IC)
0QC) -724 (from OC) -701 (from OC) -124 (from OC) -100 (from OC)
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Eu (111) - IANO Complexation

ML -1152 (IC) / -1142 (IC) / -67 (IC) / -57 (IC) /
-1204 (OC) -2143 (OC) -58 (OC) 2 (0C)

ML, (OC) -720 (from OC) -653 (from OC)  -90 (from OC) -23 (from OC)

ML, (OC) -690 (from IC)  -668 (from IC) -55 (from IC) -33 (from IC)
-638 (from OC) -667 (from OC) -64 (from OC) -92 (from OC)

ML, (IC& -696 (from IC)  -631 (from IC) -25 (from IC) 40 (from IC)

0QC) -644 (from OC)  -630 (from OC)  -34 (from OC) -20 (from OC)

In case of Eu-NANO complexes in gas phase, the 1:1 complex interaction energy
is more negative in outersphere configuration than in innersphere, while the free energies
have opposite trend. Further, the AE and AG for 1:2 inner, outer and inner-outer complexes
were computed for the addition of NANO to the 1:1 inner and outer complexes. The
computed values are presented in the table 4.9. The formation of ML, as outersphere or a mix
of inner and outer sphere complex have higher interaction and free energies than that for
innersphere ML,. The formation of inner and outer ML, complex has more negative free
energy (-701 kJ/mol) among all the possible reaction schemes indicating the formation of
ML, from the outer sphere ML complex. Thus the calculations suggest the formation of 1:1
outersphere leading to 1:2 inner-outer complex as more favorable reaction path, which is in
line with the experimental observation. The aqueous phase calculations also show that the
formation of inner-outer ML, complex from outersphere ML complex has the highest AE (-
124 kJ/mol) and AG (-100 kJ/mol) values thereby further confirming this route as the most
probable path of complex formation.

The Eu-IANO complexes have very small difference in both the interaction and
free energies of formation for all the possible routes. However, the Gibb's free energy of

formation suggests the formation of innersphere ML, complex from the innersphere ML
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complex as the most probable scheme. The results of aqueous phase calculation is also in
agreement with in gas phase. Thus unlike in case of NANO, IANO forms innersphere
complexes in both 1:1 and 1:2 stoichiometry with Eu(ll1) and has similar trends as with Eu-
PANO.
4.4.2.4.3. Partial Charges of Individual Atoms

Considering the hard acid character of the f-block ions, the charges on individual
atoms, which directly decide the extent of electrostatic interaction, could be a good measure
of the strength of the metal-ligand bonds. With this in view the natural population analysis
(NPA) for these complexes in both the gas phase and aqueous phase were carried out at the
same level of theory used for calculating the energetics and bond distances. The partial
charges on the key atoms which participate directly or are affected by complexation process
in aqueous phase are presented in table 4.10. The partial charges on the same atoms in bare
ligands are given in table 4.11.

Table 4.10: Charges on all atoms of Eu(111)-PCNO complexes in aqueous phase

Complex Eu O (N-0O) N (N-O) O (CO0)

[Eu (H20)s] 1.997

Eu (111) - PANO Complexation
[Eu(PANO)(H20);] 1.889 -0.620 0.0725 -0.782, -0.646

[Eu(PANO),(H20)s] 1.806 -0.580,-0.610 0.0787,0.0858 -0.787, -0.653,
-0.809, -0.642

[Eu(PANO);(H20);] 1.851 -0.606, -0.568, 0.0863, 0.0864, -0.770, -0.672,
-0.595 0.0861 -0.770, -0.664,
-0.770, -0.669

[Eu(PANO),(H20)] 1.837 -0.580,-0.567, 0.0789,.0904, -0.754,-0.689,
-0.579, -0.580 0.0793,0.0848 -0.741, -0.693,
-0.749, -0.686,
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-0.757, -0.730

Eu (I111) - NANO Complexation
[Eu (H20)¢] (NANO) 1.867 -0.470 0.0797 -0.782, -0.687
[Eu(NANO)(H20)s] 1.944 -0.555 0.0919 -0.762, -0.708

[Eu (H20)¢] (NANO), 1.931 -0.588,-0.581  0.0920, 0.0946 -0.779, -0.698,
-0.764, -0.768

[EU(NANO)(H20)s] 1.904 -0.587,-0.573 0.0928,0.0971 -0.781,-0.693,
(NANO) -0.770, -0.694

[Eu(NANO),(H20);] 1.910 -0.579,-0.572 0.0979, 0.0952 -0.740, -0.740,

-0.758, -0.710

Eu (I11) - IANO Complexation
[Eu (H20)q] (IANO) 1.994 -0.485 0.101 -0.782, -0.690
[Eu(IANO)(H20)g] 1.966 -0.530 0.118 -0.780, -0.717

[Eu (H20)] (IANO), 2.006 -0.541,-0.551 0.115,0.111  -0.780, -0.690,
-0.791, -0.696

[EU(IANO)(H20)s]  1.873 -0.533,-0.552 0.118,0.111  -0.782, -0.710,
(IANO) -0.786, -0.693

[EU(IANO),(H20);] 1.851 -0.538,-0.537 0.117,0.117  -0.752,-0.749,

-0.744, -0.727
Table 4.11: Charges on bare PCNO molecules in agueous phase
Ligand O(N-O) N(N-O) 0 (C00) C (CO0)
PANO -0.571 0.0982 -0.740, -0.780 0.716
NANO -0.614 0.0820 -0.770, -0.772 0.723
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IANO -0.607 0.0847 -0.775, -0.775 0.716

The charge on Eu(lll) ion in aqueous phase was reduced on complexation at all
stoichiometry in case of Eu-PANO complexes. Further, the charge on bonding oxygen atom
of N-oxide moiety is more negative while the positive charge on the nitrogen atom of N-
oxide moiety get reduced on complexation with respect to that in bare ligand. Similar
increase in negative charge on the oxygen of carboxylate that binds the metal atom with
respect to that on non bonding oxygen atom can be seen in table 4.10. The charge on oxygen
and nitrogen of N-oxide are -0.620 and 0.0725 respectively in ML complex of Eu-PANO
while the same are -0.571 and 0.0982 in the un-complexed PANO. Similarly, the charges on
oxygen atoms of carboxylate moiety in PANO are -0.740 and -0.780 while same on
complexation are -0.782 and -0.646 respectively. These two changes on the charge of binding
atoms and those neighboring to them can be attributed to the charge polarization during
complex formation. Similar effect was observed for all Eu(l11)-PANO complexes.

The nitrogen and oxygen atoms of N-oxide moiety in Eu(ll11)-NANO and Eu(ll)-
IANO complexes follow an opposite trend on complexation with respect to that of Eu-PANO
complexes. In these complexes, the charge on oxygen of N-oxide moiety is reduced while
that of nitrogen is enhanced on complexation. While the changes in charge on oxygen atoms
of the carboxylate have a similar trend as in Eu-PANO complexes. The oxygen of N-oxide
moiety doesn't participate in complexation in case of Eu-NANO and Eu-IANO while it
participates in chelate formation in Eu-PANO complexes. The reduction of charge on Eu(ll)
ion is more for outersphere complex of Eu-NANO and innersphere complex of Eu-IANO for
ML and inner-outer complex of Eu-NANO and innersphere complex of Eu-IANO for ML..

This further supports the reaction scheme of formation of inner-outer complex ML, via
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outersphere ML complex in case of Eu-NANO complexation and the formation of

innersphere complexes for both ML and ML, for Eu-IANO complexation.

4.5. Conclusion

Eu(l11) forms more stable and multiple complexes with picolinate and PANO than
that with nicotinate/NANO and isonicotinate/lANO. The AHc of Eu(lll) picolinates were
found to be negative which are attributed to formation of a stable five membered ring by
chelation through pyridyl nitrogen atom, while similar chelate Eu-PANO complexes have
positive AHc due to higher dehydration energy for the deprotonated PANO than that for
deprotonated picolinate. Significant increase in the life time (in TRLS) of Eu(lIl) °Dy state
upon complexation by picolinate as well as PANO, indicates formation of 1:4 complex at the
end of titration in these complexes. The complexes of Eu(lll) isonicotinate/ANO are found
to be more stable than Eu(l11) nicotinate/NANO complexes which appears to be facilitated by
the charge transfer from the nitrogen (N-oxide) in the pyridine ring to the binding carboxylate
in case of IANO due to the N and carboxylate being in para positions. The change in position
of N-oxide plays a key role in deciding the mode of complexation with the metal ion with
pyridine monocarboxylate-N-oxides. PANO and IANO favors the innersphere complexation
while NANO favors an outer sphere complexation for ML followed by a mix of inner-outer
sphere complex for ML,. The life time data in conjunction with the isothermal calorimetric
titration data support the above conclusions. The detailed theoretical calculations for all the
possible reaction schemes to optimize the geometries; and to determine the bond lengths,
bond angles and charges on individual atoms on complexation gave a fruitful insight into the
studies. The theoretical prediction were found to corroborate the inferences drawn from

experimental results.
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Chapter 5
Thermodynamic and Density Functional Theory Studies on Complexation

of Th(1V) by Pyridine Monocarboxylates and Their N-Oxides

5.1 Introduction

In the present chapter, the results of the thermodynamic and computational studies
on the complexation of Th(IV) by pyridine monocarboxylates and their N-oxides have been
described. Most of the thermodynamic studies on complexation of pyridine monocarboxylic
acids in solution are concerned with transition metals [304-309], with a few reports on rare
earths complexes with picolinate [154-157, 280] and nicotinate [158]. To the best of our
knowledge no thermodynamic studies have been reported on the complexation of any of the
tetravalent actinides with pyridine monocarboxylates in the solution, although a few thermo-
gravimetric and crystallographic studies were reported on the complexes of pyridine
carboxylates and its derivatives with thorium [183-186].

Complexes of transition metals and lanthanides with pyridine monocarboxylate-N-
oxides (PCNOs) in both solid state and in solution have been extensively studied to explore
their applications in luminescence, catalysis and many other fields [155, 170, 320-326, 352-
355] but only a few studies on actinide complexes with pyridine monocarboxylates were
available in literature [128, 130, 159, 160-164, 356]. Many studies have reported the solid
state characterization of uranyl [171-172, 357-359] and thorium complexes with different
aromatic-N-oxides [173, 360-366] but the studies on actinide complexes with pyridine
monocarboxylic acid-N-oxides in particular are very limited. Rickard et al. investigated
thorium tetranitrate complexes with N-oxides of pyridine, lutidine, collidine, quinoline, 2-
picolinate and 4-picoline in solid state [183]. Nimai has synthesized uranyl and thorium
complexes of various pyridine and quinoline carboxylic acids to study their magnetic and

spectral properties [367-368]. Complexation of U(VI) with isonicotinic acid-N-oxide by
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Stefan Lis et al. and that of trivalent actinides with ligands containing pyridine ring by Al
Rifai are the only available data in the literature on actinide complexes with these ligands in
aqueous medium [167, 370]. There were no studies on aqueous phase complexation of
thorium with the three isomeric pyridine monocarboxylic acid-N-oxides. In the present work
thermodynamic investigations on the complexation of thorium with these ligands in aqueous
phase has been carried out for the first time.

The objective of the present study includes, (i) bridging the gap in the chemical
thermodynamic database for tetravalent actinides complexes with pyridine monocarboxylic
acids and their N-oxides in aqueous solution, (ii) to interpret the isomeric effect with respect
to position of carboxylate to N- or N-oxide moiety on complexation process, and (iii)
comparison of present data on Th(IV) complexes with above mentioned ligands with similar
data available in literature on complexes of transition metals and lanthanides. DFT
calculations were also carried out for optimized structures of the complexes to estimate the
interaction energies, free energies of formation, bond lengths, bond angles and charges on
individual atoms to support the experimental studies. The potentiometry and isothermal
calorimetric titrations were carried out to determine the stability constants (log B) and
enthalpies of formation (AH) respectively.

5.2. Experimental
5.2.1. Reagents

Th(NO3)4.4H,0 was dissolved in water and Th(OH), (s) was precipitated by
adding NaOH. The precipitate was centrifuged, washed with water and re-dissolved with an
excess of perchloric acid. The precipitation and dissolution were repeated three times. The
Th(IV) concentration in the stock solution was determined by EDTA titration using Xxylenol
orange as an indicator. All the other chemicals are of same grade as described in the chapter 4

(under section 4.2.1).
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5.2.2 Potentiometric Titrations

The details of the methodology for potentiometric titrations are given in chapter-2.
The acid concentration of the Th(IV) stock solution was determined by its titration with
standard (~0.1M) NaOH solution and following Gran’s method [218]. For all the
potentiometric titrations, 25 mL of metal solution was taken in the beaker and was titrated
against nearly half neutralized ligand solutions. In case of nicotinate and isonicotinate, the
data was considered up to the point of first appearance of turbidity in the titrand solution. The
concentrations of the metal and ligand solutions used for titrations were given in table 5.1.

The potentiometric titration data was analyzed using the computer program
Hyperquad [217] to obtain the best model containing a set of stability constants of the
individual complexes. For all the calculations the ionic product of water (pKw) was taken as
13.77. Several chemically possible species including the hydrolysis products of the metal ion
were submitted as input to Hyperquad [217]. However, the software program consistently
converged with the specific set of metal complex species only. Other species were ignored or
rejected during the refinement process. As a result, the hydrolysis reactions of Th(IV) were
not included in the final data analysis.
Table 5.1: Titration conditions for the Th(IVV) complexation with pyridine monocarboxylates
and their N-oxides at |1 = 1.0 M NaClO,, T=298 K.(Potentiometric titration: cup volume 25
mL for Th(IV)-PMC titrations and 10.00 mL for Th(IV)-PCNO titrations, Calorimetric titration:

cup volume 2.7 mL for all complexation studies).

S.No. Cup Solution Titrant Solution
Cu/M Cy/M CL/M Cu/M

Th(IV) - picolinate 0.003 0.0373 0.3999 0.2106
0.005 0.0432 0.1991 0.0992

Th(IV) - nicotinate 0.003 0.0373 0.1993 0.1057
0.005 0.0432 0.1993 0.1057
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Th(IV) - isonicotinate  0.003 0.0373 0.1998 0.1059
0.005 0.0432 0.1998 0.1059

Th(l1V) - PANO 0.003 0.0251 0.2000 0.1009
Th(IV) - NANO 0.003 0.0163 0.0999 0.0481
Th(IV) - IANO 0.003 0.0202 0.1021 0.0485

5.2.3. Calorimetric Titrations

The calorimetric experiments were conducted with an isothermal titration
calorimeter system (Nanocalorimeter TAM-I1I, Thermometric AB, Sweden). The details of
the instrumentation are given in section 2.6.1.1 as well a in literature [368]. For the
calorimetric titration of Th(IV) with the pyridine monocarboxylates and its N-oxides, the
metal ion solution at the desired pH and ionic strength was taken in the reaction vessel and
was titrated with the ligand solution (Table 5.1). The heat of dilution of titrant was
determined in a separate calorimetric titration of the blank electrolyte solution (I = 1.0 M
NaClO,) with the titrant solution. The dilution corrected calorimetric titration data were
analyzed to obtain the enthalpy changes in the reaction (detailed in section 2.6.1.2).
5.3. Computational Protocol

All the calculations were carried out using TURBOMOLE program package [263].
For the heavy atom Th, 60 electron core pseudo potentials (ECP) along with corresponding
(14s13p10d8flg) / [10s9p5d4fig] basis set were selected [370-374]. All other lighter atoms
were treated at the all electron (AE) level using the standard def-SV/(P) basis sets as
implemented in the TURBOMOLE program. Geometries of the bare ligands and their
complexes with Th** ion were optimized at the DFT level using Becke’s exchange functional
[264] in conjunction with Perdew’s correlation functional [265] (BP86) with generalized
gradient approximation (GGA). Stability parameter (complexation energy), geometrical
parameter (bond lengths) and the charge distribution values were calculated for the

complexes of all the possible geometries in both gas phase and in presence of solvent. The
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atomic charges on bare ligands in gas phase and in presence of solvent were also calculated.
The geometries of the bare ligands and all the complexes have also been optimized in
presence of solvent. COSMO [340] approach has been adopted to consider the solvent effect
using water (e = 78.4) as solvent in TURBOMOLE.
5.4. Results and Discussion
54.1. Complexation of Th(IV) by Pyridine Monocarboxylates
5.4.1.1. Potentiometry

The data obtained from potentiometric titrations along with the fitted curve and
speciation diagram generated by the software Hyperquad for complexation of Th(IV) with
picolinic acid, nicotinic acid and isonicotinic acid are shown in the figure 5.1. The speciation
diagram for the complexation of thorium with picolinate (Fig. 5.1a) shows the formation of
four complexes, ML, (i= 1-4) whereas only ML complexes are formed in case of nicotinate

(Fig. 5.1b) and isonicotinate (Fig. 5.1c) under the experimental conditions.
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Figure 5.1: Experimental and fitted potentiometric data along with speciation for titration of
Th(IV) with buffered ligand solution: a) Th(IV)-picolinate, b) Th(IV)-nicotinate and c)
Th(IV)-isonicotinate. (All the metal ligand concentrations are given in table 5.1)

The deduced stability constants and Gibbs free energy of formation for the
complexes are given in table 5.2. The stability constant for the complex, ML is larger in case
of Th(lIV)-picolinate than the other two isomers. This can be attributed to the chelate
formation as the pyridine nitrogen in a sterically favored position to the carboxylate oxygen

favors the formation of a five membered ring in case of Th(IV)-picolinate complexes, which
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IS not possible in case of the other two due to far away position of nitrogen from the
carboxylate.
Table 5.2: Thermodynamic data for complexation of Th(IV) with pyridine monocarboxylates

at 298 K and I = 1.0 M NaClOs. AG, AH and TAS are given in kJ/mol.

Reaction |Og KmLi AGMLI AHmLi TASMLI

Picolinic acid (Pyridine-2-carboxylic acid)
Th* + L — ThL** 590+0.03 -33.7 -11.5+02 222
ThL* + L' > ThL,* 4.38+0.02 -250 -54%02 19.6
ThL,* + L' — ThLs"* 3.74+0.08 -21.3 -26+0.3 18.7

ThLs;"™+L" — ThL, 249+0.10 -14.2 -19+04 12.3

Nicotinic acid (Pyridine-3-carboxylic acid)

Th** + L'> ThL* 3.35+008 -19.1 8.6+05 27.7

Isonicotinic acid (Pyridine-4-carboxylic acid)

Th* + L'—> ThL* 352+0.05 -20.0 4.4+0.2 24.4

The actinide elements being hard acids are considered to follow the linear free
energy relationship (LFER), according to which log Ky, varies linearly with the basicity of
the ligand (log Kp). However the data for Th(IV)-picolinate are well above that predicted
from the correlation when compared with monodentate ligands such as simple carboxylates
and fall in line on comparison with similar kind of bidentate ligands like amino acids (figure
5.2) . This is attributed to chelate formation via pyridyl nitrogen atom in the Th(IV)-
picolinate complexes. Log Ky for Th(IV)-nicotinate and Th(IV)-isonicotinate were found to
be similar to that of simple monocarboxylates indicating that in neither of these the pyridyl
nitrogen is participating in bond formation with the metal ion and the complexation involves

the binding of the metal ion to carboxylate group of the ligand as in case of pure carboxylate
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ligands.. The higher stability of Th(IV)-isonicotinate complex than Th(IV)-nicotinate is due
to higher charge transfer from pyridyl nitrogen to carboxylate oxygen, thereby leading to the
stronger binding of isonicotinate to metal ion than nicotinate. The electron density on
carboxylate with protonated nitrogen (log Kpy) is low enough to form stable complex and
hence MLH complexes are not observed under the experimental conditions. The absence of
MLH species further confirms the deprotonation of nitrogen atom and charge polarization
during complexation. The higher value of log Kp of isonicotinate (4.96) than nicotinate (4.86)
is also reflected in stability constants of the complexes.

10

6 ¢ 8 9 10 1
log Kp
Figure 5.2: Linear Free Energy Relationship for Th(IV) — aminocarboxylates (in increasing
order of log Kp - picolinic acid, phenylalanine, serine, hydroxyproline, aspargine, valine,
proline). (all the values are taken from the SC database, Academic Software)
5.4.1.2. Isothermal Titration Calorimetry

Figure 5.3 show the data presented in the form of hy; vs. nay for complexation of
Th(IV) with picolinate and isonicotinate respectively. Similar plots were obtained for

complexation of Th(IV) with nicotinate also. The enthalpy of complexation obtained are

given in table 5.2.
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Figure 5.3: Plot of Ahyi VS nag for complexation of a) Th(IV)-picolinate and b) Th(IV)-
isonicotinate (All the metal ligand concentrations are given in table 5.1).

In general, the complexation process between actinides and simple carboxylates are
endothermic and are mainly entropy driven processes which is typical of hard acid hard base
reactions. The energy required for dehydrating the metal ion and ligand is more than that
released in metal ligand bond formation thus making the overall reactions endothermic. The

water molecules released during complexation increase the entropy of complexation. AHc is

173



the resultant of enthalpy change of metal — ligand bond formation (AHy. ) and metal-water
bond breaking (dehydration of hydrated metal ion AHwm-n20).
AHe = AHy_; — AHy g (5.3)

However, in case of ligands containing the other functional groups like hydroxyl
and amino groups, where there is a possibility of chelate formation, increase Th(IV)-ligand
interaction releases more energy in bond formation than the energy required to break the
hydration spheres. Thus, the overall reaction becomes exothermic. In case of Th(IV)-
picolinate complexes, the metal ion binds with the ligand through both carboxylic oxygen and
nitrogen atom and thus forms chelates. Therefore, higher exothermicity of Th(IV)-picolinate
indicates the role of nitrogen atom as well as rigid structure of ligand which sterically favors
the complexation process. The complexation of Th(IV) with picolinate was found to be
highly exothermic and exothermicity decreased with successive complexation. The negative
AHc suggests that it is determined mainly by metal ligand bond formation. The decreasing
magnitude of AH; on successive complexation is the result of decreased metal ligand
interaction due to reduced charge on metal ion and limited availability of coordination space
around the metal ion to facilitate further ligand participation.

In the case of nicotinate and isonicotinate, there is no possibility of chelation via
pyridyl nitrogen due to far away position of the nitrogen from the oxygen, and hence the
complexation of Th(IV) by these ligands are found to be endothermic and entropy driven.
This indicates that the complexation is similar to that in case of carboxylates in which the
metal ion binds through carboxylate. The difference in endothermicity between the
complexes of nicotinate and isonicotinate is due to significant movement of charge from
nitrogen in case of isonicotinate than that in case of nicotinate, which is further corroborated

by theoretical calculations as discussed below.
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5.4.1.3. Theoretical Calculations
Following equations have been used for the calculation of the complexation energy
(AEc) values of the various complexes considered in the present work.

M* @ag) +nL (ag) >  [ML:]™ (a0) (5:4)

AEc = E (ML) -nxE (L) - E (M*) (5.5)
where E (ML), E (L) and E(M*") denote the energy of the complex, ligand and the metal
ion, respectively. Here ‘n’ denote the number of ligands considered in the complex, (ML,)™™.
The calculated metal-ligand bond length for various possible geometries of all the complexes
are shown in the table 5.3. Trends of solvent phase results are quite consistent with that of the
gas phase results. Form the table 5.3, it is clear that, in case of all the Th(IV)-picolinate
complexes, the Th-O bond length are lower in the complexes, where the metal ion binds the
ligand through both oxygen and nitrogen via chelation than simple carboxylate binding in
which the metal atom binds the ligand through both the oxygen atoms of the carboxylate
group. In the case of nicotinate and isonicotinate, even though one of the bond lengths is still
shorter than picolinate complexes, the other bond lengths are higher resulting in lower
stability than picolinate complexes (chelate formation). Further, in case of thorium-nicotinate
and thorium-isonicotinate complexes, the bond length values are lower for the simple
carboxylate binding than binding the ligand through nitrogen atom alone.

Table 5.3: Calculated metal-ligand bond lengths for various Th(IV)-PMC Complexes (*O0’
indicates that both the oxygen atoms of the carboxylate group act as donors; ‘ON’ indicates

that one oxygen atom of the carboxylate group and the ring nitrogen act as donors)

Composition drho drhosoLy)  dthn drh-nesoLv)

Th(1V)-Picolinate Complexation

ML (OO) 2.105 2184 e e
ML (ON) deforming 2.025 deforming 2.419
ML2 (ON), 2.087 2.158 2.488 2.508
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ML21 2.062(ON)  2.135

2.488 2.510
(ON)(OO0) 2.240(00)  2.289
ML22 (O0), 2.220 2288 e e
ML3 (ON); 2.201 2.238 2.661 2.642
ML31 2.186 2.220

2.625 2.605
(ON)2(00) 2.375 2.387
ML32 2.174 2.207

2.594 2.580
(ON)(00), 2.360 2.374
ML33 (00)3 2.345 2% 10 R —
ML4 (ON), 2.292 2.313 2.753 2.717
ML41 2.286 2.305

2.718 2.694
(ON)3(00) 2.486 2.485
ML42 2.258 2.280

2.716 2.691
(ON)2(00). 2.476 2.471
ML43 2.256 2.279

2.713 2.670
(ON)(00); 2.457 2.454
ML44 (0O0), 2444 e V10—

Th(IV)-Nicotinate Complexation
ML (OO0) 2.120 2189  eeeee s
ML(N) e 2.401 2.461
ML2 (OO), 2.220 2270 e e
ML3 (O0); 2.344 2358 e el
Th(IV)-Isonicotinate Complexation

ML (OO) 2.144 2187 e e
ML(N) e e 2.339 2.413
ML2 (OO), 2.221 2280 e e
ML3 (OO0); 2.340 2356 e e

The charges on each atom in the complex for all the geometries are tabulated in the
table 5.4. Further, to investigate the extent of charge neutralization during complexation, the

charges on each atom in bare ligand were also calculated and are given in the table 5.5.
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Table 5.4: Calculated atomic charges for various Th(IV)- pyridine monocarboxylate

Complexes
Composition g, Orhsov) do dosolv) an AN(solv)
Th(IV)-Picolinate Complexation
ML (OO) 2.926 3.444 -0.759 -0.770 -0.321  -0.436
ML (ON) 2.826 3.404 -0.945,-0.114  -0.932,-0.462 -0.685 -0.717
ML2 (ON), 2.639 2.990 -0.874,-0.409 -0.878,-0.546 -0.668 -0.650
ML21 2.667 3.041 -0.866, -0.394  -0.882,-0.537 -0.675 -0.657
(ON)(00) -0.737 -0.750
ML22 (0O0), 2.678 3.076 -0.743,-0.717  -0.760,-0.741 -0.406  -0.457
ML3 (ON); 2432 2.547 -0.832,-0.499 -0.827,-0.588 -0.599  -0.602
ML31 2.456  2.580 -0.840,-0.728  -0.835,-0.728 -0.608  -0.599
(ON)2(00) -0.700,-0.495 -0.708,-0.583 -0.430 -0.469
ML32 2.477 2.608 -0.841,-0.730 -0.708,-0.728 -0.612 -0.604
(ON)(0O0), -0.696,-0.489 -0.837,-0.580 -0.425 -0.469
ML33 (00); 2512 2.637 -0.715 -0.725 -0.423  -0.467
ML4(ON),  2.008 1.991 -0.772,-0.755  -0.775,-0.761 -0.536  -0.548
-0.567 -0.620 -0.527  -0.542
-0.507  -0.526
ML41(ON); 2.021 2.009 -0.768,-0.693  -0.773,-0.694 -0.530 -0.545
(00) -0.648, -0.563 -0.667,-0.616 -0.438  -0.479
ML42(ON), 2.081 2.065 -0.785,-0.698 -0.786,-0.699 -0.530 -0.547
(00); -0.677,-0.661 -0.688,-0.666 -0.437 -0.476
-0.636, -0.556 -0.609
ML43(ON) 2121 2.087 -0.785,-0.707  -0.792,-0.701 -0.430  -0.563
(O0)3 -0.649, -0.554  -0.699, -0.676 -0.539 -0.474
-0.539 -0.602
ML44(00), 2.156 2.126 -0.703,-0.672  -0.707,-0.692 -0.428 -0.473
-0.649 -0.680
Th(IV)-Nicotinate Complexation
ML (OO) 2.903 3.447 -0.779 -0.780 -0.280  -0.484
ML (N) 2.828 3.307 -0.807,-0.462  -0.828,-0.537 -0.508 -0.481
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ML2 (O0), 2.684 2813 -0.746 -0.751 -0.428 -0.431

ML3 (0O0); 2519 2.638 -0.728 -0.730 -0.452  -0.502
Th(IV)-1Isonicotinate Complexation

ML (OO) 2.876  3.466 -0.776 -0.769 -0.149  -0.437

ML (N) 2.796 3.439 -0.201 -0.800 -0.837  -0.597

ML2 (0O0), 2616 3.041 -0.748,-0.730  -0.768,-0.746 -0.477  -0.462

ML3 (O0); 2527 2.634 -0.731,-0.718  -0.722 -0.414  -0.477

The table 5.4 shows that for the Th(IV)-picolinate complexes, the charge on both
the oxygen and nitrogen are higher in chelate complexes than that in bare ligand (table 5.5) as
well as in all other complexes of Th(IV)-picolinate which reflected in the lower values of
residual charge on metal ion in these chelate complexes.

Table 5.5: Calculated atomic charges for the bare pyridine monocarboxylates in solvent

phase.

Ligand Jdo JoisoLv) 0N dn(soLV)
Picolinate -0.727  -0.773 -0.466  -0.512
Nicolinate -0.733  -0.773 -0.509  -0.528
Isonicolinate -0.729  -0.768 -0.517  -0.526

The solvent phase calculations in case of Th(IV)-nicotinate and Th(IV)-
isonicotinate complexes show the Th-O bond length to be very close. Also the charges on
individual atoms in the complex differ marginally. This can be attributed to the closed shell
configuration of Th(IV) ion (having no f-electron) which has little tendency to cause charge
polarization in the ligands. This explains the similar binding energy of Th(IV) with nicotinate
and isonicotinate.

The overall stability of a complex can be best described based on the energy
released during the complex formation. The complexation energies for all the possible

geometries were calculated are presented in the table 5.6. The higher negative value of
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complexation energy than the other possible geometries further confirms the extra stability of
chelate complexes over the other geometries. From the table, it can be concluded that the
chelate complexes are more stable in case of Th(IV)-picolinates whereas the simple
carboxylate bound complexes are more stable in case of Th(IV)-nicotinate and Th(IV)-
isonicotinate complexes.

Table 5.6: Calculated complexation energies for various Th(IV)-pyridine monocarboxylate

complexes.
o Complexation Energy Complexation Energy
Composition
(AEg4 in eV) (AEs in eV)
Th(IV)-Picolinate Complexation
ML (OO) -38.73 -6.76
ML (ON) -39.89 -7.37
ML2 (ON), -59.70 -12.06
ML21 (ON)(OO) -59.16 -11.60
ML22 (00), -58.62 -11.10
ML3 (ON); -71.68 -15.12
ML31 (ON),(OO) -71.70 -14.84
ML32 (ON)(OO), -71.42 -14.56
ML33 (0O0); -71.08 -13.95
ML4(ON), -78.50 -17.49
ML41(ON)3(00) -78.51 -17.34
ML42(ON),(00), -78.35 -17.12
ML43(ON)(O0)3 -78.09 -16.90
ML44(00), -77.80 -16.55
Th(IV)-Nicotinate Complexation
ML (OO) -38.27 -6.65
ML (N) -37.79 -5.17
ML2 (O0), -57.69 -9.23
ML3 (O0); -67.00 -13.64
Th(IV)-1Isonicotinate Complexation
ML (OO) -37.88 -8.82
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ML (N) -32.94 -5.95
ML2 (0O), -54.04 -11.52
ML3 (OO)s -69.38 -20.25

The similar bond lengths and the small difference in charge on the each atom are in
agreement with the small difference in their complexation energies. These results are
consistent with the experimentally observed results which show that the Th(IV)-isonicotinate
complex (log Ky = 3.52, AG =-19.1 kJ/mol) is more stable than Th(IV)-nicotinate complex
(log Ky = 3.35, AG = -20.0 kJ/mol), with a very small difference in the free energy
formation of the two complexes.
5.4.1.4. Conclusion

The exothermicity and higher values of formation constants of the Th(IV)-
picolinates over the other two ligand complexes with thorium is due to the extra stability
from the chelating nature of picolinate. The Th(IV)-isonicotinate complex was more stable
than Th(IV)-nicotinate complex and both the complexation processes were found to
endothermic indicating the similarity of these complexes with the simple carboxylate
complexes which are in general are entropy driven and endothermic in nature. The bond
lengths, complexation energies and atomic charges on each atom in the complex calculated
theoretically by Turbomole are consistent with the experimentally observed results.

5.4.2. Complexation of Thorium with Pyridine Monocarboxylate-N-Oxides
5.4.2.1. Potentiometry

The complexation of thorium with pyridine monocarboxylic acid-N-oxides
(represented as L) can be defined by the following reaction schemes

Th*  + nL >  Thr,“™ (5.6)

Th*  + nLH >  Th,,*™  + nH* (5.7)
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The equation (5.6) represents the complexation of thorium with deprotonated
ligand while the equation (5.7) represents the complexation of thorium with protonated ligand
in which the complex formation is accompanied by the release of proton. Thus, the
complexation of metal ion with acidic ligands like carboxylates and aminocarboxylates, is
always accompanied by deprotonation of ligand, and hence necessitates the determination of
thermodynamic parameters for ligand protonation. The protonation constants of all the three
pyridine monocarboxylates under present experimental conditions were taken from our
previous work [129] as inputs during analysis of the potentiometric data of Th(IV)-PCNO
complexation. The potentiometric titration data was analysed by using Hyperquad suit of
programming [217]. The software involves the treatment of data by a non-linear least square
fitting of experimental data with a modelled data in which the approximate species that can
form during the complexation reaction along with their stability constants was given as input.
When the species expected with the given stability constants are reasonably well predicted,
the modelled data matches with experimental data indicating the validity of predicted species
with corresponding stability constants. Different stoichiometry of Th(IV)-PCNO complexes
including the polynuclear and ternary Th(IV)-PCNO-OH complexes are considered during
the treatment of data by Hyperquad [217] but consideration of only mononuclear binary
Th(IV)-PCNO complexes resulted in the best fit of the data. The potentiometric data analysis
by Hyperquad [217] indicated the formation of ML; (i=1-4) for Th(IV)-PANO complexes and
ML; (i=1-3) for Th(IV)-NANO and Th(IV)-IANO complexes. The variation in the percentage
of formation of the different stoichiometric complexes with respect to free metal
concentration and pH can be well represented as speciation diagrams (Figure 5.4), which
helps in predicting the concentrations of various complexes present under any experimental
condition (pH, Ligand to Metal ratio). The stability constants along with the other

thermodynamic parameters (AG, AH and AS) are given in table 5.7.
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Figure 5.4: Speciation diagram for complexation by Th(IV) with PCNOs (a: Th(IV)-PANO,
b: Th(IV)-NANO and c: Th(IV)-IANO) in aqueous medium at T =298 Kand | = 1.0 M
NaClQO,. (All the metal ligand concentrations are given in table 5.1)

Table 5.7: Thermodynamic parameters for the complexation of Th(IV) with pyridine
monocarboxylate-N-oxides in agueous medium at T =298 K and | = 1.0 M NaClO,. (All the
metal ligand concentrations are given in table 5.1). AG, AH and TAS are given in kJ/mol

while AS is in J/K/mol.

Complex log AG AH TAS AS
Th(1V)-PANO Complexation

ML 444 +0.02 -25.38 14.0+06 39.40 132.14

ML, 3.29+0.02 -18.80 29.7+2.0 48.48 162.62

ML; 2.77+0.03 -1583 20.6+1.3 36.48 122.36

ML, 162+0.01 -926 5.0%+0.3 14.22 47.69
Th(1V)-NANO Complexation

ML 2.83+0.01 -16.16 15.07+1.1 31.23 104.73

ML, 1.85+£0.01 -1056 7.5+04 18.02 60.44

ML3 1.69+0.02 -9.65 12%0.2 10.83 36.32
Th(IV)-IANO Complexation

ML 290+0.02 -1656 129+0.7 29.45 98.76

ML, 2.12+0.03 -12.10 57+0.6 17.74 59.51

ML3 1.80+0.01 -10.28 05%0.1 10.75 36.04

The table shows that log B of complexes follow the order Th(IV)-PANO > Th(IV)-
IANO > Th(IV)-NANO. The higher log B values of the Th(IV)-PANO complexes cab be
attributed to the formation of six membered chelate ring involving the oxygen of N-oxide and
that of carboxylate. The favourable position of N-oxide (at ortho position) to carboxylate
group facilitates the chelate formation while the same cannot take place in Th(IV)-NANO
and Th(IV)-IANO complexes due to higher separation of N-oxide with respect to
carboxylate. Th(IV)-IANO forms stronger complexes than corresponding Th(IV)-NANO
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complexes as the carboxylate group in the former is in electron donating position (para) to N-
oxide moiety for charge polarization where the same in NANO is at electron withdrawing
position (meta) to N-oxide moiety. The actinides at higher oxidation state behaves as hard
acids and prefer binding with hard donors like fluorine, oxygen, etc., in which the major force
of attraction is coulombic in nature. The linear free energy relationships for the complexation
of thorium with simple monocarboxylates are shown in figure 5.8, which shows the data for
Th(IV)-PANO complex much above the linearity indicating the chelation nature of Th(IV)-
PANO complexes, while the other two ligands follow binding only through carboxylate in

Th(IV)-NANO/IANO complexes.

4.44
4.0- -
f
o 3.6
o
3.2
2.8 . T . T . T . T .
25 30 35 4.0 45 50
log K,

Figure 5.5: Linear free energy relationship for Th(IV) monocarboxylate complexes (® -
increasing order: NANO, IANO, Thenoic acid, [-chloropropionate, y-hydroxybutyrate,
acetate and propionate; m - PANO) (all the values are taken from the SC database, Academic
Software)
5.4.2.2. Isothermal Titration calorimetry

The enthalpy of formation for the complexes could be obtained directly from the
plots hy; Vs nag, Where hy; is the heat released per mole of metal ion and nayq is the number of

ligand atoms bound per metal atom (as shown in figure 5.6).
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Figure 5.6: Calorimetric plots (hyi Vvs. nayg) for complexation by Th(IV) with PCNOs (a:
Th(IV)-PANO, b: Th(IV)-NANO and c: Th(IV)-IANO) in aqueous medium at T = 298 K
and 1 = 1.0 M NaClQ,. (All the metal ligand concentrations are given in table 5.1)

The enthalpy and entropy of formation for all the Th(I\VV)-PCNO complexes are
summarized in Table 5.7. From the table, it's clear that formation of all the Th(IV)-PCNO
complexation are endothermic in nature and are strongly entropy driven. The hard acid-hard
base interactions involved in actinide complexation by PCNOs constitute positive enthalpy
reflecting the energy required for dehydration of both the metal ion and the ligands and a
favourable entropy due to increase in disorder caused by the release of solvent molecules in
both the primary as well as secondary solvation spheres, the bulk solvent and their
reorganization around the resulting species. Furthermore, the similarity in enthalpy and
entropy of formation between Th(IV)-NANO and Th(IV)-IANO complexation implies that
the oxygen of N-oxide of NANO/IANO does not participate in the complexation process for
coordination with Th(IV).

The trends in enthalpy of formation for complexes can be explained in terms of the
perturbation of hydration sphere in the primary coordination sphere as well as in bulk
structure of solvent. In general the stepwise enthalpy of formation follows a descending order
as the charge neutralization becomes more prominent in the stepwise complexation process.
Similar trends in enthalpy of formation were observed in case of Th(IV)-NANO and Th(1V)-
IANO complexes but in case of Th(IV)-PANO complexes, the enthalpy of formation follow a
different trend AHm2 > AHmis > AHme > AHmis. This anomaly in the enthalpy of formation
could be explained on the basis of dehydration of both the metal ion and ligand molecules on
complex formation. In general, ligand dehydration plays minor role in determining the
enthalpy of formation as in case of simple monocarboxylates and neutral ligands, which have

near zero enthalpies of protonation as in case of NANO and IANO for which the enthalpy of
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protonation for are -1.83 and 0.40 kJ/mol respectively [129], typical of carboxylic acids
(AHp = 0-5 kJ/mol at 298 K). But, in case of ligands that do have relatively higher
endothermic enthalpies of protonation, ligand dehydration contributes contribute more to the
enthalpy as well as entropy of complexation. In our previous studies [129], it was reported
that the protonation of PANO is an endothermic process (AHp = 6.76 kJ/mol). Thus, the
addition of more and more ligands requires higher energy for dehydration of ligand
molecules, which result in higher enthalpies of formation on stepwise complexation. Further,
the drastic structural rearrangements of the ligand moieties around the metal ion also
contribute to the abrupt increase of stepwise enthalpies of formation as in case of Th(lV)
complexation by oxydiacetate complex for which AH¢ for the formation of ML, ML, and
MLs are 8.37, -11.46 and 35.90 KJ/mol respectively [375]. Thus the anomalous trend in
enthalpy of formation for Th(IV)-PANO complexes could be attribute to the cumulative
effect of dehydration of both the metal and ligand ions and the structural rearrangement of
ligand around the metal ion simultaneously.

Relatively higher entropy of formation for Th(IV)-PANO complexes are due to
chelate formation in these complexes which requires replacement of two water molecules
from the primary coordination sphere of Th(IV) ion whereas NANO and IANO need to
remove single water molecule from Th(IV) aquo ion for complexation. The trends in entropy
of formation for Th(IV)-PANO can be explained analogous to enthalpy of formation of these
complexes.
5.4.2.3. Theoretical Calculations

Tianxiao Yang et al reported the combined quantum mechanical and molecular
dynamical simulations on Th(IV) hydrates in aqueous solution and conclude that Th(H,0)**
with C4v symmetry can form the most stable complex, with 9 water molecules around the

Th(IV) ion in the first shell [377]. Tsushima et al. proved that the energy difference between
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9- and 10-oordination is very small (~1 kJ/mol) [378]. From these data it can be concluded
that the coordination number is either 9 or 10, and that equilibrium might exist between the 9-
and 10-coordinated ions. The relative energies of U*" and Np** ions with 8, 9 and 10
coordinated water indicate that the preferred coordination number for U** is 9, while there
might be an equilibrium between 8 and 9 coordination for Np** [379]. Thus, in the present
studies, Th(H,0)e*" is considered as the base moiety for Th(IV) agua ion and the analogy can
be extended to U(1V) and to a less extent to Np(1V).

The geometries for all the Th(IV)-PCNO complexes predicted under present
investigations were optimized at DFT level by using Turbomole programme. The optimized
geometries for all the complexes of Th(IV)-PANO, Th(IV)-NANO and Th(IV)-IANO are
shown in figures 5.7 to 5.9 respectively. The optimized geometries for Th(IV)-PANO
complexes involved the chelate formation by Th(IV) through each oxygen atom of
carboxylate and N-oxide moieties whereas the Th(IV)-NANO and Th(IV)-IANO complexes

are formed by coordination of Th(IV) with carboxylate oxygen atoms.

() (b)
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Figure 5.7: Optimized geometries for Th(IV)-PANO complexes: a) ML, b) ML,, ¢) ML; and

d)ML.

(©)
Figure 5.8: Optimized geometries for Th(IV)-NANO complexes: a) ML, b) ML, and ¢) MLs.
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Figure 5.9: Optimized geometries for Th(1V)-IANO complexes: a) ML, b) ML, and c) MLs.

The metal ion-ligand complexation reaction (M:L,) for all the three Th(1V)-PCNO
complexes can be given as below
[Th(Hz0)e]"* + nL — [Th(HOW(L)n] "(L)m  +  (9X)HO0  (5.8)

The strength of a metal ion complex with a particular ligand can be explained using
binding energy or free energy. Hence, the gas phase binding energy is computed for the
complexation reaction given by equation 5.8 using the following equation.

AE = [EqmhHzoxwmiwn-mian + E@xnH20] -[ErthHeoyeia+ + NEL] (5.9)
The thermal correction to the electronic energy (Ee), enthalpy (Hc) and free energy

(Ge) of the optimized complexes has been performed following the earlier reported
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prescription [380-381]. The energetics (interaction energy (AEc) and Gibbs free energy of
formation(AGc)) and the structural parameter (bond distances) for all the three Th(IV)-PCNO
complexes were given in table 5.8. The theoretically calculated interaction energies as well as
Gibbs formation energies follow the order Th(IV)-PANO > Th(IV)-IANO > Th(IV)-NANO
among the three Th(IV)-PCNO complexes and AEc/AGc for a particular Th(IV)-PCNO
complexes follows the decreasing trend on stepwise complexation analogous to that observed in
experimentally stability constants obtained by potentiometric titrations. The shorter bond lengths of
Th-O (of COO) in Th(IV)-PANO complexes than the other two further supports the stronger
interaction of Th(IV) with PANO than NANO and IANO.

Table 5.8: The calculated interaction energy (AEc), Gibbs free energy of formation(AGc) (in
kJ/mol) and bond lengths (in A°) between Th(1V) and the binding atoms of the ligands for all
experimentally predicted Th(IV)-PCNO complexes. O (N-O), O (COO) and O (H.0)
represents the oxygen atoms of N-oxide, carboxylate of ligand molecule and water in Th(IV)

aqua ion respectively.

Complex AE AG drh-on-0) drh-o(coo) drh-o(H20)
Th(1V)-PANO Complexation

ML -189.82 -211.46 2.301 2.218 2.550, 2.556, 2.567,
2.576, 2.584, 2.619,
2.631

ML, -145.66 -183.17 2.399, 2.441 2.282,2.285 2.572,2.572,2.574,
2.580, 2.613

ML; -130.30 -181.92 2.400, 2.448, 2.273,2.309, 2.464,2.624, 4.367

2.489 2.360
ML, -60.81 -95.19  2.459, 2.465, 2.356, 2.367, 2.65

2.486, 2.499 2.414, 2.450
Th(IV)-NANO Complexation
ML -99.91  -88.37 2.356,2.360 2.548, 2.569, 2.573,
2.608, 2.622, 2.623,
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2.645, 2.660

ML, -91.79 -88.32 2.483,2.490, 2.548,2.561, 2.563,
2.492,2516 2.592,2.618, 2.620,
2.798
ML; -88.97 -67.28 2.479,2.513, 2.566, 2.575, 2.624,
2.533,2.535, 2.632,2.649, 4.055
2.540, 2.564
Th(IV)-IANO Complexation
ML -108.07 -105.10 2.461,2.476  2.546, 2.567, 2.570,
2.587,2.611, 2.619,
2.645, 2.677
ML, -105.26 -92.97 2.440,2.486  2.503, 2.530, 2.553,
2.580, 2.583, 2.602,
4.164
ML; -61.99 -42.26 2.454,2512, 2.594,2.606, 2.607,
2.506, 2.546, 2.637,2.700, 4.009
2.534, 2.601

In view of the predominantly Coulombic interaction between actinide and carboxylates,

the detailed charge calculations on the individual atoms in each complex and its comparison
with the charge on same atoms of the bare ligand would give insight into the charge
polarization effects on complex formation of Th(IV) by PCNOs. This further helps in
interpreting the trends in stability among all the three structurally isomeric pyridine
monocarboxylate-N-oxides. The binding atoms (such as oxygen atoms of N-oxide and
carboxylate group) and the atoms directly linked to binding atoms (nitrogen of N-oxide,
carbon atoms of the carboxylate and the ring carbon attached to carboxylate group) in ligand
are the most effected with respect to charge polarization on complexation with the metal ion.
The charges on these key atoms of the complex were given in table 5.9 while the same on the

identical atoms in bare ligands are given in table 5.10.
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Table 5.9: The charges on key atoms of all experimentally predicted Th(IV)-PCNO

complexes. O (N-O), O (COO), N (N-O), O (COO) and O (C-COO) represents the oxygen

atoms of N-oxide, carboxylate, nitrogen of N-oxide and carbon atoms of carboxylate and the

carbon directly attached to carboxylate carbon of ligand molecule respectively.

Complex qmn JoN-0) dnN(N-0) Jo(coo) Jc(coo) Jc(c-coo)
Th(1V)-PANO Complexation
ML 2.230 -0.617 0.072 -0.794, -0.575 0.764 0.087
ML2 2.133 -0.588,-0.581 0.081,0.084 -0.790,-0.599, 0.759,0.759 0.066,
-0.788, -0.605 0.061
ML3 2.240 -0.565,-0.576, 0.081,0.083, -0.734,-0.655, 0.767, 0.074,
-0.589 0.087 -0.769, -0.614, 0.764,0.760 0.061,
-0.763, -0.625 0.060
ML4 1.979 -0.534,-0.536, 0.086,0.092, -0.729,-0.655, 0.763, 0.063,
-0.536,-0.599 0.093,0.095 -0.752,-0.652, 0.764, 0.065,
-0.724,-0.661, 0.754,0.762 0.063,
-0.731, -0.653 0.058
Th(1V)-NANO Complexation
ML 2.124 -0.542 0.105 -0.704, -0.708 0.793 -0.193
ML2 1.875 -0.560, 0.101,0.101 -0.691, -0.683, 0.778,0.778 -0.176,
-0.561 -0.680, -0.699 -0.174
ML3 1.793 -0.571, 0.097, 0.098, -0.705,-0.663, 0.783,0.79, -0.168,
-0.569, 0.098 -0.689, -0.661, 0.778 0.165,
-0.571 -0.676, -0.675 -0.168
Th(IV)-IANO Complexation
ML 2.103 -0.460 0.148 -0.729,-0.719 0.772 -0.204
ML2 2.027 -0.507,-0.507 0.130,0.129 -0.718,0.693, 0.767,0.763 -0.184,
-0.706, -0.696 -0.184
ML3 1.784 -0.527,-0.527, 0.121,0.120, -0.694,0.693, 0.775, -0.174,
-0.524 0.122 -0.707,-0.657, 0.767,0.774 -0.171,
-0.724, -0.656 -0.179
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Table 5.10: The charges on key atoms of bare PCNO molecules. O (N-O), O (COO), N (N-
0), O (COO0) and O (C-COO) represents the oxygen atoms of N-oxide, carboxylate, nitrogen
of N-oxide and carbon atoms of carboxylate and the carbon directly attached to carboxylate

carbon of ligand molecule respectively.

Ligand Qgomn-o) Onn-0) docoo) dccoo)  Ac(c-coo)
PANO -0.571 0.098 -0.780,-0.740 0.716 0.009
NANO -0.614 0.082 -0.772,-0.770 0.723 -0.153
IANO -0.605 0.085 -0.775,-0.775 0.716 -0.137

Comparing the charges on these individual atoms in the complex and on bare
ligands, the following observations can be made:
1) During complexation, charge on nitrogen is reduced while of the oxygen was
enhanced in N-oxide group. Likewise, the charge on one of the oxygen atoms (bonding to
Th(IV)) is enhanced whereas the charge on the other oxygen atom of carboxylate group was
decreased as compared to that in bare ligand in case of Th(IV)-PANO complexes.
2) In case of Th(IV)-NANO/IANO complexes, the charge on nitrogen of N-oxide was
more than on the bare ligand while the charge on oxygen of N-oxide in complex is lower than
on bare ligand. The charges on both the oxygen atoms of the carboxylate group are lower in
complex than on bare ligand. This trend in charges on nitrogen and oxygen atoms of N-oxide
and oxygen atoms of carboxylate group was opposite to the trend observed in Th(IV)-PANO
complexes.
3) The charge on carbon atoms is more in complex form than in bare ligand for all the
three Th(IV)-PCNO complexes.
4) In case of Th(IV)-PANO complexes, PANO binds Th(IV) by chelation through the
oxygen atom of N-oxide moiety and the oxygen atom of carboxylate. Thus the coulombic

interaction with these two atoms would be more resulting in higher charge polarization at
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these two atoms during complex formation. Large difference in charge on oxygen atoms of
carboxylate also further supports the monodentate nature of carboxylate in complexation
process and hence chelate formation in case of PANO binding by Th(1V).
5) In case of Th(IV)-NANO/IANO complexes, the metal ion binds the ligand through
both the oxygen atoms of the carboxylate group which is evident from the similar charge on
both the oxygen atoms on complex formation also. Both the oxygen of N-oxide and
carboxylate functional attached to base pyridine ring in the PCNOs are electron withdrawing
groups and can pull the electron density towards them from the base pyridine ring. Further,
the electron withdrawing effects in pyridine ring are more pronounced at ortho and para
positions which are more favourable positions for charge polarization than meta position.
Thus the charge polarization effects would be more prominent in PANO followed by IANO
than NANO. The ortho and para positions are considered to be electron donating groups
whereas meta position is an electron withdrawing group. Thus the charge reduction on
oxygen atoms of carboxylate would be more in NANO (from -0.770 in NANO to -0.704 in
Th(IV)-NANO complex) than in IANO (from -0.775 in IANO to -0.719 in Th(IV)-IANO
complex). Among Th(IV)-NANO and Th(IV)-IANO complexes, the reduction of charge on
oxygen atoms of carboxylate in NANO is more than IANO reflecting higher coulombic
interaction of IANO than NANO with Th(IV). Hence the Th(IV)-IANO complexes are more
stable than Th(IV)-NANO complexes, which matches with the experimental observation
(table 1).
5.4.2.4. Conclusions

The thermodynamic parameters for the complexation by thorium with three
structurally isomeric pyridine monocarboxylate-N-oxide were studied by experiment and
theory. It was found that the formation of all the complexes are endothermic and entropy driven.

The higher stability of Th(IV)-PANO complexes over the other two isomers is due to its
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chelate nature. The variations in thermodynamic parameters are interpreted in terms of
perturbations in hydration spheres of both the metal and ligand ions. Also the theoretical
calculation to determine the charges on individual atoms further enhanced the knowledge in
interpreting the trends within and among the Th(IV)-PCNO complexes in terms of
electrostatic interactions. The linear free energy relationship of log B of the complex with
pKa of ligand also showed the chelate and carboxylate kind of binding in Th(IV)-PANO and
Th(IV)-NANO/IANO complexes respectively. Overall, the mutual position of the two
functional groups, the N-oxide and carboxylate, has a key role on the thermodynamics of

complexation process.
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Chapter 6
Stability, Speciation and Spectral Properties of Np(V) complexes with

Pyridine Monocarboxylates and Hydroxamic acids

6.1. Introduction

The complexation of d-block and 4f elements with the picolinic acid have been
studied widely in the past with regard to their applications in analytical chemistry, corrosion
effects, luminescence applications [127, 154-158, 304-309]. Limited studies have been
reported in the literature on solution chemistry of 5f elements (actinides) with the same series
of carboxylates [128, 382-383]. In the recent years, few studies have been reported on the
Np(V) carboxylate [147, 161, 384-388] and Np(V) aminocarboxylate complexes [150, 389]
including the complexation of Np(V) with picolinic acid [159-163], nicotinic acid [161, 163].
Budantseva et al studied the interaction of Np(V) with all the three ligands and determined
the log B values for ML and ML, complexes of Np(V)-picolinate and ML complex of Np(V)-
nicotinate and Np(V)-isonicotinate complexes [164]. All these studies are limited to
determination of stability constant values only and do not report on their speciation and
spectral properties. Recently Zhang et al. studied the effect of temperature on thermodynamic
and spectroscopic properties of Np(V)-picolinate complex but at I = 1.00 M NaClO, [356].
Comparison of stability, structures and spectral properties of Np(V) complexes will give an
additional insight on the effect of position of nitrogen on the complexation phenomenon.

Hydroxamic acids are reducing chemical agents, and also act as di-oxygen
chelating ligand. They have high affinity to hard-acid cations and simulate the hydroxamic
acid function of the pyoverdins which have very high affinity for actinides and can cause
mobilization and transport of actinides in the geosphere. Complexes of simple hydroxamates
with metal ions have been studied both in solution and in solid state [390-398]. Investigations

on the complex formation with primary hydroxamate ligands in aqueous solution
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demonstrated clearly that, depending on pH, two oxygen binding modes of the ligands are
accessible to metal ions [397-398]. Acetohydroxamic acid (AHAH) exists in two tautomeric
forms as keto and iminol forms (Figure 6.1) which provide a number of sites for chelation
[399]. The studies on the interaction of simple hydroxamates with tetra and pentavalent
actinides have been reported in the literature on extraction and reduction of actinides [174-
180]. It has been reported that stability constants (B) of actinide-hydroxamate complexes

increase in the order Bucviy < Bnpavy < Pruavy [179-180, 232, 295, 392].

O OH

OH = _OH
HSC)LH S HSC/& N

Figure 6.1: Tautomeric forms of acetohydroxamic acid (Left : keto form, Right : iminol
form)

Extensive work on binding of actinide ions with HA has been reported in literature
but very few studies have focused on coordination modes of structurally varying HA with
actinides [181-182, 303]. Moll et al. have reported the stability constants of complexes of
benzhydroxamic acid (BHA) and salicylic hydroxamic acid (SHA) with Np(V) using UV-Vis
spectrophotometric titration [182]. The formation of 1:1 and 1:2 species for Np-BHA was
observed while in case of Np-SHA two 1:1 species ML (1:1) and MLH (1:1:1) were
observed. The formation of 1:1 species in Np-AHA and Np-BHA indicate deprotonation of
hydroxyl group of hydroxamate during complexation. As SHA is diprotonated ligand,
formation of 1:1 species in Np-SHA indicate deprotonartion of phenolic group at ortho
position as well as hydroxyl group of hydroxamate whereas in 1:1:1 complex ortho phenolic
group remains protonated. However, it is not clear, whether the ortho phenolic group
participates directly in bonding with Np(V) or indirectly stabilizes the 1:1:1 complex.
Similar species were also observed in U(VI)-HA complexes. U(VI)-SHA complexation
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studies by time resolved luminescence spectroscopy [181] also showed the presence of
protonated 1:1:1 and 1:2:2 complexes of U(VI1)-SHA.

Present study is aimed at studying the stability (log B) of the complexes formed,
speciation diagrams and spectral properties of Np(V) complexes with three structural isomers
viz picolinic acid (pyridine-2-carboxylic acid), nicotinic acid (pyridine-3-carboxylic acid) and
isonicotinic acid (pyridine-4-carboxylic acid) (Fig. 1.2) at 298 K in 0.1 M NaClO, medium
using spectrophotometry technique. The DFT calculations were carried out to get the
optimized structures and energetics of Np(V)-pyridine monocarboxylate complexes under the
specified experimental conditions. The charges on each atom in the complex and free ligand
were also calculated to understand the effect of position of nitrogen in the pyridyl ring on the
electron density distribution of complexes which in turn helps in rationalizing the energetics
of complexation. The DFT calculations are very much helpful in determining the variations in
stability due to charge polarization among the Np(V) complexes with all the three isomeric
ligands and are compared with the experimental observations.

Studies were also carried out to understand the binding modes and the structural
changes in terms of bond distances, bond angles, charge densities on individual atoms on
coordination with the ligands in different Np(V)-HA complexes at molecular level. For this
purpose, the DFT calculations were carried out for Np(V) complexation with HA ligands of
varying substituents viz., AHA, BHA and SHA and the results of theoretical calculations
have been correlated with the experimental data available in literature.

6.2. Experimental
6.2.1. Reagents

Neptunium was separated from other actinides and cations using anion exchange

(Dowex 1X4) resin in nitrate form [196] and alpha spectrometry was employed to confirm

the purity of neptunium in the stock solution. The daughter product Pa-233 was removed
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from the eluted neptunium solution by solvent extraction with diisobutyl carbinol. Alpha
spectrometry and spectrophotometry (981 nm) [197] were used to estimate the concentration
of purified neptunium. All the other chemicals were of A.R. grade with purity > 99% (Sigma
Aldrich).
6.2.2. Spectrophotometric Titrations

All the spectrophotometric measurements were carried out using a JASCO V530
model spectrophotometer. To minimize the hydrolysis and maximize the dissociation of
pyridine monocarboxylates, the pH of all the metal and ligand solutions were adjusted to a
final value of 4. The ligand solutions were added in steps (10 to 50 uL) to a known volume
(2.00 mL) of metal solution to determine the stability constants of the complexes. An
equilibration time of 5 minutes between the successive additions showed a stable absorbance
curve for each point of titration and the absorption spectra were recorded for each addition of
ligand over the wavelength range from 900 to 1100 nm with a wavelength interval of 0.1 nm.
All the titrations were carried out at a fixed temperature (298 K) and ionic strength (0.1 M
NaClO,). The spectroscopic data was analyzed using Hyperquad [217] to determine the
species present and their fraction along with the respective log B values for all the Np(V)-
pyridine monocarboxylate and Np(V)-hydroxamate complexes. Further the molar
absorptivity of the complexes formed was derived from the deconvolution of the respective
absorption spectra of all the Np(V)-pyridine monocarboxylate and hydroxamate complexes.
6.3. Theoretical Calculations

Turbomole programme was utilized for the geometry optimization by DFT [400].
Generalized gradient approximation (GGA) approximation and Becke's exchange functional
[264] in conjunction with Perdew's correlation functional [265] was used for calculations.
The geometries of actinide complexes have been found to be less sensitive to level of theory.

In a large number of reports, authors have used def-SV/(P) basis set for structure optimization
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[337, 401]. Cao et al. used two basis sets for geometry optimization def-SV(P) and def2-
TZVP and showed the very small change in bond distances and angles on changing the basis
set [402]. Ali et al. has shown that the calculated structure of lanthanides and actinide
complexes with substituted glycol amides obtained at the BP86/SVP level of optimization
were found to be in close agreement with the X-ray data and also with the structure obtained
at the B3LYP/TZVP level of theory [403]. Despite the fact that the BP86 functional is quite
fast and accurate in predicting the geometry and vibrational frequencies, the energetic
parameters are not accurate enough compared to the hybrid functional due to non-
consideration of the non-local HF part in the exchange functional. Therefore, general
approach followed in number of literature reports on actinides is to optimize the structure
using BP86 functional with def-SVP basis set and calculate the energies of optimized
structure using the B3LYP functional [404] employing the def-TZVP basis set. The same
approach has been followed in the present work. The energy calculation was carried out at
B3LYP/def-TZVP level of theory. Lighter atoms are treated at all electron level. Theoretical
calculations were carried out using triplet spin state for Np. The B3LYP and BP86 have been
used by number of authors in high spin states of actinides and lanthanides, thereby justifying
the use of DFT [403]. These functionals take care of electron correlation. The charges on
individual atoms in bare ligand and in complex were also calculated by the same software
using natural bond orbital population analysis to determine the changes in the charge on
individual atoms on complexation process. The bond distances between the bonding atoms
and neptunium for the optimized geometries were calculated to rationalize the energetics of
complexation. In order to access the effect of bulk solvent medium, binding energies for
Np(V)-complexes were calculated using COSMO continuum solvation model [340] using

dielectric constant of water as 78.4.
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6.4. Results and Discussions
6.4.1. Np(V) Pyridine Monocarboxylates Complexes
6.4.1.1. Spectrophotometric Titration

The 5f-5f transition absorption band of Np(V) at 981 nm is usually red shifted on
complexation with removal of water molecules in the primary coordination of Np(V). Figures
6.2-6.4 show the absorption spectra recorded during the titration of Np(V) solution with
different ligands. The absorption peak decreases with incremental additions of pyridine
monocarboxylate solution to Np(V) solution. The red shift in absorption spectra is quite
prominent and visible in case of Np(V)-picolinate while in case of Np(V)-nicotinate (Fig.
6.3) and Np(V)-isonicotinate (Fig. 6.4), there is a decrease in absorbance at 981 nm, though
the shift in the Amax IS negligible. The measured absorbance at any point of titration is a sum
of absorbance of all the species present at that particular point of titration and can be
expressed as,

A= Anpor + Anpor T Apo.L- (6.1)

These simultaneous equations were solved (cf. section 2.4 and 2.5.2.3) using

Hyperquad software [217] to determine the stability constants (log ) and thereby generate

the speciation diagram for the complexes formed during the course of reaction.

Increasing Ligand
Concentration

o o o
o o -
N =] o
L L 1

0.04 -

Absorbance / a.u

0.02 4

960 . 9'}0 ' 960 ' 9§0 ' 10|00 ' 10l10 ' 10l20

Wavelength / nm

202



Figure 6.2: Absorption spectra of Np(V)-picolinate complexation ([Np(V)] = 2.5 x 10™ M,

[pic] = varied from 0.00 to 0.20 M at pH =4 and T =298 K in 0.1 M NaClO, medium; initial

volume of Np(V) in cuvette 2.00 mL)
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Figure 6.3: Absorption spectra of Np(V)-nicotinate complexation ([Np(V)] = 2.5 x 10™ M,

[nic] = varied from 0.00 to 0.17 MatpH =4 and T =298 K in 0.1 M NaClO, medium; initial

volume of Np(V) in cuvette 2.00 mL).
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Figure 6.4: Absorption spectra of Np(V)-isonicotinate complexation ([Np(V)] = 2.5 x 10™
M, [isonic] = varied from 0.00 to0 0.10 M at pH =4 and T =298 K in 0.1 M NaClO4 medium;
initial volume of Np(V) in cuvette 2.00 mL).

The speciation diagram for the complexation of Np(V) with picolinate is shown in

Fig. 6.5. Np(V) ion forms both 1:1 and 1:2 complexes with all the three ligands with no
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indication of complexation with protonated form of ligands (MLH or ML;H). Though the
formation of ML, complex in case of Np(V)-nicotinate and Np(V)-isonicotinate is less
compared to corresponding Np(V)-picolinate complex, the removal of this species from
proposed chemical equilibria did not fit the spectrophotometric titration data to obtain log
values and the speciation plots.

The experimentally determined stability constants and the calculated free energy of
formation of Np(V) complexes with all the three pyridine monocarboxylates along with those
available in literature are given in Table 6.1. The literature reported log 8 of all the complexes
have a wide spread ranging from 3.04 to 3.78 for ML and 5.58 to 6.98 for ML, in case of
Np(V)-picolinate [159-164, 356], and 0.57 to 2.94 for ML in case of Np(V)-nicotinate
complexes [161,163-164]. Only one value for ML, of Np(V)-nicotinate [86] and ML of
Np(V)-isonicotinate are available in literature [164]. The log B for ML, of Np(V)-
isonicotinate is not available in the literature and was determined in the present study. The
large variations in the log B can be attributed due to the difference in techniques and

experimental conditions.
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Figure 6.5: Speciation diagram of Np(V)-picolinate complexation ([Np(V)] = 2.5 x 10 M,

[pic] = varied from 0.00 to 0.20 M at pH =4 and T =298 K in 0.1 M NaClO4 medium; initial
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volume of Np(V) in cuvette 2.00 mL, ¢ - experimentally measured absorbance values, ==

calculated absorbance values, o - Free Np(V), o - [Np(Pic)], A - [Np (Pic)2])

Table 6.1: Stepwise stability constants (log K), AG and maximum percentage of Np(V)

pyridine monocarboxylates complexes formed during the course of reaction along with the

reported values.

Complex  Max. % of log K AG (kJ mol™) Reference
Formation
Np(V) - Picolinate Complexes
ML 40.0 2.96 +0.04 -16.9+0.2 Present work
3.23 -18.4 [160]
3.45+ 0.02 -19.7+£0.1 [161]
3.04+0.03 -17.3+0.2 [162]
3.53+0.03 -20.1£02 [163]
359 + 0.01 -20.5+£0.1 [164]
3784 001 -21.6+£0.1 [356]
ML, 80.9 2.31+0.04 -13.2+0.2 [164]
2.35 -13.4 [160]
2.48 +0.02 -142+0.1 [163]
2.58 +0.02 -14.7+0.2 [161]
271 + 0.04 -155+0.2 Present work
280+ 002 -16.0+£0.1 [356]
Np(V) - Nicotinate Complexes
ML 61.7 0.57 £0.03 -3.2+0.2 [161]
0.74+0.03 -42+0.2 [163]
1.34 + 0.09 -76+0.5 Present work
2.94 + 0.05 -16.8 +0.3 [164]
ML, 221 0.31+0.05 -1.8+£0.3 [163]
0.57 +0.03 -3.2+0.2 Present work
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Np(V) - Isonicotinate Complexes

ML 51.4 1.52 + 0.05 -155+0.3 [164]
272 +0.04 -8.7x0.2 Present work
ML, 19.7 0.87 £ 0.02 -5.0+0.1 Present work

The log B for Np(V)-picolinate complexes were found to be higher than that for
Np(V)-nicotinic and Np(V)-isonicotinate complexes for both 1:1 and 1:2 complexes. The
higher log B of Np(V)-picolinate than other two can be explained in terms of the formation
five membered chelate ring through nitrogen and oxygen of picolinic acid. Among the
nicotinate and isonicotinate complexes, the log K was found to be higher for the latter. The
nitrogen at para position in case of isonicotinate enables higher charge transfer from nitrogen
to carboxylate group than that at meta position in nicotinate. This results in stronger
complexes of Np(V) with isonicotinate than the nicotinate.
6.4.1.2. Linear Free Energy Relationships (LFER)

Hard acid hard base interactions are dominated by electrostatic attractions that
directly depend on the magnitude of opposite charges on the binding moieties. Actinide ions
(hard acids) prefer binding with hard donors like fluorine and oxygen groups. Thus, for a
particular binding geometry of ligand, the variation of log Ky with the effective charge on
metal ion should result in a linear relation. Figure 6.6 shows the plot of loh K as a function of
the effective charge on actinide ions. The effective charges on NpO,*, UO,*", Eu** and Pu**
were taken as 2.3, 3.3, 3 and 4 respectively [67]. The data on stability constants of pyridine
monocarboxylates with other actinide/lanthanide ions were taken from literature [127-128].
The log K; values vary linearly with the effective charge on the metal ions, thereby
corroborating the LFER hypothesis. The linear relationship also suggests the similar binding
mode of the all the three ligands with different metal ions. The figure clearly brings out the

higher stability of picolinate complexes over the nicotinate and isonicotinate. Further, the
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slope for actinide picolinate complexation line is higher than that for other ligands and is
nearly equal in case of nicotinate and isonicotinate complexes. The higher slope for actinide
picolinate can be attributed to higher electron density on the picolinate binding atoms which

is also supported by theoretical charge calculations (Section 6.5.1.4).

log K
r

3+

NpO; Eu Th
2.0 25 3.0 3.5 4.0
Effective Charge on Metal ion

Figure 6.6: LFER of Eu(lll), Th(IV) and Np(V) complexes with pyridine monocarboxylates
(o -picolinic acid, A - isonicotinic acid and o - nicotinic acid).

Fig. 6.7 shows the LFER between log K; and log Kp of different Np(V)
carboxylate complexes along with the data obtained in the present work. In case of actinide
nicotinate and isonicotinate complexation, the binding is solely between metal ion and
carboxylate. However, the log K; for Np-nicotinate and Np-isonicotinate were found to be
higher than that expected from LFER when plotted against log Kp of their carboxylate group
(Fig. 5b, symbols m). Further, the log K; data for these ligands fall in line when plotted
against sum of log Kp; and log Kp, (Symbols: ¢ and A). This suggests that the electron
density from both the donating groups (pyridyl nitrogen and carboxylate) participates in
bonding which can be explained by the charge polarization in the ligand during

complexation.
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Figure 6.7: LFER of Np(V) complexes with carboxylate based ligand (o Np-
monocarboxylate in the increasing order dichloroacetate, chloroacetate, bromoacetate,
iodoacetate, benzoate, acetate and phthalate [162], m Np-nicotinate and Np-isonicotinate (vs.
log Kp1), and A Np-nicotinate ¢ isonicotinate and e Np-picolinate (Vs log Kpi+ log Kp,).

The absence of MLH type complexes (protonated) points towards deprotonation of
pyridyl nitrogen during complexation. As can be inferred from log Kp of nicotinate and
isonicotinate, the electron density on carboxylate groups is too low to form complex under
present experimental conditions. However, on complexation with Np(V), the pyridyl nitrogen
gets deprotonated and the electron density is transferred from pyridyl nitrogen to carboxylate
groups, which in turn enhances its stability. It can be seen that the Np(V) isonicotinate
complexes are more stable than corresponding nicotinate complexes which can be attributed
to the position of nitrogen in pyridine ring with respect to carboxylate group. In the case of
isonicotinate, the electron donating para position of nitrogen can mobilize its charge density
to bonding carboxylate more effectively resulting a stronger binding with Np(V)-

isonicotinate than in case of Np(V)-nicotinate system.
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6.4.1.3. Spectral Properties

The absorption spectra of all the three Np(V) pyridine monocarboxylates were
deconvoluted using Hyperquad [217] to determine the individual molar extinction
coefficients of all the species formed during the course of reaction under the studied
experimental conditions (Fig. 6.8-6.10). The cumulative absorption spectra (Fig. 6.2-6.4)
don't show any indication of the shift in wavelength for nicotinate and isonicotinate
complexes but the deconvoluted spectra do show a red shift in case of nicotinate and
isonicotinate complexes. The extent of shift in Aynax for these two ligands is comparatively

much lower than that in case of picolinate complexes, which is explained below.
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Figure 6.8: Molar absorptivity plots of Np(V)-picolinate complexation. ([Np(V)] = 2.5 x
10* M, [pic] = varied from 0.00 M to 0.20 M at pH = 4 and T = 298 K in 0.1 M NaClO,
medium; initial volume of Np(V) in cuvette 2.00 mL).

In the uncomplexed Np(V) in aqueous medium, the ligand field include strong
axial field due to two axial ‘yl” oxygen atoms at close distance of 1.83 A’ and weaker
equatorial field due to oxygen atoms of water molecules at 2.50 A° [405]. This ligand field
around the NpO(H,0)s" leads to shifting as well as splitting of the energy levels. On
complexation, the increased ligand field in the equatorial plane changes, leading to further

splitting of the energy levels which in turn leads to reduction in the energy gap between
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ground state (°H.) and excited state (*G4) of free ions. Thus, the red shift in the absorption
spectrum depends on the ligand field around the metal ion (Nephelaxetic effect). As the
ligand field can be directly related to the strength of the complex (log K), the ligand field
splitting and thence the red shift in absorption band can be related to log K of complex as

shown by Yang et al [406].
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Figure 6.9: Molar absorptivity plots of Np(V)-nicotinate complexation. ([Np(V)] = 2.5 x

10* M, [nic] = varied from 0.00 M to 0.17 M at pH = 4 and T = 298 K in 0.1 M NaClO,

medium; initial volume of Np(V) in cuvette 2.00 mL).
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Figure 6.10: Molar absorptivity plots of Np(V)-isonicotinate complexation. ([Np(V)] = 2.5 x
10* M, [isonic] = varied from 0.00 M to 0.10 M at pH = 4 and T = 298 K in 0.1 M NaClO,

medium; initial volume of Np(V) in cuvette 2.00 mL).
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Yang et al. [406] have shown the linear relationship between shift in Amax (Akmax /
Amax) and log K. The variations in the Amax for the three Np(V) pyridine monocarboxylates can
be attributed to the variation in their complexation strength. In case of Np(V) picolinate
complexes, nitrogen atom is directly bonded to Np(V) and hence can influence the Amax to the
maximum extent (from 981 nm of free Np(V) to 995 nm in ML, complex) than in other two
cases where there is no nitrogen involvement. Relatively lower shift in Amax for Np(V)
nicotinate (from 981 nm of free Np(V) to 986 nm in ML, complex) and Np(V) isonicotinate
complexes (from 981 nm of free Np(V) to 985 nm in ML, complex) than Np(V) picolinate
complexes, indicating indirect involvement of nitrogen in bonding process, which could be
by the charge transfer from nitrogen to bonding carboxylate oxygen atoms. The Amax with
corresponding molar extinction coefficients of all the three Np(V) pyridine monocarboxylates
are given in Table 6.2.
Table 6.2: The Amax With corresponding molar extinction coefficients of the Np(V)-pyridine
monocarboxylates complexes ([Np(V)] = 2.5 x 10—-4 M, [pic] = varied from 0.00 M to 0.20
M, [nic] = varied from 0.00 M to 0.17 M and [isonic] = varied from 0.00 M to 0.10 M at

pH=4 and T=298 K in 0.1 M NaClO4 medium; initial volume of Np(V) in cuvette 2.00 mL).

Ligand Complex  Amax(NM)  Molar Absorptivity Constant (¢ = M™ cm™)

ML 987 5135

Picolinic acid
ML, 995 490.9
ML 982 393.2

Nicotinic acid
ML, 986 446.3
Isonicotinic ML 981 397.5
acid ML, 985 421.1
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6.4.1.3. Theoretical Calculations

Figures 6.11 and 6.12, show the charges on all individual atoms in free pyridine
monocarboxylates and their 1:1 complexes with neptunyl ion respectively. Based on the
lowest complex formation energy, the optimized geometries for the predicted complexes

were obtained (Fig. 6.12).

Figure 6.11: Charges on individual atoms of (from top to bottom) picolinate, nicotinate and
isonicotinate molecules (colour variation: pink-nitrogen atom, yellow-carbon atom, blue-

hydrogen atom, red-oxygen atom).

Figure 6.12: Charges on individual atoms of Np(V) — picolinate, nicotinate and isonicotinate
complexes (colour variation: violet - nitrogen atom, grey - carbon atom, blue -neptunium,

pink - hydrogen atom, red- oxygen atom).
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The theoretical calculations were carried out for the reaction,

[Np0,(H,0):]* + L~ = [NpO,(H,0)sL] + 2 Ho 0 (6.2)

AE = Eppoymorse v 2 Eryo — Epvpoymora+ — Ei- (6.3)
where Ex is the energy of species ‘X’. The AE for Np-picolinate is most negative among all
the three complexes studied. The trend in AE was found to be in line with the experimentally
obtained log K values. The calculations corroborate the binding of Np(V) ion with pyridyl
nitrogen and carboxylate oxygen in case of Np(V) picolinate complexes, while bonding only
with carboxylate oxygen in nicotinate and isonicotinate complexes, which is evident from the
charges and bond lengths of bonding atoms in the complexes (Tables 6.3 and 6.4).

Table 6.3: Charges on carboxylate oxygen atoms and pyridyl nitrogen of pyridine

monocarboxylate anions.

Complex Jo On

Picolinate -0.753  -0.395
-0.702

Nicotinate -0.732  -0.448
-0.733

Isonicotinate -0.732  -0.453
-0.732

Table 6.4: Binding energy, charge on individual atoms and bond distances of Np(V)-pyridine

monocarboxylate complexes (1:1 ratio).

Complex AE (10%eV) dnpv) Do an dnpo (A% dnpn (A°)
Np(V) - -16.40 +1.760 -0.769 -0.452 2.360 2.551
picolinate -0.589

Np(V) - -11.46 +1.762 -0.656 -0.413 2.457 No Np(V)-N
nicotinate -0.656 2.471 bond
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Np(V) - -14.90 +1.650 -0.689 -0.395 2.510 No Np(V)-N
isonicotinate -0.691 2.526 bond

In the case of Np(V)-picolinate complexes, there is a significant charge transfer
from nonbonding carboxylic oxygen (—0.702 to —0.589) to bonding carboxylic oxygen
(—0.753 to —0.769) as well as to nitrogen atom (—0.395 to —0.452). The length of Np-O
(carboxylate oxygen) bond (2.360 A% is the shortest of all the Np(V)-pyridine
monocarboxylate complexes. This enhances the strong electrostatic attraction of picolinate
towards Np(V) ion resulting in higher values of stability constants. In case of nicotinate and
isonicotinate, chelation is not favored due to far away position of nitrogen with respect to
carboxylate oxygen, which is well reflected in the higher lengths of Np-O (carboxylate
oxygen) bonds in case of Np(V)-nicotinate (2.457 A and 2.471 A°) and Np(V)-isonicotinate
(2.510 A° and 2.526 A°) complexes. In both nicotinate and isonicotinate, the binding to
Np(V) leads to transfer of charge from nonbonding pyridyl nitrogen to binding carboxylate
which supports the experimental observation of higher log K than that expected from LFER.
Further, the reduction on charge density on pyridyl nitrogen atom from free ligand to
complex is more for isonicotinate (from —0.453 to —0.395) than that for nicotinate
complexation (from —0.448 to —0.413). The higher charge transfer reflects in higher log
values for Np(V)-isonicotinate complex than Np(V)-nicotinate complex. It is interesting to
note that, in Np(V)-picolinate, the charge on carbon atoms involved in the chelate ring
changed from negative to positive (carboxylate carbon —0.676 to +0.729) and alpha carbon
0.112 to 0.122 on complexation with Np(V). However in case of Np(V)-nicotinate and
Np(V)-isonicotinate, the negative charge on alpha carbon became more negative on
complexation. On complexation, the charge on alpha carbon changed from —0.152 to —0.192
and —0.0053 to —0.120 in nicotinate and isonicotinate respectively. The increased charge on

alpha carbon is also a signature of charge polarization from nonbonding groups.
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Thermodynamic study of complexation of lanthanides by various dimethoxybenzoates in
aqueous solution reveals the enhanced stability of these complexes due to charge
polarization. The shift in *C NMR which is related to electron density on alpha carbon atom
has been used as experimental evidence for charge polarization [293].

6.4.2. Np(V) Hydroxamates Complexes

In order to understand the complexation at molecular level, DFT calculations were
carried out to obtain the minimum energy (most stable) structure for the complexes, free
ligands and metal ion. To include the effect of solvent, water molecules are explicitly added
to coordination shell of metal ion and as well as in complex. In the guess structure of
complexes for optimization, considering their bidentate nature, each ligand was assumed to
replace two water molecules from coordination shell of Np. The complexation of Np(V) with
HA can be written as:

NpO; (H20)s" +x HA™  —  NpOz(HA)x (H:0)5 %" + 2x H,0  (6.4)

The complexation energy (in eV) for binding of *x’ ligand is given by
AEcx = Ecomplex + 2X Enz2o— Emetat ion— X ELigand (6.5)

Table 6.5 gives the geometrical parameters (bond lengths and bond angle) for
Np(V)-hydroxamate complexes, obtained for the optimized structure of Np(V) NpO2(H,0)s"
and 1:1:1 complexes of Np-HA. The complexation energy for all the hydroxamates with
NpO,(H,0)s" was found to be negative, suggesting that Np(V) would prefer to interact with
HA ligands or ligands containing HA moiety rather than remain hydrated in aqueous solution.
The binding atoms in hydroxamates to Np(V) ion are the oxygen atoms (hard bases) whose
interaction with actinides (hard acids) is predominantly electrostatic in nature. Thus, the
information about charges on individual atoms in the hydroxamates and in the complexes can

also help in rationalizing the strength of complexes.
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Table 6.5: Selected bond distances (A) and bond angles in optimized geometry of Np(V).

NpO2(H20)s" and 1:1:1 complexes of Np-HA and their interaction energies (AEc;)

Geometry d Np-Oax Oax-Np-Oax  dnp-o(Ligand) *  dnp-owaten *  AEc1 (V)
Np(V) 1.734,1.734  180.00 - -

NpO; (H,0)s* 1.805,1.805 176.64 - 2.566 -
Np-AHA 1.822,1.802 174.75 2.441 2.587 -5.10
Np-BHA 1.800,1.800 177.66 2.452 2.611 -4.60
Np-SX 1.847,1.805 175.76 2.450 2.610 -4.01
Np-SY 1.847,1.805 175.76 2.422 2.899 -4.45
Np-SZ 1.823,1.802 17281 2.502 2.583 -3.00

* average bond distances values
6.4.2.1. Structure of NpOx(H,0)s"

In the gas phase structure of Np(V), axial oxygen atoms are found to be
symmetrically located at 1.734 A° (Np-O.) from Np atom and the charge on Np was
calculated as +2.23. On coordinating with five water molecules, NpO,(H,0)s", the negative
charge on O atoms of water molecules neutralizes the effective charge on Np atom thereby
reducing it from +2.23 to +1.68 . Reduction in the Np charge decreases its interaction with
axial O atoms in Np(V) which in turn results in increase in Np-Ox distance from 1.734 A° to
1.803 A°. Addition of water molecules introduces asymmetry in the equatorial plane resulting
in decrease in Oa-Np-Oay bond angle from 180° to 176.64°. The calculated bond distances for
NpO,(H,0)s", are close to the experimental values [405] of Np-Oay bond distance (1.83 A%
and Np-Oy (distance between Np and ‘O’ atom from water at equatorial plane) (2.50 A°).
6.4.2.2. Complexation of Np(V) with AHA

Figure 6.13 represents the complexation process for Np(V)-AHA and Np(V)-BHA,

showing the optimized structure of all the species involved in complexation process and
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charges on bonding atoms. In Np(V)-AHA complex, the carbonyl and hydroxyl ‘oxygen’
atoms are at 2.47 and 2.40 A from Np atom respectively (table 6.5). This closer approach of
HA oxygen atoms (compared to water molecules in NpO,(H»0)s"), is attributed to higher
negative charge on oxygen atoms of HA favoring the stronger interaction of Np with the

Same.

Figure 6.13: Complexation of Np(V)-AHA and Np(V)-BHA (colour variation: violet -
nitrogen atom, grey - carbon atom, blue -neptunium, pink - hydrogen atom, red- oxygen
atom).

Increased interaction of HA with Np(V) decrease the interaction of the latter with
remaining coordinated water molecules. Consequently, on complexation with AHA, the
average distance of water molecules from Np also increases from 2.566 to 2.584 A. On
complexation of AHA to Np(V), the negative charge on binding oxygen atoms of AHA
decreases to a small extent. However, if we calculate the sum of the charges on all the ligand

atoms, it decreases from -le” in free ligand to about -0.5¢" in Np-AHA complex. This
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observation is in contrast to that reported in U(VI)-HA complexation where -0.8e charge is
retained by ligand after complexation [182].
6.4.2.3. Comparison of Np-AHA and Np-BHA
Table 6.5 shows that AEc; for Np(V) complexation with AHA is more negative
than that with BHA. The higher affinity of AHA for Np(V) can be understood in terms of
electrostatic binding. Figure 6.13 shows higher negative charge on both the binding oxygen
atom of AHA compared to that on BHA. The stronger electrostatic interaction of AHA
compared to BHA for Np(V) results in shorter metal ligand bond distances (Np-O.). The
experimental data of log K for Np-AHA is not available in literature for comparison.
However, the data on U(VI) complexation with HA shows higher log K for AHA than that
for BHA which is in line with trend in calculated AEc for Np-HA complexes. As shown in
figure 6.13, the minimum energy structure of BHA molecule is more pre-organized for
binding with NpO,(H,0)s" ' The higher negative energy AE for Np-BHA shows the dominant
electrostatic effect in determining the AEc;. The complexation energies of the Np-AHA and
Np-BHA have also been calculated using continuum model, which also corroborates the
relative stabilities of the complexes.
6.4.2.4. Coordination Modes of SHA to Np(V) in 1:1:1 Complex
Due to the presence of ortho phenolic group in SHA, there are various possible
binding geometries for Np- SHA, such as,
)] Binding of Np(V) to SHA by carbonyl and hydroxyl oxygen atoms of
hydroxamate moiety labeled as Np-SX
I1)  Binding of Np(V)to SHA through hydroxyl oxygen atoms of hydroxamate moiety
and ortho-phenolic group, labeled as Np-SY.
I11)  Binding of Np(V) to SHA through deprotonated nitrogen of hydroxamate moiety

and oxygen atom of phenolic group, labeled as Np-SZ.
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The optimized structure of the free SHAH- molecule and that of different binding
modes in 1:1:1 complexes of Np(V) are given in figure 6.14. The complexation energies for
all the binding modes are given in table 6.5 and charges on atoms of binding group are given

in table 6.6.

Figure 6.14: Complexation of 1:1:1 complexes of Np-SHA (colour variation: violet -
nitrogen atom, grey - carbon atom, blue -neptunium, pink - hydrogen atom, red- oxygen

atom).

Table 6.6: Charges on Np atom, axial oxygen atoms, NpO, moiety and on total ligand atoms

in different geometries

Geometry Np Oax NpO, Ligand Charge

Np(V) 2229 -0.115,-0.115 1.999  --—----

NpO2(H.0)s* 1.684 -0.666,-0.665 0.353  -------
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Np-AHA 1.603 -0.665,-0.724 0.214 -0.540
Np-SX 1.616 -0.674,-0.675 0.266 -0.567

Np-SY 1.728 -0.652,-0.752 0.334 -0.537

6.4.2.5. Comparison of Np-SX and Np-SY Binding Modes

Among the two binding modes involving both O atoms from SHA, Np-SY is the
most stable geometry. It is interesting to note that in the optimized structure of Np-SY, two
water molecules are directly coordinated to Np at distance 2.785 and 2.449 A, whereas the
third water molecule moves away from first coordination sphere of Np(V). This reduction in
coordination number is in contrast to other geometries for 1:1:1 complex optimized in the
present work (figure 6.14). Four coordination in equatorial plain have been reported for
Np(V) [404]. The removal of a water molecule can be attributed to larger angle (74.31°)
exhibited by SHA molecule while forming seven membered ring on Np-SY compared to five
membered ring in Np-SX (64.99°). Similar correlation in ring size of chelate and dehydration
has also been observed by Kirishima et al [275]. Removal of one water molecule from
coordination sphere of Np(V), results in increase in the charge on Np atoms as well as its
interaction with ligand atoms which, in turn, leads to decrease in average value of Np-O_
bond. The shorter Np-O distance from ligand increases its interaction with the Np, thereby
making it the most stable geometry.
6.4.2.6. Linear Free Energy Relationship

Figure 6.15a shows the linear correlation between theoretically calculated
interaction energies for binding with Np(V) ion (AEc) and proton (AEp) which further
supports electrostatic binding in Np-HA complexes. Figure 6.15b, shows the linear
relationship between log K; and Z for various actinides and HA reported in literature. The
higher log K; for SHA than that expected from LFER also supports the different mode

binding in Np-SHA from that in simple HA. The extra stability of the complex could be due
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to formation of more stable binding geometry involving ortho phenolic group. Thus,
minimum AE for Np-SY geometry for 1:1:1 complex supports the experimental data reported

in the literature.
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Figure 6.15: Linear free energy relationship between (a) AEp Vs. AEc; (left) and (b) Zes Vs.
log K; (right) (Dashed line for actinide-SHA complexes).
6.4.2.7. Np-SHA 1:2:2 Complexes

Similar to 1:1:1 complex, the 1:2:2 complex is formed by complexation of Np(V)
with two salicylhydroxamate molecules in which the ortho hydroxy group is in protonated
form. In the case of 1:1:1 complex, the stability of the different geometries was discussed
mainly in terms of electrostatic interactions which depends on bond distance and charges on
different atoms. In the case of 1:2:2, other than above factors, the steric constraints are
expected to play important role. In order to optimize the structure of 1:2:2 complexes,
initially the 1:1:1 complex was assumed to bind in SY mode which has minimum energy and
then different binding modes of the second ligand to 1:1:1 complex were evaluated. The
coordination by second ligand was investgated in three different modes SX, SY and SZ.

Figure 6.16 shows optimized geometries for all the three complex structures.
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The stepwise as well as cumulative complexation reactions and respective

interaction energies can be given by the following equations

NpO2(SHAH)(H20); + SHAH" — NpO2(SHAH),(H,0) + 2 H,0 (6.6)
AEsy = E npo2(sHAH)2(H20)- T 2 E H20 - Enpo2(sHAH)(H20)3 = EsHAR- (6.7)
NpO, (H,0)s" + 2 SHAH — NpO2(SHAH),(H,0) + 4 H,0O (6.8)
AEc2 = E npo2(sHAH)2(H20)- T 4 E H20 - Enpo2 (H20)5+ = 2 EsHAR- (6.9)

-0.680

No(SY)XSX)

Figure 6.16: Optimized geometries of 1:2:2 complexes of Np-SHA (colour variation: violet -

nitrogen atom, grey - carbon atom, blue -neptunium, pink - hydrogen atom, red- oxygen
atom).

The calculated energies and geometrical parameters for 1:2:2 complex are given in
table 6.7 and 6.8 respectively. In all the three geometries the stepwise AEs; are less negative

than AE; for Np-SY. This suggests the weaker affinity of second ligand in SY mode
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compared to the first, which can be explained by reduced charge on Np atom. The reduction
in charge on Np decreases its affinity for the second ligand. This behavior has been
experimentally observed for complexation of lanthanides and actinides [407].

Table 6.7: Interaction energy for overall complexation (AEcz) and stepwise complexation

(AEc) for 1:2:2 complexes of Np-SHA

Complex Mode AEc) AEg; (Stepwise)
NpO,(SY)(SZ) -5.72 -1.14
Np(SY)(SY) -5.54 -1.09
Np(SY)(SX) -5.98 -1.52

Table 6.8: Selected bond distances, d (A) and bond angles (in degrees) of Np-SHA (1:2:2)

complexes

Complex Mode Ligand 1 Ligand 2
de-OL OL-ND-OL de-OL OL-Np-OL de-ow

Np(SY)(SZ) 2.471,2.655 64.62 2.490,2.498 66.17 2.588
(2.563) (SY) (SY) (2.494) (S2) (S2)

Np(SY)(SY) 2.574,2.365 70.79 2.472,2.586 59.61 2.650
(2.470) (SY) (SY) (2.529) (SY) (SY)

Np(SY)(SX) 2.519,2.267 73.35 2.530,2.489 65.69
(2.393) (SY) (SY) (2.510) (SX) (SX)

The stability of the different binding geometries for 1:2:2 complexes follows the
order Np(SY)(SX) > Np(SY)(SZ) > Np(SY)(SY). Contrary to the energetics of 1:1:1
complexation where SY binding geometry is the most preferred, the same binding mode is
the most unfavorable for 1:2:2 complex formation. The bond angles subtended by two SY™ at

the centre are about 70° and 60° that are smaller than the angle (74°) made by SY in 1:1:1

223



complex resulting an unstable geometry containing the two sterically strained seven
membered rings. Also, in presence of ligand coordinated to Np in SY mode, the Np-O_ bond
distance for second ligand is maximum for Np(SY)(SY)" geometry which is responsible for
reduced electrostatic interaction between Np and ligand. The AE for Np(SY)(SX) is
marginally more negative than that in Np(SY)(SZ)" which can be attributed to lower Np-O._
distance (2.393 A% and less strained seven membered ring of Np(SY) (O.-Np-O, 73.350°) in
the former.
6.4.2.8. Np-SHA 1:2:0 complexes

Np(V) forms 1:2:0 complexes with two molecules of completely deprotonated
SHA (both ortho hydroxyl and -NH-OH group are deprotonated), which was observed by
Moll et al. in spectrophotometric study [303]. The formation of 1:2:0 stoichiometric complex
is possible only for complexes involving ortho hydroxyl group in binding. The two modes
involving hydroxyl group viz., SY and SZ are considered for second ligand. Similar to 1:2:2
complexes, SY mode is assumed for first ligand and SZ and SY modes of second ligand were
evaluated for calculations. Figure 6.17 gives the optimized structure for 1:2:0 complexes. The
AEc for 1:2:0 complexes were found to be more negative than 1:2:2 complexes in same mode
(table 6.8). This explains the higher tendency for forming complexes having deprotonated
hydroxyl group. Interestingly, in the optimized structure of 1:2:0 complexes, the only water
molecule coordinated to it moves away from the first coordination sphere of the Np (figure
6.16). Also, the average distance of ligand donor atoms decreases in comparison to that in
their corresponding protonated 1:2:2 complexes. The reduction in coordination number of Np
atom in 1:2:0 complexes decrease the ring strain in the ligand. This is evident from the O, -

Np-O. angles of nearly 72°for 1:2:0 complexes.
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Figure 6.17. Optimized geometry of 1:2:0 complexes of Np-SHA (colour variation: violet -

nitrogen atom, grey - carbon atom, blue -neptunium, pink - hydrogen atom, red- oxygen
atom).

Despite higher negative charge on deprotonated ligands (-2.0 e), the total charge
transferred from ligand atoms is nearly 0.5 e which is nearly same in 1:1:1 as well as 1:2:2
complexes. However, higher negative charge on ligand allows closer approach of donor
atoms thus resulting in shorter Np-O.. The higher stability of 1:2:0 complexes can be
attributed to the combined effect of reduced Np-O, distance and reduced strain on the ring.
6.5. Conclusions

The Np(V) forms ML and ML2 complexes with pyridine monocarboxylates viz.
picolinate, nicotinate and isonicotinate, by mainly electrostatic interactions. Among the three
geometrical isomers the picolinate forms strongest complex through five membered chelate
formation. In case of nicotinate and isonicotinate, the binding is through carboxylate group
but enhanced stability than expected from pKa values of carboxylate groups is attributed to
the charge transfers from nonbonding nitrogen. The higher charge transfer from nitrogen in
para position (isonicotinate) reflects in its higher stability constant and Amax shift compared
to nicotinate. The trend in stability constants and charge polarization in ligand molecules on
complexation has been supported by theoretically calculated binding energies and the charges

on individual atoms.
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The present work also gives a detailed theoretical analysis of complexation of
Np(V) ion with hydroxamate ligand. The role of substitution in hydroxamate on
complexation was understood by carrying out DFT calculations on Np(V)-AHA, Np(V)-
BHA and Np(V)-SHA complexes. The charges on atoms and geometrical parameters like
bond angles and bond distances are used to rationalize the energetic of complexation reaction.
The results revealed the dominant role of electrostatic interaction in determining the complex
stability. In Np-AHA, the acetyl group increases the electron density on donating oxygen
atoms compared to phenyl group in BHA, thereby making it more stable. Among the various
binding modes of Np-SHA on 1:1:1 complexes, the one involving ortho hydroxyl group and
hydroxyl group of hydroxamate moiety is most stable whereas in 1:2:2 complex geometries,
steric constraints play the dominant role making the geometry involving hydroxamate moiety
only (forming five membered ring) as most stable for the second ligand. The calculated

results corroborated the experimentally obtained stability constants.
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Chapter 7
The Solubility of Th(1V) - The Effect of pH, lonic Strength and Colloid

Formation

7.1. Introduction

In the present chapter, the results of the studies on solubility of Thorium in aqueous
solution under varying experimental conditions have been presented. The focus has been
mainly on the determination of concentration of metal ion present in the form of colloids,
which if not corrected may increase the solubility by several orders of magnitude. Actinide
ions with higher oxidations state, particularly tetravalent ions, (pentavalent and hexavalent
actinides exist in aqueous solution as actinyl ions and hence are not prone to hydrolysis)
undergo hydrolysis, which eventually leads to formation of polymeric species via, -0xo-
bridging and ultimately intrinsic colloids. [134]. The size, composition, and structure of
actinide intrinsic colloids depend on mode of formation, their source, and history [135-136].
Depending on the size and surface charge present, the actinide colloids can either enhance or
retard the migration of actinides in the aquatic environments [137]. Thus, it is essential to
take into account the intrinsic colloids for accurate prediction of the migration rates of
actinides in geosphere [138]. The literature on the source, formation and interaction of
colloids as well as their role in the migration of actinides has been reviewed by Walther and
Denecke recently [139].

All the actinides from thorium to californium form tetravalent species in aqueous
solution but thorium is found in aqueous solution only in the +4 oxidation state and is often
used as analogues for Np(IV) and Pu(lV) behavior [66]. Th(IV) can undergo hydrolysis and
polymerization reactions to form colloids depending on metal ion concentration, temperature,
and the presence of other ions [59]. The colloidal thorium dioxide is also used as a

contrasting agent in vascular radiography in gastroenterology, bronchography and
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pyelography [408]. Neck and Kim reviewed the literature data on hydrolysis of tetravalent
actinides and applied semi-empirical formulations with known stability constants of
mononuclear hydrolysis products of these actinides to estimate the solubility products of
tetravalent actinide hydroxides and hydrous dioxides and compared with the reported
literature values [194]. The literature reported solubility data show considerable discrepancies
(log Ksp varies from -45.5 to -54.2) for amorphous Th(IV) precipitates either as tetra
hydroxides (Th(OH),) or as hydrous oxides (ThO,.xH,0) [189-194, 409-411]. This could be
attributed to to formation of thorium precipitate with varying chemical composition, which
were referred to as hydrated oxyhydroxide ThO,(OH)4-21.xH20O(am) with 0 < n < 2 depending
on the preparation method, pre-treatment, alteration, and temperature. Furthermore, the
presence of colloids can also explain the widely scattered Th(IV) concentrations measured in
the various solubility studies [412].

Walther has reviewed different methods and techniques used to characterize the
thorium colloids and discussed their suitability in terms of detection limits (for size and
concentration of colloids), ease of sample preparation, methodology formulations, in-situ and
offline determination, and the nature of analysis (destructive or non-destructive) [413]. The
actinide colloids in aquatic media are often detected by absorption spectroscopy, light
scattering methods, and by laser-induced breakdown detection (LIBD) [139]. LIBD is a new
and the most sensitive method for the quantification of aquatic colloids of lower range
nanometre size (<50 nm) in very low concentrations (ppb to ppt), which cannot be detected
by conventional light scattering methods [414]. Kim et al have extensively used LIBD
technique for characterization of actinide colloids to understand their genesis, formation and
migration effects under various geochemical environments [415]. Bitea et al used LIBD in
combination with ultra-filtration to investigate the generation of Th(IV) colloids in the

concentration range from 107> to 102 M thorium nitrate solutions at pH 2.7-4.1 in 0.5 M
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NaCl and found that the generated thorium colloids are stable up to 400 days of investigation,
without a tendency towards agglomeration or precipitation [416]. Rothe et al characterized
the thorium colloids under the similar conditions by X-ray absorption fine structure (XAFS)
spectroscopy and LIBD and the solubility data determined was found to be several orders of
magnitude lower than the values for amorphous Th(IV) hydroxide or hydrous oxide [411,
416]. Bundschuh et al. applied LIBD to determine the solubility product of Th(IV) in acidic
solutions in 0.5 M NaCl at 298 K and concluded that the literature reported data on thorium
solubility for amorphous Th(IV) hydroxide or hydrous oxide can be attributed to the
exclusion of polynuclear or Th(IV) colloids of very small size in estimating the solubility
products [417].

In the present work LIBD was used to study the size and concentration of Thorium
colloids in aqueous solutions under varying experimental conditions, viz., pH, ionic strength,
presence of complexing anions, etc. To best of our knowledge no reports were available on
studies on the colloid determination of Th(IV) solution in aqueous perchlorate media over a
range of ionic strength and hydrogen ion concentration over a long period of equilibration
(~1080 days). The objective was to investigate the contribution of colloids in the solubility of
Th(IV) in perchlorate media under varying conditions of ionic strength (0, 0.1, 0.5 and 1.0 M
NaClO,), and pH (5-13). The dynamic light scattering (DLS) for the determination of size of
collides formed and LIBD technique was employed for both size and concentrations of the
colloid formed in the equilibrated supernatant solutions of the thorium samples. High
temperature  thermo-gravimetric  differential  scanning calorimetry (HT-TG-DSC),
thermogarvimetric - differential thermal analysis- Evolved gas analysis (TG-DTA-EGA) and
X-ray diffraction (XRD) techniques were utilized to characterize the resultant precipitate

formed in the equilibrated Th(IV) perchlorate samples.
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7.2. Experimental
7.2.1. Reagents

Nuclear grade Th(NO3)4.4H,0 (IRE, India) was dissolved in water and Th(OH),
(s) was precipitated by adding NaOH. The precipitate was centrifuged, washed with water
and re-dissolved with an excess of perchloric acid. The precipitation and dissolution were
repeated three times. The Th(IV) concentration in the stock solution was determined by
EDTA titration using xylenol orange as an indicator. Details of the preparations of other
solutions, viz., acid and base for pH adjustment as well as NaClO, for ionic strength
adjustment are given in chapter-2. All the preparations and adjustment of pH and ionic
strength were done under inert nitrogen atmosphere.
7.2.2. Sample Preparation

All the samples were prepared in 30 mL Oak Ridge centrifuge tubes.
Oversaturation method was employed for the sample preparations in which excess of thorium
perchlorate solution was equilibrated with the solution of desired pH and ionic strength. Each
tube contains 10 mL of 0.01 M (2320 ppm or ug/mL) thorium perchlorate solution under
various pH (5 to 11) and ionic strength (0 to 3 M NaClQ,). All the samples were prepared
under inert atmosphere (nitrogen purging) at 298 K. All the samples initially kept at various
pH and ionic strength were labeled with different labels as (A to D) - (1 to 5) for easier
tabulation and analysis of results, where A to D and 1 to 5 represent the ionic strengths and
the initial pH of the samples respectively. The details of labels are given in table 7.1.
Table 7.1: Description of sample labels. (within the parenthesis are the labels assigned for the

different ionic strengths and pH of the samples).

InitialpH — 5 (1) 7 (2) 9 (3) 11 (4) 13 (5)
lonic Strength |

0.0 M NaClO4 (A) Al A2 A3 A4 AS
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0.1 M NaClO, (B) B1 B2 B3 B4 B5

1.0 M NaCIO4 (C) C1 C2 C3 C4 C5
3.0 M NaClO4 (B) D1 D2 D3 D4 D5
7.3. pH Measurements

As discussed in chapter-2, the adjustment and measurement of pH was done by an
autotitrator Metrohm (Model no. 716 DMS Titrino). The ionic strength in all the solutions
was maintained by using NaClO, as an electrolyte. The pH meter was calibrated by standard
pH buffers in the range of 4-10. Electrode calibration was done by titration of standard
(~0.05M) HCIO,4 with standard (~0.1M) NaOH solution. Glee software was used to obtain
the values of E?, slope and carbonate impurity in alkali [216].

7.4. lon Chromatography (1C)

The ion chromatographic system consisted of a Dionex GP50 gradient pump
(Dionex, USA), a PEEK made six-port Rheodyne injector (9275i) fitted with a 100 mL PEEK
sample loop. The analytical column used was IC-Pak (4.650 mm) cation column (Waters).
The post column reagent addition system consisted of a Dionex PC 10 pneumatic controller
with reagent reservoir, a zero dead volume PEEK tee and a reaction coil (375 mL). Pyridine-
2,6-dicarboxylic acid (PDCA) (5 x 10 M) in combination with KNO; (0.02 M) in 5%
methanol was used as eluent and an UV-VIS absorption detector (model: AD20, Dionex) was
used for detecting the peaks at 656 nm after post column addition with arsenazo Ill. The
instrument was calibrated with the standard thorium solutions prepared by dilution of the
stock solutions of Th** (1000 mg L, Sigma Aldrich) with 1 M HNOs.

7.2.5. Inductively Coupled Plasma - Mass Spectrometry (ICP-MS)

A VG Plasma Quad PQ Il (V. G. Elemental, Winsford, Cheshire, England) ICP-

QMS was used for the determination of thorium concentration. Sample introduction was

carried out by pneumatic nebulisation using a Meinhard concentric nebulizer, a double-pass
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Scott-type spray chamber cooled to 10° C with a locally made recirculating chiller, and a
Fessel-type torch. The solution flow rate was controlled by a peristaltic pump (sample uptake
rate: 1 mL min-1). The ICP-QMS conditions were optimized for maximum sensitivity and
calibrated using a 100 ng mL™ tuning solutions of Li, Be, Al, Ti, C, Sr, In, La, Bi, Th, and U.
The mass analysis was carried out using a quadrupole mass analyzer having a mass range of
1-300 amu with a resolution of 0.3 amu. The standard solutions used for the calibration
procedures were prepared by dilution of the stock solutions of Th(IV), 1000 mg L™ with 1 M
HNOS.
7.2.6. Dynamic Light Scattering (DLS)

Malvern Zetasizer Nano-ZS analyzer which is based on dynamic light scattering
(DLS) method was used for the particle size distribution in various supernatants of thorium
samples. This device measures the time dependent fluctuations in the scattering intensity of
light to determine the rotational diffusion coefficient, and subsequently the hydrodynamic
diameter by the Stokes-Einstein equation. Each measurement consisted of 3 subsequent
individual runs of which the average result was calculated. Measurements were
conducted at 25.0° C and the light scattering was detected at 173 degrees. The data obtained
by the Malvern Zetasizer Nano-ZS analyzer was exported into Microsoft Excel for further
analyses. The performance of DLS was checked by measuring the size of standard
polystyrene particles with mean diameter of 20, 60 and 100 nm (Thermo Scientific™ 3000
Series Nanosphere™ Size Standards) and the results were found to be in good agreement
with the certified values.
7.2.7. Laser Induced Breakdown Detection (LIBD)

The present studies used an LIBD system called MAGELLAN developed by
Cordouan Technologies (France) in collaboration with the Karlsruhe Institute of Technology

(KIT), Germany. The plasma events are detected in the cell by acoustic method where an
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acoustic sensor (piezoelectric transducer) is connected to the sample cell and the plasma is
detected by the acoustic wave emitted during the plasma expansion into the liquid [260].
Preliminary calibration made with standards colloids (latex) of known size and
concentrations to determine the size and concentration of colloids in the unknown sample.
The details of calibration procedures were given in chapter 2.

7.2.8. High Temperature Thermogravimetric Differential Scanning Calorimetry

(HT--TG-DSC)

Thermo-Gravimetric Analyses (TGA) and Differential Thermal Analyses (DSC) of
the precipitate were carried out in DSC-2, supplied by M/s Mettler Toledo Pvt Ltd,
Switzerland. The TGA profiles of precipitates were recorded from 25° C to 1200° C with
heating rate of 10 K min™. High purity argon with a flow rate of 20 mL min™ was used as
ambient. To compare the precipitate of equilibrated thorium samples, a blank was also run in
TG-DSC with the freshly prepared amorphous thorium hydroxide by addition of ammonia to
thorium nitrate solution.

7.3. Results and Discussion

The long equilibrated thorium samples were centrifuged at 16,500 rpm for one
hour and the supernatant was separated to analyze the dissolved thorium species. The
supernatant solutions were subjected to pH measurements, DLS measurements for size of
colloids and LIBD for both the size and concentration of the colloid particles. The
fractionation of supernatant to ionic part (determined by ion chromatography - Thic),
Colloidal thorium (determined by LIBD - Thygp) and polynuclear species (Throw - Thic -
Thysp) was done to categorize the soluble thorium into various speciation forms.

7.3.1. pH Measurements
The measured pH for all the samples kept at various initial pH and ionic strengths

after an equilibration of ~1080 days are given in table 7.1. The formation of polynuclear
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species through condensation of smaller hydrolyzed species can occur according to two
mechanisms, olation where hydroxyl bridges are formed, and oxolation where oxo bridges
are formed [418]. Hydroxide-bridged polynuclear complexes have been observed for actinide
cations and the tendency toward polymer formation is a function of the charge density of the
actinide cation [66]. The initially formed hydroxo-bridged thorium polynuclear hydroxides
would proceed through formation of either single or double oxygen bridged thorium
polynuclear species, the latter evicts a H™ ion from each of hydroxyl bridge (figure 7.1). This
would subsequently result in the formation of colloids or precipitate depending on the initial
conditions of equilibration like pH and ionic strength. The colloid formation through double
oxygen bridged thorium networking would result in an increase in hydrogen ion

concentration (or decrease in pH) at the end of equilibration period.

/0\ Th O—— Th +H,0
N O
o

H

Figure 7.1: Schematic representation for the mechanism of polynucleation of Th(IV) in
aqueous perchlorate solutions.

The measured pH of all the thorium samples after equilibration period are given in
table 7.2. In the present studies, the pH of all the samples initially kept at pH 5, 7 and 9 at all
ionic strengths were found to have decreased to a range of 2.69 to 3.66 indicating the release
of H* ion. This can be possible only when thorium forms double oxo-bridging polynuclear
chains leading to the formation of colloids by release of H* ions.. Further, the drop in pH is
more for the samples at high ionic strength than at lower ionic strengths. The samples initially

kept at pH 11 except the sample at | = 3.0 M NaClO, showed relatively less change in pH
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after equilibration than those samples which are initially kept at pH 5, 7 and 9. The samples
at an initial pH of 13 kept at I = 0 and 0.1 M NaClO,4 showed a small variation in pH after
equilibration, while the samples at initial pH of 11 at I = 3.0 M NaCIlO,4 and samples at initial
pH of 13 kept at | = 1.0 and 3.0 M NaClO, showed no change in pH after equilibration. This
small or no variation in pH after equilibration period could be attributed to the formation of
stable Th(OH), precipitate during the time of initial pH adjustment of these samples.

Table 7.2: The measured pH values of different Th(IV)-perchlorate samples after an

equilibration period of ~1080 days.

InitialpH — 5 7 9 11 13
lonic Strength |

0.0 M NaClO4 2.87 2.98 3.30 6.18 12.17
0.1 M NaClO4 2.88 3.04 3.33 6.84 12.46
1.0 M NaClO4 2.86 2.90 3.66 8.48 13.00

3.0 M NaClO4 2.69 2.85 3.09 11.00 13.00

7.3.2. Fractionation of Soluble Thorium Present in Supernatant Solutions

The soluble thorium in supernatant may be present either as (i) Th** aqua ion, (ii)
as polymeric thorium hydroxide species or (iii) as dissolved eigen colloids. The concentration
of ionic thorium as Th*" ion was determined by ion chromatography analysis using arsenazo
(111 as chromogenic reagent. For the determination of total thorium concentration in the
sample, ICP-MS technique was used. Typical chromatograms showing the thorium peaks for
standard and sample solutions are given in figure 7.2, which unambiguously detects Th** in

the supernatant.
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Figure 7.2: Typical chromatograms showing Th(IV) peaks for standard (3 pg/mL) and
sample (B1) solutions. (Conditions : Column : NS-1, Eluent: 0.5mM PDCA + 0.02 M KNO3
in 5%, MeOH, pH-4, Flow Rate: 1mL/min, Detection: Absorbance at 656 nm, PCR: 4.5 x
10™* M arsenazo-111)

Table 7.3 shows the results of IC and ICP-MS analysis for the supernatant of all
the thorium samples after equilibration period. The total content of thorium and as Th*" in
supernatant follow a descending order with the increase in initial pH of the sample, due to
enhancement in precipitation process with increasing pH. The overall thorium content present
in supernatant of the samples kept at an initial pH of 11 and 13 at | = 1.0 and 3.0 M NaClO,
was below detection limits for both the IC and ICP-MS analysis indicating a complete
precipitation of the entire thorium kept for equilibration. The samples kept at zero ionic
strength (A4 and A5) showed very low amount of thorium as Th* (1.5 and 0.3 pg/mL
respectively at an initial thorium of 2320 pug/mL in the sample). The difference in the thorium
concentrations determined by ICP-MS and starting concentration of thorium (2320 pg/mL) is
equal to precipitated Thorium, while the difference in thorium content determined by ICP-
MS and IC would give the amount of thorium (ICP MS - IC) present in a form other than
precipitate or as Th*" in the supernatant, and hance may be attributed to polymeric and

colloidal form.
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Table 7.3: The amount of thorium present in supernatant determined by IC and ICP-MS. All

concentrations are in ppm (ug/mL).

Sample jcpms I ICP MS - IC
Al 22430  56.4 167.9
A2 181.80  38.1 143.7
A3 111.60  26.1 85.5
A4 2.00 1.5 0.5
A5 0.90 0.3 0.6
B1 181.24  80.8  100.4
B2 11445 8.3 106.1
B3 10028 2.9 97.4
B4 2613 0 26.1
B5 1033 0 1.0
C1 182.99  78.8 104.2
c2 17048  43.0 1275
Cc3 2543 0 25.4
o 0 0 0

C5 0 0 0

D1 12411  96.8 27.3
D2 10080 8.9 91.9
D3 5231 3.1 49.2
D4 0 0 0

D5 0 0 0
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Walther et al used electro-spray ionization mass-spectrometry (ESI-MS), to
determine the contribution of various mononuclear, dimeric and polynuclear thorium
hydroxide species present in various solutions of thorium (6 x 10° to 10™ M at pH of 1-4)
kept for equilibration for time period varying from a week to 48 days [419]. They found more
than 30 different polymeric complexes with the general trend of increasing number of
hydroxide ligands with increasing pH. In the present studies the samples were in equilibrium
at higher pH than that in their study and further the equilibrium time was also much longer
(1080 days). Under such circumstances, the polynuclear species would dominate and which
later covert to colloids. So, the difference of ICP-MS to IC can be attributed to the formation
of polynuclear species and detectable colloid particles. If the concentration of the colloid
particles can be determined, the content of thorium bearing polymeric species that didn’t
form colloids can be known. For this, LIBD technique was employed to determine both the
size and concentrations of the colloid particles present in the samples. Preliminary studies
with DLS were carried out to determine the size and polydispersity in the particle size
distributions in the supernatants of the samples.

7.3.3. Dynamic Light Scattering Measurements

The samples which are initially kept at pH = 5 (labeled as Al, B1, C1 and D1)
irrespective of the ionic strength and all the samples at | = 1.0 M NaClO4 showed a mono
dispersed colloid formation whereas all other samples initially kept at pH of 7 and 9 showed
two peaks with higher PDI values (0.27-0.58). The thorium samples initially kept at pH 11
and 13 showed no measurable colloid formation after equilibration period when measured by

DLS.

238



Table 7.4: The average diameter (Zayg) along with PDI for the colloids formed in the thorium

samples.
Sample Size (nm) PDI
20 nm 22 0.08
60 nm 67 0.02
100 nm 102 0.03
B6 20 0.14
B7 12 0.44
B8 12, 0.58
B21 19 0.18
B22 16 0.39
B23 14 0.55
Cl1 20 0.27
C2 19 0.12
C3 87 0.27
D1 29 0.12
D2 20 0.41
D3 17 0.36

The average diameter along with the corresponding PDI values for the colloids
formed in all the samples are given in table 7.4. Though the particle size distribution (PSD)
showed a single intense peak in few samples (labeled as Al, B1, C1, C2, C3 and D1), the
PDI values (0.12 to 0.27) showa moderately polydisperse distribution type (PDI = 0.1 to 0.4)
for the colloids formed. PSD is usually described by overall average (z-average) of particle

diameter (size). The Z-average size will only be comparable with the size measured by other
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techniques if the sample is monomodal but in case of polydisperse solutions (figure 7.3),
interpretation of PSD results using z-average might be insufficient and the details of mean
intensity size, area intensity percentage of each peak and polydispersity index (PDI) of the
thorium samples (labeled as A2, A3, B2, B2, D2 and D3) would be more appropriate to
describe the polydispersity of the PSD in z-average (table 7.5).

Size Distribution by Intensity

-
@

-
=
+—t

Intensity (%)

«

0.1 1 10 100 1000 10000

Diameter (nm)
Figure 7.3: Particles size distribution (PSD) graph with two peaks of A2 sample.
Table 7.5: Polydisperse colloid particle size distribution for the equilibrated thorium samples
measured by DLS method. (PDI: polydispersity index, mean intensity corresponds to mode of

the peak and area intensity corresponds to partial area under the peak of the total distribution)

Sample Zagy (nm)  PDI Mean Intensity (nm) Area Intensity

Peak 1 Peak 2 Peak 1 Peak 2

B7 17.56 044 1219 118.43 63.00 37.00
B8 24.22 0.58  115.50 11.83 56.00 44.00
B22 18.50 0.39 16.20 102.09 68.30 31.70
B23 45.65 0.55  156.23 13.78 51.66 48.33
D2 24.77 0.42 19.71 125.93 63.33 36.66
D3 134.9 0.52 113.2 16.41 51.00 49.00

DLS technique works without exact knowledge of the sample concentration and

the only requirement is that enough light must be scattered to achieve correlation function
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with significant statistics [420]. The DLS measurements give an insight into the average size
and the poly dispersity in particle size distribution for the colloids formed in the thorium
samples but not the number of colloid particles present in the supernatants of these samples.
The quantitative determination of colloid particles is necessary for fractionating the dissolved
thorium content to ionic, polymeric and colloid species which was achieved using LIBD.
7.3.4. Laser Induced Breakdown Detection (LIBD)

The principle of LIBD is described in detail in chapter-2. In short the plot of
breakdown probability (BDP) versus pulse energy gives a typical S shape (Figure 2.11)
which is characterized by two parameters: breakdown threshold that depends on the particle
size only: the bigger the particle size, the lower the threshold (Figure 2.12) and the slope that
is related to the colloidal concentration: the higher the particle concentration, the higher the
slope (Figure 2.13). Fitting the S curve with calibration data allows to determine the size
distribution and the absolute concentration of the colloids in the solution [258].

Bundschuh et al studied the breakdown probabilities of various inorganic reference
colloids (alumina, silica and polystyrene) and showed that the thorium colloids can be
characterized by calibration of LIBD data with polystyrene reference particles to derive a
mean particle diameter and concentration of thorium colloids [417]. The particle size
distribution cannot be determined with the present equipment. In this work, polystyrene
reference colloids (Thermo Scientific™ 3000 Series Nanosphere™ Size Standards) were
used for standard calibration, with mean diameters of (20 to 707 nm). For each reference
particle, the concentration are varied over seven orders of magnitude for concentration
calibration.

7.3.5. Size and Concentrations of Thorium Colloids
The variation of BDP with laser energy (S-curves) for all the thorium samples

which showed the tendency to form colloids are shown in figure 7.4. The closeness of the
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curves indicates small variation in size and concentrations of the colloids formed in the long
equilibrated thorium samples. The breakdown threshold value for colloid formation is defined
as the laser energy at which BDP reaches a value 0.01 (Figure 7.5). As the threshold in LIBD
is dependent on the diameter of the colloid formed, the comparison of the sample threshold
values with those of polystyrene reference standards would give the size of colloids formed in

the thorium samples.
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Figure 7.4: The breakdown probabilities of Th(IV) colloids formed in the thorium
perchlorate samples kept at various initial pH and ionic strengths for an equilibration of 1080

days.
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Figure 7.5: The breakdown threshold (0.01 BDP) energies of Th(IV) colloids formed in the

thorium perchlorate samples kept at various initial pH and ionic strengths for an equilibration

of 1080 days.

The threshold values for all the samples are spread over a range of 25-40 pJ which

corresponds to a particle diameter range of 14-37 nm. The average size (diameter) determined

by LIBD for the colloid particles formed by thorium under present experimental conditions

are given in table 7.6 along with the respective concentrations The table shows that the

colloids formed were very small in size (< 40 nm) and low in concentration (at ppb level).

Table 7.6: Size (diameter) and concentration (particles per mL and in ppb - ng/mL) of

Th(IV) colloids formed by Th(IV) samples under various pH and ionic strengths.

sample g0 (nm) Conc?entratio Con'centration Nth | Nth |
(particles/mL) (in ppb) (per particle) (Total colloids)
Al 215+16 147E+11 56.54 746 1.10E+14
A2 149+1.38 1.47E+11 56.54 359 5.26E+13
A3 148+1.38 2.15E+11 82.99 351 7.56E+13
Bl 244 %22 4.64E+11 178.79 963 4.47E+14
B2 28.7+20 2.61E+10 10.05 1327 3.46E+13
B3 36.6+1.8 5.18E+09 2.00 2163 1.12E+13
C1 26.2+2.1 2.15E+10 8.30 1103 2.38E+13
C2 349+17 1.21E+10 4.67 1963 2.38E+13
C3 17.3+25 6.81E+11 262.43 485 3.30E+14
D1 176 +25 1.00E+12 385.19 497 4.97E+14
D2 18.0+24 1.00E+12 385.19 523 5.23E+14
D3 299+20 1.78E+10 6.85 1442 2.56E+13
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7.3.6. Fractionation of Soluble Thorium Content

All hydrolyzed solutions contain polymeric species and the weighted average
degree of polymerization increases with the degree of hydrolysis. Ths(OH):is°" is a
predominant polynuclear species in the Th(IV)/H20 system, at total Th(IV) concentration
exceeding 10° M (and up to at least 1 M) and for a pH range centered around 4.5-5 [421].
Recently Knope et al studied Th(IV) molecular clusters with a hexa-nuclear Th-Core and
found that the distances between adjacent Th atoms range from 3.90 to 3.94 A° [59, 422]
which is comparable with the typical Th—Th distance (3.94 A% in polymers determined by
Johansson [423]. In the present studies, total number of Th** ions (Nt;) present in each
colloid was calculated by considering the Th-Th atomic distance as 3.94 A°® [422-423]. The
number of Th*" ions present in each colloid particle formed and the total number of Th** ions
towards the total colloid contributions were also given in the table 7.6. From the data on
number of Th* ions as colloids, the total number of Th*" ions as polymeric form can be
calculated with the results obtained from IC and ICP-MS analysis of the samples. As IC, ICP-
MS and LIBD give thorium content present in the supernatants of the samples as Th* aqua
ions, the total thorium content and colloid contributions, respectively, the subtraction of IC
(table 7.3) and LIBD (table 7.6) concentrations from ICP-MS (table 7.3) would give the
thorium content, present in a form other than colloidal or Th** aqua ion form (table 7.7). This
amount of thorium, which excludes the colloid contribution, is present as soluble species
either in the form of Th** agua ions or as polymeric species in the supernatant and contribute

to the solubility of thorium.
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Table 7.7: The fractionation of total thorium content present in the supernatants as colloidal

and non-colloidal forms (ionic and polymeric form of thorium).

sample ICPMS-IC Nh Non Colloidal
(part/mL) (Total colloids) (part/mL)
Al 4.36E+17 1.10E+14 4.36E+17
A2 3.73E+17 5.26E+13 3.73E+17
A3 2.22E+17 7.56E+13 2.22E+17
Bl 2.61E+17 4.47E+14 2.60E+17
B2 2.76E+17 3.46E+13 2.75E+17
B3 2.53E+17 1.12E+13 2.53E+17
C1 2.T1E+17 2.38E+13 2.7T1E+17
C2 3.31E+17 2.38E+13 3.31E+17
C3 6.6E+16 3.30E+14 6.57E+16
D1 7.09E+16 4.97E+14 7.04E+16
D2 2.39E+17 5.23E+14 2.38E+17
D3 1.28E+17 2.56E+13 1.28E+17

7.3.7. Solubility of Thorium Hydrous Oxide

There are numerous solubility studies performed with crystalline, microcrystalline
or X-ray amorphous thorium oxides and hydroxides or hydrous oxides. Most of these studies
have been carried out by adding an appropriate amount of the solid to a test solution and
achieving equilibrium starting from under saturation [189-94, 409-411, 416]. The solubility
products reported for the thorium oxide and hydroxide species show considerable
discrepancies. The reasons can be found in: (1) the characteristics of the solid phase (degree

of crystallization, morphology, etc.), which depend on the history of its preparation
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(hydrolysis, pretreatment, aging); (2) the composition of the solution (pH, ionic strength); (3)
method of evaluating the total concentration of thorium in solution (4) use of simplified
chemical model used to derive the solubility product; and (5) the set of hydrolysis constants
used in the data treatment [424].

The pH-independent solubility of Th(OH)4(am) or ThO,(am, hyd) in neutral to
alkaline solutions is usually ascribed to the reaction:

Th(OH)4 (am) or ThO, (am, hyd) <> Th(OH), (aq)

The present studies involved the calculation of total thorium content present in the
supernatant and then its fractionation to separate out the colloid contribution. This
methodology allows the soluble non-colloidal thorium present in the supernatants directly,
thus enabling deduction of the solubility and solubility products of the species. Further, the
characterization of precipitate provides information about the solubility limiting phase. The
variations in the solubility products calculated in the present study and in the literature
reported data can also be explained on the basis of the precipitation under oversaturated
solutions. The determined solubility and solubility products for the thorium under various
initial pH and ionic strengths are given in table 7.8, which shows a range of solubility
products spanning over four orders of magnitude. This can be explained on the basis of
fraction of thorium present as amorphous Th(OH), and as crystalline/microcrystalline ThO,
in precipitate formed under the present experimental conditions.

Table 7.8: The solubility and solubility products of thorium oxy(hydroxide) at different pH

and ionic strengths.

Sample S (in moles/L) Ksp log Ksp
Al 7.24E-10 5.08E-44 -43.29
A2 6.19E-10 2.33E-44 -43.63
A3 3.68E-10 1.74E-45 -44.76
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Bl 4.32E-10 3.86E-45 -44.41

B2 4.57E-10 5.12E-45 -44.29
B3 4.20E-10 3.33E-45 -44.48
C1 4.49E-10 4.68E-45 -44.33
C2 5.49E-10 1.28E-44 -43.89
C3 1.09E-10 3.95E-48 -47.40
D1 1.17E-10 5.57E-48 -47.25
D2 3.95E-10 2.47E-45 -44.61
D3 2.12E-10 1.10E-46 -45.96

7.3.8. Characterization of Thorium (Oxy) Hydroxide Precipitate

The differences among reported solubility data up to 3-4 orders of magnitude can
be attributed to the varying chemical composition, water content and particle size of
amorphous thorium oxyhydroxides. Th(IV) oxide or oxyhydroxide solids used in solubility
studies are usually not perfectly homogeneous with regard to their particle or crystallite size,
but have a certain size distribution. The thermograms for all the samples (Fig.7.7) show three
weight loss processes observed at 200° C, 370-400° C and around 900° C. Thorium hydroxide
is formed as a gelatinous precipitate when alkali or ammonium hydroxide is added to a
solution of a thorium salt. Two forms of ThO,-2H,0 (¥4Th(OH),), from precipitation in basic
aqueous solution, have been distinguished, one of which is amorphous [425]. Th(OH), is
reported to be stable in the temperature range 260-450° C and gets converted to ThO, at

higher temperature [426].
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Figure 7.6: TG-DSC pattern of ThO,.xH,O + Th(OH), synthesized by precipitating Th(IV)-
perchlorate using NH,OH

The thermogram of gelatinous precipitate ThO,. xH,O [= Th(OH)4] is given in Figure
7.6. This shows loss of occluded water around 100-200° C with a corresponding endothermic
peak in heat flow rate curve. At around 295° C, due to kinetic factor, a part of them dried
ThO,. xH,0, gets converted to Th(OH), and then decomposed to ThO, which appears as a
tail. The weight loss of ~12% is similar to that calculated for the formation of oxide from
oxyhydroxide. The exothermic peak in DSC around 295° C, could outweigh effect of
exothermicity (more stronger bond formation on conversion of ThO,. xH,0 to Th(OH),) than
the endothermicity of decomposition of ThO,. xH,0 to ThO..

The thermogram of A5, B5, C5 and D5, shown in Figure 7.7 are quite different from
figure 7.6. The figure shows three weight loss steps. The first step around 200° C is due to
loss of occluded water as the precipitates were not completely dried. The second mass loss at
~370-400° C which has a corresponding exothermic peak in heat flow curve similar to
synthesized oxyhydroxide (Figure 7.6) could be explained as above. Absence of an
exothermic peak in the case of B5 could be due to its very small sample size. Thus it is

possible that part of ThO,.xH,O could have decomposed to ThO, and remaining part to

Th(OH),. The third mass loss at ~900° C is assigned to the decomposition of Th(OH), to
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ThO,. The second step corresponds to the loss of water of crystallization and formation of
Th(OH), and the third step, is due to the loss of water from thorium hydroxide to form ThO,.
The third step in heat flow curve is a broad endothermic peak. The residues obtained after the
thermal study were analyzed by XRD and found to be ThO,. The exact percentage loss,

corresponding temperature and the type of reaction (endo /exo) are given in table 7.9.
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Figure 7.7: TG-DSC pattern of precipitates resulted from the equilibrated samples at pH=13
under different ionic strengths (A5, B5, C5 and D5 samples). (Black: Weigh loss and Blue:

Heat flow)
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Table 7.9: The percentage of weight loss, temperature and the type of thermal event (endo

/exo) of the equilibrated samples at pH=13 under different ionic strengths (A5, B5, C5 and

D5 samples).

Sample T (in°C) % Wt. loss

Type of thermal event

A5 100-150 20 endo
386.6 8.9 exo
901.0 5.1 endo
B5 120 83 endo
371 1.9 not visible due to small sample size
960 1.4 endo
C5 98 67 endo
400.7 5.4 exo
899.5 4.9 endo
D5 100-200 37 endo
425 24.7 exo
897.3 22.0 endo

The table shows slight variation in percentage loss and the temperature at which the

loss occurs. The evolved gas was also analyzed for B5 and C5 using FTIR and the spectrum

showed two peaks corresponding to the stretching of O-H bonding (Figure 7.8) which further

supports the TG-DSC results. Absence of the peak due to carbonyl group stretching, indicates

absence of any carbonate species of thorium as impurities.
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Figure 7.8: FTIR analysis of precipitates resulted from the equilibrated samples at pH=13
under different ionic strengths.

The residues obtained at the end of each peak position of the thermal study were
also analyzed by XRD. The diffraction patterns of the sample B-5 at three different
temperatures (100°, 550° and 1200° C) along with the diffractogram of a freshly prepared
Th(OH), was shown in figure 7.9. The XRD of the precipitate formed in aged thorium
solution (B-5 at 100° C in figure 7.9) was typical of an amorphous solid negating the
formation of pure Th(OH)4 or ThO,. Instead the solid may consist mainly of a hydrated
oxyhydroxide ThOp(OH);-2n-xH,O (am) with 0 < n < 2 rather than ThO(s). Further the
species at 550° C, which corresponds to the residue obtained after a peak around 371° C in
thermogram (table 7.9 and Figure 7.7) also shows an amorphous pattern similar to the species
at 100° C, but the XRD peaks are narrower than the later indicating more crystalline
configuration of the species at 550° C than at 100° C. The XRD pattern of residue at the end
of thermogram (B-5 at 1200° C) corresponds to crystalline ThO,. Thus the TG-DSC data
combined with XRD analysis shows that the precipitate formed in aged Thorium solution was
initially an XRD amorphous, which transformed to crystalline ThO, with the ageing of the
solution.
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Figure 7.9: XRD patterns of the residues obtained at the end of each peak in thermogram for

the aged thorium sample (B-5) along with a freshly prepared Th(OH),.

7.4. Conclusion

The colloids formed by thorium perchlorate solutions kept for an equilibration

period of ~1080 days at various pH and ionic strengths were characterized by LIBD to

determine the size and concentration of the colloids. Further, with the available data on Th-

Th internuclear distance in polymeric species, the total number of thorium ions present in

each particle and hence the total content of thorium as colloids was determined. The LIBD

results showed the presence of colloids of size lower than 50 nm at ppb level concentration.

This helped in fractionating the soluble thorium species to Th(IV) aqua ion, polynuclear and

colloidal form. From the experimentally determined thorium concentrations in each species,

the solubility of thorium at different pH and ionic strengths was calculated by considering the
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thorium content that contributes to non-colloidal form only, that is, ionic or polymeric
species. The estimated solubility limits were found to be in agreement to the literature
reported data. The precipitate formed at pH=13 under all ionic strengths was also
characterized by XRD, TG-DSC and TG-EGA-FTIR, which showed that the precipitate

formed is neither completely Th(OH), nor ThO; but intermediate between the two forms.
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Summary

The present work pertains to the thermodynamic studies on complexation of
Eu(lll), Th(IV) and Np(V) with the anthropogenic ligands like pyridine monocarboxylates,
their N-oxides and hydroxamates. The thermodynamic parameters (log K, AG, AH and AS) of
complexation have been studied by potentiometry, luminescence spectroscopy and isothermal
titration calorimetry. The experimental observations on the stability and binding mode of the
complexes are corroborated by theoretical calculations. Stability parameter (complexation
energy), geometrical parameter (bond lengths) and the charge distribution are calculated for
all the complexes using TURBOMOLE. The geometries of the bare ligands and all the
complexes have also been optimized in presence of solvent.

Modeling the behavior of actinides under environmental conditions is very
challenging as it requires complete information about the thermodynamic properties of the
metal ions involved with a multitude of potential ligands that can regulate the environmental
transport of metal ions through formation of complexes. Thermodynamic stability constants
can be used to predict speciation. In multi-component systems, such as natural waters, the
stability constants of all the known complexes and the concentrations of each component are
used to predict the resultant species. Therefore, the inclusion of all relevant species is crucial
for obtaining accurate predictions, and experimental speciation data are required as input in
these models.

In the case of complexation of metal ion with acidic ligands like carboxylates, the
complexation process is accompanied by deprotonation of ligand. Thus, thermodynamic
parameters for ligand protonation are required during analysis of complexation data. The
protonation constants are obtained by potentiometric titrations whereas enthalpy change of

protonation (AHp) is determined by calorimetric titration.
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The protonation constants revealed the presence of monoprotonated (protonated
carboxylate group) as well as diprotonated pyridine monocarboxylate (protonated carboxylate
and nitrogen atom). The more basic nature of pyridyl nitrogen of picolinic acid (log Kpl)
compared to other two isomers can be attributed to formation of intra molecular hydrogen
bond between proton attached to carboxylate anion and pyridyl nitrogen. The protonation of
nitrogen atoms in pyridyl monocarboxylates is found to be highly exothermic whereas
enthalpy of protonation of carboxylate is nearly zero. The protonation of carboxylate groups
is mainly driven by entropy whereas protonation of pyridyl nitrogen atoms are driven by
entropy as well as enthalpy. The less dehydration energy required for nitrogen results in
negative enthalpy of protonation and is determined by electron density on nitrogen atom. The
lower electron density on pyridyl nitrogen of picolinate compared to isonicotinate and
nicotinate can be explained by effective delocalization of electron density by resonance as
well as negative inductive effect (-1). The theoretically calculated electron density on pyridyl
nitrogen is reflected in similar thermodynamic parameters for protonation of nicotinate and
isonicotinate.

The pKa determined for pyridine monocarboxylate-N-oxides by potentiometry
follow the order: PANO > IANO > NANO at all ionic strengths. The calorimetric results
revealed that the protonation of PANO is endothermic while that of IANO and NANO is
exothermic, indicating the entropy driven protonation of PANO while the other two have
minor contribution of enthalpy as well in addition to entropy contribution. The ion interaction
parameters for PCNOs are obtained by determining the pKa for the same at various ionic
strengths (1=0.1-3.0 M NaClO,) and the data is extrapolated to find pKa0 (pKa at 1=0) by
specific ion interaction theory (SIT). The pKa / pKa0 determined by absorption spectra are
also in line with potentiometric results. The energetics and variations in charge densities on

individual atoms on protonation were calculated theoretically. PCNOs protonation are
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compared with their base moieties: pyridine monocarboxylates to interpret the effect of the
N-oxide moiety on the protonation thermodynamics.

The analysis of potentiometric and spectrophotometric data by Hyperquad
indicated the presence of monoprotonated species for AHA and BHA and mono- and di-
protonated species for SHA. Among the three hydroxamic acids, the log Kp value, which is a
measure of basicity, follows the order, SHA > AHA > BHA. DFT calculations were carried
out for protonation of all the three hydroxamic acids. The trend in proton binding energy of
hydroxamate ligand (-AEp;) is in good agreement with the experimental log Kp; values. The
charges on the protonating site are also useful to understand their affinity for proton. The
electron density on oxygen atom -NHO group of AHA (-0.755 e) is higher than that of BHA
(-0.652) which explains the higher log Kp of AHA compared to that of BHA. This can be
attributed to positive inductive effect of acetyl group in AHA and negative inductive effect of
phenyl group in BHA. The effect of hydroxyl group on protonation of SHA® can be
understood by comparing protonation of -NHO™ in BHA (-AEp; = -15.36 eV) and SHA (-
AEp,= -14.90 eV). The negative charge on -NHO" group is higher in case of BHA™ (-0.655¢)
compared to that in case of SHA-H™ (-0.598e) (Figure 5). Thus, decrease in electron density
on -NHO™ oxygen atom in SHA-H" due to presence ortho hydroxyl group leads to decrease in
its basicity and hence protonation constant.

Eu(lll) forms more stable and multiple complexes with picolinate than nicotinate
and isonicotinate which form only 1:1 complex in the concentration range studied. The AHc
of Eu(lll)-picolinates were found to be negative which are attributed to formation of a stable
five membered ring by chelation through pyridyl nitrogen atom. The TRLS measurements
showed a significant increase in the life time of Eu(lll) D, state, which suggests the
bidentate nature of picolinate with formation of 1:4 complex at the end of titration. The

Eu(lll)-isonicotinate is found to be more stable than Eu(lll)-nicotinate as the charge
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transferred from the nitrogen in the pyridine ring to the binding carboxylate is higher in
former which enhances the electrostatic binding of the ligand to metal. The experimental
result are also in good agreement with the theoretically calculated results for the complexes
for various geometries.

The thermodynamic data on complexation show that picolinate can be a potential
complexing ligand which can facilitate the migration of tetravalent actinides in the geosphere.
The exothermicity and higher values of formation constants of the Th(IV)-picolinates over
that for other two ligands is due to the extra stability from the chelating nature of picolinate.
The Th(IV)-isonicotinate complex is more stable than the Th(IV)-nicotinate complex and
both the complexation processes were found to endothermic indicating the similarity of these
complexes with the simple carboxylate complexes which are, in general, entropy driven and
endothermic in nature. The bond lengths, complexation energies and atomic charges on each
atom in the complex calculated theoretically by TURBOMOLE are consistent with the
experimentally observed results.

The complexation of Eu(lll) ion by three structurally isomeric pyridine
monocarboxylate-N-oxides was studied by experiment and theory. The change in position of
N-oxide plays a key role in deciding the mode of complexation with the metal ion. Eu(ll1)-
PANO complexes were found to be more stable than Eu(111)-NANO/IANO complexes which
is attributed to the additional strength gained in PANO complexes by chelate formation.
Among Eu(I11)-NANO and Eu(l11)-IANO complexes, the later forms more stable complexes
than the former, which is attributed to the charge polarization being more favorable in IANO
owing to para position of carboxylate to N-oxide. The exothermic nature of the complexation
reaction and the constant lifetime of °Dy excited state of Eu(l11) with varying ligand to metal
ratio indicates the outer sphere complexation of Eu(lll) by NANO whereas the endothermic

nature and increase in lifetime of °Dy excited state of Eu(lIl) in case of Eu(l11)-PANO and
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Eu(l11)-IANO complexes supported the inner sphere complexation in these complexes. The
elaborated theoretical calculation for all the possible reaction schemes to optimize the
geometries; and to determine the bond lengths, bond angles and charges on individual atoms
on complexation provided useful insight useful into the mechanism of the complexation
reaction. The change in energetics for the 1:2 complex formation from 1:1 complexes for all
the possible combinations of inner and outersphere complex formation corroborated the
experimental observations that Eu(lll)-PANO/IANO complexes are innersphere while
Eu(l11)-NANO forms 1:1 outersphere but at 1:2, it forms a mix of both inner and outersphere
complex. The theoretical prediction are found to be in good agreement with the experimental
results.

The formation of complexes by thorium with pyridine monocarboxylate-N-oxides
was found to be endothermic and entropy driven. The higher stability of Th(IV)-PANO
compared to the other two isomers is explained in terms of the chelate formation. The
variations in thermodynamic parameters are interpreted in terms of perturbation in hydration
spheres of metal and ligand ions. Further, the theoretical calculation of charges on individual
atoms helped in interpreting the trends within and among the Th(IV)-PCNO complexes in
terms of electrostatic interactions. The linear free energy relationship (log B ovs. pKa)
showed the chelate and carboxylate kind of binding in Th(IV)-PANO and Th(IV)-
NANO/IANO complexes respectively. Overall, the mutual position of the two functional
groups, the N-oxide and carboxylate, was found to play a key role on the thermodynamics of
complexation process.

The Np(V) forms ML and ML, type of complexes with pyridine monocarboxylates
viz. picolinate, nicotinate and isonicotinate, by mainly electrostatic interactions. Among the
three geometrical isomers, the picolinate forms strongest complex through five membered

chelate formation. In case of nicotinate and isonicotinate, the binding is through carboxylate
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group but higher stability than expected from pKa values of carboxylate groups is attributed
to the charge transfers from nonbonding nitrogen. The higher charge transfer from nitrogen in
para position (isonicotinate) reflects in its higher stability constant and the shift in Amax
compared to nicotinate. The trend in stability constants and charge polarization in ligand
molecules on complexation has been supported by theoretically calculated binding energies
and the charges on individual atoms.

The role of substitution in hydroxamate on complexation was understood by
carrying out DFT calculations on Np(V)-AHA, Np(V)-BHA and Np(V)-SHA complexes.
The charges on atoms and geometrical parameters like bond angles and bond distances are
used to rationalize the energetic of complexation reaction. The results revealed the dominant
role of electrostatic interaction in determining the complex stability. In Np(V)-AHA, the
acetyl group increases the electron density on donating oxygen atoms compared to phenyl
group in BHA, thereby enhancing its stability. Among the various binding modes of Np-SHA
in 1:1:1 complexes, the one involving ortho hydroxyl group and hydroxyl group of
hydroxamate moiety is most stable whereas in 1:2:2 complex geometries, steric constraints
result in stabilization of five membered ring (involving hydroxamate moiety) for the second
ligand. The calculated results corroborated the trends in experimentally obtained stability
constants.

The extensive hydrolysis of tetravalent leads to polynuclear formations through
oxygen bridging facilitating the formation of colloids as end products. The concentration of
metal ion, hydrogen ion concentration, ionic strength, ageing period of solutions, and
presence of complexing agents have phenomenal effects on formation of the colloids.
Depending on the size and surface charge present, the actinide colloids can either facilitate
the migration or retard the transportation of actinides in the aquatic environments. Thus, the

accountancy for colloids is also essential in estimating the pathway for migration of a
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radionuclide from the source. Furthermore, the presence of colloids can also explain the
widely scattered Th(IV) concentrations measured in the various solubility studies.

Thorium perchlorate solution (0.01 M) under various pH (5 to 11) and ionic
strength (0 to 3 M NaClO,4) were kept for equilibration for 3 years and the supernatants were
analyzed by ICP-MS and ion chromatography to determine the total and ionic thorium
content present in the same. Dynamic Light scattering (DLS) and Laser Induced breakdown
detection (LIBD) were the two techniques employed for the determination of size of colloid
particles and the later technique was also used to determine the concentration in addition to
size of colloid particles present in the supernatant. The results of pH, IC, ICP-MS, DLS and
LIBD measurements on the aged thorium samples were discussed in relation to mechanism of
their formation and determination of thorium colloids. The present studies revealed the
formation of colloids of range 14-37 nm at concentrations 2.00 to 385 ppb. The solubility
products were found to be lower than the reported values upon taking into consideration of
the colloids formation.

The solution kept at pH 11 and 13 resulted in the formation of an amorphous
precipitate, which was analyzed by TG-DSC and then XRD to know the composition of
precipitate formed. The formation of amorphous precipitate indicates that it is neither
completely Th(OH)4 nor ThO, but consists mainly of a hydrated oxyhydroxide ThO,(OH),-
2n-xH,O (am) with 0 < n < 2 rather than ThO,(S). The HT-TG-DSC analysis showed three
weight loss processes observed at 200°, 370-400° and around 900° C. The first step around
200° C was assigned to loss of occluded water as the precipitates were not completely dried.
The second step corresponds to the loss of water of crystallization while the third step as due
to loss of water from thorium hydroxide to form ThO,. The residue obtained after the thermal

study was analyzed by XRD and found to be crystalline ThO,.

260



To summarize, the present thesis presents a detail discussion on the speciation of
actinides or their lighter homologues (lanthanides) under different aquatic environments and
in presence of the important anthropogenic ligands that are co-disposed in the actinide waste
and have significant presence in the waste confinements and near disposal facilities. The
thermodynamic parameters reported in the present studies showed that these ligands form
very strong and multiple complexes (MLi, i = 1-4) with the actinides and hence can be
potential agents for migration of actinides from their source of origin. Further, the actinide
colloid formation is a key factor in deciding the solubility limits and the limiting solid phases.
The accountancy of colloids helps in re-estimation the solubility products for accurate
measurement of actinide concentration in aquatic conditions. The thesis also presents detailed
study on colloid characterization in thorium samples kept for prolonged equilibration (~1080
days) at various pH and ionic strengths. The quantitative determination of colloid
contribution helps not only in predicting accurate solubility products but also to fractionate

the dissolved thorium content to ionic, polymeric and colloid fractions.
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