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ABSTRACT OF THESIS 
 

The quest for actinide specific extractants has been a long and difficult one. However, research 
on extraction and separation of actinides finds immediate and vital application in the processing 
of spent nuclear fuels which involves the separation of U and Pu from a large number of fission 
products, which are produced during nuclear fission. Solvent extraction is one of the most 
important methods used for reprocessing of spent fuels as well as in the extraction of U and Th 
from ores. In order to separate fuel material from other elements either in irradiated fuel or from 
their ores, a ligand with high selectivity towards U, Th and Pu is required. Currently, Tri-n-butyl 
phosphate (TBP) is being used for this purpose. There are limitations associated with TBP, 
warranting a search for alternate extractants which eliminate the disadvantages of TBP while 
retaining its advantageous properties. The experimental work done in this thesis predominantly 
pertains to the examination of alternate organophosphorous extractants and their application in 
solvent extraction and extraction chromatography for actinide extraction. Though the alternatives 
are not intended to replace TBP for spent fuel reprocessing, the new extractants are synthesised 
and their solvent extraction behaviour with actinides are explored to employ them as potential 
candidates for various other applications in nuclear fuel cycle, e.g. U/Th separation. The 
difference in extraction and specific binding for different metal–extractant systems may be 
correlated to the theoretical binding energetics; the role of complexation energy and its influence 
on the extraction efficacy and specificity cannot be underestimated. Therefore, apart from 
experiments, density functional theory (DFT) studies of actinides complexes using these novel 
extractants have also been carried out.  
 
The complexation behaviour and third phase formation in the extraction of Th(IV) and Ce(IV) by 
branched organophosphates have been studied. Ce(IV) has been employed as a surrogate for 
Pu(IV), which is an important fuel material. The work effectively elaborates both experimentally 
as well quantum chemically, the effects of structural isomerism on the complexation of both 
tetravalent and trivalent cerium. For the first time, the drastic effect of solely changing the 
oxidation state on the metal extraction energetics is clearly derived from the calculations and 
corroborates well with experimental findings. Further, aggregation tendencies are rightly 
predicted by careful interpretation of single-molecule parameters. This study though pertaining 
to one kind of metal-ligand system, in its essence emphasises a consensus between theory and 
experiments, forming a basis for theoretically predicting properties of many atom complexes. 
 
Historically, third phase has been studied after its formation; however, it has not been predicted 
before its onset. Small angle neutron scattering (SANS) has been used as a probe to study the 
organic phase prior to third phase formation in Th(IV) and U(IV) systems. The effect of 
changing the extractant, temperature and metal concentration have been extensively investigated 
and the attraction potential energy has been obtained by fitting the SANS profiles. For the first 
time, the third phase has been predicted before its onset and moreover, numbers have been 
assigned to third phase thresholds which have never been envisaged in the literature earlier.   
 
Apart from third phase formation, studies on the separation of U(VI) from a Th(IV) matrix have 
been carried out using solvent extraction as well as extraction chromatographic technique. This 
study has been carried out in the light of processing both naturally occurring thorium ore as well 
as for the processing of the thorium blanket in the fast reactor in which 232Th is transmuted to the 
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fissile 233U.  In both these cases the U:Th ratio is typically in the order 1:800. For the first time it 
has been demonstrated that U(VI) can be separated from Th(IV) in U/Th ratios as high as 
1:10000 using a branched organophosphate, namely, Tri-sec-butyl phosphate (TsBP). Further, 
quantum chemical calculations of the binding energy and ligand deformation energy showed the 
preferential binding of TsBP over the conventional TBP extractant.  
 
Among the organophosphorous compounds, phosphonates have shown greater promise than 
phosphates towards actinide extraction. In addition to the phosphate extractants, both H-
phosphonates and dialkyl alkyl phosphonates have been examined in actinide extraction viz. U, 
Th, Am and Pu. It is also possible to tailor the carbon chain structure in phosphonate ligands. For 
the first time, structural effects of carbon chain length and branching have been systematically 
investigated. ESI-MS of this class of complexes has been obtained for the first time. The study 
on phosphonate demonstrates the variation in metal complexation behaviour and its sensitivity to 
extractant structure. Changes in the extractant structure as far as five or six atoms away from the 
complexing site affect complexation affinities significantly. The implication of structural 
changes on the behaviour of ligands towards metal ions remains a valid question to this day and 
our results provide avenues for fine tuning metal specific complexation in the microgram regime. 
 
Apart from experiments, DFT calculations elucidate the binding energetics as well as the pH 
dependent keto-enol tautomeric extractions that occur in H-phosphonates. For the first time, DFT 
predicts the preferential stabilisation of a U(VI)-phosphonate complex stabilised by weak 
hydrogen binding. This stabilisation leading to anomalous extraction behaviour has been verified 
by experiments. DFT studies also examined the increased covalency in heavy actinide complexes 
(Am, Cm, Bk and Cf). For the first time, the metal-ligand bond, has been explicitly decomposed 
into electrostatic, Pauli and orbital interaction components and showed a counter-intuitive 
increase in covalency along the actinide period. These study opens-up windows through which 
the predictive powers of DFT can be applied in the realm of actinide-organophosphorous 
complexes as well as towards screening ligands for minor actinide partitioning. These complexes 
are of immediate interest in the processing of nuclear fuels where a plethora of extractants are 
still screened by involved experimental procedures posing radioactive hazards. The ideas 
presented in this work can potentially be extended, thereby weaving a predictive future for 
actinide specific extractions and separations. 
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Chapter 1: Introduction 
The quest for actinide specific extractants has been a long and difficult one. Particularly among 

these, discovering new extractants that bind specifically to certain actinide elements over others 

is an even greater challenge due to the chemical similarity of actinides1. However, research on 

both these aspects finds immediate and vital application in the processing of spent nuclear fuels 

which involves the separation of U and Pu from a large number of fission and activation products 

produced during nuclear fission2. Solvent extraction is one of the most important methods used 

for reprocessing of nuclear fuels as well as in the extraction of U and Th from ores. In order to 

separate fuel material from other elements either in irradiated fuel or from their ores, a ligand 

with high selectivity towards U, Th and Pu is required. Currently, Tri-n-butyl phosphate (TBP) is 

being used for this purpose and has stood the test of time for the past 60 years3. However, there 

are some limitations associated with TBP which pose problems during the reprocessing of fast 

reactor fuels. Hence there is a need to find alternate extractants which eliminate the disadvantages of 

TBP while retaining its advantageous properties 4, 5. The experimental work done in this thesis 

predominantly pertains to the examination of alternate organophosphorous extractants and their 

application in solvent extraction and extraction chromatography for actinide extraction. Though 

the alternatives are not intended to replace TBP for spent fuel reprocessing, the new extractants 

are synthesised and their solvent extraction behaviour with actinides are explored to employ 

them as potential candidates for various other applications in nuclear fuel cycle, e.g. U/Th 

separation. The difference in extraction and specific binding for different metal–extractant 

systems may be correlated to the theoretical binding energetics; the role of complexation energy 

and its influence on the extraction efficacy and specificity cannot be underestimated6, 7. 

Therefore, apart from experiments, density functional theory (DFT) studies of actinides 
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complexes using these novel extractants have also been carried out. Geometries of extractant-

actinide complexes have been optimized using electronic structure calculations. Theoretical 

binding energies of complex formation have been computed. The significant influences of 

electronic structure of the extractants on the tautomeric mechanisms, deformation energies, intra-

molecular interactions and complexation trends have been elucidated using the quantum 

chemical calculations. The power of prediction, however challenging, is one of the greatest 

merits of DFT8. In the final chapter, the essence of this predictive element has been brought out 

to understand actinide-extractant complexes in their extraction and separations.  

 

Chapter 2: Experimental 

Experimental procedures used in the entire thesis work will be elaborated. This includes the 

preparation of stock solutions, indicators etc. Methods used for the estimation of various actinide 

ions by techniques such as radiometry is explained. Instruments and reagents used are specified.  

 

Chapter 3: Extraction of tetravalent metal ions Th(IV) and Ce(IV): Third phase formation 

and quantum chemical studies 

“Third phase” formation is an aggregation phenomenon that arises due to the mutual attraction of 

the polar cores of reverse micelles in a non-polar medium. A major concern that can potentially 

arise during solvent extraction of actinides e.g. Pu(IV) is third phase formation at the aqueous-

organic interface. This phenomenon takes place when the metal loaded in the organic phase 

exceeds a threshold known as the limiting organic concentration (LOC) beyond which the 

organic phase splits into a metal-extractant rich third phase and a metal poor diluent rich phase, 

leading to difficulties in metal ion extraction. Earlier studies carried out in our laboratory 

indicated that tri-sec-butyl phosphate (TsBP) is a potential extractant for U/Th separation. The 

extraction and third phase formation behaviour of 1.1 M solutions of tri-iso-butyl phosphate 

(TiBP) and TsBP in n-dodecane in the extraction of Th(IV) from 1M HNO3 at 303 K over a wide 

range of Th concentrations were investigated and the results are compared with the literature data 

on TBP system. Concentrations of Th(IV) and HNO3 loaded in the organic phase before third 

phase formation (biphasic region) as well as in third phase and diluent-rich phase after third 

phase formation (triphasic region) were measured as a function of equilibrium aqueous phase 

Th(IV) concentration. The density of loaded organic phase was also measured at various Th(IV) 
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concentrations. The extraction profiles in the biphasic region indicated that extraction of Th(IV) 

by TBP is higher than that of TiBP which in turn is higher than that of TsBP. Extractant 

concentration in the diluent-rich phase and third phase was measured for the triphasic region. 

This study revealed that TsBP has higher third phase formation limits compared to TBP in the 

extraction of tetravalent thorium from nitric acid media. Furthermore, the data on Pu(IV) third 

phase formation is crucial for designing solvent extraction processes. In this light, in a 

preliminary study on the third phase behaviour of Ce(IV), which is a chemical analogue of 

Pu(IV) has been carried out in the present work9. The aqueous Ce(IV) concentration was varied 

over a wide range (1−280 mg/mL) and the Ce(IV) extracted into the organic phase was measured 

both before LOC as well as beyond LOC in the third and diluent-rich phases after the phase 

splitting. The acid extracted into the organic phase and densities of organic phases were also 

estimated. Apart from experimental studies, quantum chemical calculations using density 

functional theory were also carried out. Energetics of complex formation for these extraction 

systems with Ce(IV) as well as the Ce(III)-TBP system have been obtained. Apart from 

complexation energies, third phase formation tendencies have been predicted by DFT for the 

Ce(IV) systems. All the computational results were in good match with the experimental 

observations. 

 

Chapter 4: Trends in Small Angle Neutron Scattering of Actinide–Trialkyl Phosphate 

Complexes: A Molecular Insight into Third phase formation 

Third phase formation has been studied after its occurrence; however, it has not been anticipated 

before its onset. As Small Angle Neutron Scattering (SANS) is a powerful tool to probe colloidal 

particles, it is considered as an important technique to study the aggregation behaviour of 

actinide complexes in solvent extraction systems10. The structurally different trialkyl phosphate 

(TalP) based extractants, namely, tri-n-butyl phosphate (TBP), tri-iso-butyl phosphate (TiBP) 

and tri-sec-butyl phosphate (TsBP) have been examined for the first time using SANS technique 

to investigate third phase formation phenomena with some of the actinides. A higher homologue 

tri-sec-amyl phosphate (TsAP) has also been considered. SANS was employed to get insights 

into third phase formation behaviour in the extraction of Th(IV) and U(VI) from 1M HNO3 by 

1.1M solutions of TalP in deuterated dodecane (n-C12D26, 98 atom %D). Deuterated diluent was 

used in order to provide contrast during the neutron scattering measurements. The stickiness 
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parameter , a measure of the attractive interaction between the micelles as well as attractive 

potential energy  has been quantified as a function of metal in the organic phase. The data 

are fitted using Baxter’s sticky-sphere model. A clear correlation has been established between 

the stickiness parameter and the tendency for third phase formation with TalP systems. As U(VI) 

does not form third phase with these extractants at 1M HNO3, comparative studies were carried 

out with U(VI) – TalP complexes. These studies established lower stickiness and attraction 

between the micelles with U(VI) system. The correlation between SANS parameters and third 

phase formation tendency was extended to a temperature dependent study and these studies 

established higher third phase limits when temperature was enhanced, corroborating well with 

our experimental results. This study is the first of its kind to “quantitatively predict third phase” 

before its formation for a range of actinide – extractant systems. 

 

Chapter 5: Selective Separations of U(VI) from a Th(IV) Matrix by Branched Butyl 

Phosphates: Insights from Solvent Extraction, Chromatography and Quantum Chemical 

Calculations 

Apart from the extraction of an individual actinide and the associated phenomena such as third 

phase formation, the separation of actinides is a daunting task due to their similar chemical 

behaviour. Among these, the separation of uranium from a thorium matrix is one of the 

persisting challenges, which finds application in the processing of thorium ores as well as of 

thorium irradiated in a nuclear reactor, where some fertile 232Th is transmuted to the fissile 233U. 

U/Th separation has been conventionally achieved by solvent extraction using tri-n-butyl 

phosphate (TBP). In this work, a significantly better separation factor has been observed using 

tri-sec-butyl phosphate (TsBP) with a high selectivity for U(VI) over Th(IV) due to its combined 

structural and electronic effects close to the binding site. Systematic and comprehensive studies 

at both liquid-liquid as well as solid-liquid interfaces have been carried out under a wide range of 

experimental conditions.  The balance between specificity towards U(VI) and process throughput 

as a function of ligand concentration has been examined at the liquid interface. In addition, TBP 

and TsBP were impregnated on to a polymer support and the separation of U(VI) from Th(IV) 

feed solutions with various U/Th ratios has been achieved using extraction chromatography. 

Strategically optimized conditions of loading and elution stages for varying U/Th feed ratio were 

found and employed to demonstrate the feasibility of a specific ligand coated column for the tail-
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end purification of aqueous product containing U(VI) and Th(IV). Additionally, electronic 

structure calculations using density functional theory (DFT) were carried out to shed light on the 

energetics and specificity of complexation for U(VI) over Th(IV) with TsBP and compared with 

equivalent complexes with TBP. Theoretically calculated, solvent corrected complexation 

energies for the formation of U(VI) and Th(IV) complexes with TBP and TsBP were in good 

agreement with the experimental observations. These studies have established that uranium can 

be effectively separated from a thorium matrix (1:10000). 

 

Chapter 6: Structural Effects on the Complexation of Actinides with Branched 

Phosphonates: A Combined Experimental and Quantum Chemical Study 

(A) H-Phosphonates 

The basicity of the phosphoryl group is enhanced when the C-O-P group is replaced by a C-P 

group 11. Neutral organophosphorus extractants show the variation in the basicity of the 

phosphoryl oxygen as follows: phosphine oxides > phosphinates > phosphonates > phosphates. 

Phosphonates, being more basic, prove to be stronger extractants than the corresponding 

phosphates. Phosphonates have shown promising specificity and extractability towards actinide 

elements12, 13. Structural effects of the carbon chain in the extraction of actinides by 

organophosphorous extractants have been examined experimentally and by computation. 

Branched butyl H-phosphonates and their linear chain isomer, n–butyl H-phosphonate (DBHP), 

were synthesised and characterised using IR, NMR and GC–MS techniques. Their physical 

properties viz. viscosity, density and aqueous solubility have been determined. DBHP, Di–iso–

butyl H phosphonate (DiBHP) and Di–sec–butyl H phosphonate (DsBHP) were employed for the 

extraction of U(VI) and Am(III) ions from nitric acid. 233U (α–tracer) and 241Am (γ–tracer) were 

employed as representative isotopes for the extraction of U and Am, respectively, and their 

distribution ratio (D) was measured as a function of nitric acid concentration (0.01–8M). 

Branching of the alkyl chain at the secondary carbon atom showed unexpected neutral extractant 

behaviour for DsBHP which is generally classified as an acidic extractant. The acid-dependent 

dual extraction mechanisms for the H–phosphonates have been examined both experimentally 

and through quantum chemical calculations. This dramatic effect can be partly attributed to the 

hindrance in the formation of the enol tautomer through the strengthening of the P=O---H 

hydrogen bonding in the DsBHP extractant. Density functional theory (DFT) based calculations 
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were carried out to understand the complexation behaviour of actinides with the extractants 

DBHP and DsBHP. Possible structures and binding affinities of actinides with H−phosphonates 

have been deduced from electronic structure calculations. Finally, the trends in distribution ratios 

were additionally explored and correlated with experimental observations for both U(VI) and 

Am(III).  

 

(B) Dialkylalkyl phosphonates 

The H-phosphonates were then strategically coupled with alkyl chains to form dialkylalkyl 

phosphonates with varying branching and carbon chain length. Among all the 

organophosphorous compounds, phosphonates have the dual advantage of simplicity in 

preparation coupled with the flexibility to tailor-make their carbon chain structure. Symmetrical 

Diisobutylisobutyl, Diisoamylisoamyl and unsymmetrical Diisoamylhexyl and Diisoamylbutyl 

branched phosphonates were synthesised and characterised by NMR and GC-MS. These ligands 

were used to bind Th(IV), U(VI), Pu(IV) and Am(III) at the liquid-liquid interface. The 

extractants were examined for their physicochemical properties such as density, viscosity, 

aqueous solubility and dielectric constant, which are significantly affected by changes in the 

alkyl chain structure. A combination of physico-chemical parameters, as well as the structure 

modulated chemical nature of the extractants, cause variations in the distribution ratio towards 

metal ions. These effects have been probed in detail using Th(IV), U(VI), Pu(IV) and Am(III) 

extractions and found to correlate with the carbon chain length of the organic groups on the 

phosphoryl centre.  Further, density functional theory was employed to understand the electronic 

structure of the extractants and their metal complexes with U(VI) and Th(IV). The computed 

complexation energies in the formation of metal-ligand complexes compared well with the trends 

observed in the experiments. Both experiment and quantum chemistry emphasizes the 

importance of the carbon chain structure on the actinide binding ability of phosphonate ligands. 

 

 

 

 

 

 



IX 
 

Chapter 7: Density functional theory as a predictive tool in actinide chemistry  

(A) The influence of weak hydrogen bonding on the extraction behaviour of H-

phosphonates towards actinides 

Among the varied classes of weak hydrogen bond, the CH···O type is one of immense interest as 

it governs the finer structure of biological and chemical molecules, hence determining their 

functionality14. In the present work, this particular weak hydrogen bond has been shown to 

influence the complexation behaviour of uranyl nitrate [UO2(NO3)2] with Diamyl H-phosphonate 

(DAHP) and Disecamyl H-phosphonate (DsAHP) strongly. The structures of the bare ligands 

and complexes have been optimised in the framework of DFT. Surprisingly, despite having the 

same chemical composition, the UO2(NO3)2·2DsAHP complex  shows a remarkable stability 

(~14kcal/mol) compared to the UO2(NO3)2·2DAHP complex. Keener observation of the 

optimized structures attributes this stability to weak hydrogen bonding interactions between the 

nitrate oxygens and the α-hydrogens in the alkyl chains of the complexing ligands. The binding 

free energies associated with the formation of these complexes are tested by carrying out 

extraction of U(VI) from nitric acid media using these ligands. It was discovered that indeed the 

DsAHP complexation is more favoured and the ligand DsAHP shows higher extraction towards 

U(VI). H-phosphonates are generically classified as acidic extractants owing to the formation of 

an enol tautomer at lower acidities, and hence complexes the metal ion by proton exchange. Our 

experiments interestingly reveal an unexpected neutral extractant characteristic for DsAHP. 

Furthermore, the keto-enol tautomerisation of H-phosphonates that govern their extraction 

profiles at lower acidities is also explored by DFT and the anomalous extraction behaviour of 

DsAHP could be successfully explained.  

 

(B) Complexation behaviour of transplutonium actinides 

It is desirable to remove the minor actinides from the high level nuclear waste as this will greatly 

reduce the amount of time the bulk of the waste is stored. Across the actinide period, the stability 

of the trivalent oxidation state predominates in the heavy actinides, making their chemical nature 

close to that of rare earth elements. The resemblance in their chemistry poses difficulties in 

separating heavy actinides from lanthanides, which is a vital separation in the minor actinide 

partitioning process. Actinide contraction has conventionally implied electrostatic actinide-

ligand interactions among the heavy actinides. The present study challenges this conventional 
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understanding and reveals increasing covalency in the actinide-ligand bond across Am to Cf. 

Complexes of Am, Cm, Bk and Cf have been examined for their electronic structure with focus 

on the nature of their interactions with different minor actinide specific ligands. The choice of 

ligands selected for this study facilitates the effect of donor atom as well as denticity to be 

accounted for. Hence, heavy actinide complexes of the N and O-donor ligand dipicolinic acid, S 

and O mixed donor ligands of the cyanex type and an octadentate ligand N,N,N’N’-tetrakis[(6-

carboxypyridin-2-yl)methyl]ethylenediamine have been optimised and evaluated. In each case 

the metal-ligand interaction energy has been explicitly decomposed into components which have 

then been analysed. Irrespective of the hard-soft characteristics of donor atoms or the denticity of 

the ligands, steadily increased covalency has been observed across Am to Cf. Inspection of the 

ligand HOMOs and metal orbitals shed light on the origin of the unexpected covalency.  

 

Chapter 8: Conclusions 

This work elucidates the effect of the complexing ligands’ structure on the separation of 

elements with are very similar in their chemical behaviour. The separation of the f–block 

elements has been a constant challenge due to their closely related chemistry. The work 

presented in this study achieved this by controlled parameters implemented at both liquid-liquid 

as well as solid-liquid interfaces and elucidated the importance of geometrical structures and the 

energetics through DFT. This work naturally widens arenas towards different extractants which 

can be tailor-made in a single step reaction, resulting in ligands with a desired level of 

selectivity. This thesis is a classic example of the correlation between “structure and binding”, a 

deeply investigated concept in the important field of separation science.  

In its finale, the study carried out here opens exciting windows through which the predictive 

powers of DFT can be applied in the realm of actinide-organophosphorous complexes. These 

complexes especially are of immediate interest in the processing of nuclear fuels, where a 

plethora of organophosphorous extractants are still screened by involved experimental 

procedures posing radioactive hazards. Experimental work in ligand synthesis for the extraction 

of actinide ions can also be minimised. Though this particular study pertains to uranyl 

complexes, the ideas presented here can potentially be extended to other actinides, weaving a 

predictive future for actinide specific extractions and separations. 
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INTRODUCTION 

1.1 Energy for sustenance  

The sustainable development and security of a nation is strongly correlated to its energy 

demands being met in a self-sufficient manner. In developing countries like India, the 

demands on energy increase, as electricity is a mark of empowerment for the large expanses 

of the developing rural landscape
1, 2

. The economics of energy production depend on the 

availability of energy reserves, the technology to utilise these and cost incurred during the 

entire process of producing energy from the reserve
3
. Cost is not only monetary, but also the 

cost to the environment is justifiably a major consideration. The nature of the energy reserve, 

the methods of its conversion to energy in a usable form and its long-term sustainability are 

among the important parameters that are considered while evaluating energy sources.  

In this light, the distinction between renewable and non-renewable energy sources arises. 

Although it might be available in abundance, a non-renewable energy source cannot sustain 

itself in the long run. An energy source which produces little energy on burning large masses 

of the reserve is considered as one with low energy density. This coupled with non-renewable 

nature of the fuel implies the short-term nature of the energy source. On the other hand, 

renewable energy is derived from sources such as wind, hydrothermal, solar etc. which do not 

deplete. A larger focus on renewable energy sources is gaining importance globally as these 

could well be the gateway towards sustainable energy.  

1.2 Renewable and non–renewable sources of energy  

The major non-renewable energy sources powering energy needs world-wide are fossil fuels 

viz. coal and oil. Apart from their non-availability on the long run, there are other 

disadvantages associated with fossil fuels as an energy source. Among these is the climate 

change caused by the emission of green house gases into the atmosphere
4
. Carbon monoxide, 

carbon dioxide and sulphur dioxide contribute to the green house effect. Among these, 



2 

 

particularly carbon dioxide absorbs infra-red radiation emitted from the earth, preventing the 

heat energy from leaving the earth‟s atmosphere. This causes global warming which is 

destroying several habitats in almost all countries. The demand for oil in both developing and 

developed countries is large. However, there is uncertainty associated with oil prices in the 

global market, as it is among the most precious commodities in today‟s economic scenario. 

Combustion of oil leads to the emission of toxic gases viz. CO and oxides of nitrogen and 

sulphur, which pollute the surrounding air
5-7

. This combined with the risks of oil spillage into 

oceans take a toll on aquatic as well as other life forms
8
. An alternate fuel could hence be a 

welcome alternative.  

The quest for alternative fuels engages many researchers around the world
9
. Renewable fuels 

such as hydroelectric, solar, wind energy etc. are some alternatives that have been explored. 

In contrast to non-renewable energy sources, the negative impact of renewable energy on the 

planet is negligible
10

. Nevertheless, there are other difficulties associated with producing 

power from the non-renewable sources. The extent of rainfall is a key factor that decides the 

amount of power generated from hydroelectric projects making them inherently unreliable
11, 

12
. Countries receiving large amounts of solar radiation can potentially use solar energy, but 

often the limited technological advances coupled with high initial costs are constraining 

factors. Wind energy is a very good source with relatively low capital investments and is 

being used in regions that witness strong and consistent wind currents
13, 14

. Unfortunately the 

amount of energy generated by windmills is very small, and hence this source cannot solely 

meet the current energy demands
15

. Likewise there are other sources such as geothermal and 

tidal energy that can potentially produce small percentages of the total energy requirements, 

however, the technology development towards these is in its rudimentary stage.  
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1.3 Nuclear power  

Among all the alternatives to fossil fuels explored till date, nuclear energy has emerged as a 

prime alternative for several reasons
16, 17

. The technology required in operating nuclear power 

plants are well in place and research to improve power production is also actively underway 

in several countries. The energy obtained per unit mass of the fuel material is known as the 

energy density. The energy density of nuclear fuels is in the order of a million times higher 

than that of fossil fuels due to Einstein‟s mass-energy relation. The fission or fusion of nuclei 

produce a mass defect (m) or “missing mass” which is converted to energy (E) and is given 

by the relationship E=mc
2
 where „c‟ is the velocity of light in vacuum (3 x 10

8
 m/s). As the 

mass-energy proportionality constant is in the order of 10
16

, small mass defects produce 

astronomical quantities of energy. As a consequence, the fuel requirement for a nuclear 

reactor is very small and so is the waste volume generated at the end.  

There are further merits to the use of nuclear power that can be understood by getting into 

some detail.  One of these is that the fuel used in fast breeder reactors can be regenerated by 

breeding. Fast breeder reactors use uranium and plutonium mixed oxides or carbides as the 

fuel. As the isotopes 
239

Pu and 
235

U undergo fission, energy, fission products and neutrons are 

produced. Isotopes that undergo fission are known as fissile and those that can potentially be 

converted to a fissile isotope by nuclear processes are known as fertile. The generated 

neutrons are captured by 
238

U, which is ~ 99.3% isotopic ratio of the total uranium. After 

neutron capture, the 
238

U isotope undergoes double beta decay and forms 
239

Pu which is a 

fissile material fuelling the reactor. This process is known as breeding. Nuclear fuel is the 

only kind that produces new fuel while burning the existing fuel. In fact, in about 15 years 

period reactors employing metallic fuel can generate enough 
239

Pu to power another reactor. 

This duration is conventionally known as “doubling time”. In reactors with carbide/nitride 
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and oxide fuels also this is certainly possible and it takes about 20 years and 25 years, 

respectively. This is a unique and one of the most remarkable features of nuclear power. 

In addition to generating electricity, a plethora of radioisotopes such as 
60

Co, 
137

Cs, 
131

I, 
90

Sr 

and 
32

P produced in nuclear reactors find immense application in a range of fields. A few of 

these are: the treatment of cancer, increasing storage life of perishable foods such as fruits, 

sterilization of equipment, waste or sewage treatment and monitoring nutrient uptake by 

plants. Radioisotopes are replacing several cumbersome and long procedures in the medical 

field. Apart from therapy, radio-isotopes in medical diagnosis and imaging are elevating 

modern medicine by leaps and bounds.  

Among the alternatives to fossil fuel, nuclear power is the second largest global producer of 

electricity, powering 10.6% of the world‟s consumption. The potential of nuclear power to 

increase its power production is immense, due to large reserves of uranium as well as thorium 

in several parts of the world coupled with the huge amounts of energy that can be obtained 

from each gram of these reserves. Natural uranium consists mainly of 
238

U (~99.3 atom%), 

235
U (~0.7 atom%) and a very small amount of 

234
U. Naturally occurring thorium occurs as a 

single isotope of 
232

Th. Though the 
235

U isotope of uranium is fissile, energy can be 

harnessed from 
232

Th as well as 
238

U by converting them into fissile isotopes, namely U
233 

and
239

Pu, respectively.  

India has abundant thorium reserves and has developed an ingenious three stage nuclear 

programme in which thorium can be effectively used
18-20

. In the first stage, natural uranium is 

used as the fuel. Thermal neutrons with kinetic energy in the 0.025-1eV range bombard the 

uranium nuclei and 
235

U fissions to produce energy, fission products and additional neutrons.  

Heavy water is used as the coolant to transfer away the heat from the core which is required 

to produce steam for the turbines to generate electricity. The coolant in a thermal reactor is 

chosen so as to also moderate (slow down) the neutrons produced in fission to the thermal 
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range by elastic collisions. Meanwhile, the 
238

U isotope captures neutron and eventually beta 

decays twice to form 
239

Pu, a fuel for the second stage.  

In the second stage, uranium and plutonium mixed fuel in its oxide, carbide nitride or 

metallic form is employed. Sodium cooled fast breeder reactors fission 
239

Pu producing 

energy, fission products and neutrons which will not be moderated by the sodium coolant. 

The neutrons produced in the fission are fast neutrons with typical energies in the range of 1-

2 MeV.  Due to the operation with fast neutrons and „breeding‟ new fuel, these reactors get 

their name. Apart from the fission, there are two more important nuclear reactions that occur 

in the fast breeder reactor. One is the conversion of 
238

U to fissile 
239

Pu which can be used to 

fuel another reactor as described above. The other is the conversion of 
232

Th to the fissile 
233

U 

isotope by neutron capture followed by two β-decays. The 
232

Th is used as either a blanket 

material or placed as one of the fuel rods in the reactor core. The 
233

U thus produced in the 

second stage is employed as fuel in the third stage.  

The third stage nuclear reactors use a thorium blanket surrounding the fuel core and operate 

with neutrons in the thermal range. These thorium breeder reactors can produce electricity as 

well as breed 
233

U from 
232

Th thus enabling the third stage to be sustained for several 

centuries. This nuclear power programme ensures that the long term energy needs of the 

nation are fulfilled so that the dependence on fossil fuels eventually reduces.  

The chemistry involved in implementing this nuclear power programme is rather intricate and 

cannot be ignored at any cost. The reason for this intricacy is the requirement to separate 

complex elemental mixtures at every stage. Actinides viz. U, and Th have to be extracted 

from their ores after they are mined, un-burnt fuel has to be separated from fission products 

once it is removed from the reactor and finally the nuclear waste consisting of almost a third 

of the elements in the periodic table has to be managed effectively and safely before it is 

disposed. Each stage of the „nuclear fuel cycle‟ requires that attention is paid to the 
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complexation chemistry of various elements and particularly the actinide elements. Not only 

do actinides need to be specifically extracted from a mixture of elements, they also need to be 

separated from each other at certain stages of the cycle. The main methodology used to 

achieve actinide separation, is their specific complexation from aqueous mixtures consisting 

of several elements. As a consequence, solvent extraction is one of the most important 

methods used for the processing of nuclear materials. 

1.4 Solvent extraction – A separation technique for the recovery and purification of 

metals 

In the first stage employing thermal neutron reactors, only 1% of the total fissile 
235

U 

undergoes fission and this number is ~10-20% in a fast reactor. The major part of the fuel 

remains un-burnt and can be re-used as fuel if it is separated from the fission products. It has 

been proposed that metallic fuels are mainly suitable for pyro-processing, which essentially 

exploits the difference in reduction potentials to electrochemically separate a mixture of 

elements from a metallic melt
21

. Nevertheless, this technology is still in its developmental 

stage and not used in the nuclear plant scale
22

. Aqueous methods using specific organic 

extractants are well established and are employed to this day for the processes in the nuclear 

fuel cycle and among these, solvent extraction is the prominent technique used for 

reprocessing of nuclear fuels as well as in the extraction of U and Th from their ores.  

Solvent extraction is a liquid-liquid extraction technique in which a solute distributes itself 

between two immiscible phases. Generally in the nuclear industry, the specific extractant is 

solubilized in a hydrocarbon solvent known as the diluent. The diluent does not participate in 

the complexation reaction; however, it improves the specificity of extraction as well as 

provides the right viscosity and density to the organic phase in order to achieve good mass 

transfer between phases. The type of diluents employed for solvent extraction is of three 

broad categories: hydrocarbon diluents, halogenated diluents and polar diluents. The effect of 
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the diluent is more apparent when there is large amount of diluent compared to the extractant 

in the organic phase. When polar diluents such as chloroform or o-dichlorobenzene are 

employed, the extraction of the metal ion by polar extractants drops almost ten-fold. The 

reason for this decrease that polar diluents associate with a polar extractant and make the 

extractant less available to interact with the metal ion.  

The extraction ability of an extractant for a given metal ion is measured by its distribution 

ratio (D) which is the ratio of the concentration [X] of the metal in the organic phase to that in 

the aqueous phase at equilibrium
23

.  

𝐃 =
 𝑿𝒐𝒓𝒈 

 𝑿𝒂𝒒 
 

The specificity of the extractant for one metal over the other is given by the separation factor 

β, which is a ratio of D values of the two metals. Higher β values are indicative of better 

separation. 

𝛃 =
𝑫𝑼(𝑽𝑰)

𝑫𝑻𝒉(𝑰𝑽)
 

In order to separate fuel material from other elements either in irradiated fuel or from their 

ores, a ligand with high selectivity towards U, Th and Pu is required. The separation and 

recovery of elements with closely related chemistry has been a long-lasting challenge for 

scientists. Particularly the separation of elements belonging to the f-block is more challenging 

due the large size of the atoms coupled with poor shielding of the f-orbitals making these 

elements all the more similar in their chemical nature and reactivity
24-27

. In aqueous solution, 

early actinides up to Am exist in multiple oxidations states (e.g. Pu(III) to Pu(VI) exist with 

small potential barriers between the oxidation states), however, for transplutonium actinides 

the dominant oxidation state is +3. In the case of lanthanides across all the elements the most 

stable oxidation state is the trivalent one. The challenge in lanthanide-transplutonium actinide 

separation (minor actinide partitioning) is precisely that the chemistry of the transplutonium 
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actinides becomes very similar to the actinides. The covalency offered by the 5f orbitals is 

being made the best use of in designing extractants for minor actinide partitioning.  

The quest for actinide specific extractants has been a long and difficult one. Particularly 

among these, discovering new extractants that bind specifically to certain actinides over 

others is an even greater challenge due to the chemical similarity of actinides
28

. Currently, 

Tri-n-butyl phosphate (TBP) is being used for this purpose and has stood the test of time for 

the past 60 years
29

. However, there are limitations associated with TBP viz. third phase 

formation
30

, chemical and radiation degradation, low U/Th separation factors and red-oil 

formation
31

. These limitations pose problems, especially during the reprocessing of fast 

reactor fuels and there is a need to find alternate extractants which eliminate the 

disadvantages of TBP while retaining its advantageous properties
32, 33

. 

Pioneering work on the potential of alternate extractants for the separation of U(VI) and 

Th(IV) was done by Siddall
34

, followed by Griffin
35

. Investigations into the extraction of 

U(VI) and Pu(IV) by organophosphorous compounds, was carried out by Burger
36

 who 

showed that the extraction of actinides by extractants with electronegative substituents caused 

a decrease in their extraction potential
37

. According to Siddall
38

 and Catrall
39

, the 

phosphonates proved to be superior to phosphates as they extract uranium and thorium better 

than the corresponding phosphates. Nevertheless, the extraction as well as third phase 

formation tendency of tricyclohexyl phosphate with U(VI) and Th(IV) in nitric acid media 

has been investigated by Rao et. al.
40

  in the recent past. In literature, reports on the extraction 

of actinides by phosphonates are few
38, 39

 and for the first time, extraction of actinides by 

unsymmetrical phosphates was carried out in which Dibutylhexyl phosphonate and 

Dibutyloctyl phosphonate were studied 
41

.  

The extraction ability of organophosphorus extractants depends on the basicity of the 

phosphoryl oxygen as well as the nature of substituents attached to the P atom
42

. The basicity 
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of the phosphoryl group is enhanced when the C-O-P group is replaced by a C-P group 
43

. 

Neutral organophosphorus extractants show the variation in the basicity of the phosphoryl 

oxygen as follows: phosphine oxides [R3P=O] > phosphinates [R2(RO)P=O] > phosphonates 

[R(RO)2P=O]  > phosphates [(RO)3P=O] 
43

. Dialkylalkyl phosphonates, being more basic, 

prove to be stronger extractants than the corresponding phosphates. Studies in the past have 

found phosphonates to be superior to the corresponding phosphates in the extraction of 

uranium and thorium 
44, 45

. Further, phosphonates do not have very high D values with metal 

ions, unlike phosphinates and phosphine oxides, thereby ensuring easier recovery of metal 

ion from the loaded organic phase during the stripping stage 
44

. Phosphonates have been used 

for a wide range of applications including the treatment of osteoporosis
46, 47

, water 

treatment
48, 49

 and in solvent extraction studies, particularly as actinide binders
33, 41, 43, 45, 50, 51

. 

Complexes of actinide ions with organophosphorous extractants
52-54

 have been explored, 

especially in reference to the nuclear fuel cycle
42, 55-57

. One of the potential applications of 

phosphonates in which their specificity towards actinides can be exploited is the processing 

of spent nuclear fuels. However, we also need molecules which can recover actinides from 

various waste streams, which can extract uranium and plutonium better than TBP. 

In the process of searching for alternative extractants to TBP for nuclear fuel reprocessing, it 

has been found that the structural effects of the alkyl chain considerably affected extraction 

parameters
58-60

. The methyl branching in the secondary position in the tri–sec–butyl 

phosphate (TsBP) enhances its extractability of U(VI) compared to TBP
61

. Increasing the 

alkyl chain length reduces the tendency to form the third phase as shown by Rakesh et. al. 

who used tri–iso–amyl–phosphate as an alternative to TBP for the extraction of actinides
62, 63

. 

As the carbon chain structure of organophosphorus extractants plays a vital role in its 

extraction behaviour, extensive studies are needed to understand the influences of the alkyl 

chain.  
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1.5 Neutrons to predict third phase formation 

One of the effects of the alkyl chain structure is the change in the third phase formation 

tendency of the metal-extractant complexes. Third phase formation is a potential issue in 

solvent extraction. When the metal ion concentration in the organic phase exceeds a threshold 

concentration, the organic phase splits into a metal–extractant rich third phase and a diluent-

rich phase that is left with the bulk of the diluent
30, 64

. The aqueous concentration at the point 

where the phase splits is known as the critical aqueous concentration (CAC), and the 

corresponding organic metal concentration is known as the limiting organic concentration 

(LOC). The third phase is significantly viscous, and prevents efficient mixing of organic and 

aqueous phases as well as mass transfer between these phases. Formation of the third phase 

with tetravalent metal ions such as Pu(IV) and Th(IV), is undesirable during the large scale 

processing of spent fuels, and is one of the drawbacks of TBP when it is used as  an 

extractant 
65, 66

. The parameters that affect third phase formation investigated in the past, 

found that the nature of extractant, the metal being extracted, diluent, and temperature, all 

have a role to play
63

. Tetravalent metal ions such as Zr(IV), Th(IV), and Pu(IV) are more 

likely to induce third phase with trialkyl phosphates compared to UO2
2+ 65

. Extractants with 

longer carbon chains have higher third phase formation limits. For, example, tri-iso-amyl 

phosphate has a higher limiting organic concentration than tri-n-butyl phosphate (TBP). With 

respect to the diluent, this trend is reversed; diluents with longer carbon chain length are more 

likely to form third phase than diluents with shorter carbon chain under the same 

experimental conditions. In the extraction of Th(IV) using TBP, tetradecane with 14 carbon 

number forms third phase at lower concentrations of Th(IV) than dodecane which contains 12 

carbon atom(6). A schematic of third phase formation is shown in Scheme 1.1. 
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Scheme 1.1: A schematic of third phase formation showing the concentration of metal 

complexes in the third phase. 

Third phase formation is in essence an aggregation phenomenon. This implies its dependence 

on the nature of interaction or specifically attraction between the metal complexes in the 

diluent medium. Probing interaction parameters between complexes could show much 

promise in understanding the occurrence of the third phase. 

Molecular level studies related to third phase formation have been carried out using 

techniques including UV – Vis absorption and EXAFS (Extended X-ray absorption fine 

structure) to understand third phase formation mechanisms
67, 68

. SAXS (Small angle X-ray 

scattering) and SANS (Small angle neutron scattering) measurements have been employed to 

probe aggregation behaviour of metal complexes which leads to third phase formation
32, 69-71

. 
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Conductometric technique has also been used to detect the formation of third phase
72

. NMR 

studies have been carried out to understand how association and protonation behaviour in 

malonamide complexes influences third phase formation
73

. Scattering techniques are 

effective in the study of matter and their interactions. The probe can be light, neutrons or X-

rays and the techniques viz. light scattering, small-angle neutron scattering (SANS) and 

small-angle X-ray scattering (SAXS) derive their name from which kind of probe is used. 

The feature common to all these techniques is that the radiation (light, neutrons or X-rays) is 

elastically scattered by the sample and the results in a scattering pattern. This pattern when 

correctly interpreted gives information about the size, shape, ordering as well as interactions 

in the sample. SANS and SAXS techniques can provide structural information in the 

nanoscale. X-rays with wavelength in the order of a few Angstroms and neutrons possessing 

De Broglie wavelengths of a similar length scale are employed for such measurements.   

Light scattering requires transparent media to provide any useful information, however, 

SAXS and SANS can penetrate optically opaque samples, widening their application 

potential. Moreover, SANS is more suitable in comparison with SAXS for samples 

containing elements with low atomic numbers. X-rays are scattered by electron density, 

whereas neutrons are scattered by the nucleons in the atom making them very sensitive to 

lighter nuclei e.g. hydrogen, deuterium. Apart from this, neutrons are sensitive enough to 

distinguish between isotopes of the same element as they have very different scattering length 

densities for each isotope.  

A schematic representation of the neutron beam scattered by a sample containing the metal 

complex is shown in Scheme 1.2. An incident neutron beam interacts with the sample and is 

elastically (with change in momentum, but no loss of energy) scattered through an angle 2θ 

with respect to its initial direction. The incident and outgoing scattered beams are associated 
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with wave vectors k and k’, respectively. The vector difference k’−k is the scattering vector 

Q which is a measure of the momentum transfer.  Q is given by the equation: 

𝐐 =
𝟒𝝅𝒔𝒊𝒏𝜽

𝝀
 

In the above equation θ is the half-scattering angle and λ is the mean wavelength of the 

incident neutrons used. The differential scattering cross-section per unit volume (dΣ/dΩ) is 

measured as a function of scattering vector Q. Theoretically, the scattering intensity from a 

collection of particles depends on the form factor P(Q), structure factor S(Q), number density 

of particles (NP) , square of volume of particles (VP), and scattering contrast (ρP−ρS) . The net 

intensity, expressed as a product of these, is given by the equation: 

𝒅𝜮

𝐝𝛀(𝐐)
= 𝑵𝑷𝑽𝑷

𝟐 𝛒𝐏 − 𝛒𝐒 
𝟐𝑷 𝑸 𝑺(𝑸) 

 

 

 

 

 

 

 

 

 

 

Scheme 1.2: Representation of the neutron beam scattered by the sample containing the 

metal complex. The inset depicts the scattering vector Q. 



14 

 

For particles experiencing an attractive force between each other, the value of S(Q) can be 

calculated using Baxter‟s sticky hard-sphere model
74

. The stickiness parameter (τ
−1

) is 

calculated from τ, which is obtained by fitting the data using the Baxter‟s sticky hard-sphere 

model. Further, the potential energy of the interaction (U0) can be obtained from the 

expression:    

𝛕 =
𝝇 + 𝜟

𝟏𝟐𝚫
 𝒆𝒙𝒑 

𝐔𝟎

𝐤𝐁𝐓
  

The diameter of the aggregate (σ), is calculated mathematically assuming the particles to be 

spherical and Δ is the width of the square-well potential. Data are fitted with the two 

independent fitting parameters as stickiness (1/) and size of the aggregate. The stickiness is 

mostly sensitive to low Q region, whereas size is determined from the high Q region. As third 

phase formation is inherently an aggregation phenomenon, sticky hard sphere model is ideal 

for fitting of the SANS data. 

In the present work, for the first time SANS technique has been examined as a probe  to 

predict  third phase before its formation. The numerical value of the stickiness parameter and 

attraction potential energy assigned quantifiable thresholds for the third phase. When these 

thresholds are crossed, there is a likelihood of the third phase occurring. The structure of the 

alkyl chain has striking influences on the third phase formation tendencies. Apart from the 

third phase formation, other extraction parameters e.g. extraction efficacy, specificity and 

ease of synthesis etc. are also influenced by the carbon chain. Changing the family of the 

extractant from phosphate to phosphonate also brings its own influences. Extractants that 

qualify to combine the best of these parameters are the order of the day.  

1.6 Density functional theory for actinide complexes 

The search for an alternate actinide-specific extractant is a long and tedious one. Not only in 

terms of the conditions of specificity, but also screening a number of extractants demands 

involved experimental procedures that pose radioactive hazards. In the case of certain 
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actinides e.g. Bk and Cf, their availability for an experimental investigation becomes a 

limitation. However, alternate extractants and their actinide complexes are of immediate 

interest in the processing of nuclear fuels. An ideal situation would be if new ligands and 

their behaviour towards actinides could be predicted by some means. With such a predictive 

framework in place, the experimental load can be drastically reduced as the sheer number of 

possible alternatives can be narrowed down. Computational chemistry has the power to 

interpret as well as predict the chemical behaviour of several reacting systems; making it a 

marvellous platform for the study of actinide complexation. In the recent past, computational 

chemistry has been a versatile tool in providing insights into the molecular structure, 

dynamics and behaviour of interacting systems. The preference of a certain metal ion towards 

a particular ligand or even weak interactions viz. hydrogen bonding that stabilise certain 

conformers over others can be comprehended through interactions at the molecular scale. 

Computational chemistry has its origins way back in 1928 when attempts to solve the 

Schrödinger equation were made by theoretical physicists of that era with hand-cranked 

calculating machines. In quantum mechanics, a wavefunction provides a complete description 

of a system. The beauty of the quantum mechanical construct is such, that depending on the 

information required of the system, the quantum mechanical operator that operates on the 

wavefunction can be suitably chosen. For every observable in classical mechanics a quantum 

mechanical operator exists. By means of an eigenvalue equation, the properties of the system 

can be obtained as eigenvalues. The time-independent Schrödinger equation is an eigenvalue 

equation in which a quantum mechanical energy operator 𝚮 , operates on a wavefunction Ψ 

yielding the energy of the system as an eigenvalue.  

𝚮 𝚿 = 𝐄𝚿 
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In general an electron distribution is represented by a wavefunction and the operator 𝚮 , also 

known as the Hamiltonian is expanded as follows: where i runs over all the electrons and k 

runs over the nuclei (z) in the system. 

𝚮 = − 
ħ𝟐

𝟐𝐦𝒊
𝒊

𝛁𝒊
𝟐 −  

ħ𝟐

𝟐𝐦𝒌
𝒌

𝛁𝒌
𝟐 −   

𝒆𝟐𝐳𝒌

𝐫𝒊𝒌
𝒌𝒊

+  
𝒆𝟐

𝐫𝒊𝒋
𝒊<𝑗

+  
𝒆𝟐𝐳𝒍𝐳𝒌

𝐫𝒌𝒍
𝒌<𝑙

 

The first two terms represent the kinetic energy of the electrons and nuclei, respectively. The 

third term is the electron nuclear attraction and the last two terms are the electron-electron 

and nuclear-nuclear repulsion, respectively. As the mass of the nuclei or electrons are in the 

denominator of the kinetic energy terms and taking into account the fact that a nucleon is 

~1800 more massive than an electron, this Hamiltonian can be further simplified. In what is 

known as the Born-Oppenheimer approximation, the motion of nuclei is neglected in 

comparison with the electronic motion which is far more rapid. Not only does this 

approximation do away with the nuclear kinetic energy term, it additionally fixes the 

positions of the nuclei, thereby reducing the nuclear-nuclear interaction term to a constant for 

a given nuclear configuration. Thus the Hamiltonian reduces to: 

𝚮 = − 
ħ𝟐

𝟐𝐦𝒊
𝒊

𝛁𝒊
𝟐 −   

𝒆𝟐𝐳𝒌

𝐫𝒊𝒌
𝒌𝒊

+  
𝒆𝟐

𝐫𝒊𝒋
𝒊<𝑗

 

However simplified this operator appears to be, exact solutions to the Schrödinger equation 

exist only for the hydrogen atom or hydrogen-like atoms which contain a single electron. The 

introduction of more electrons introduces both mathematical and conceptual complexity in 

finding exact solutions to such an equation. The maximum complexity arises from the 

question of how one electron‟s motions are correlated to the motion of each of the other 

electrons. Numerous ways to approximately represent electron correlation have been made 

for multi-electron systems and each has its own associated merits and de-merits. At this 

juncture, it is worth noting that the merit of a computational method not only lies in how 
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accurately it describes the real system, but also in the computational feasibility of the 

calculations required to obtain this accurate description.  

Wavefunctions for the electronic orbitals are in the general form exp(-r/a) where „r‟ is the 

radial distance from the nucleus and „a‟ is the first Bohr radius. However for many electron 

systems overlapping wavefunctions of this form are not analytically integrable and numerical 

integration is an impractical alternative. However, functions of the Gaussian form: exp(-r
2
) do 

have analytical  solutions for their overlap integrals and are used to approximate the 

electronic orbitals. To improve the accuracy of such a representation, a linear expansion of 

normalised, linearly independent Gaussian functions (υi), with weighted coefficients (ci) are 

used to represent the actual wavefunctions via a summation. 

𝚿 =  𝒄𝒊𝛗𝒊

𝒏

𝒊=𝟏

 

Each wavefunction is a function of three space variables. Hence, if each wavefunction 

represented an electron, a system with N electrons would be a function of 3N coordinates; 

apart from the space variables, the spin of each electron needs to be included. Moreover, a 

greater number of Gaussian basis functions (υi) in the expansion provide a more accurate 

description of the wavefunction Ψ.  As a consequence, the computational demand for systems 

containing many atoms and therefore electrons becomes larger and larger if accurate 

solutions are to be derived for the ground state properties of the system. This limitation 

coupled with the question of how to deal with electron correlation was largely responsible for 

the birth of a totally different and intuitive way to study the electronic structure of matter: 

Density Functional Theory (DFT). 

DFT was founded in 1964 by Hohenberg and Kohn who ingeniously proved that the total 

electron density ρ(r) was a meaningful and comprehensive variable to work with in order to 

obtain all the necessary information and properties of a system. Hence, instead of operating 
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on the wavefunction which is neither a physical observable nor intuitively simple to picture, 

the Hamiltonian operator operates on ρ(r). Moreover, the integral of ρ(r) over all space 

provides the total number of electrons in the system. The entire construct was based on two 

fundamental theorems. The first theorem states that the ground state energy obtained from the 

Schrodinger equation is a functional of a unique electron density ρ(r). This theorem 

established a one-to-one mapping between the external potential and the electron density. The 

second theorem focuses on the minimisation of this energy and states that the true electron 

density is the one that corresponds to the minimum energy for the given external potential.  

However simple this might sound, visualising the energetics of complex systems and 

geometries through the electron density revolutionised computational chemistry. Not only did 

density functional theory make way for lower computational cost to the calculations for large 

systems, it also provided excellent approximations to the elusive electron correlation term. A 

classic example of a many electron system lacking any symmetry is an actinide complex with 

organic extractants. On these occasions DFT provides an excellent compromise between 

accuracy, computational cost and ease of interpretation.  

Metal-ligand affinity and binding is a complex phenomenon in the sense that there are 

combinations of factors which govern these interactions. Electronic factors like the nature of 

bond, and steric factors like structure of ligand close to the binding site and solvation number 

are some of the parameters that influence the complexation energetics. However, the role of 

complexation energy and its influence on the extraction efficacy and specificity cannot be 

underestimated
75-80

. The steric and electronic factors that operate during the complexation can 

be understood clearly by electronic structure calculations within the framework of DFT. 

Various research groups have explored actinide complexation both theoretically
81-84

 and 

experimentally with organic ligands
85-88

 including phosphorous containing extractants
89-92

. 

Particularly complexes of uranium with thiophosphinates 
93

, phosphonates 
94, 95

, phosphinates 
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96
 and phosphonic acid 

97
 have been explored to a greater extent. Interactions of uranium with 

organophosphorus ligands have also been explored quantum mechanically to understand its 

structure and binding affinities
90, 91

. The present work employs DFT to interpret experimental 

findings and goes further to predict extraction trends and mechanisms in some of the systems.  

The work done in this thesis predominantly pertains to the examination of alternate 

organophosphorous extractants and their application in solvent extraction and extraction 

chromatography for actinide extraction. Though the alternatives are not intended to replace 

TBP for spent fuel reprocessing, the new extractants are synthesised and their solvent 

extraction behaviour with actinides are explored to employ them as potential candidates for 

various other applications in nuclear fuel cycle, e.g. U/Th separation. The difference in 

extraction and specific binding for different metal–extractant systems may be correlated to 

the theoretical binding energetics. Therefore, apart from experiments, density functional 

theory (DFT) studies of actinides complexes using these novel extractants have also been 

carried out. The significant influences of electronic structure of extractants on the tautomeric 

mechanisms, deformation energies, intra-molecular interactions and complexation trends 

have been elucidated using the quantum chemical calculations. 

1.7 Scope of the present work  

Currently, nuclear energy almost solely relies on the fission of uranium, of which 42% is 

mined from secondary reserves
98

. Owing to the abundance of thorium ores in countries like 

Canada, India, and Germany among other nations, researchers have envisioned thorium 

powered nuclear programmes and are making it a fast realizable dream
2, 99, 100

. Thorium used 

for fuel, demands that it be of high purity, and made available in sufficient quantity which is 

required by its fuel cycle. These demands are achievable by solvent extraction process where 

TBP is currently used as an extractant in its separation from monazite
101

. The processing of 

thorium based spent nuclear fuels by THOREX/Interim-23 process also employs TBP as an 
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extractant
102

. The uranium obtained after separation in the THOREX and Interim–23 

processes is invariably contaminated with thorium, which gets co–extracted and needs several 

stages of scrub for its removal. Further, uranium obtained requires additional purification by 

ion exchange or precipitation
103-105

. Tri-sec-butyl phosphate (TsBP) shows higher U/Th 

separation factor compared to TBP owing to its higher extraction of U(VI) due to the 

increased basicity of the phosphoryl oxygen. To employ TsBP for U/Th separation, it is 

essential to understand its extraction behaviour with respect to Th(IV). In the processing of 

irradiated thorium fuel / thorium blanket of FBRs / extraction of Th from monazite, the 

concentration of Th(IV) is  always much higher than U(VI). In this thesis, the extraction 

behaviour of Th(IV) has been examined using TsBP, a branched isomer of TBP. The 

properties of the organic phase viz. Th(IV) concentration, acidity and density have been 

measured as a function of aqueous Th(IV) concentration over a large range. U/Th separation 

has been conventionally achieved by solvent extraction using TBP. 

The success of a thorium based fuel cycle rests on the processing of thorium ores as well as 

the separation of uranium from thorium in the processing of the 
233

U–
232

Th mixtures formed 

in the nuclear reactor. Monazite, a major ore of thorium also contains small amounts of 

uranium
101

. Separation of uranium from a thorium matrix is essential for the utilization of 

thorium for the nuclear fuel cycle. Typically the amount of Th is about 800 times higher than 

that of uranium both in monazite as well as in the 
233

U–
232

Th mixture, where 
233

U is formed 

by neutron capture in a nuclear reactor. In this work selectivity for U(VI) over Th(IV) with 

TsBP has been investigated due to its combined structural and electronic effects close to the 

binding site. Systematic and comprehensive studies at both liquid-liquid as well as solid-

liquid interfaces have been carried out under a wide range of experimental conditions.  

In addition to solvent extraction, chromatography is a versatile separation method extensively 

employed by analytical chemists
106

. Remarkable separation of elements from aqueous media 
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with higher acid concentrations have been achieved by extraction chromatography 
107

. A 

number of extractants such as TBP
108

, di-(2-ethylhexyl)phosphoric acid
109

, di-(2-ethylhexyl) 

dithiophosphoric acid
110

, diamylamyl phosphonate
111

, have been used in the past for the 

recovery of metal ions from aqueous solutions. Different parameters such as surface area, 

pore size and the chemical nature of the support material can influence the behavior of 

extractants coated on to an inert support. The extraction of metal ions by extractants 

physically impregnated on to a solid support, are achieved by this technique.  Extractant 

molecules are adsorbed by van der Waals interactions on the resin surface. This weak 

interaction enables the capacity of extraction chromatographic resins to be fine tuned by 

varying the percentage of the extractant. Both inorganic and organic materials viz. silica 

gel
112-115

, cryptomelane-type hydrous manganese dioxide
116

, styrene-DVB copolymer
117

, 

poly(4-vinyl pyridine)
118

, etc. have been employed as supports depending on the requirement. 

Warshawsky et. al. have demonstrated the excellent capacities of the polymeric adsorbent, 

Amberlite XAD series resins for various extractants
118

 and this has been chosen in the present 

study. For the first time, TsBP modified chromatographic columns have been employed for 

this purpose. Strategically optimized conditions of loading and elution stages for varying 

U/Th feed ratio were examined and employed to demonstrate the feasibility of a specific 

ligand coated column for the tail-end purification of aqueous product containing U(VI) and 

Th(IV).  

Third phase studies on the Th(IV) using SANS have been carried out and also compared with 

the U(VI) system. The variation in the SANS profiles, stickiness parameter and attraction 

potential energy have been examined as a function of three parameters influencing third 

phase formation phenomena. The effects of extractant, metal ion concentration and 

temperature have been systematically investigated. Our studies using SANS indicate 

prediction of third phase formation behaviour and these results are discussed. 
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The extraction of tetravalent cerium by TBP from nitric acid is important historically for rare-

earth-element refining and also finds immediate application in nuclear fuel reprocessing
119, 

120
. The tetravalent oxidation state of cerium is particularly of interest in the context of the 

nuclear fuel cycle due to its chemical similarity with Pu(IV), as observed in aqueous 

solutions
121

, solid state
122

 as well as quantum mechanically
123

. Extraction isotherms of 

Ce(IV), however, are challenging to obtain, mainly because of the strong oxidizing power of 

tetravalent cerium which  gets converted to Ce(III) readily. The extraction system is further 

complicated by the formation of third phase, whose composition is not fully understood
124

. In 

this light, in a preliminary study, third phase formation behaviour of Ce(IV), which is 

chemically very similar to Pu(IV) and often used as surrogate for Pu(IV) has been examined 

in this work.  

Studies in the past have mainly been on phosphate ligands, and little has been explored on 

phosphonates, and particularly H–phosphonates. In general, higher homologues within a 

given class of compounds have been examined, but not the effects of branching at different 

positions in the alkyl chain in phosphonates. In this context, members of the 

organophosphorous family, namely phosphonates have been examined for the structural 

effects of carbon chains on the extraction behaviour towards actinide ions. Changes in the 

carbon chain structure and length in dialkylalkyl phosphonates have been systematically 

examined during the extraction of U(VI), Th(IV), Pu(IV) and Am(III). The dual, pH 

dependent keto-enol extraction mechanisms shown by H-phosphonates have also been 

investigated.  

Electronic structure calculations in the framework of DFT have been carried out to elucidate 

the steric and electronic factors that operate during metal-ligand complexation. The 

preferential complexation of U(VI) over Th(IV) with TsBP compared to  TBP has been 

addressed. Calculations on dialkylalkyl phosphonates validated the experimental effects of 
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the carbon chain length on the extraction ability towards actinides which is modulated by the 

varying basicity of the phosphoryl group. Binding energy of branched H-phosphonates with 

U(VI) and Am(III) has  been explored. Further the keto and enol mechanisms of extraction 

have been considered for the complexation studies with U(VI). Ce(IV) complexes with TBP 

and TsBP and Ce(III) complex with TBP has been optimised and employed for complexation 

energy calculations. The change in the oxidation state of the metal ion reverses the 

experimental extraction trends and this has also been corroborated by the theoretical study. 

Beyond binding energy calculations, for the first time, the difference in third phase formation 

tendency has been rightly indicated by theoretical calculations and Ce(IV) system with TBP 

and TsBP has been used as an example. 

The success of the theoretical calculations in validating experimental trends motivated a 

further step to use DFT in a predictive form. Quite often quantum chemistry has been highly 

successful in predicting new molecules or phenomena, which subsequently have been 

validated experimentally not only for usual chemical systems
125

 but also for various actinide-

lanthanide complexes
126, 127

. One of the factors that determine the stable geometries and 

energetics of reacting systems is hydrogen-bonding stabilisation. Among different types of 

weak hydrogen bonds, the CH···O variant has received significant attention over the past 

several decades
128-132

. Apart from conventional molecules and biological macromolecules, 

hydrogen bonding has been shown to play an important role in the adsorption and separation 

processes involving metal-organic frameworks
133-135

. Recently, the strong effect of non-

covalent interactions and particularly synergistic role of hydrogen-bonding in various 

coordination compounds have been reviewed comprehensively
136, 137

. These have elaborated 

on the hydrogen bonding mediated stabilisation of unusual geometries, including 

intermediates and the selective activation of normally inactive ligands. Hydrogen bonding in 

the stabilisation of transition metal complexes
138, 139

 and also in the bridging of 
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organophosphorous compounds of the phosphine family
140

 have been reported.  However, 

reports on the role of hydrogen bonding in the complexation of actinides or stabilization of 

actinide complexes are not many in the literature
88, 141-144

. In this context, Raymond and co-

workers 
144

 proposed that tailor-made ligands can be designed by exploiting the functional 

groups present in the ligand in order that a desired metal-ligand complex can be preferentially 

stabilized through hydrogen-bonding interactions thereby leading to selective extraction of a 

particular metal ion from a mixture. This aspect is very important especially in the nuclear 

industry where valuable metal ions need to be extracted and long-lived radioisotopes are to be 

separated for efficient management of nuclear wastes. In this light, uranyl complexes with 

branched H phosphonates with the amyl carbon chain have been used as a model system for 

binding energy predictions. Theoretical calculations are taken-up on the stability for a uranyl 

nitrate complex with a branched ligand, as compared to the compositionally analogous uranyl 

nitrate complex with the linear chain ligand. The weak hydrogen-bonding interactions leading 

to the stabilisation of the uranyl complex with the branched isomer have been examined.  The 

theoretical predictions are experimentally verified by carrying out solvent extraction studies.   

In addition to predictions founded on weak interactions such as hydrogen bonding, the bond 

between the actinide and ligand can be theoretically analysed to shed light on the actinide 

specificity of ligands. A potential application of such an analysis lies in the quest for ligands 

towards minor actinide partitioning. Minor actinides viz. Am, Cm and Np are very similar to 

lanthanides (occur as fission products) in their chemical behaviour. The metal-ligand 

interaction at the molecular scale is important to select suitable ligands to partition minor 

actinides from fission products. Spent nuclear fuel contains a variety of isotopes, of which the 

un-burnt fuel materials uranium and plutonium are recovered and recycled
145-147

. In the 

remaining elemental mixture which is disposed as nuclear waste, lanthanides form the largest 

proportion
148

. Neutron capture by uranium and plutonium in the reactor, produce minor 
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actinides such as Am, and Cm. These actinides along with some of their daughter products 

are long-lived alpha emitters, making the nuclear waste more hazardous as well as increasing 

the waste storage time. Partitioning of minor actinides from lanthanides is vital both in terms 

of the safe storage of nuclear waste, as well as for the transmutation of minor actinides to 

reduce their radio-toxicity
149-151

. Some lanthanides are neutron poisons (Sm and Gd) and their 

presence does not allow effective transmutation of the actinide element by neutron 

bombardment
152, 153

.  

The early actinides can be separated from trivalent lanthanide elements by exploiting their 

characteristic to exist in multiple oxidation states
154-156

. However, along the actinide period 

the 5f orbital tends to become increasingly localised making the trans-plutonium actinides 

very lanthanide-like in their chemistry
157

. The predominant trivalent oxidation state of 

heavier actinides, coupled with the similarity in ionic radii with lanthanides places higher 

demands on ligand specificity for their separation
158-160

. Nevertheless, a saving grace is the 

relative diffusivity of the 5f orbitals compared to 4f, which in turn enables more covalent 

interactions of actinides with soft donor ligands compared to those seen in the equivalent 

lanthanide complexes. It has been found that the cyanex class of compounds have displayed 

good separation factors for Am(III) and Cm(III) over the lanthanide elements
77

. Cyanex 

301
152, 161, 162

 with two S donor sites, cyanex 272
163, 164

 with two oxygen donor sites and 

cyanex 302
164, 165

 with mixed S and O donor sites have been investigated and proved 

successful for the separation of the minor actinides  
162

. Energy decomposition analysis 

(EDA) of complexes of cyanex 301 with trivalent Am, Eu, La and Lu have been carried out 

by Bhattacharya et. al. and showed that there is greater covalency in the Am complexes 

compared to the three lanthanides
77

. The ability of cyanex 301 to separate Am
3+

 from 

lanthanides has been attributed to the increased covalency shown by Am. Recently, Batista 
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and co-workers tested complexes of Am, Cm, Bk and Cf with dipicolinic acid (DPA) for their 

thermodynamic property of binding energy 
166

.  

Furthermore, an octadentate ligand N,N,N‟N‟-tetrakis[(6-carboxypyridin-2-

yl)methyl]ethylenediamine (TPAEN) has been investigated experimentally and found to 

complex Am(III) and Cm(III) with higher stability constants compared to the lanthanides
167, 

168
. From previous experimental and theoretical reports, it is likely that covalency driven 

preferential bonding to actinides over lanthanides by certain ligands is a key marker in 

choosing extractants for minor actinide partitioning. Moreover, elucidation of the nature of 

chemical bonding in heavy actinide complexes through EDA
169

 has never been reported in 

the literature. It is worth mentioning that EDA has been highly successful in the elucidation 

of nature of bonding in various chemical systems including metal-ligand complexes
170-175

. In 

this thesis, the actinide-ligand interaction energy is explicitly decomposed into Pauli 

repulsion, electrostatic interaction and orbital interaction which are related to covalency of 

the bond.  Through this the covalency in heavy actinide (Am, Cm, Bk and Cf) complexes has 

been investigated for the DPA, TPAEN and Cyanex class of extractants.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

“Attitude is a little thing that makes a big 
difference” 

~ Winston Churchill 
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EXPERIMENTAL 

2.1 Materials 

Extractants: Tri-n-butyl phosphate (TBP) was obtained from Sigma Aldrich and used after 

washing with dilute sodium carbonate solution (0.2 M) after which the impurities and the 

residual base were removed by washing with distilled water. The extractants, TsBP, TiBP and 

TsAP have been synthesized by condensation reaction between POCl3 with stoichiometric 

equivalent of corresponding alcohol in the presence of pyridine 
60, 63

. After synthesis, the 

product was washed with 0.2M sodium carbonate solution and water. It was further purified 

by distillation under reduced pressure. The absence of acidic impurities, such as dialkyl and 

monoalkyl phosphoric acids, in TBP and TsBP, was ascertained by measuring the D values 

for the extraction of U(VI) from 0.01M HNO3 medium into a 0.183M solution of trialkyl 

phosphate in n-DD. Phosphorus trichloride (Fluka), 1-butanol, iso–butanol, sec–butanol 

(Merck), toluene, iso–amyl alcohol (Merck), iso–butyl bromide, iso–amyl bromide, 

bromohexane, bromobutane were obtained from Lancaster. 

Solvents: Diluents dodecane (DD) and deuterated dodecane (C12D26) (Lancaster synthesis 

Ltd., England) were used as such without further purification 

Resin: XAD -7 resin (Dow Chemicals, USA) was washed with dilute nitric acid to remove 

metal ion impurities, followed by water and acetone to remove monomer impurities and then 

dried. 40 wt% TBP/TsBP impregnated resins with XAD–7 were prepared by dissolving the 

neat extractant in ethanol: water (60:40) mixture, followed by equilibration with XAD–7 

resin for 24 hours. Subsequently, the solution was filtered and the resin was dried under 

vacuum.   

Complexing agents: Diethylenetriaminepentaaceticacid (DTPA) and 2,6– 

Pyridinedicarboxylic acid (PDCA) (Lancaster Synthesis Ltd., England) have been used for 
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the complexometric analysis of Th(VI) and U(VI), respectively. Ferrous ammonium sulphate 

and potassium dichromate (Ranbaxy) were used as received.  

Indicators: Xylenol orange indicator (TCI, Tokyo, Japan) was used as received. Barium 

diphenylamine sulphonate (Merck) was used as received. 

Metal nitrates: Nuclear grade thorium nitrate (Indian Rare Earths Ltd., Mumbai, India) was 

used as received without further purification. Nuclear grade uranyl nitrate UO2(NO3)2.6H2O 

obtained from Nuclear Fuel Complex, Hyderabad, India, was used as received. Ce(IV) nitrate 

was prepared by dissolving ceric oxide in hot concentrated nitric acid (16N HNO3) with the 

addition of micromole quantities of hydrofluoric acid. The hydrofluoric acid was removed by 

evaporation and the acidity of the ceric nitrate solution was adjusted to 4M by dilution with 

0.5M nitric acid. 
233

U was purified by extraction in the form of uranyl nitrate from 4M nitric 

acid with 5% TBP/n–dodecane; this was followed by scrubbing with 4M nitric acid and 

stripping with dilute nitric acid. This procedure was adopted for separation of 
233

U from 

impurities and was used as tracer for uranium extraction studies. Am(III) solution was 

prepared by dissolving Am2O3 in concentrated HNO3 (~16N) and diluting to the desired 

concentration. The plutonium solution in IV oxidation state was prepared by taking an 

appropriate quantity of Pu stock in 1M nitric acid. The oxidation state of Pu was maintained 

as Pu(IV) by the addition of 0.1mL of 2.5M NaNO2 and Pu(IV) was extracted with 0.5M 

TTA/xylene. The organic phase containing Pu(IV)was scrubbed with 1M HNO3 and stripped 

with 8M HNO3.  The aqueous phase (strip solution) was washed twice with equal volume of 

𝑛-hexane to remove the entrained organic phase. The stock solution was used for preparing 

aqueous Pu(IV) solutions for solvent extraction experiments.  

Feed solutions: The feed solutions used for the solvent extraction and extraction 

chromatography studies were prepared by carefully mixing the required quantities of U(VI) 
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and Th(IV) stock solutions and then adjusting the acidity by adding calculated amounts of  

16M  HNO3. 

2.2 Instruments 

A Shimadzu model UV-3600 spectrophotometer with a wavelength range of 200-800 nm and 

a quartz cuvette with a path length of 1 cm were used for measuring the absorbance of 

various metal complexes.  

Infrared spectra were recorded in the range 4000 to 600 cm
-1

, using a Bruker Alpha table top 

FTIR spectrometer, operated in ATR mode with a resolution of 2 cm
-1

. 1H and 31P [1H]–

NMR spectra were recorded by BRUKER DMX–400 and all 1H chemical shifts were 

reported relative to the residual proton resonance in deuterated solvents (all at 25°C, CDCl3). 

H3PO4 was used as an external standard for 31P [1H]–NMR. 

The H–phosphonates were analysed for their molecular weight using a Perkin Elmer GC-MS 

instrument. Infrared spectra of the samples were recorded in the range 4000 to 500 cm
-1

, 

using a Vertex 70 FTIR spectrometer, operated at a resolution of 0.5 cm
-1

 using liquid N2 

cooled mercury cadmium telluride (MCT) detector. 

ESI MS analysis was carried out using an Applied Biosystems 3200 QTRAP LC/MS/MS 

system in the mass range of m/z 80 to 1700. Optimized conditions were as follows: Ion spray 

Voltage 3.2 kV; Declustering Potential (DP) 50 V, Entrance Potential (EP) 10 V. 

2.3 Experimental methods 

Preparation of extractant solutions in dodecane 

The required molarity of extractant solutions in dodecane were prepared by taking an 

appropriate quantity of extractant (on weight basis) in a standard flask, and making up the 

volume with dodecane . Prior to solvent extraction experiments, the extractant solutions were 

washed by equilibrating with 5M NaOH for two hours to remove any acidic impurities 

present in the extractant. The NaOH traces were removed from the organic phase by washing 
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it several times with water until the wash water was nearly neutral. The purity of the 

extractants was established using gas chromatographic technique (> 98%). 

Extraction of metal nitrates  

A solution of metal nitrate in HNO3 medium was equilibrated with an organic phase (required 

molarity of extractants in n-DD). Equal volumes of aqueous and organic phases along with a 

magnetic stirring bar were taken in an equilibration tube. During these experiments, 

temperature was maintained at 303K by placing the flask in a water bath contained in a 

double walled jacket. The two phases were equilibrated for 30 minutes by stirring at a speed 

enough to mix the two phases. During equilibration, some of the acid gets extracted to the 

organic phase and aqueous acidity decreases. Acidity of the aqueous phase was maintained at 

the required concentration by adding few drops of conc. nitric acid (16M) and equilibrating 

again such that the final equilibrium aqueous concentration of acid was as required. The 

aqueous and organic phases were allowed to separate and settle before the aliquots were 

pipetted out.  Microlitre glass pipettes of the required capacities ranging from 25 – 500 µL 

were used to pipette the aliquots of desired volume required for the analysis of U(VI), Th(IV) 

and H
+
 in the organic and aqueous phases. The third phase and diluent phase volumes at 

equilibrium were measured by dividing the total mass of the organic phase by its density to 

find out VDP/VTP ratio. 

For the SANS studies,  concentrations of thorium and nitric acid were adjusted such that the 

equilibrium aqueous acidity was 1M and the organic phase thorium loading was 20, 30 and 

40g/L for each extractant system. These concentrations were chosen such that the organic 

phase loading does not exceed the LOC, after which the organic phase splits into a third 

phase and a diluent rich phase
63

.  
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Kinetics of U(VI)/Th(IV) sorption on resin 

For the kinetics experiments using coated resins, 2 mL of feed solutions at 4M acidity 

containing 100ppm of Th(IV) or U(VI) were equilibrated with 100mg of the coated resins 

and the aqueous metal concentrations were estimated as a function of time. For U(VI) – TsBP 

kinetic study, a 200pm U(VI) feed at 4M acid was used as the distribution ratio, “D” values 

were in general higher in this case. 

2.4 Synthesis and characterisation of H–phosphonates 

One equivalent of phosphorous trichloride (PCl3) was dissolved in twice the volume of 

dichloromethane and stirred in a round bottom flask kept in an ice bath. Three equivalents of 

the appropriate alcohol (eg. 1-butanol, iso-butanol, sec- butanol) diluted in two volumes of 

dichloromethane were added drop–wise to the cooled reaction flask. After the addition, the 

reaction was stirred over-night and then quenched with an ice water mixture. Hydrochloric 

acid was a by–product, which was removed by washing with sodium carbonate until the wash 

water was basic. The aqueous and organic phases were subsequently separated using a 

separating funnel and the organic phase was thoroughly washed with water to remove excess 

carbonate and any other water soluble impurities. Sodium sulphate was added to the 

separated organic phase and left to stand in order to remove any moisture present in the 

organic phase. Finally, organic phase containing the product was placed in a rotary 

evaporator for 3 hours to remove the volatile solvent (dichloromethane) and other impurities. 

The reaction scheme is represented in Scheme 2.1. 

Scheme 2.1: Preparation route for H–phosphonates from the starting materials phosphorous 

trichloride and branched alcohol. 
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The 
1
H and 

31
P NMR spectra of Dibutyl H-phosphonate (DBHP), Di-iso-butyl H-

phosphonate (DiBHP), and Di-sec-butyl H-phosphonate (DsBHP) are furnished (Figures 2.1-

2.6 and the structure of the corresponding phosphonates is provided in the insets. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: 
1
H NMR spectrum of Dibutyl H phosphonate (DBHP) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: 
31

P NMR spectrum of Dibutyl H phosphonate (DBHP) 
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Figure 

2.3: 
1
H NMR spectrum of Di-iso-butyl H phosphonate (DiBHP) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: 
31

P NMR spectrum of Di-iso-butyl H phosphonate (DiBHP). 
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Figure 2.5: 
1
H NMR spectrum of Di-sec-butyl H phosphonate (DsBHP) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: 
31

P NMR spectrum of Di-sec-butyl H phosphonate (DsBHP). 
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DBHP: DBHP was obtained by the reaction of 0.3 moles of PCl3 and 0.9 moles of 1–butanol 

yielding DBHP as a colourless liquid (yield ~ 90%). 
1
H NMR (400MHz, CDCl3) δ=7.65 and 

5.92 (1H, P–H), 4.09–4.03 (4H, P–O–CH2), 1.69–1.62 (4H, P–O–CH2–CH2), 1.44–1.35 (4H, 

P–O–CH2–CH2–CH2), 0.94–0.90 (6H, P–O–CH2–CH2–CH2–CH3). 
31

P NMR(162.01 MHz, 

CDCl3)  δ = 9.96, 5.68. 

DiBHP: DiBHP was obtained by the reaction of 0.3 moles of PCl3 and 0.9 moles of 2–methyl 

propan–1–ol yielding DiBHP as a light yellow liquid (yield~90%). 
1
H NMR(400MHz, 

CDCl3) δ=7.66 and 5.93 (1H, P–H), 3.87–3.78 (4H, P–O–CH2), 1.99–1.88 (2H, P–O–CH2–

CH), 0.95–0.93 (12H, P–O–CH2–CH–CH3). 
31

P NMR(162.01 MHz, CDCl3)  δ=9.96, 5.68.
 

31
P NMR(162.01 MHz, CDCl3)  δ=10.06, 5.78. 

DsBHP: DsBHP was obtained by the reaction of 0.3 moles of PCl3 and 0.9 moles of 2–

butanol yielding DsBHP as a colourless liquid (yield~85%). The 
1
H NMR spectra of DsBHP 

(Fig. 5S in the SI) shows, δ 7.71 and 5.99 (1H, P–H), 4.56–4.44 (2H, P–O–CH), 1.73–1.54 

(4H, P–O–CH–CH2), 1.34–1.32 (6H, P– O–CH–CH3), 0.96 – 0.92 (6H, P–O–CH–CH2–CH3). 

31
P NMR (162.01 MHz, CDCl3) δ = 9.96, 5.68. 

The proton-coupled 
31

P NMR spectra of DBHP, DiBHP and DsBHP (Figures 2S, 4S and 6S 

in the SI) show two signals at δ=5.68, 9.96 (DBHP), 5.78, 10.06 (DiBHP) and 3.25, 7.50 

(DsBHP). The P=O group couples with P-H and the corresponding coupling constants are 

1
JPH=693.4 for DBHP and DiBHP and 

1
JPH=688.5 for DsBHP. The coupling constant is 

reduced by 5 units in the case of DsBHP, which indicates that branching near the P=O group 

has an effect on the P–H coupling. 
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The GC–MS spectra of DBHP, DiBHP and DsBHP (Figure.2.7–2.9, respectively) are shown. 

Protonated molecular mass peaks are seen at m/z = 195 in the case of all the three extractants 

DBHP, DiBHP, DsBHP (M. W. = 194). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: GC – MS spectrum for DBHP 
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Figure 2.8: GC – MS spectrum for DiBHP 
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Figure 2.9: GC – MS spectrum for DsBHP 

 

The 
1
H and 

31
P NMR spectra of Diamyl H-phosphonate (DAHP), Di-iso-amyl H-

phosphonate (DiAHP), and Di-sec-amyl H-phosphonate (DsAHP) are given (Figures 2.10-

2.15) and the structure of corresponding phosphonates is provided in the insets. 
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Figure 2.10: 
1
H NMR spectrum of Diamyl H phosphonate (DAHP) 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 2.11: 
31

P NMR spectrum of Diamyl H phosphonate (DAHP) 
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Figure 2.12: 
1
H NMR spectrum of Diisoamyl H phosphonate (DiAHP) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: 
31

P NMR spectrum of Diisoamyl H phosphonate (DiAHP). 
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Figure 2.14: 
1
H NMR spectrum of Disecamyl H phosphonate (DsAHP) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15: 
31

P NMR spectrum of Disecamyl H phosphonate (DsAHP). 

DAHP: DAHP was obtained by the reaction of 0.3 moles of PCl3 and 0.9 moles of amyl 

alcohol (1–pentanol) yielding DAHP as a colourless liquid (yield ~ 70%). 
1
H NMR 

(400MHz, CDCl3) δ=7.69 and 5.96 (1H, P–H), 4.15–4.02 (4H, P–O–CH2), 1.76–1.66 (4H, P–
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O–CH2–CH2), 1.44–1.31 (8H, P–O–CH2–CH2–CH2 and P–O–CH2–CH2–CH2–CH2 ), 0.98–

0.86 (6H, P–O–CH2–CH2– CH2–CH2–CH3). 
31

P NMR(162.01 MHz, CDCl3)  δ = 9.93, 5.66. 

DiAHP: DiAHP was obtained by the reaction of 0.3 moles of PCl3 and 0.9 moles of isoamyl 

alcohol (3–methyl butan–1–ol) yielding DiAHP as a light yellow liquid (yield~70%). 
1
H 

NMR(400MHz, CDCl3) δ=7.66 and 5.94 (1H, P–H), 4.16–3.84 (4H, P–O–CH2), 1.81–1.67 

(2H, P–O–CH2–CH2–CH), 1.66–1.39 (4H, P–O–CH2–CH2), 0.97–0.90 (12H, P–O–CH2–

CH2–CH–CH3). 
31

P NMR(162.01 MHz, CDCl3)  δ=9.96, 5.68.
 31

P NMR(162.01 MHz, 

CDCl3)  δ=10.06, 5.78. 

DsAHP: DsAHP was obtained by the reaction of 0.3 moles of PCl3 and 0.9 moles of 2–

butanol yielding DsAHP as a colourless liquid (yield~65%). The 
1
H NMR spectra of DsAHP 

shows, δ 7.65 and 5.93 (1H, P–H), 4.59–4.42 (2H, P–O–CH), 1.68–1.50 (6H, P–O–CH–

CH3), 1.48–1.28 (8H, P–O–CH–CH2 and P–O–CH–CH2–CH2 ), 0.93–0.79 (6H, P–O–CH–

CH2–CH2–CH3). 
31

P NMR (162.01 MHz, CDCl3) δ = 7.44, 3.19. 

2.5 Synthesis and characterisation of dialkylalkyl phosphonates 

Branched dialkylalkyl phosphonates were synthesised from the H–phosphonates obtained by 

the reaction between PCl3 and the required branched alcohol (iso–butanol, iso–amyl alcohol). 

One equivalent of branched dialkyl H–phosphonate was reacted with one equivalent of 

sodium metal in an inert atmosphere (Ar). 2 to 3 volumes of toluene were used as a solvent 

medium. The mixture was stirred in an ice bath until the sodium dissolved. Alkyl bromide 

diluted in toluene was then added drop wise. The mixture was then transferred to an oil bath 

at 120°C and stirred for an additional 5 hours under an inert atmosphere. The reaction was 

quenched with ice cold water and the phases separated. Toluene from the organic phase was 

removed by the rotary evaporator. Dichloromethane was added to the organic phase which 

was stirred with an equal volume of 4M NaOH for 2 hrs. The product was again placed in a 
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rotary evaporator until all the solvents were removed. The reaction scheme is shown in 

Scheme 2.2. 

 

 

 

 

 

 

 

 

 

 

Scheme 2.2: Preparation route for dialkylalkyl phosphonates by a two step reaction between 

branched H – phosphonate and bromoalkane. 

If the alkyl group attached to phosphorous has same carbon chain as in the phospho–ester 

group, phosphonate is termed as symmetrical. If not, dialkylalkyl phosphonate is termed as 

unsymmetrical. Hence, DiBiBP and DiAiAP are symmetrical, whereas DiAButylP and 

DiAHexylP are unsymmetrical.  

The 
1
H and 

31
P NMR spectra of Diisobutylisobutyl phosphonate (DiBiBP), 

Diisoamylisoamyl phosphonate (DiAiAP) and unsymmetrical Diisoamylbutyl phosphonate 

(DiAButylP) and Diisoamylhexyl phosphonate (DiAHexylP) (Figures 2.16-2.23) and the 

structure of the corresponding phosphonates is provided in the insets. 
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Figure 2.16: 
1
H NMR spectrum of DiBiBP 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17: 
31

P NMR spectrum of DiBiBP 
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Figure 2.18: 
1
H NMR spectrum of DiAiAP 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19: 
31

P NMR spectrum of DiAiAP 
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Figure 2.20: 
1
H NMR spectrum of DiAButylP 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21: 
31

P NMR spectrum of DiAButylP 
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Figure 2.22: 
1
H NMR spectrum of DiAHexylP 

 

 

 

 

 

 

 

 

 

 

Figure 2.23: 
31

P NMR spectrum of DiAHexylP 

DiBiBP:  DiBiBP was obtained by the procedure outlined above using diisobutylisobutyl H – 

phosphonate as the starting material and coupling with isobutyl bromide.  A light yellow 

liquid was obtained with a yield of ~30%.
 1

H NMR of DiBiBP (Figure 2.16) (400MHz, 

CDCl3) δ=7.65 shows 3.77 – 3.74 (4H, P–O–CH2), 2.13 – 2.04 (1H, P–CH2–CH), 2.02 – 1.83 
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(2H, P–O–CH2–CH), 1.72–1.62 (2H, P–CH2), 1.09–1.00 (6H, P–CH2–CH–CH2), 0.99 – 0.85 

(12H, P–O–CH2–CH–CH3). 
31

P NMR (162.01 MHz, CDCl3) δ = 31.48 (Figure 2.17). 

DiAiAP: DiAiAP was obtained by a similar procedure outlined above. Diisoamyl H – 

phosphonate was used in the reaction with sodium and subsequently isoamyl bromide was 

used in the coupling reaction. A colourless liquid was obtained with a yield of ~30%. 
1
H 

NMR of DiAiAP (Figure 2.18), (400MHz, CDCl3) δ=7.66 shows 4.14 – 3.72 (4H, P–O–

CH2), 1.80 – 1.67 (4H, P–O–CH2–CH2), 1.01 – 0.84 (18H, P–O–CH2–CH2–CH–CH3) and 

1.66 – 1.41 are assigned to the remaining 6 intermediate hydrogen atoms in the carbon chains 

and marked in the inset. 
31

P NMR (162.01 MHz, CDCl3) δ= 33.72 (Figure 2.19). 

DiAButylP: DiAButylP was obtained by using diisoamyl H-phosphonate as the starting 

material and butyl bromide in the coupling reaction. A colourless liquid was obtained with a 

yield of ~50%.  The 
1
H NMR spectra of DiAButylP (Figure 2.20) shows 4.09 – 3.71 (4H, P–

O–CH2), 0.93 – 0.85 (15H, P–O–CH2–CH2–CH–CH3) and 1.76 – 1.31 are assigned to the 

remaining 12 intermediate hydrogen atoms in the carbon chains and marked in the inset. 
31

P 

NMR (162.01 MHz, CDCl3) δ = 32.65 (Figure 2.21). 

DiAHexylP: DiAHexylP was obtained by using diisoamyl H – phosphonate as the starting 

material and hexyl bromide in the coupling reaction. A colourless liquid was obtained with a 

yield of ~50%. The 
1
H NMR spectra of DiAHexylP (Figure 2.22) δ 7.71 shows 4.11 – 3.72 

(4H, P–O–CH2), 0.97 – 0.80 (15H, P–O–CH2–CH2–CH–CH3) and 1.78 – 1.13 are assigned to 

the remaining 16 intermediate hydrogen atoms in the carbon chains and marked in the inset. 

31
P NMR (162.01 MHz, CDCl3) δ = 32.70 (Figure 2.23). 

The GC–MS of DiBiBP, DiAiAP, DiAButylP and DiAHexylP are shown in Figures 2.24–

2.27, respectively. Protonated molecular mass peaks are seen at m/z = 251 in the case of 

DiBiBP (M.W = 250g/mol), m/z = 293 for DiAiAP (M.W = 292g/mol), m/z = 279 for 

DiAButylP (M. W. = 278g/mol) and m/z = 307 for DiAHexylP (M.W = 306g/mol). 
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Figure 2.24: GC – MS spectrum for DiBiBP  
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Figure 2.25: GC – MS spectrum for DiAiAP  
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Figure 2.26: GC – MS spectrum for DiAButylP  
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Figure 2.27: GC – MS spectrum for DiAHexylP  

2.6 Measurement of physicochemical properties  

Measurement of density 

Density is an important parameter for a system to qualify as a suitable extractant for the 

solvent extraction process. The density difference between aqueous and organic phases must 

be large enough in order to minimise phase separation time. Density of the synthesised 
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extractants was measured using a 500µL glass pipette. The density was calculated from the 

weight difference of pipette before and after it was filled with the compound.  

Measurement of viscosity 

Viscosity of an extractant influences mass transfer between phases. It plays a vital role in 

predicting the nature of flow in any process. Measuring viscosity is useful in the calculation 

of power requirements for the unit operations such as mixing, pipeline design and pump 

characteristics. Viscosity of a fluid can be determined by measuring the time of flow of a 

given volume of liquid through a vertical capillary under the influence of gravity:  

𝜼 =
𝝅𝜟𝒑𝒕𝒓𝟒

𝟖𝒍𝑽
 

Where  𝜂 is the viscosity of the fluid,  𝛥p is the difference in the pressure between two ends 

of the tube, t is the time for volume V to flow out, r is the radius of the capillary and l is the 

length of the capillary 
176

. With both ends of the viscometer tube open:  

𝜼 =
𝝅𝒉𝝆𝒈𝒕𝒓𝟒

𝟖𝒍𝑽
 

Where h is difference in height between the liquid levels in the two reservoirs used in the 

experiment, ρ is density of the liquid and g is acceleration due to gravity. For a given volume 

of liquid and a given viscometer 

𝜼 = 𝒌𝝆𝒕 

Where  𝑘 =
𝜋ℎ𝑔𝑟4

8𝑙𝑉
  

Additionally viscosity is related to the activation energy of liquid flow 𝐸𝑎 , by the equation 

𝜼 = 𝑨𝒆
𝑬𝒂
𝑹𝑻  

Where 𝐴 is a constant, T is the temperature and R is the gas constant. 

The viscosity of the synthesised H-phosphonate and dialkylalkyl phosphonate extractants has 

been measured by Oswald viscometer
177

. A known volume (∼ 15mL) of liquid was taken in 

the viscometer and time taken by the liquid to flow through the marked region of the Oswald 

viscometer was measured. The driving pressure 𝑝 at all stages of the flow of a liquid is given 
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by ℎ𝜌𝑔, where ℎ is the difference in  heights of  liquid in upper and lower bulb, 𝜌  density of  

liquid and 𝑔  acceleration due to gravity. The viscosity of fluids can be evaluated by the 

comparative method where one of the fluids is water, whose density and viscosity as a 

function of temperature are well reported in the literature. The viscosity of the fluid of 

interest can be determined using the following expression. 

𝜼𝒆

𝜼𝒘
=

𝝆𝒆𝒕𝒆

𝝆𝒘𝒕𝒘
 

Where 𝜂𝑒 , 𝜌𝑒and 𝑡𝑒  are the viscosity, density and time taken for an extractant to pass through 

marked region of viscometer of fluid to be determined.  𝜂𝑤 , 𝜌𝑤and 𝑡𝑤  are viscosity, density 

and the time for the water system under identical conditions. Viscosity measurements were 

carried out for the extractants and the natural logarithm of viscosity was plotted against the 

inverse of temperature. Linear plots were obtained and from the slope of the graphs, 

activation energy was calculated as slope of the graphs give Ea/R. 

2.7 Extraction of metal ions 

Measurement of aqueous solubility 

An equal volume of extractant and distilled water were equilibrated in a glass equilibration 

tube for 8 h . The two phases were transferred to a separating funnel and allowed to settle for 

24 h. Once the phase separation was complete, the aqueous layer was carefully separated 

using a pipette and analysed for the total carbon content using Total Organic Carbon (TOC) 

analyser. The solubilities of the H–phosphonates were determined by this method. 

Extraction of Uranium tracer 

Uranium extraction was carried out using 
233

U isotope at tracer level. Its high specific activity 

allows D values to be measured using liquid scintillation counting (LSC). 1.1M solutions of 

three extractants (DBHP, DiBHP, and DsBHP) were prepared in toluene by taking the 

desired quantity of extractant on weight basis into a dry standard flask and making–up the 

volume with toluene. 1mL each of the extractant solutions were separately added to an equal 
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volume of nitric acid of different concentrations ranging from 0.01–8M. 10µL of 
233

U tracer 

was added to each tube and the aqueous–organic systems were equilibrated for 1 hour. After 

equilibration, 100µL of liquid was pipetted from both phases, added to the LSC cocktail and 

homogenised thoroughly. The samples were subsequently counted and background correction 

was applied to obtain the distribution ratios for DBHP, DiBHP and DsBHP as a function of 

acid concentration. Dodecane was not used as the diluent for butyl H–phosphonates due to 

formation of third phase even at acidity below 1M. 

Extraction of Americium  

Americium was extracted from nitric acid medium using 1.1M solutions of DBHP, DiBHP 

and DsBHP in toluene. 
241

Am isotope was used to measure the distribution ratio at tracer 

level. 1mL each of the extractant solutions were separately added to an equal volume of nitric 

acid of different concentrations ranging from 0.01–8M. 10µL of 
241

Am tracer was added to 

each tube and the aqueous–organic systems were equilibrated for 1 hour. After equilibration, 

100µL of liquid were pipetted from both phases into separate gamma–tubes and counted with 

a gamma counter with a well – type NaI(Tl) detector. 

Extraction of Plutonium 

The isotope composition of plutonium (atom%) used in the experiments is as follows: 

238
Pu:0.017, 

239
Pu:93.60, 

240
Pu:6.24, 

241
Pu:0.12, 

242
Pu:0.023. High specific activity of Pu 

tracer allows that D values can be measured using liquid scintillation counting (LSC). 1mL 

each of the extractant solutions were separately added to an equal volume of nitric acid of 

different concentrations ranging from 0.01 – 8M. 20µL of Pu tracer was added to each tube 

and the aqueous-organic systems were equilibrated for 1 hour. After equilibration, 100µL of 

liquid were pipetted from both phases, added to the LSC cocktail and mixed thoroughly. The 

samples were counted and background correction was applied to obtain the distribution ratios 

for DiAiAP, DiBiBP, DiAHexylP and DiAButylP as a function of acid concentration. The 
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plutonium solution in IV oxidation state was prepared by taking an appropriate quantity of Pu 

stock in 1M nitric acid. The oxidation state of Pu was maintained as Pu(IV) by the addition of 

0.1mL of 2.5M NaNO2 and Pu(IV) was extracted with 0.5M TTA/xylene. The organic phase 

containing Pu(IV)was scrubbed with 1M nitric acid and stripped with 8M HNO3.  The 

aqueous phase (strip solution) was washed twice with equal volume of 𝑛-hexane to remove 

the entrained organic phase. The stock solution was used for preparing aqueous Pu(IV) 

solutions for solvent extraction experiments. 

Extraction of Thorium in microgram quantities 

Solutions of the extractants in 𝑛-dodecane were first pre-equilibrated with an equal volume of 

nitric acid ranging from 0.01M to 8M. Then the pre-equilibrated organic phases were 

separated and used for extraction of 200 ppm Th(IV) solutions. Th(IV) feed solutions used 

for extraction were prepared in nitric acid media with acidities varying from 0.01M to 8M. 

Equal volume of feed and pre-equilibrated organic phases were pipetted into glass tubes and 

equilibrated at room temperature for 1 h. The concentration of Th(IV) in equilibrated aqueous 

and organic phases was measured by pipetting aliquots of known quantity and estimating 

Th(IV) concentration spectrophotometrically using Thoron as the chromogenic agent. The 

Th(IV) concentration in the feed solutions of different acidity were also estimated by the 

same method, and all feed solutions had Th(IV) concentrations of 200 ± 5 ppm. 

2.8 Analytical procedures 

Determination of Th(IV) 

Thorium concentrations in both the phases were estimated by complexometric titrations using 

DTPA (0.03 M and 0.01 M, respectively, for the analysis of concentrated and dilute thorium 

solutions) as titrant and xylenol orange as an indicator. Uranium concentrations in both 

phases were estimated by complexometric titrations using PDCA solution (0.01 M) using 

Arsenazo I as an indicator.  Acid concentrations in organic samples were analysed by acid – 
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base titration with a standard dilute NaOH solution using phenolphthalein as an indicator. 

The U(VI) or Th(IV) metal ions were complexed with neutral saturated potassium oxalate 

solution prior to “free acidity” determination. Determination of Th(IV) in ppm was carried 

out spectrophotometrically using thoron reagent method.  

Determination of acid 

Acid concentrations in organic and aqueous samples were analyzed by acid-base titration 

using a dilute standardized NaOH solution (0.1M) after complexing the metal ions with 

neutral saturated potassium oxalate solution prior to analysis. 

Determination of U(VI) 

In order to enable  determination of U(VI) in the presence of higher concentrations of Th(IV), 

a modified method was developed in our laboratory 
178

 based on the spectrophotometric 

determination of microgram amounts of U(VI) with Br-PADAP (originally developed by 

Johnson and Florence). The effects of ethanol content on the molar absorptivity of U(VI)-Br-

PADAP complex and the interference of organic substances such as TBP and HNP are 

provided elsewhere
178

. This modified method can be employed for the analysis of U(VI) both 

in aqueous and organic samples containing a large excess of Th(IV) (Th : U = 10000 : 1). 

Using this method, uranium in ppm concentrations (with and without thorium) in organic and 

aqueous samples was estimated by spectrophotometry using Br-PADAP as chromogenic 

agent. Absorbance maximum at a wavelength of 577±1 nm 
179

 was used to get quantitative 

information. The lowest measurable concentration for the spectrophotometric analysis of 

uranium was found to be ≈ 1 ppm.  

Determination of Ce(IV) 

Ce(IV) in all the phases were analysed by redox titrimetry using barium diphenylamine 

sulphonate as the indicator. Back titration methodology was adopted due to the sluggish end 

point observed in the case of direct titration of Ce(IV) with ferrous ammonium sulphate. 
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Hence, excess ferrous ammonium sulphate (standardised 0.1M) was added so as to convert 

all the Ce(IV) in the analyte to Ce(III). The excess Fe(II) was back titrated with standard 

potassium dichromate solution (0.025N). Ce(IV) in ppm levels was analysed by 

spectrophotometry in acetic acid-acetate medium (pH~3) with Arsenazo-III as the 

chromogenic agent
180

. 

Analysis of Th and U in a mixture 

During the analysis of U/Th mixtures, Th in the presence of U(VI) was 

spectrophotometrically estimated by thoron reagent and U(VI) in the presence of Th(IV) was 

estimated by the Br-PADAP method.  

2.9 Computational methodology 

The Turbomole program package 
181

 or ORCA 3.0.3.
182, 183

 was used for all the calculations 

performed. For the U and Th atoms, the 60 core electrons approximated by pseudo potentials 

along with the corresponding def-SV(P) (14s13p10d8f1g)/ [10s9p5d4f1g] basis sets were 

used.
184, 185

 All main-group atoms were treated at the all-electron level employing the def2-

SV(P) basis sets. The geometries of the bare ligands and their complexes with U(VI) and 

Th(IV) nitrate species were optimized using density functional theory (DFT) using Becke‟s 

exchange functional 
186

 in conjunction with Perdew‟s correlation functional 
187

 (BP86) with 

the generalized gradient approximation (GGA). The PBE
188, 189

 functional in conjunction with 

TZVP
190, 191

 basis set has been used for the optimization of Ce(IV) complexes. For cerium, 28 

inner-shell core electrons were replaced by an effective core potential (ECP) generated by 

using quasi-relativistic methods
185

 and the explicitly treated electrons were described by 

standard def-TZVP basis sets. All the geometries were verified as minima by computing their 

harmonic vibrational frequencies. Optimizations, as well as the calculation of complexation 

energies, were carried out by incorporating the D3 correction for the U(VI) and Th(IV) 

complexes with TBP and TsBP. Further, the energetics on the computed geometries were 
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evaluated using M06-2X functional in conjunction with the all-electron, SARC def2-TZVP 

basis set 
192. For reliable energetics such as redox potentials or binding energies or ionisation 

energies, density functionals with some amount of HF-exchange are mandatory. The choice 

of M06 suite functional has been used previously and benchmarked with respect to a series of 

experimental and CCSD(T) results
193

. Very recently, a series of density functionals and ab 

initio methods have been benchmarked for the redox properties of uranyl complexes. The 

experimental quantities are derived from ESI-PES data and with CCSD(T) results. It has been 

found that with reference to Gold-standard CCSD(T) results, the performance of M06-2X and 

M06 functionals are good
194

. Thus, this computational protocol has been chosen for the 

present study. Relativistic effects have been incorporated within ZORA as implemented in 

ORCA 3.0.3. The solvent effects were computed within the COSMO 
195

 model using the 

default radii of all atoms. For these, a dielectric constant of 80 and 5 were used to mimic the 

aqueous and organic phases, respectively. Energy decomposition analysis of the cerium 

complexes has been carried out using ADF 2016 programme employing the PBE functional 

and TZ2P basis set. Relativistic effects have been incorporated by the ZORA approximation 

in ADF. Atoms in Molecules (AIM) analysis has been carried out using the Multiwfn 

software
196

, for which the .wfn files are generated from the ORCA output files using the 

orca_2aim utility. Frozen core approximations viz. 1s–5d for uranium atom, 1s for carbon, 

nitrogen, and oxygen and 1s-2p for phosphorous have been considered. Relativistic effects 

have been incorporated by the ZORA approximation as implemented in ADF
197-199

.  

For heavy actinide complexes geometries of the bare ligands and the actinide complexes have 

been optimized using the ADF 2016 programme 
169, 200

. All calculations have been carried out 

by employing PBE functional in conjunction with TZ2P Slater type orbital (STO) basis 

sets
201

. Frozen core approximations viz. 1s–5d for actinides, 1s for carbon, nitrogen, and 

oxygen and 1s-2p for phosphorous and sulphur have been considered. All the optimized 
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structures have been confirmed to be energy minima by running analytical frequency 

calculations
202-204

. Solvent effect has been incorporated using the COSMO approach
205

 with 

water as the solvent (epsilon = 78.39). The atomic radius values used in the COSMO model 

are 1.30, 2.00, 1.83, 1.72 and 2.16 Å for H, C, N, O and S, respectively. The radius for all the 

actinide atoms was taken as 2.223 Å 
166

. Relativistic effects have been incorporated by the 

ZORA approximation as implemented in ADF
197-199

. 

Energy decomposition analysis has been performed in which the interaction energy between 

the ligands and the metal has been decomposed into individual components. This interaction 

energy ΔEint can be broken down into components, viz.  

ΔEint = ΔEelec + ΔEPauli + ΔEorb 

Where ΔEelec and ΔEPauli denote the attractive electrostatic interaction energy and the Pauli 

repulsive energy, respectively, between the fragments, and ΔEorb is the stabilizing orbital 

interaction term. ΔEorb includes the polarization term and the empty/occupied mixing of 

orbitals belonging to one fragment due to the presence of the other. Therefore, this orbital 

component in the decomposition is a measure of the covalency in the interaction
169

. For the 

bond energy decomposition calculations the open shell configuration of the central metal ion 

(6, 7, 6, and 5 unpaired electrons for Am, Cm, Bk, and Cf, respectively) has been defined for 

the explicitly treated electrons which are not considered in the frozen core. In complexes 

consisting of more than one kind of ligand, the different types of ligands have been 

considered as different fragments during the analysis. The effect of solvent (dielectric 

constant value of 78.39 corresponding to the aqueous phase) has been considered during the 

energy calculations for the fragment as well as the complex in the EDA.  

 

  



 

 

 

 

 

 

 

 

“I would rather have questions that can't be 
answered than answers that can't be 
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EXTRACTION OF THE TETRAVALENT METAL IONS Th(IV) AND 

Ce(IV): THIRD PHASE FORMATION AND QUANTUM CHEMICAL 

STUDIES 

3.1. Introduction 

The present study elucidates the behaviour of Tri-sec-butyl phosphate (TsBP) in the 

extraction of Th(IV) over the entire range of thorium concentrations, starting from ~ 5mg/mL 

up to the saturated aqueous concentration. The results obtained with TsBP are compared with 

earlier work on TBP
62

, which is conventionally used in the U/Th separation. The extraction of 

Th(IV) and nitric acid and the variation of  density of  organic phase for TsBP system have 

been investigated as a function of aqueous phase thorium concentration. In addition to TsBP, 

studies were also carried out with Tri-iso-butyl phosphate (TiBP) in order to understand the 

effects of branching in the carbon chain. Further, the extractant concentrations in third phase 

and diluent-rich phase as a function of thorium concentration are determined 
206

.  

Investigating the third phase formation behaviour of Pu(IV) is crucial for designing solvent 

extraction processes. In practice, handling higher concentrations of Pu(IV) is difficult due to 

its high specific activity and it is potentially unsafe as its build-up in the third phase can lead 

to criticality related issues. In this context, in this study, third phase formation behaviour of 

Ce(IV), which is chemically analogous to Pu(IV) and often used as surrogate for Pu(IV)
122, 

123, 207
 has been examined. In this work, , extraction of Ce(IV) from 4M nitric acid medium 

has been carried out with the TsBP-dodecane system and the results compared under identical 

conditions with the extraction achieved by TBP. The concentration of Ce(IV) extracted into 

the organic phase, third phase and diluent-rich phases after their formation have  been 

determined. The variation in the density of the phases and the acid extracted as a function of 

increasing concentration of Ce(IV) in the aqueous phase has also been measured.  

In addition to experiments, quantum chemical calculations using DFT are employed to 

understand the electronic structure of Ce(IV) complexes and the extractants TBP and TsBP.  
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The solvent corrected energetics of complex formation for these extraction systems with 

Ce(IV) have been computed. The binding free energy as well as geometric parameters has 

been correlated with the experimental findings. To this day, third phase formation in metal-

extractant systems has been an experimentalist‟s domain. In this investigation, DFT has 

widened perspectives on the understanding of third phase and provided an explanation for the 

differential tendency of metal-extractant systems to form aggregates leading to third phase.  

3.2 Extraction of Th(IV) with TBP, TiBP and TsBP 

Trends in the variation of extraction isotherms for the extraction of Th(IV) by solutions of 

TBP and its isomers (1.1M) in n-DD from thorium nitrate solution in 1M HNO3 as a function 

of equilibrium aqueous phase Th(IV) concentration at 303 K are shown in Figure 3.1A. It can 

be seen that the metal loading in the organic phase at a particular equilibrium aqueous phase 

Th(IV) concentration was higher for TBP than TiBP, which in turn was higher than that of 

TsBP. These results confirm the lesser extraction tendency of TsBP compared to its isomers 

TiBP and TBP. Also in all the cases, organic phase metal loading increases with increase in 

the equilibrium aqueous phase Th(IV) concentration.  

The variation of density of organic phases in the extraction of Th(IV) by 1.1M solutions of 

TBP, TiBP and TsBP in DD from thorium nitrate solution in 1M HNO3 are depicted in 

Figure 3.1B.  The trends in the variation of density of organic phases are similar to that of 

thorium loading as the major contribution to the density of the organic phase is from thorium. 

Figure 3.1C shows the variation of organic phase nitric acid concentration with increase in 

aqueous thorium concentration. In the case of TBP and TiBP, the acid concentration 

decreases with increase in aqueous thorium concentration. As more thorium is extracted to 

the organic phase, thorium competes for the available extractant molecules in the organic 

phase and less acid is extracted. However, TsBP exhibits a different trend for nitric acid 

extraction. In the case of TsBP, there is no significant change in the HNO3 loading with 
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increase in aqueous phase Th(IV) concentration. Over the entire range, the HNO3 loading in 

the organic phase was higher for TsBP compared to TiBP and TsBP. The study was carried 

out at 1M HNO3 concentration in order to minimise the extracted acid, and hence maximise 

the range of metal concentrations in the aqueous and organic phases. Though TsBP extracts 

less Th(IV) compared to TBP, it extracts higher acid than TBP due to its higher basicity. 

 

 

 

Figure 3.1: Variation of (A) organic phase Th(IV) concentration (B) density of the organic 

phase (C) organic phase nitric acid concentration as a function of equilibrium aqueous phase 

Th(IV) concentration in the extraction of Th(IV) for 1.1M TBP/DD, TiBP/DD and TsBP/DD 

systems in biphasic regions.  

 Figure 3.2A illustrates the organic phase concentration of thorium over the entire range of 

aqueous thorium concentrations from ~ 5 mg/mL up to the saturated aqueous concentration 

of ~530 mg/mL. The LOC and CAC points, third and diluent phase regions are indicated. It is 

clear that the LOC for TsBP is higher than for TBP. After the splitting of the organic phase, 

the concentration of thorium in the diluent-rich phase drops and the thorium concentration in 

the third phase start increasing drastically. The concentration of Th(IV) in diluent – rich 

phase for the TsBP/DD system are marginally higher than that of TBP/DD system all through 

the triphasic region. Earlier it has been observed in our laboratory that solvent system with 

higher third phase formation tendency splits with lesser metal concentration in diluent-rich 

phase compared to solvent with lesser third phase formation tendency [24]. The trend 
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observed in the present study also follows the above trend. The third phase in TsBP/DD 

initially has less thorium concentration than the third phase of TBP/DD at the same aqueous 

thorium concentration. Beyond an aqueous thorium concentration of 400 mg/mL, its 

concentration in third phase for TsBP/DD increases above that of the TBP/DD system. At 

higher thorium loading, the solvation number (the number of extractant molecules associated 

with a metal ion in the metal complex) decreases for TsBP system. Table 3.1 shows the 

extractant concentrations in the third phase at each thorium concentration. This decrease in 

the solvation number, allows more thorium nitrate to be taken up by the organic phase. The 

branched extractant TsBP, would prefer a lower solvation number compared to TBP, which 

contains a linear carbon chain. Hence, this effect of decreased solvation number is more 

pronounced in TsBP, leading to higher uptake of thorium into the third phase even at higher 

metal loading, whereas the same plot for TBP remains reasonably flat.  

 

 

 

 

Figure 3.2: Variation of (A) organic phase Th(IV) concentration (B) density of the organic 

phase, third phase and diluent-rich phase as a function of equilibrium aqueous phase Th(IV) 

concentration in the extraction of Th(IV) for 1.1M TBP/DD and TsBP/DD systems in 

biphasic and triphasic regions.  
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 As in the case of the biphasic region, organic phase thorium concentration can influence the 

density of organic phase in triphasic region. Hence one can expect an increase in density of 

third phase and a decrease in density of diluent-rich phase as a function of aqueous phase 

metal concentration. The trends in variation of density of organic phase, third phase and 

diluent-rich phase with increase in aqueous thorium concentration are shown in Figure 3.2B 

for both TBP/DD and TsBP/DD systems. The plot of density of organic phase vs. aqueous 

phase thorium concentration mimics the plot of thorium concentration in the phases, to an 

extent that there is a crossover in the densities of the TsBP/DD and TBP/DD at the point P 

(marked in Figure 3.2B), which occurs at an aqueous thorium concentration of 400mg/mL. 

This is the same aqueous concentration at which the triphasic plots in Figure 3.2B crossed 

each other. Hence, by monitoring the density of the organic phase for a given system, a quick 

and good estimate of the thorium concentration in the phase can be obtained without an 

explicit analysis. 

 Based on the above argument, a plot of organic density vs. organic metal loading can provide 

a calibration curve which can be used for the prediction of organic metal loading from 

organic phase density. Figure 3.3 represents the plot constructed for TsBP system and the 

calibration plot yields two straight lines; one for the biphasic region and the other for  third 

phase. By monitoring the density of the phases, a good estimate for the concentration of 

thorium can be obtained quickly without an explicit analysis. 

Figure 3.4A shows trends in the variation of acid concentration in third phase and diluent-rich 

phase with increase in the aqueous thorium concentration. In both the cases, there is a steep 

decrease in the nitric acid loading in diluent-rich phase with increase in aqueous phase 

thorium concentration. However, nitric acid loading in third phase of TsBP/DD system 

initially shows a sharp increase and after passing a through maximum, it decreases, whereas 

in the case TBP, the nitric acid loading in third phase remains same over a wide range of 
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aqueous phase thorium concentration. In general, concentration of nitric acid in the organic 

phase is decided by concentration of extractant and thorium in that phase. 

 

              

 

 

 

 

 

 

 

Figure 3.3: A fit of the organic phase thorium concentration against the organic phase 

density for the biphasic and third phase regions for 1.1M TsBP/DD system. 

 

When the organic phase splits to form third phase and diluent-rich phase, the constituents of 

loaded organic phase (extractant, diluent, metal nitrate and nitric acid) unevenly distributes 

between the third phase and diluent-rich phase with unequal volume. In general, the volume 

of diluent-rich phase is higher than that of third phase and the ratio of volume of  third phase 

to the volume of diluent-rich phase (VDP/VTP) depends on the nature of solvent system. The 

variations of VDP/VTP ratio as a function of equilibrium aqueous phase concentration for TBP 

and TsBP systems are shown in Figure 3.4B. When the concentration of extracted thorium is 

increased, more third phase is formed as the diluent-rich phase cannot accommodate much 

thorium. This can be seen from Figure 4 as well, in which as aqueous thorium concentration 

is increased beyond CAC, the third phase thorium concentration steadily increases whereas 

the diluent phase thorium remains more or less a constant. It follows, that the VDP/VTP 
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obtained at different thorium concentrations gives an indication of the third phase formation 

tendency. The higher the ratio of DP/TP volume, the lower is the tendency of the thorium 

complexes to go into the third phase. This trend is observed in Figure 3.4B for both TBP/DD 

and TsBP/DD extractants, with the TsBP system showing the starker trend in this case. The 

more prominent decrease of volume ratio in the case of TsBP over TBP is due to the 

concentration of Th(IV) increasing more drastically in the case of TsBP (Figure 3.2A). This 

leads to the expansion of the third phase volume to accommodate the larger amounts of 

thorium complex, making the ratio of VDP/VTP decrease sharply. 

 

 

 

 

 

Figure 3.4: (A) The change in concentration of acid in the organic phase, third phase and 

diluent-rich phase with increase in the aqueous thorium concentration (B) The variation of 

VDP/VTP ratio as a function of function of equilibrium aqueous phase Th(IV) concentration  

3.3 Measurement of extractant concentration in third phase and diluent–rich phase  

After measuring the concentrations of Th(IV) and HNO3 in organic phases, the extractant 

concentrations in the third phase and diluent–rich phase were determined. This was carried 

out by stripping the metal ion and nitric acid from organic phases with 0.01M nitric acid as 

the stripping agent. Once the thorium and acid were completely stripped into the aqueous 

phase, the organic phase is left with the free extractant in the diluent. The concentration of  
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extractant in the organic phase was determined by density calibration and nitric acid 

equilibration methods developed in our laboratory
206

. In the density calibration method, TsBP 

concentrations in third phase and diluent-rich phase were measured using calibration plots 

constructed by plotting density vs. extractant concentration of known samples. Calibration 

graph constructed by plotting organic phase nitric acid concentration vs. extractant 

concentration of known samples equilibrated with 8M HNO3 was used for measuring TsBP 

concentration of unknown samples by acid equilibration methods. The concentrations of 

TsBP measured in third phase and diluent-rich phase by the above methods are shown in 

Table 3.1.  

Table 3.1: Extractant concentrations in the diluent-rich phase and third phase obtained by 

density and nitric acid equilibration methods. 

 

 

 

 

 

 

 

 

 

                 

There is a fair match of extractant concentration values obtained by both the methods. The 

coordination number for Th with TsBP is 3, and it forms a complex Th(NO3)4.3TsBP in the 

organic phase. Theoretically, the concentration of extractant in each phase should be three 

Aq. Thorium 

conc. (M) 

Organic Thorium 

concentration 

(M) 

[TsBP] (M) 

(after stripping) 

Density method 

[TsBP] (M) 

(after stripping) 

Acid method 

1.18 

 

DP 0.11 0.15 0.18 

TP 0.72 3.27 3.23 

 

1.32 

 

DP 0.1 0.22 0.21 

TP 0.79 3.25 3.20 

 

1.53 

 

DP 0.08 0.25 0.25 

TP 0.90 3.20 3.19 

 

1.73 

 

DP 0.072 0.27 0.31 

TP 0.98 3.15 3.18 

 

1.91 

 

DP 0.069 0.38 0.40 

TP 1.03 3.04 3.06 

 

2.28 DP 0.076 0.46 0.50 

TP 1.12 2.93 2.98 
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times the thorium concentration at each point, in that phase. At lower thorium concentrations, 

the third phase has more extractant concentration than expected and the diluent-rich phase 

has less than expected. At higher Th concentrations, this is reversed and the third phase has 

less extractant concentration than the expected 3×[Th], whereas the diluent-rich phase has 

more extractant concentration than the calculated value. This is due to three reasons. One 

being that when the thorium concentration is very high in the third phase, there is not enough 

extractant to compensate for the 1: 3 ratios in the complex; this causes the extractant 

concentration to fall below the expected value at higher Th concentration. The second reason 

could be attributed to increase in density of the third phase as thorium concentration 

increases. The diluent phase density does not change much with increasing Th concentration 

(Figure 3.2B), hence it is much less compacted than the corresponding third phase. The 

crowding in the third phase can cause some of the extractant molecules to enter the diluent 

phase. The third reason is that at higher Th loading, the third phase becomes increasingly 

more polar due to extraction of Th(NO3)4 and the relative decrease in the amount of non – 

polar diluent.  TsBP is an organic compound soluble in the non – polar diluent, and it prefers 

the less polar diluent-rich phase at high Th concentrations.  

Similar studies were carried out for TiBP based system with thorium nitrate solutions. As 

crud formation was observed beyond biphasic region (CAC = 113.7 mg/mL and LOC = 43.8 

mg/mL), it was difficult to measure Th(IV) concentration in the triphasic region. However, 

the LOC and CAC values for the above system have been measured by the usual method. 

While dissolving the organic phase (containing both third phase and diluent-rich phase) with 

distilled water or lean organic (1.1M TiBP/n-DD), the point at which the turbid organic phase 

transforms to a clear single organic phase has been taken as the threshold to get LOC and 

CAC values from organic and aqueous concentrations, respectively. 
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3.4 Extraction of Ce(IV) by TBP and TsBP as a function of aqueous Ce(IV) 

Figure 3.5A shows the variation of organic cerium concentration as a function of [Ce(IV)]aq 

for TBP and TsBP systems and the critical aqueous concentration (CAC) and LOC values are 

marked.  The CAC is the aqueous metal ion concentration above which the organic phase 

splits. There is more Ce(IV) loaded in the third phase than that in the diluent phase. The 

extraction isotherms indicated that the third phase formation limit as well as extraction of 

Ce(IV) by TsBP is higher than that of TBP. Branching in TsBP provides fewer surfaces for 

the inter-molecular interactions thereby reducing the tendency to form third phase. Further 

examinations into the aggregation between the cerium-organophosphate complexes have 

been carried out by density functional theory in order to elaborate on this aspect. The D value 

for TsBP is higher than TBP due to the higher basicity of the phosphoryl oxygen in the case 

of TsBP. The higher basicity of TsBP can be attributed to the higher inductive effect (electron 

donating ability) of sec-butyl groups in TsBP as compared to the n-butyl groups in TBP. 

Therefore, TsBP exhibits higher D values due to better binding of the ligand with the metal 

ion
42

.  

Figure 3.5B depicts the variation of organic phase density for TBP and TsBP systems as a 

function of [Ce(IV)]aq. It can be seen that Ce(IV) concentration and the density in the third 

phase are higher than those values for the diluent phase at a particular [Ce(IV)]aq for both the 

solvents systems. The density profiles mimic the profile of Ce(IV) loaded in the organic 

phase (Figure 3.5A). This is because density of the phases is dictated by the amount of metal 

complex present in that phase rather than the solvent which is of relatively lower density. 

Extrapolating this concept, a graph of organic phase cerium vs. density is plotted (Figure 

3.6A). This gives a linear correlation between the organic cerium concentration and the 

density of the phase. In principle, an online density monitor is a quick and effective method 

to estimate the cerium in the phase without doing any explicit analysis. An unknown cerium 
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concentration in the organic phase can be computed from a linear fit y = mx+c where y is 

density and x is cerium concentration (molar) in the organic phase. 

 

 

 

 

Figure 3.5: (A) Variation of Ce(IV) concentration in organic phase, third and diluent phases 

as a function of [Ce(IV)]aq. The (CAC, LOC) points are marked in the inset for both the 

extractants. (B) Variation of the density in the organic phase, third and diluent phases as a 

function of [Ce(IV)]aq. 

 

Acid concentration in the third phase is much higher than the diluent-rich phase. The reason 

for this is the presence of higher extractant in the third phase which is responsible for the 

extraction of acid. Another reason is that the diluent-rich phase is mostly non-polar and will 

not stabilize the H+ ion. The acid loaded in the organic phase is higher in the case of TsBP 

solvent system than TBP (Figure 3.6B). 
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Figure 3.6: (A) Graph of the density of the phase vs. biphasic and third phase concentration 

of cerium (B) Concentration of acid in the organic phase, third and diluent phases as a 

function of [Ce(IV)]aq. 

 

3.5 Extraction of Ce(IV) by TBP and TsBP as a function of nitric acid The extraction of 

Ce(IV) as a function of its  feed concentration has been carried out for both the extractants 

and various parameters have been measured. In addition, the extraction of Ce(IV) as a 

function of nitric acid has been carried out for both 1.1M solutions of TBP and TsBP in 

dodecane and the D values have been measured (Figure 3.7). The extraction studies have 

been carried out for two different concentrations of Ce(IV) in the aqueous phase viz. 2000 

and 10000 ppm solutions. The TsBP system shows higher extraction of Ce(IV) compared to 

TBP for both concentrations of Ce(IV). When extracted at higher concentrations, the 

distribution of Ce(IV) is higher. This could be attributed to the formation of Ce-O-Ce bridged 

cluster at higher concentrations of Ce in the organic phase. Generally as metal loading in the 

organic phase increases, free extractant availability reduces, leading to lower distribution. 

However, in the case of Ce(IV) extraction, dimer or higher clustering is formed in the organic 

phase leading to higher distribution for increased metal loading. The observation of these Ce 

complex clusters are also evidenced through the Ce-O-Ce bridged bond observed in the IR 

spectrum as reported by Antonio et.al. 
124

. The Ce-O-Ce stretching at ~591 cm
-1

 is observed 

for such clusters and an IR peak corresponding to this has been observed for Ce(IV) third 
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phase with the TBP-dodecane system
124

. Before the onset of third phase, at higher Ce(IV) 

concentrations in the biphasic region, evidence for the bridged cluster has been observed in 

our study (Figure 3.8). In the case of TBP based system, the bare ligand does not have a 

feature at 591cm
-1

. However, in the case of TsBP system, the bare ligand has a feature at the 

above wavenumber, thereby masking Ce-O-Ce bridge stretching at 591cm
-1

.   

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Distribution ratio of Ce(IV) as a function of nitric acid concentration. The insets 

indicate the initial aqueous concentration of Ce(IV).  

 

 

 

 

Figure 3.8: IR spectra for the cerium nitrate complex with TBP compared with 1.1M 

TBP/DD system. The peak corresponding to the Ce-O-Ce bridged bond is marked. The 

spectra for 1.1M TsBP/DD system and the corresponding Ce-complex are also shown. The 

bare TsBP extractant itself has a peak at 592 cm
-1

.  
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3.6 Computational results on Ce(IV) complexes and dimers 

The estimated D values derived from solvent extraction experiments suggest that TsBP shows 

higher extraction of the Ce(NO3)4 species compared to TBP. Geometry optimizations have 

been carried out for the bare ligands, TBP and TsBP as well as the complexes of Ce(VI) with 

both TBP and TsBP. Subsequently the complexes were analysed for their bond lengths 

(Figure 3.9 and Table 3.2), and Hirshfeld charges (Table 3.3). M – OExt and M – ONO3 refer to 

the bond between the metal and the phosphoryl (P=O) oxygen and metal and oxygen of 

nitrate group, respectively. There is no significant difference between the charges between 

the two complexes or between the two extractants. The calculated charges are not able to 

account for the difference in basicity between TBP and TsBP.  In order to investigate if the 

difference in basicity of the P=O oxygen between the two extractants can be found 

computationally by other means, solvent corrected affinities for the protonation of phosphoryl 

oxygen in TBP and TsBP have been calculated. The P=O oxygen in TsBP extractant has a 

higher affinity towards proton by 1.5 kcal/mol compared to the P=O oxygen in TBP, which is 

in agreement with the experimentally observed higher acid extraction ability of TsBP. 

The experiments are a determination of the distribution of metal species as a function of nitric 

acid between the aqueous and organic phase containing the extractant. The speciation of 

Ce(IV) nitrate depends on the acidity of the aqueous phase 
208

. At lower acidity, cationic 

species (e.g. water solvated Ce
4+

, Ce(NO3)4OH
2+

) predominate. As acidity is increased higher 

than 2M, the nitrate species such as Ce(NO3)4
3+

 are formed and eventually neutral Ce(NO3)4 

water solvate predominates. The predominance of the charge neutral species of both Ce(IV) 

and its surrogate Pu(IV) causes neutral extractants such as TBP and TsBP to extract with 

higher distribution ratios for acidities of 1− 4M 
209

. Neutral species alone are extracted to the 

nearly non-polar organic phase.  At acidities above 6M, formation of anionic species of 

cerium, e.g. Ce(NO3)6
2−

 will result in reduced extraction of metal ion into the organic phase. 
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For the given species present in the aqueous and organic phase under the conditions of the 

experiment (4M nitric acid) as discussed above, Equation (3.1) has been employed to 

compute the energies (B.E) of complex formation. Moreover, at every step the solvation 

energy for each species in the respective solvent medium has been considered in the 

calculations. In the past, this protocol has successfully explained the experimental 

observations on actinide complexation
23, 42, 80, 210-212

 

𝑩. 𝑬 𝒇𝒐𝒓 𝑪𝒆(𝑵𝑶𝟑)𝟒 ∙ 𝟐𝑻𝑩𝑷

= 𝜟𝑮𝒔𝒐𝒍𝒗[𝑪𝒆 𝑵𝑶𝟑)𝟒 ∙ 𝟐𝑻𝑩𝑷 + 𝟐𝜟𝑮𝒔𝒐𝒍𝒗[𝑯𝟐𝑶] − 𝜟𝑮𝒔𝒐𝒍𝒗[𝑪𝒆(𝑵𝑶𝟑)𝟒

∙ 𝟐𝑯𝟐𝑶] − 𝟐𝜟𝑮𝒔𝒐𝒍𝒗 𝑻𝑩𝑷 ……… . . (𝟑. 𝟏) 

In the optimised structures of the Ce(IV) complexes, the two organophosphorous ligands are 

positioned diametrically opposite to each other causing the least steric repulsions that can 

arise by the interaction between carbon chains. The metal extractant bond length is lower in 

the case of the Ce(NO3)4∙2TsBP complex compared to the Ce(NO3)4∙2TBP complex by 

0.02Å (comparing longer bond lengths on both complexes), indicating a stronger interaction 

between the metal centre and TsBP compared to TBP. The solvent corrected binding free 

energies are negative for the formation of both the complexes indicating that complex 

formation is favourable. However the binding free energy is higher in magnitude for the 

Ce(NO3)4∙2TsBP complex compared to the Ce(NO3)4∙2TBP complex; supporting the results 

obtained by the solvent extraction experiments in which the D values for TsBP are higher 

than TBP for the extraction of Ce(IV).  
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Figure 3.9: Optimized geometries of Ce(NO3)4∙2TBP and Ce(NO3)4∙2TsBP complexes.  

 

Table 3.2: Solvent corrected binding free energies (kcal mol
-1

) using M06-2X functional and 

computed structural parameters (Å) of actinide extractant complexes. 

 

 

 

Table 3.3: Hirshfeld charges on phosphorous and phosphoryl oxygen atoms in the bare 

ligand and after complexation calculated using M06-2X. Charges on the metal centre as wells 

as nitrate oxygen atoms bound to the metal are also shown. 

 

 

 

* The P=O oxygen in TsBP extractant has a higher affinity towards proton by 1.5 kcal/mol 

compared to the P=O oxygen in TBP. 

 

As DFT predictions successfully interpreted the experimental trends for Ce(IV) 

complexation, a further venture has been undertaken to theoretically investigate the 

complexation behaviour of Ce(III). It has been found that organophosphates show negligible 

Complex QP QO 

(P=O) 

QO 

(P-O) 

QN-O 

(NO3) 

QN=O 

(NO3) 

QM 

TBP 0.5001 -0.4317 -0.2039 ... ... ... 

TsBP 0.5001 -0.4317 -0.2021 ... ... ... 

Ce(NO3)4∙2TBP 0.5659 -0.3622 -0.1841 -0.2364 -0.2027 0.8804 

Ce(NO3)4∙2TsBP 0.5628 -0.3648 -0.1802 -0.2396 -0.2012 0.8807 

 

Complex Ce(NO3)4∙2TBP Ce(NO3)4∙2TsBP Ce(NO3)3∙3TBP 

Bonds Bond lengths (Å)  

M – OExt 2.362 − 2.377 2.355 − 2.357 2.489 − 2.497 

M – ONO3 2.493 − 2.534 2.471 − 2.544 2.556 − 2.576 

Binding free 

energy 
-5.52 -10.96 +50.16 
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Ce(NO3)3∙3TBP

extraction towards cerium in its trivalent oxidation state (D < 0.05)
213

. The structure of the 

Ce(III)-TBP complex has been considered as a representative and its geometry has been 

optimised (Figure 3.10). The composition of trivalent lanthanide complexes with TBP has 

been established
214

. The complex has been analysed for its geometric parameters (Table 1). 

The M–ONO3 bond lengths are reasonably close to those in the Ce(IV)-TBP complex, 

however M–OExt bond lengths are greater in the Ce(III) complex by ~0.13Å. In the Ce(III) 

complex as three extractant molecules are bound to the metal instead of two (as in the Ce(IV) 

complex),  the steric and columbic effects near the metal centre are likely to result in longer 

bond lengths. Further, Ce is in a lower oxidation state and hence there is lower net positive 

charge to attract the phosphoryl oxygen of the extractant molecule. Binding free energy for 

the complex formation has been calculated (Table 3.2) and resulted in a positive value. This 

indicates unfavourable complex formation for Ce(III) and is well matched with the 

experimental results of the studies carried out earlier
213

.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Optimized geometry of Ce(NO3)3∙3TBP complex 
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The intermolecular interactions between metal-extractant complexes are a driving force for 

their aggregation which culminates in third phase formation. Moreover, this intermolecular 

interaction in the third phase is predominated by hydrogen bonding between the aggregating 

species
215

. This has been shown through molecular dynamics simulations of metal free TBP-

HNO3 systems
215

. It is well established that inter and intra molecular forces complement each 

other in a molecule such that the increasing number of one implies the decrease of the other 

216, 217
. Closer examination into the inter-atomic weak interactions within each of the two 

Ce(IV)-phosphate complexes revealed that the Ce(NO3)4∙2TsBP complex possessed a number 

of weak-hydrogen bond interactions of the CH∙·∙·∙O type. The distribution of these distances 

for both complexes is compared (Figure 3.11A). The Ce(NO3)4∙2TsBP complex has more 

CH∙·∙·∙O interactions in the shorter distance ranges including one within 2.4 Å. Between 2.4-

2.6 Å there are only 3 weak hydrogen bonds in the TBP complex compared to 11 in the TsBP 

complex implying the larger number of short range interactions in the latter. At intermediate 

distances (2.6-2.8 Å), the numbers are comparable and at longer distances between 2.8-2.9Å, 

there are more long bonds in the TBP complex. The combined effect of these interactions 

plays an important part in the overall stabilisation of the Ce(NO3)4∙2TsBP by a staggering 

~20 kcal/mol compared to the compositionally identical Ce(NO3)4∙2TBP complex (Figure 

3.12). Some of the CH∙·∙·∙O interaction distances are indicated and showed generally shorter 

distances in the case of the Ce(NO3)4∙2TsBP complex. These increased intra-molecular 

interactions in the Ce(NO3)4∙2TsBP complex, collectively make the alkyl hydrogens on the 

surface of the complex less available for inter-molecular interactions. As a consequence, the 

aggregation of complexes which is the trigger for third phase onset is significantly reduced.  

Third phase formation occurs due to the electrostatic interaction between polar cores of the 

metal extractant system. Energy decomposition analysis (EDA) has been used in the recent 

past to gain understanding about weak, non-covalent interactions
218

 including hydrogen 
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bonding
219

. Energy decomposition analysis on the two Ce(NO3)4∙2TBP and Ce(NO3)4∙2TsBP 

complexes has also been carried out in order to obtain the contributions of the three energy 

components to the total interaction energy. The total interaction energy between the nitrate 

fragments, ligand fragments and metal core can be decomposed into Pauli repulsion, steric, 

electrostatic, and orbital interaction. This interaction energy, ΔEint can be broken down into 

three components viz. 

ΔEint = ΔEelec + ΔEPauli + ΔEorb 

Where ΔEelec and ΔEPauli denote the electrostatic interaction energy and the Pauli repulsive 

energy, respectively, between the fragments and ΔEorb is the orbital interaction term. In the 

case of third phase, the polar metal-solvates mutually attract each other by predominantly 

electrostatic forces between polar cores in a non-polar diluent environment
30, 59

. The results 

obtained by energy decomposition of the two isomeric Ce(IV) complexes reveal that the 

electrostatic interaction within the Ce(NO3)4∙2TsBP complex is higher than the 

Ce(NO3)4∙2TBP complex (Figure 3.11B). Increased electrostatic intra-molecular interaction 

indicates a lower tendency towards electrostatic attractions between neighbouring polar 

cores, in turn decreasing the driving force towards aggregation.  

Figure 3.11: (A) Distribution of the number of CH∙·∙·∙O interaction distances in each length 

range and (B) Energy decomposition components of the total interaction energy for 

complexes of Ce(IV) with TBP and TsBP. 
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Figure 3.12: Representation of the relative energies of Ce(NO3)4∙2TsBP and 

Ce(NO3)4∙2TsBP complexes. A few of the CH∙∙∙∙O interaction distances are marked on the 

structures. 

 

As dimer formation has been observed in the organic phase at higher concentrations of the 

Ce(IV) complexes, the dimers have also been considered in the theoretical calculations on 

third phase formation. The dimers are constructed such that an oxo-bridge exists between two 

Ce(IV) ions as observed from the IR and proposed by Antonio et. al.
124

. The oxo-bridge 

carries a -2 charge shared between the two Ce atoms. In order to maintain Ce in the +4 

oxidation state, the bridge replaces two negatively charged nitrate groups. Thus, structures of 

the cerium nitrate–TBP dimer of the composition TBP-Ce(NO3)3-O-Ce(NO3)3-TBP and the 

corresponding TsBP dimer complex have been constructed and optimized. As D increases 

with increased loading, the 1:2 ratios in monomer must be reduced to 2:3 or 2:2 in dimer. 
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ΔG ≈ −25 kcal/mol

Ce nitrate-TBP Dimer

Ce nitrate-TsBP Dimer

Generally a decrease in D for metal ions is due to the competition for the free extractant. In 

the case of Ce(IV), the increase in D at higher loading implies that metal: extractant ratio in 

the dimer,  must decrease from the 1:2 ratio present in the monomer. For the sake of 

symmetry, dimers with 2:2 Ce: extractant ratio has been considered. As observed in the case 

of the monomer, the Ce–TsBP dimer is lower in energy than the Ce-TBP dimer. A 

stabilisation of ~25kcal/mol has been observed (Figure 3.13). The optimized structure of the 

Ce–TBP dimer have Ce–ONO3 bond lengths in the range 2.445–2.504 Å and Ce–OExt bond 

lengths between 2.316–2.323 Å. In the case of the Ce–TsBP dimer these bond lengths are 

2.431–2.498Å and 2.315–2.365Å, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Representation of the relative energies of Ce nitrate–TBP and Ce nitrate–TsBP 

dimers. The energy scheme in the inset indicates the relative stabilisation of the Ce nitrate–

TsBP dimer. 

 

An analysis of the intra-molecular CH∙∙∙O bond lengths has been carried out in order to 

understand the basis for this energy difference. As observed in the case of the monomers, the 
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shorter range CH∙∙∙O bond lengths (2.5–2.7Å) in the Ce–TsBP dimer are more than those in 

the Ce–TBP dimer (Figure 3.14). Conversely, in the longer range of bond distances (2.7–

2.9Å), the Ce–TBP dimer has the larger number of such bonds. This is one of the factors for 

lowering of energy. Apart from the difference in CH∙∙∙O bond lengths, in the case of the 

dimer geometries (Figure 3.13), the optimized structures show a different orientation of one 

of the TsBP ligands in the dimer. In the Ce–TBP dimer, the two ligands are in „trans‟ 

orientation. However, in the TsBP case due to steric effect of branched ligand, during the 

geometry optimization one of the ligands is oriented in a fashion such as to reduce the steric 

repulsion. This is an important factor that contributes to the absolute energy of the dimer. 

This difference of orientation was not there in monomer case; hence the weak interactions 

played a larger role in comparison with the dimers. 

Further, energy decomposition analysis has been carried out by considering the monomers as 

fragments, and the results show a 20% increase in the electrostatic interaction component in 

the case of Ce–TsBP dimer. This is consistent with the increased electrostatic interaction 

observed in the case of monomeric Ce–TsBP over Ce–TBP complex. 
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Figure 3.14: Distribution of the number of CH∙∙∙∙O interaction distances in each length range 

for Ce–TsBP and Ce–TBP dimers. 

 

The calculated infra-red spectra of cerium nitrate complexes with TBP and TsBP and the bare 

ligands are shown (Figure 3.15) and compared with the experimentally recorded spectra for 

each compound. The peaks corresponding to the P=O stretching frequency are indicated in 

the insets. In the case of both TBP and TsBP complexes, there is a red shift in the P=O 

stretching frequency in comparison with the bare ligands.  



84 

 

0.5

0.6

0.7

0.8

0.9

1.0
500 1000 1500 2000 2500 3000 3500

2500

2000

1500

1000

500

0
500 1000 1500 2000 2500 3000 3500

In
te

n
si

ty

592

 Ce-TsBP Dimer Experimental

 

Wavenumber (cm
-1
)

573

 Ce-TsBP Dimer Calculated

 

1
1

0
4

1
1

4
5

1000

800

600

400

200

0
1000 1500 2000 2500 3000 3500

20

40

60

80

100

1000 1500 2000 2500 3000 3500

Wavenumber (cm
-1
)

 

 TBP calculated

1242

In
te

n
si

ty

1273

 

 TBP experimental

1200

800

400

0
1000 1500 2000 2500 3000 3500

0

20

40

60

80

100

1000 1500 2000 2500 3000 3500

Wavenumber (cm
-1
)

1230

 

 

 TsBP calculated

In
te

n
si

ty

1263

 
 

 TsBP experimental

0.5

0.6

0.7

0.8

0.9

1.0
500 1000 1500 2000 2500 3000 3500

3000

2000

1000

0
500 1000 1500 2000 2500 3000 3500

1
1

5
1

592

 Ce-TBP Dimer Experiemtal

Wavenumber (cm
-1
)

In
te

n
si

ty

1
0

9
4563

 

 Ce-TBP Dimer Calculated

 

 

 

 

 

 

 

 

Figure 3.15: Experimentally observed and calculated IR spectra for the cerium nitrate 

complex dimer with TBP and TsBP. The peak corresponding to the Ce-O-Ce bridged bond is 

marked along with the P=O stretching peak. The experimental and calculated spectra for and 

the bare ligands TBP and TsBP are also shown. The frequencies shown mark the P=O stretch 

for the bare ligands. 

 

3.7 Conclusion 

The distribution of Th(IV) and HNO3 in the extraction with 1.1M TsBP/DD and 1.1M 

TiBP/DD systems are compared with the 1.1M TBP/DD system.  The variation in density of 

organic phase and VDP/VTP ratios as a function of equilibrium aqueous phase Th(IV) 

concentration is  also carried out. It has been shown that each extractant–diluent system can 

be calibrated such that a fair estimate for the concentration of thorium can be obtained from 

the density of the phase. Concentration of TsBP in organic phases after phase splitting has 

also been measured. The extraction of Ce(IV) as a function of aqueous Ce(IV) concentration 

ranging from 1-280mg/mL has been carried out from nitric acid medium by employing 
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TsBP-dodecane and compared with the conventional TBP-dodecane system. Third phase 

formation occurs in both extractant systems; however, TsBP has higher third phase limits 

compared to TBP in the extraction of Ce(IV). TsBP showed higher distribution ratios 

compared to TBP in both the biphasic and triphasic regions. The higher extraction of TsBP 

compared to TBP can be attributed to the higher basicity of the phosphoryl oxygen that arises 

due to the inductive effect of the secondary methyl branching. The acid extracted to the 

organic phase, by TsBP is higher compared to TBP, confirming the higher basicity of TsBP 

as an extractant.  

In addition to experimental studies, theoretical investigations were carried out using DFT to 

understand the binding between ligand and metal. The data on extractant-metal bond 

distances suggest weaker binding of TBP to the Ce(IV) centre compared to TsBP. Binding 

energies obtained by DFT suggested the formation of the Ce(IV)-TsBP complex to be more 

favourable than the TBP complex corroborating well with experimental findings. Theoretical 

binding free energy for the Ce(III)-TBP complex has also been obtained for comparison and 

yielded a positive complexation energy value consistent with previous experimental reports.  

Beyond the purview of complexation energetics, our electronic structure calculation took its 

founding step into the theoretically unexplored domain of third phase formation in metal 

complexes. The calculations and geometric observations provide insights into the lower 

aggregation leading to higher third phase limits of Ce-TsBP complexes as compared to the 

Ce-TBP complexes. The entire quantum chemical study is in excellent agreement with 

experimental observations 
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“And in the end it's not the years in your life 
that count; it's the life in your years” 

~ Abraham Lincoln 
 

 

  

Chapter 4 
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TRENDS IN SMALL ANGLE NEUTRON SCATTERING OF ACTINIDE – 

TRIALKYL PHOSPHATE COMPLEXES:  

A MOLECULAR INSIGHT INTO THIRD PHASE FORMATION 

 

4.1 Introduction 

The Small Angle Neutron Scattering (SANS) technique has been employed  for a variety of 

applications, including  study of polymers
220-228

, organic molecules
229, 230

, gels
231

, micro
232-237

 

and nanoscale materials
230, 238

 and biomolecules
239, 240

. A subset of these that pertain to the 

current work include, probing aggregation behaviour of micelles 
220, 241

, cloud point 

studies
242-245

 and temperature dependent aggregation
243, 246

. Such aggregation leading to third 

phase formation during extraction of Th(IV) by organophosphates is a concern during the 

processing of Th(IV) solutions.  

Tri-sec-butyl phosphate (TsBP) has shown higher U/Th separation factor and lesser third 

phase formation tendency compared to its isomers, TBP and tri-iso-butyl phosphate 

(TiBP)
247

. Tri-sec-amyl phosphate (TsAP), on the other hand, does not form third phase with 

both U(VI) and Th(IV) up to saturated metal concentrations when extracted from 1M nitric 

acid at 303 K
63

. In the present work, SANS studies have been carried out using solutions of 

TBP, TiBP, TsBP and TsAP in n-C12D26 (deuterated dodecane) loaded with U(VI) as well as 

Th(IV). The structures of the trialkyl phosphates (TalP) used in this study are shown in 

Scheme 4.1. The variation in the SANS profiles, stickiness parameter and attraction potential 

energy have been examined as a function of three parameters influencing third phase 

formation phenomena. The effects of extractant, metal ion concentration and temperature 

have been systematically investigated.  
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Scheme 4.1: Structure of trialkyl phosphates studied in the present work 

4.2 SANS Measurement  

For the SANS measurements, organic phase containing metal complexes of known 

concentration in 1.1 M TalP/n-C12D26 was used. The neutron scattering experiments were 

carried out using the SANS facility at Dhruva reactor, Bhabha Atomic Research Centre 

(BARC), India
248

. A mean neutron wavelength of 5.2 Å with a resolution of ~ 15 % was used 

for the experiments. The scattered neutrons were measured using a one-dimensional 
3
He gas 

detector. The samples were scanned in the Q range from 0.017 to 0.35 Å
-1

. A quartz cell with 

a thickness of 2 mm was used for containing the samples during the measurements. The 

diameter of  micelle (σ), is calculated mathematically assuming the particles to be spherical 

and the width of the square-well potential (Δ), is taken as 3 Å for the potential energy 

calculations
249

. In order to calculate the aggregate diameter, volume of a single extractant 

molecule was first computed from its density and molecular mass. The aggregation number 

was taken as 3 for Th(IV) and 2 for U(VI)
250, 251

. The expression for the volume of a sphere 

was used to obtain the size of aggregates. Throughout the data analysis, corrections were 

made for instrumental smearing by the appropriate resolution function. The parameters in the 

analysis were optimised by means of non-linear least-squares fitting program. As third phase 

formation is inherently an aggregation phenomenon, sticky hard sphere model has been used 

to fit the data for these systems.  
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The concentration of U(VI) and Th(IV) in the organic phase was varied so as to approach the 

third phase region with increasing metal concentration and test the aggregation parameters.  

The concentration of metal ions (Th and U) and HNO3 of samples used for SANS 

experiments are shown in Table 4.1.  

Table 4.1: Concentration of metal ions/acid in the samples used for SANS experiments 

 

 

 

 

 

 

 

 

 

 

4.3 Study on metal free HNO3 systems 

Extraction of metal ions was carried out at 1M acidity to ensure higher loading of metal 

complexes in to the organic phase. At higher acidities, the H
+
 ion competes for the free 

extractant and less of the metal species are extracted into the organic phase. Moreover, at 

higher acidities, the third phase limit is lowered and a wide range of metal loading in the 

organic phase cannot be achieved. When metal ions are extracted, both the metal complex 

and the H
+
 species are present in the organic phase. Metal free organic phases of 1.1M 

TalP/n-C12D26 were also prepared by equilibrating with 1M HNO3 and the scattering pattern 

was recorded. It is seen from Figure 4.1 that the rise of scattering intensity in the low Q 

region is highest for TBP, marginally lower for TiBP, and reduces further for TsBP and 

TsAP. The scattering intensity shows correlation with the tendency of each extractant to form 

 

Organic phase 

Concentration of metal ion Metal free samples 

U(VI)  Th(IV) Conc. of HNO3 (M) 

in the organic phase  

1.1M TBP/ n-C12D26 

20g/L 20g/L  

 

0.23 
30g/L 30g/L 

40g/L 
40g/L 

120g/L 

1.1M TiBP/ n-C12D26 

20g/L 20g/L  

0.20 30g/L 30g/L 

40g/L 
40g/L 

120g/L 

 

1.1M TsBP/ n-C12D26 20g/L 

20g/L  

0.26 30g/L 

40g/L 

 

1.1M TsAP/ n-C12D26 

40g/L 20g/L  

0.22 80g/L 30g/L 

120g/L 40g/L 
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third phase with the metal ions. The higher scattering intensity in the low Q region is 

expected to arise from increase in size and/or increase in attractive interaction of the 

aggregates.  SANS data are best fitted by considering the increase in the attractive interaction 

between the aggregates. The extractants, TBP and TiBP have a higher tendency to form third 

phase with Th(IV) compared to TsBP; TsAP does not form third phase with Th(IV)
63

. 

 

 

 

 

 

 

 

 

Figure 4.1: SANS data of metal free 1.1 M TalP/n-C12D26 -1M HNO3 systems at 303K. 

4.4 Aggregation behaviour of Th(NO3)4 systems  

Effect of the structure of trialkyl phosphate  

The scattering intensity for Th(IV) loaded sample changes with variation in structure of  

extractant, when all other factors are kept constant. Figure 4.2 shows the scattering profiles 

obtained at 303K for various TalP/ n-C12D26 systems, all loaded with same amount of metal 

ion (30 g Th(IV)/L). The highest scattering intensity in the low Q region is shown by TBP 

followed by TiBP, TsBP and TsAP respectively. The stickiness parameter  and the 

attractive potential energy  calculated for the four systems are shown (Table 4.2a). 
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Figure 4.2: SANS data obtained for the 1.1 M TalP/n-C12D26 - Th(NO3)4/1M HNO3 systems 

loaded with 30 g Th/L at 303K.  

 

Highest stickiness parameter was observed with TBP, which has a higher third phase 

formation tendency with Th(IV). The interaction potential energy is the most negative 

indicating higher attraction between the micelles. The stickiness parameter decreases with 

branching in the alkyl chain as in the case of TiBP and is further lower for TsBP, which has 

lower third phase formation tendency with Th(IV). For TsAP, the value of stickiness 

parameter drops much lower and it is also observed from solvent extraction experiments that 

TsAP does not form third phase with Th(IV), when extracted from 1M HNO3 at all metal ion 

concentrations. Based on the experimentally derived metal–ligand ratio in the complex, 

aggregation number was taken as 3 for Th(IV) complexes
247

. An aggregate diameter of 13.8Å 

was obtained for TBP, TiBP and TsBP and a diameter of 14.6Å for TsAP, based on the 

assumption that the micelles are spherical as discussed above. For a given system, the size of 

the aggregates does not change, though the potential varies depending on the conditions. This 

has been previously studied in the work of Verma et. al.
250, 251

 which showed that aggregate 

number changed only in the particle growth model applied to higher metal loading, e.g. third 
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phase regions. Our studies, however, are restricted to lower metal loading where radii remain 

constant as consistent with earlier study 
250, 251

.  

Table 4.2: The fitted parameters of SANS data for (a) 1.1 M TalP/n-C12D26 - Th(NO3)4/1M 

HNO3 systems, loaded with 30g/L of Th(IV) at 303K. (b) 20g/L and 40g/L Th(IV) loaded 

TalP/ n-C12D26 systems at 303K. (c) 1.1 M TalP/n-C12D26 - Th(NO3)4/1M HNO3 systems, 

loaded with 40g Th/L as a function of temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of metal loading  

For a given extractant system, the scattering intensity, stickiness parameter and attraction 

potential energy change when the metal concentration is varied. At higher concentration of 

Th(IV) in the organic phase (40g/L),  scattering intensity in the low Q region is highest for all 

extractant systems at a fixed temperature of 303K, (Figure 4.3 (A–D)). Similar to the trend 

observed in Figure 4.2, TBP system shows highest scattering intensity for a given metal 

loading, and least for TsAP system. The difference in intensity between metal loading of 

20g/L and 40g/L is most pronounced in the case of TBP (Fig.4.3 C), which has the highest 

a) Conditions: TalP/n-C12D26 /1M HNO3 systems, loaded with 30 g/L of Th(IV) at 303K. 

System Aggregation 

number (N) 

Aggregate 

Diameter (D)  

Stickiness 

Parameter (1/) 

Potential Energy 

[U0 (kBT)] 

1.1 M TBP/n-C12D26 3 13.8 Å 9.3 -1.47 

1.1 M TiBP/n-C12D26 3 13.8 Å 8.5 -1.38 

1.1 M TsBP/n-C12D26 3 13.8 Å 7.7 -1.28 

1.1 M TsAP/n-C12D26 3 14.6 Å 4.7 -0.84 

b) Conditions: 20g/L and 40g/L Th(IV) loaded TalP/ n-C12D26 systems at 303K. 

Metal 

Conc. 

TBP 

(N = 3,D = 13.8 Å) 

TiBP 

( N = 3,D = 13.8 Å) 

TsBP 

( N = 3,D = 13.8 Å) 

TsAP 

( N = 3,D = 14.6 Å) 

 1/ U0 (kBT) 1/ U0 (kBT) 1/ U0 (kBT) 1/ U0 (kBT) 

20g/L 7.4 -1.24 7.3 -1.23 6.9 -1.17 4.6 - 0.81 

40g/L 11.3 -1.66 9.2 -1.46 8.9 -1.42 4.9 -.0.87  

c) Conditions: 1.1 M TalP/n-C12D26 - Th(NO3)4/1M HNO3 systems, loaded with 40 g Th/L 

Temp(
o
C) TBP (N = 3,D = 13.8 Å) TiBP (N = 3,D = 13.8 Å) TsBP (N = 3,D = 13.8 Å) 

 1/ U0 (kBT) 1/ U0 (kBT) 1/ U0 (kBT) 

40 9.8 -1.52 8.4 -1.37 8.0 -1.32 

50 8.8 -1.41 7.6 -1.27 7.5 -1.25 

60 7.8 -1.29 7.2 -1.21 6.9 -1.17 

70 7.4 -1.24 6.7 -1.14 6.4 -1.10 
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tendency to form third phase and the least difference was observed for TsAP system, which 

does not form third phase with Th(IV)/1M HNO3 at all Th concentrations. From the patterns, 

it can be seen that for extractants such as TBP and TiBP which have higher third phase 

formation tendency, the scattering intensity is more sensitive to variation in organic metal 

concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: SANS plots of 1.1 M TalP/n-C12D26 - Th(NO3)4/1M HNO3 systems with organic 

Th(IV) loading of 20g/L and 40g/L at 303K . (A) TiBP (B) TsAP (C) TBP and (D) TsBP 

When the metal loading is higher, the tendency for the system to form third phase is higher, 

because of the stronger attractive interaction between the metal solvate species while 

approaching the LOC. When the number density of particles increase, they are forced to pack 

in such a way that they come closer, making this a factor for aggregation. In general, the 

attraction leading to third phase formation / aggregation can be prevented in metal-extractant 

systems by increasing the alkyl chain length of the extractant molecules, thus enhancing the 
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intermicellar distance making the central polar cores stay away from each other. In addition, 

for systems consisting of isomers of extractants with similar micellar radius, the structure of 

the extractant may influence the intermicellar distance, in a way this is achieved by 

introducing branching on the carbon chain close to the polar core. Thus the stickiness 

parameter increases from 7.7 in TsBP to 9.3 in TBP system. It is interesting to note that even 

in the nanoparticle systems, these are often capped with sterically bulky molecules to prevent 

them from coming close together, greatly reducing their tendency to aggregate
252, 253

. For the 

four extractant systems (Figure 4.3), stickiness parameters have been computed and the 

results are shown in Table 4.2b. As expected, the stickiness parameter is higher at 40g/L 

metal loading compared to 20g/L for all the extractants. The attraction potential is larger at 

higher metal concentrations, indicating more attraction between the micelles. Among the 

extractants, TBP has the highest stickiness, followed by TiBP, TsBP and TsAP. This trend 

matches with the trends observed in solvent extraction experiments, which showed a similar 

trend for third phase formation tendency among these extractants
63

. Stickiness parameter is 

markedly lower for TsAP than the other three phosphate systems with butyl carbon chain, 

indicating that its third phase limits are higher. This has been observed by earlier solvent 

extraction experiments carried out in our laboratory
62

. 

Effect of temperature  

Apart from investigating the effects of structure of alkyl groups of the extractant and organic 

metal loading on neutron scattering, a third parameter namely, temperature was probed in the 

present work using the same tool, keeping all other factors similar. Figure 4.4 (A, B and C) 

shows the variation in SANS patterns for TBP, TiBP and TsBP systems, as the temperature 

was increased from 313 to 343K in steps of 10K. For all extractant systems, the Th(IV) 

concentration was kept at 40g/L. As temperature was raised, the intensity of scattering 
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monotonically reduces for all extractants. Among these, TBP system is most sensitive to rise 

in temperature from 313 to 323K, as well as from 323 to 333K. 

The increase in thermal energy suppresses aggregation in the solvent phase and hence 

prevents third phase formation. Thus, aggregation leading to third phase formation can be 

minimised by increasing the temperature as observed by our earlier solvent extraction 

experiments
63

. The variations in stickiness parameter and attraction potential energy as a 

result of temperature increase are shown in Table 4.2c. The data indicate that there is a 

gradual decrease in the stickiness parameter with increase in temperature for all the three 

solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Variation in the scattering pattern as a function of temperature for 1.1 M TalP/        

n-C12D26-Th(NO3)4/1M HNO3 systems with a Th(IV) loading of 40g/L in the organic phase. 

(A) TBP (B) TiBP (C) TsBP systems are shown in the panels.  
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4.5 Investigations on UO2(NO3)2 systems 

Effect of metal loading  

The third phase formation tendency of Th(IV) complexes showed a strong correlation with 

the stickiness parameter obtained from the SANS patterns. It has been observed from solvent 

extraction experiments that U(VI) does not form third phase with the 1.1M TalP/n-C12D26 in 

the extraction from 1M HNO3. Hence to investigate our predictions, similar SANS 

experiments were carried out using samples loaded with U(VI). Figure 4.6 (A), (B) and (C) 

shows the fitted SANS plots obtained at 303K from TiBP, TBP and TsAP systems, 

respectively, as a function of increasing U(VI) concentration in the organic phase. TiBP and 

TBP systems were loaded with 20, 30 and 40g/L of U(VI). From the profiles it can be seen 

that there is a marginal increase in the scattering intensity as metal concentration was 

increased for all the three extractants. Stickiness parameter and attraction potential energy 

have been calculated for all metal concentrations (Figure 4.5 A to C) (Table 4.3a). For all the 

extractant systems, there is a small change in the stickiness and aggregation energy as the 

metal loading is increased, indicating that aggregation tendency of U(VI) loaded organic 

phase have a limited sensitivity to increasing metal loading. Aggregation number was taken 

as 2 for all extractant systems loaded with U(VI). For TBP and TiBP, the micelle diameter 

obtained was 12.0Å, and for TsAP it was calculated to be 12.7Å. 

As 10g/L change in U(VI) had only a small effect on the intensity and fitted parameters 

obtained from the curves, 1.1M TsAP/n-C12D26 was loaded with 40 and 80g/L of U(VI). 

Figure 4.5C shows the SANS results obtained from these two systems and Table 4.3a shows 

the corresponding and  values. The magnitude of  is lower for TsAP 

compared to TBP and TiBP, illustrating that its tendency to form third phase is even lower 

than the two butyl phosphates. It has also been observed experimentally that phosphates with 

a longer carbon chain are less susceptible to third phase formation
62

. 
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Figure 4.5: Variation of SANS curves as a function of metal loading obtained from 1.1 M 

TalP/n-C12D26 – UO2(NO3)2/1M HNO3 systems at 303K (A) TiBP (B) TBP and (C) TsAP.  
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Table 4.3: The fitted parameters of SANS data for (a) 1.1 M TalP/n-C12D26–UO2(NO3)2/1M 

HNO3 systems at 303K. (b) 1.1M TalP/n-C12D26-UO2(NO3)2/1M HNO3 systems loaded with 

120 g U/L at 303K. (c) 1.1 M TalP/n-C12D26 /1M HNO3 systems with  U(VI): 40g/L in TBP  

and TiBP and 20g/L in TsBP as a function of temperature. (d) 1.1 M TBP and TiBP in C12D26 

loaded with 40g/L Th(IV) and U(VI)/1M HNO3 at 308K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.9.2 Effect of the structure of trialkyl phosphate  

 

 

At lower concentrations of U(VI) in the organic phase, the stickiness parameter was lower, 

because at the given acid concentration, these extractants do not form third phase with 

uranium even with saturated aqueous concentration of the metal ion. SANS studies were  

carried out with samples loaded with 120 g/L of U(VI), which was the organic loading 

obtained with near saturated (saturated loading ~ 120 – 125 g/L) aqueous concentration of the 

a) Conditions: 1.1 M TalP/n-C12D26 – UO2(NO3)2/1M HNO3 at 303K 

U(VI) 

conc. (g/L) 

TBP(N = 2,D = 12.0 Å) TiBP(N = 2,D = 12.0 Å) TsAP(N = 2,D = 12.7 Å) 

1/ U0 (kBT) 1/ U0 (kBT) 1/ U0 (kBT) 

20 6.6 -1.02 6.6 -1.01 − − 

30 6.7 -1.03 6.8 -1.04 − − 

40 6.9 -1.06 7.2 -1.10 4.7 -0.72 

80 − − − − 4.9 -0.76 

b) Conditions: 1.1M TalP/n-C12D26 /1M HNO3 systems loaded with 120 g U/L at 303K 

System Aggregation 

number (N) 

Aggregate 

Diameter (D)  

Stickiness 

Parameter (1/) 

Potential Energy 

[U0 (kBT)] 

1.1 M TBP/n-C12D26 2 12.0 7.9 -1.2 

1.1 M TiBP/n-C12D26 2 12.0 7.9 -1.2 

1.1 M TsAP/n-C12D26 2 12.7 5.2 -0.81 

c) Conditions: 1.1 M TalP/n-C12D26 /1M HNO3 systems with  U(VI): 40g/L in TBP  and TiBP 

and 20g/L in TsBP 

Temp(
o
C) TBP TiBP TsBP 

 1/ U0 (kBT) 1/ U0 (kBT) 1/ U0 (kBT) 

40 5.5 -0.84 5.4 -0.82 5.3 -0.79 

50 5.1 -0.76 4.9 -0.71 4.8 -0.69 

60 5.0 -0.74 4.8 -0.70 - - 

70 - - - - 4.4 -0.60 

d) Conditions: 1.1 M TBP and TiBP in C12D26 loaded with 40g/L Th(IV) and U(VI)/1M 

HNO3 at 308K 

Metal ion in the organic 

phase 

1.1 M TBP/n-C12D26 1.1 M TiBP/n-C12D26 

 1/ U0 (kBT) 1/ U0 (kBT) 

40g/L Th(IV) 10.9 -1.63 8.7 -1.40 

40g/L U(VI) 5.8 -0.89 5.5 -0.83 
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metal ion. The neutron scattering pattern obtained at 303K from TBP, TiBP and TsAP 

systems loaded with 120 g/L of U(VI) is shown in Figure 4.6. The data in Table 4.3b show 

the calculated values of and  obtained after fitting the data. The scattering 

intensity is equally high for TBP and TiBP, and these have a stickiness parameter of 7.9 and 

attraction potential of – 1.2, which are higher in magnitude than the corresponding numbers 

shown in Figure 4.6, where the same extractants were loaded with a maximum of 40g/L of 

U(VI). The scattering intensity as well as the stickiness parameter is lower for TsAP 

compared to the two butyl phosphates at the same metal loading of 120g/L. This implies that 

TsAP has lower tendency to aggregate than butyl phosphates do
63

.  

 

 

 

 

 

 

 

 

Figure 4.6: SANS data obtained for 1.1M TalP/n-C12D26 - UO2(NO3)2/1M HNO3 systems 

loaded with 120 g U/L at 303K. 

 

Effect of temperature on U(VI) system 

Increase in temperature lowers the stickiness in the Th(IV) systems, thereby reducing the 

third phase formation tendency. The effect of raising the temperature has a similar effect on 

U(VI) loaded organic phases containing 1.1M TalP/n-C12D26. Figure 4.7 A, and B, 

respectively, shows the scattering from TBP and TiBP extractant systems loaded with 40g/L 

of U(VI) at  temperatures ranging from 313 to 333K. Figure 4.7 C shows 1.1M TsBP/ n-
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C12D26 containing 20g/L of U(VI) at temperatures between 313 and 343K. For all the 

extractants, for a fixed metal loading, the scattering intensity decreases with increase in 

temperature. Table 4.3c shows the variation in stickiness parameter and attraction potential 

energy for systems at different temperatures shown in Figure 4.7. For all three phosphates, 

the stickiness parameter decreases with increase in temperature as enhancement in thermal 

energy reduces inter–particle attraction. The attractive energy becomes less with temperature 

rise. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Temperature variants in SANS obtained from 1.1 M TalP/n-C12D26 – 

UO2(NO3)2/1M HNO3 systems with  U(VI): (A) 40g/L U(VI) in TBP (B) 40g/L U(VI) in 

TiBP and (C) 20g/L U(VI) in TsBP. 

 

4.6 Comparing U(VI) and Th(IV) SANS 

As described in the previous sections, TBP and TiBP have high tendency to form third phase 

with Th(IV), whereas they do not form third phase with U(VI) under normal extraction 
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conditions. The SANS patterns obtained in the present study are in line with the above 

behaviour and show a clear difference between organic phases loaded with Th(IV) and U(VI) 

for these two extractant systems. Figure 4.8 A and B shows the SANS plot obtained at 308K 

for TBP and TiBP systems, respectively. Each organic phase was separately loaded with 

40g/L of Th(IV) and U(VI). It can be seen that for both the extractant systems, the scattering 

intensity is much higher for Th(IV) loaded samples compared to samples loaded with U(VI). 

The data in Table 4.3d shows the corresponding stickiness parameter and attraction potential 

energy obtained for the above systems. The stickiness parameter is much higher for the 

Th(IV) loaded samples indicating a higher third phase formation tendency, whereas for the 

U(VI) loaded samples,  stickiness is much lower, in agreement with the observation that  two 

extractant systems do not form third phase with U(VI). From the SANS studies it is observed 

that tetravalent metals ions with higher ionic potential e.g. Th(IV) have higher tendency to 

form third phase.  

 

 

 

 

 

Figure 4.8: SANS patterns obtained at 35
o
C from 1.1 M TalP/C12D26 (A) TBP and (B) TiBP 

loaded with 40g/L Th(IV) and U(VI)/1M HNO3.  
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4.7 Predictions on third phase formation  

Interpretation of scattering intensity and stickiness parameter  

Observations made from the SANS studies can be extended to predicting the likelihood of 

third phase formation phenomena. TBP loaded with  120g/L of U(VI) (Figure 4.6) shows 

scattering intensity (Q  0) less than 3.5, indicating that in general for systems with 

scattering intensity below 3.5 they are far from forming third phase. On the other extreme, 

systems with scattering intensity (Q  0) above 6 are close to the third phase limit as seen 

from Figure 4.3A, which shows the scattering for TiBP loaded with 40g/L of Th(IV), which 

is close to its limiting organic concentration of 43.8g/L.  Similar threshold values can be set 

for the stickiness parameter . Systems with  less than 8 are not susceptible to third 

phase formation as seen from Table 4.3b, whereas a stickiness value greater than 9 would 

signal near third phase conditions. This can be seen from Table 4.2b which shows 9.2 to be 

the stickiness parameter for TiBP system loaded with 40g/L of Th (IV). Stickiness parameter 

for TBP is much higher than the threshold when loaded with 40g/L of Th (IV) which is close 

to its limiting organic concentration. The corresponding value for TsAP loaded with 40g/L 

Th(IV) is 4.9 which is way below the threshold, and agrees with the observations that TsAP 

does not form third phase with Th(IV) at 1M acid up to saturated aqueous concentration
63

. 

Effect of the extracted metal ion 

From the SANS studies it is seen that tetravalent metal ions e.g. Th(IV) have higher tendency 

to form third phase  as seen from its higher scattering intensities and stickiness parameter 

data.  In this context, it will be interesting to explore the stickiness parameter details for the 

Zr(IV)–TBP system as it has been experimentally shown in our laboratory that Zr is bound to 

form third phase even at much lower metal ion concentration for e.g. above the LOC of 

8.19g/L
32

. It is also interesting to compare the present study with a preliminary study on 

SANS of Zr(IV) loaded TBP/n-C12D26 system carried out earlier  by Benadict et al
32

. The 
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studies on SANS of 1.1M TBP/n-C12D26 loaded with Zr (0.057 mol/L) before the LOC 

conditions indicated a scattering intensity of around 5 (Q  0) with a stickiness parameter of 

9.7 and potential energy of −1.4. The above values of Zr-TBP system are higher than the 

corresponding values (stickiness parameter = 7.4 and potential energy = −1.24) reported in 

the present study for TBP-Th(IV) system loaded with higher Th concentration (20 mg Th/L 

which corresponds to 0.086 mol/L) with a scattering intensity of around 4 (Q  0).  

Temperature and third phase formation 

As temperature is one of the parameters influencing third phase formation, its effect have 

been extensively studied in this work and in all cases it has been observed that increasing  

temperature decreases the scattering intensity as well as stickiness parameter. From these 

studies it is observed that TiBP system loaded with 40g/L of Th (IV), at 313K its stickiness 

parameter is below the third phase limit of 9, and beyond 323K,  falls below 8. It could 

be possible that systems with stickiness parameter below 8 are not susceptible to third phase 

formation. Temperatures above 343K were not investigated in the present work as it is 

generally not recommendable operating temperature for solvent extraction system due to 

safety issues when employed under plant conditions. 

Predictions when diluent is changed 

Extending the diluent chain length decreases the LOC value for Th(IV)
62

. Hence, experiments 

with longer chain length diluents, e.g. tetradecane instead of dodecane, can lead to higher 

scattering intensity and  for the given metal loading especially with Th(IV) system 
62, 63

. 

Similarly, diluents with shorter chain length such as octane or decane, is expected to reduce 

scattering intensity at low region and stickiness. 

4.8 Conclusion 

SANS experiments were carried out to investigate the third phase formation tendency for 

1.1M TalP extractants in deuterated dodecane. Three factors affecting third phase formation 
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were investigated in this study: nature of extractant, nature of metal ion and temperature. 

Comparison between U(VI) and Th(IV) complexes with the same extractant and comparison 

between the different phosphate extractants loaded with a given metal ion have been studied 

for the first time. The results obtained are in good agreement with our earlier solvent 

extraction experiments with respect to all the three parameters that were investigated. Further, 

the intensity of scattering and stickiness parameter data can be used for predicting the 

tendency of a system to form third phase. This study was also extended to set threshold 

values for scattering intensity and stickiness parameter below which third phase will not 

form, as well as the thresholds above which third phase is expected to form.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

“Live as if you were to die tomorrow. Learn as 
if you were to live forever” 

~ Mahatma Gandhi 
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SELECTIVE SEPARATIONS OF U(VI) FROM A Th(IV) MATRIX BY 

BRANCHED BUTYL PHOSPHATES: INSIGHTS FROM SOLVENT 

EXTRACTION, CHROMATOGRAPHY AND QUANTUM CHEMICAL 

CALCULATIONS  
5.1. Introduction 

In this study, the separation of trace amounts of U(VI) from a Th(IV) matrix by both solvent 

extraction as well as using coated polymer columns was studied; computational study relating 

the specificity of an extractant to the electronic structure of metal complexes was taken-up in 

connection with the above. The effect of extractant concentration as well as the acidity on the 

separation of U(VI) from a thorium matrix has been systematically investigated using TBP, 

Tri-iso-butyl phosphate (TiBP) and Tri-sec-butyl phosphate (TsBP). These molecules differ 

from each other in the position of methyl branching in their carbon chains (Scheme 5.1). The 

effect of acidity, coupled with varying extractant concentration on the separation factor has 

been carried out.  

 

 

 

 

 

 

 

 

Scheme 5.1: Structures of TBP, TiBP and TsBP 

 

Kinetics of uptake for U(VI) and Th(IV) by TsBP and TBP coated XAD-7 resins have been 

studied both for individual metal ions and for a mixture. Further, mixtures containing variable 
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U/Th ratios (1:100, 1:1000, 1:10000) were loaded on to the coated columns and isolation of 

U(VI) from a Th(IV) matrix has been examined.   

To understand the basis for the separations from experimental work, density functional theory 

(DFT) calculations were carried out and the metal–extractant interactions were electronically 

modelled. The calculation of complexation energies followed by ligand deformation studies 

for the formation of uranium and thorium complexes is crucial in elucidating the metal-ligand 

interactions.   

5.2 Solvent extraction studies on the separation of U(VI) from Th(IV)-Extraction and 

stripping  

Extraction studies were carried out with feed solutions containing 180µg/mL of U(VI) and 

160mg/mL of Th(IV) as this ratio (~1:800) simulates those in monazite ore as well as in the 

irradiated Th in the fast reactor which forms some amount of U
233

 by neutron capture. 

Extraction behavior was investigated as a function of extractant concentration, which was 

varied from 0.1mol/L to 0.5mol/L.  

It can be seen (Table 5.1) that for both the metal ions (U(VI) and Th(IV)), the D value 

increases with an increase in extractant concentration. At extractant concentrations above 

0.183M, TBP and TiBP formed third phase
58, 59

, whereas TsBP remained in the biphasic 

regime at extractant concentrations above 0.55M. At a given extractant concentration, Th(IV) 

distribution ratio is highest for TBP, followed by TiBP and TsBP, whereas for U(VI) 

distribution this trend is reversed. D values for acid extraction are highest for TsBP, followed 

by TiBP lowest for TBP.  U/Th separation factor is highest for TsBP and least for TBP, 

indicating that branching close to the phosphoryl group improves separation factor „β‟ values. 

The D value increases with an increase in extractant concentration for U(VI), Th(IV) as well 

as H
+
. Separation factor decreases with an increase in extractant concentration due to poorer 

selectivity for U(VI) with the greater availability of extractant molecules. Nevertheless, at 
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3M, acidity „β‟ is much higher with 15% TsBP/DD than that with 3% TBP/DD or 3% 

TiBP/DD. Methyl branching near the phosphoryl group produces an inductive effect which 

increases the basicity of the phosphoryl oxygen which in turn increases the D values for 

U(VI) and H
+
.
 60

 In the case of Th(IV), three extractant molecules bind to the Th(NO3)4. 

Steric factors due to the presence of secondary carbon atoms near the central metal ion reduce 

the distribution ratio as compared to the U(VI)–TsBP system in which only two extractant 

molecules bind to the uranyl centre
247

.  

Table 5.1: Extraction of U(VI) and Th(IV) as a function of extractants concentration (M) in 

dodecane. The aqueous phase contained initially a mixture of 180 μg/mL U(VI) and 160 

mg/mL Th(IV) in 3M nitric acid. 

 

 

 

 

 

 

 

 

 

In order to investigate the effect of acidity, a feed solution with the U(VI) and Th(IV) 

concentration (180µg/mL of U(VI) and  160mg/mL of Th(IV)) was prepared at 5M acidity, 

and extraction was carried out as a function of extractant concentration (Table 5.2). For a 

given extractant concentration, separation factors are higher at 3M than at 5M acidity. For 

example for 3% TsBP/DD, β is 877 when extraction is carried out from 3M HNO3, and 522 

from 5M HNO3. More U(VI) is extracted to the organic phase from 3M acid compared to the 

 TBP TsBP TiBP 

 0.110 

(3%) 

0.183 

(5%) 

0.110 

 (3%) 

0.183 

(5%) 

0.367 

(10%) 

0.550 

(15%) 

0.110 

(3%) 

0.183 

(5%) 

[H
+
] (M)    

[H
+
] Org. 0.071 0.130 0.099 0.145 0.264 0.369 0.069 0.128 

[H
+
] Aq. 3.01 2.97 3.03 2.98 2.96 3.01 3.03 3.04 

DH 0.024 0.044 0.032 0.049 0.089 0.123 0.023 0.042 

Th(IV) (mg/mL)    

Th(IV) Org. 2.20 7.46 1.00 2.65 11.1 25.4 1.74 5.81 

Th(IV) Aq. 157 152 158 156 148 134 158 154 

DTh(IV) 0.014 0.049 0.006 0.017 0.075 0.19 0.011 0.038 

U(VI) (µg/mL)    

U(VI) Org. 106 135 150 162 175 177 102 132 

U(VI) Aq. 71.5 46.5 28.5 15.8 6.12 4.67 77.6 46.5 

DU(VI) 1.48 2.90 5.26 10.2 28.6 37.9 1.31 2.84 

    

β 106 59.2 877 600 381 199 119 74.7 
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same at 5M. Further, Th(IV) loaded into the organic phase in the presence of U(VI) is lower 

than for neat Th(NO3)4. 

Table 5.2: Extraction of U(VI) and Th(IV) as a function of extractants concentration (M) in 

dodecane. The aqueous phase contained initially a mixture of 180 μg/mL U(VI) and 160 

mg/mL Th(IV) in 5M nitric acid. 

 

 

 

 

 

 

 

 

 

Separation factor is found to be higher when the extractant concentrations are low. The 

highest β (522) seen for this feed solution (at 5M acidity) was achieved at 3% TsBP 

concentration. TBP and TiBP have comparable β, with TiBP having marginally higher 

values. U/Th separation factors achieved by TsBP are far higher than that of TBP and TiBP. 

Even at 15% TsBP/DD solution, β value is higher than the corresponding value for 3% 

TBP/DD, and almost equal to 3% TiBP/DD system. Lower extractant concentrations are ideal 

for good separation, but this has disadvantage with respect to throughput in large-scale 

systems as the absolute amounts of metals extracted at each step are reduced in this case. 

Thus, choosing a suitable extractant concentration for a separation process requires a balance 

between throughput and separation efficacy.  

 TBP TsBP TiBP 

 0.110 

(3%) 

0.183 

(5%) 

0.110 

(3%) 

0.183 

(5%) 

0.367 

(10%) 

0.550 

(15%) 

0.110 

(3%) 

0.183 

(5%) 

[H
+
] (M)    

[H
+
] Org. 0.131 0.155 0.153 0.186 0.314 0.426 0.125 0.148 

[H
+
] Aq. 5.03 5.03 5.04 5.01 4.96 4.99 5.05 4.96 

DH 0.026 0.031 0.030 0.037 0.063 0.085 0.025 0.030 

Th(IV) (mg/mL)    

Th(IV) Org. 1.89 6.32 0.93 1.91 9.71 22.3 1.50 5.26 

Th(IV) Aq. 158 154 158 159 152 139 158 154 

DTh(IV) 0.012 0.041 0.006 0.012 0.064 0.160 0.009 0.034 

U(VI) (µg/mL)    

U(VI) Org. 92.8 112 136 151 167 170 90.5 108 

U(VI) Aq. 87.6 67.3 43.5 29.5 14.3 9.5 88.7 70.9 

DU(VI) 1.06 1.66 3.13 5.12 11.7 17.9 1.02 1.52 

    

β 88.3 40.5 522 427 183 112 113 44.7 
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Earlier studies showed that the number of extractant molecules of any type bound to the 

metal species can be found from the slope of a log(D) vs. log(E) graph, where E is the free 

extractant concentration 
60

. Figure 5.1 (A) and (B) show a plot of the logarithm of extractant 

concentration vs. logarithm of D for Th(IV) and U(VI), respectively. In both cases, a linear fit 

of the data is obtained and the slope of the graph for Th(IV) is 2.11 and that for U(VI) is 1.27. 

However, Th(IV) forms a trisolvate with the extractant during complexation and U(VI) forms 

a disolvate 
60

. The slope values of 2 and 3, respectively for U(VI) and Th(IV) are obtained 

when  the extraction is carried out at tracer levels (typically tens of micrograms) where the 

equilibrium free extractant concentration (after complex formation) can be approximated to 

initial extractant concentration. In the case of Figure 2 (A) and (B) the slopes [U(VI) = 1.27, 

Th(IV) = 2.11] have a lower value than the actual solvate formed as the equilibrium free 

extractant concentration cannot be approximated to the concentration of initial extractant. The 

feed solutions contain 160 mg/mL of Th(IV) which binds to a substantial quantity of 

extractant molecules, making the free extractant concentration after complexation to drop 

significantly from the initial concentration. 

After the extraction of Th(IV) and U(VI) to organic phases, the back extraction of U(VI) 

from the loaded organic phases to the aqueous phase was carried out. The organic phases 

containing 3% TBP as well as 3% TsBP were taken as representatives since they contained 

the highest quantities of extracted U(VI). The loaded organic phases were initially 

equilibrated with 3M nitric acid to strip as much Th(IV) as possible to the aqueous phase. At 

3M acid in the case of TsBP, D for Th(IV) (0.006) is much less than D for U(VI) (5.26); 

consequently thorium  predominantly comes into the aqueous phase, along with a small 

percentage of uranium. U(VI) recovery was subsequently achieved by equilibrating the 

organic phase with a 0.01M HNO3 solution because at this acidity D values for both U(VI) 

and Th(IV) are ~0.1[17]. Table 5.3 shows the concentration profiles of Th(IV), U(VI) and H+ 
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on contact with 3M HNO3 followed by equilibrating twice with fresh 0.01M HNO3. Most of 

the Th(IV) leaves the organic phase into 3M HNO3 and after equilibration with 0.01M HNO3, 

the aqueous phase contains pure U(VI). 

 

 

 

 

 

 

Figure 5.1: Plot of logarithm of D (distribution ratio) vs. logarithm of extractant 

concentration. The slope of the graph can be used to find the metal solvate composition in 

(A) Th(IV) extraction (B) for U(VI) extraction. 

 

Table 5.3: Recovery of U(VI) from the organic phase 0.11 M (3%) TBP and TsBP solutions 

in dodecane after extraction from a feed solution containing 180 μg/mL U(VI) and 160 

mg/mL Th(IV) in 3M nitric acid. The organic phase was then equilibrated with 3M HNO3 

followed by two stages of equilibration with 0.01 M HNO3. 

 

 

 

 

 

 

 

 

 TBP TsBP 

 Extraction 3M 

scrub 

0.01M (I) 

strip 

0.01M (II) 

strip 

Extraction 3M 

scrub 

0.01M 

(I) strip 

0.01M 

(II) strip 

[H
+
] (M)   

[H
+
] Org. 0.071 0.083 0.013  0.099 0.124 0.028  

[H
+
] Aq. 3.01 2.97 0.061  3.03 2.88 0.095  

DH 0.024    0.033    

Th(IV)  

(mg/mL) 

  

Th(IV) Org. 2.20 0.382 0.011  1.00 0.184 0.008  

Th(IV) Aq. 157 1.94 0.310  158 0.874 0.104  

DTh(IV) 0.014    0.006    

U(VI)  

(µg/mL) 

  

U(VI) Org. 106 90.1 26.9 15.8 150 136 38.2 21.9 

U(VI) Aq. 71.5 15.1 62.8 10.2 28.5 12.8 97.6 15.5 

DU(VI) 1.48    5.26    
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5.3 Electronic structure calculations on U(VI) and Th(IV) complexes   

The estimated D values derived from solvent extraction experiments suggest that TsBP shows 

higher extraction for uranyl ion compared to TBP, whereas for thorium, TBP shows higher 

extraction compared to TsBP. The superior separation factors achieved with TsBP rests on its 

selectivity for U(VI) over Th(IV). This reversal of preferences of the ligands towards U(VI) 

and Th(IV) and selectivity of TsBP towards U(VI) with reduced binding to Th(IV) due to 

steric factors was probed by electronic structure calculations using density functional theory 

(DFT). The structures of the U(VI) and Th(IV) complexes with TBP and TsBP were 

optimized. The differences in their geometries (Figure 5.2 and Table 5.4) and Mülliken 

charge distribution (Table 5.5) were analysed. Binding free energies of complex formation 

were also calculated (Table 5.4). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Optimized geometries of (A) UO2(NO3)2∙2TBP (B) UO2(NO3)2∙2TsBP (C) 

Th(NO3)4∙3TBP and (D) Th(NO3)4∙3TsBP complexes 
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The two organophosphorous ligands in the uranyl complexes are positioned opposite to each 

other causing the least steric repulsions between their carbon chains. There is a marginal 

elongation in the average U – ONO3 bond length in the case of the UO2(NO3)2∙2TsBP complex 

and a shortening of the U – OExt bond length, both indicating a stronger complexation in the 

case of TsBP with uranyl nitrate (Table 5.4). On the other hand, in the thorium complexes, 

there is an elongation of ~0.06 Å in the Th – OExt bond length in the Th(NO3)4∙3TsBP 

complex as compared to the Th(NO3)4∙3TBP complex (considering largest bond distances in 

both complexes). This indicates a weaker binding between Th–TsBP compared to Th–TBP.  

Table 5.4: Solvent corrected binding free energies (kcal mol
-1

) using M06-2X functional and 

computed structural parameters (Å) of actinide extractant complexes.  

 

 

 

 

Table 5.4 also shows the solvent corrected energies of complexation as calculated for 

uranium and thorium complexes with TBP and TsBP using M06-2X functional and TZVP 

basis set. All the complexation energies are negative, indicating that the formation of the 

complexes is favorable under these solvent conditions. Dispersion effects were considered 

during the geometry optimization to account for steric factors which are believed to be the 

reason behind lower distribution ratios for Th(IV) extraction by TsBP 
58

.  Indeed 

Th(NO3)4∙3TBP complex formation is favored as opposed to the formation of  

Th(NO3)4∙3TsBP complex.  Computed binding affinities for both the extractants are very 

similar for uranyl nitrate. When the uranyl nitrate complexes were optimised in the absence 

of dispersion effects, it was found that the formation of UO2(NO3)2∙2TsBP complex was 

more favored than the UO2(NO3)2∙2TBP complex by 3.5 kcal mol
-1

 in agreement with solvent 

Complex UO2(NO3)2∙2TBP UO2(NO3)2∙2TsBP Th(NO3)4∙3TBP Th(NO3)4∙3TsBP 

Bonds Bond lengths (Å) 

U = Oyl 1.797 − 1.801   1.792 − 1.803   - - 

M – OExt 2.365 − 2.378 2.351 2.369 − 2.399 2.390 − 2.461 

M – ONO3  2.500 − 2.527 2.524 − 2.529 2.533 − 2.697 2.544 − 2.648 

Binding free 

energy 
-11.67 -10.71 -35.75 -14.51 
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extraction results.  There is no significant difference in the magnitude of charge localisation 

on the corresponding atoms between the uranyl nitrate complexes with TBP and TsBP and in 

the bare ligands TBP and TsBP as obtained from Mulliken charge analysis. The same is the 

case when comparing the thorium nitrate complexes with these ligands. 

Table 5.5: Mulliken charges on phosphorous and phosphoryl oxygen atoms in the bare ligand 

and after complexation calculated using M06-2X. Charges on the metal centre, as well as 

uranyl and thorium nitrate oxygen atoms bound to the metal are also shown. 

 

 

 

 

Binding free energy for both ligands with a given metal ion can be compared. However, 

between two different metal ions the oxidation states as well as the number of ligands bound 

per complex specie are different. Hence, trends obtained from calculated binding energy 

values across U(VI) and Th(IV) for the same ligand are not expected to correlate with their 

respective distribution behaviour. Hence, ligand deformation energy per ligand was 

calculated for the complexes of U(VI) and Th(IV) with TBP and TsBP ligands (Table 5.6). 

This is a measure of the change in the ligands‟ deformation upon complex formation. Higher 

deformation energy is indicative that the ligand has altered its relaxed geometry more in order 

to adapt itself to the steric environment present in the complex. As predicted by solvent 

extraction and complexation energy calculations, the largest deformation energy was 

computed for the Th(NO3)4∙3TsBP complex (12.5 kcal mol
-1

) and the least for 

UO2(NO3)2∙2TBP complex (0.7 kcal mol
-1

). For both metal nitrates, TsBP has the larger 

deformation energy as compared to TBP due to the effect of branching close to the 

phosphoryl group, which causes more steric strain. On comparing U(VI) and Th(IV), the 

Complex QP QO 

(P=O) 

QO 

(P-O) 

QO 

(UO2) 

QN-O 

(NO3) 

QN=O 

(NO3) 

QM 

TBP 2.530 -1.104 -0.796 ... ... ... ... 

TsBP 2.548 -1.113 -0.812 ... ... ... ... 

UO2(NO3)2∙2TBP 2.625 -1.059 -0.795 -0.633 -0.466 -0.364 1.922 

UO2(NO3)2∙2TsBP 2.644 -1.060 -0.813 -0.632 -0.470 -0.368 1.916 

Th(NO3)4∙3TBP 2.643 -1.102 -0.797  -0.477 -0.377 1.698 

Th(NO3)4∙3TsBP 2.663 -1.094 -0.817  -0.472 -0.382 1.718 
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complexes of Th(IV) have the larger deformation energies as three ligands are accommodated 

around the Th centre as opposed to two ligands bound to the uranyl ion. For a given metal-

ligand complex, larger deformation with reference to the ligands‟ relaxed geometry signifies 

lesser tendency of the ligand to participate in complexation with that particular metal ion. 

Thus, we have shown a direct correlation to the deformation of the ligand with their binding 

affinities. The difference in binding energy for the uranyl nitrate complexes with TBP and 

TsBP are negligible and within the computational error bar (~1kcal/mol). Though 

complexation energies are almost the same for the U(VI) complexes with TBP and TsBP, 

however, lower preference of TsBP over TBP towards binding with Th(IV) is clearly 

established from the calculated complexation energy values. Trends in binding free energy, 

coupled with deformation energetics indicate more affinity of TsBP towards U(VI) in 

presence of Th(IV). 

Table 5.6: Deformation energy (kcal mol
-1

) per ligand for TBP/TsBP ligands in U(VI) and 

Th(IV) complexes calculated using M06-2X. 

 

 

 

For U(VI) and Th(IV) complexes with TBP and TsBP, IR spectra were calculated and 

compared with the experimental IR spectra (Figure 5.3). The features corresponding to P=O 

stretching (between 1100-1200 cm
−1

) and U=O asymmetrical IR stretching (between 900-

1000 cm
−1

) are indicated in the figure. The calculated IR spectra for each of the four 

complexes were in good match with the spectrum of the corresponding complex obtained by 

experimental measurement.  

Complex Deformation Energy  

UO2(NO3)2∙2TBP 0.75 

UO2(NO3)2∙2TsBP 4.75 

Th(NO3)4∙3TBP 6.00 

Th(NO3)4∙3TsBP 12.50 
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Figure 5.3: Comparison of experimental and calculated spectra for the complexes of U(VI) 

and Th(IV) with TBP and TsBP. 

 

5.4 Demonstration U/Th separation by coated polymer support 

On finding from the above solvent extraction experiments and DFT calculations that better 

separation factors can be achieved by TsBP as compared to TBP, extraction chromatography 

experiments were designed to demonstrate the separation of U(VI) from a large excess of 

Th(IV). Prior to carrying out column chromatography, the kinetics of extraction of both 

U(VI) and Th(IV) by impregnated TBP and TsBP resins were examined. In general, kinetics 

of extraction of a metal ion by an extraction chromatography resin (a solid-liquid extraction 

system) is slower than liquid-liquid extractions due to the restricted diffusion of the metal 

ions into the extractant molecules coated onto a solid support. Kinetics of U(VI) and Th(IV) 
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uptake with  TsBP and TBP coated (40%) resins were studied in order to investigate the 

effects of branching near the co-ordination site in the case of TsBP in comparison with TBP. 

Figure 5.4A shows the plot of D values as a function of time for the extraction of U(VI) and 

Th(IV) ions by TBP and TsBP coated resins.  

The highest D value is seen for U-TsBP system, which has the highest D value in solvent 

extraction as well compared to the other three cases.  D value decreases in the order: U-TsBP, 

U-TBP, Th-TBP and Th-TsBP systems, respectively in agreement with the trends observed in 

solvent extraction for these extractant–metal pairs. The kinetics of U(VI) uptake is similar in 

the case of TBP and TsBP and the maximum capacity of the resin is achieved in ~1hr. In the 

case of the Th-TBP system, the resin reaches the maximum capacity in ~2hrs. The kinetics of 

Th-TsBP system, however, is much slower than Th-TBP system. This is due to the branching 

in the alkyl group on the first carbon atom in the case of TsBP, whose steric effect 

considerably slows down the kinetics in circumstances of the TsBP coated on a solid support. 

This difference, on the other hand, is not observed in solvent extraction as the equilibration 

time of ~15 minutes is more than adequate for liquid – liquid extraction systems to attain 

equilibrium. It is noteworthy that from our DFT studies, the steric effects in the formation of 

the Th(IV)–TsBP complex are reflected both in the binding as well as ligand deformation 

energies.  Based on our computational study on the Th(IV)-TsBP complexation, we expect 

sorption of the Th species to be slow on the TsBP sorbed chromatographic support; as 

expected, the sorption of Th(IV) was found to be slower as seen from the kinetics.  

As the sorption of Th(IV) on TsBP coated resin was slow, it was hypothesized that the 

presence of U(VI) may further affect the kinetics of Th(IV) extraction. This was investigated 

by equilibrating a 1:1 mixture of U(VI) and Th(IV) as the feed solution with TsBP and TBP 

coated (40%) resins. The D value for U(VI) in the mixture remains similar to the D obtained 

with a neat U(VI) solution for both TsBP and TBP, whereas the D value for Th(IV) in the 
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mixture decreased compared to the D obtained with neat Th(IV) for both TsBP and TBP 

(Figure 5.4B). Thus, the kinetics of U(VI) uptake is similar in the case of TBP and TsBP, 

however, the kinetics of Th-TsBP system is further slowed down in the presence of U(VI), 

which competes for TsBP. The sorption kinetics of thorium on the chromatographic column 

has been substantially lowered in the presence of uranium.  

 

 

 

 

Figure 5.4: Kinetics of metal ion uptake from 4M HNO3 solutions by TBP and TsBP coated 

XAD – 7 resins (A) Individual metal ions (B) From a 1:1 mixture. 

 

Following the kinetic studies, TsBP impregnated XAD-7 polymer resin (40 wt% coating of 

TsBP on XAD-7) was packed in two glass columns (5g resin in each case) and two feed 

solutions containing 100 ppm of U(VI) and Th(IV) in 4M nitric acid were separately passed 

through the 40% TsBP coated resin columns. Once metal uptake saturation was reached, the 

column was washed with 4M acid, followed by elution of the metal ions by passing 0.01M 

nitric acid through the column. Figure 5.5A-C shows the loading and elution profiles for the 

two metal nitrate systems. TsBP coated resin showed higher loading of U(VI) compared to 

Th(IV), consistent with the data generated from solvent extraction experiments. 
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Figure 5.5: (A) Loading of U(VI) and Th(IV) from 4M HNO3 medium on 40% TsBP coated 

resin columns followed by (B) Elution with 0.01M HNO3 and (C) Total elution curve.  

Subsequently, the separation of U(VI) from U-Th mixtures of varying U/Th ratios was 

carried out using TsBP coated XAD–7 columns. The acidity of the feed was maintained at 

4M and the U/Th ratio of the feed solutions was varied as U: Th = 1:100, 1:1000 and 

1:10000. From solvent extraction studies, it was observed that washing with nitric acid 

removes Th(IV) from the column and U(VI) is completely retained by the support.  A 

mixture of U and Th can be continuously passed through a ligand coated column; however, 

unless the capacities are sufficiently high enough, it is difficult to achieve separation. Hence, 

only a fixed volume of the feed was loaded on to a column and the support was strategically 

washed with optimum volumes of 4M nitric acid to remove preferentially Th(IV), retaining 

the U(VI) in the column. Further, passing 2M HNO3 removed substantial quantities of Th(IV) 

from the coated column. At lower HNO3 concentrations, D values for both metal ions are 

lowered, but still substantially lowered for Th(IV) compared to U(VI); making the 2M 

washing more effective towards the elution of Th(IV). Finally, once most of the Th(IV) was 

removed from the column, the U(VI) retained in the column was eluted along with the 

remaining Th(IV) if any, by passing 0.01M nitric acid. Scheme 5.2 represents the flowchart 

for the strategy adopted in the separation of U(VI) from Th(IV) for the feed solutions 

containing excess of Th(IV). For each ratio the washing and elution stages which achieved 

the best separations are represented (Figure 5.6 A-D). 
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Scheme 5.2: Flow chart of the column chromatographic separation of U(VI) from Th(IV) in 

the mixtures by TBP or TsBP coated XAD – 7 columns.   

 

Different U:Th ratios are considered and the results obtained from chromatographic studies 

are discussed: 

(I) U:Th ratio of 1:100  

Initially 1mL of the feed solution with a U: Th ratio of 1:100 (~10µg/mL of U(VI) and 

1mg/mL of Th(IV)) was passed through the TsBP coated column. The fractions from the 

column were collected 5mL at a time (Figure 5.6A) and were analysed for their U(VI) and 

Th(IV) content. In the first such run, the column was washed with 20mL each of 4M and 2M 

acids followed by elution with 20mL of 0.01M HNO3. Under these conditions 10µg of U(VI) 

was obtained in the eluate along with 312µg of Th(IV). In order to further reduce the Th(IV) 

retained in the column before eluting the U(VI), another experiment was carried out in which 

the column was washed with 20mL of 4M nitric acid and then with 40mL of 2M nitric acid 

instead of the 20mL used in the previous run. In this case the amount of total Th(IV) present 

with the eluted U(VI) was reduced to 126µg (Figure 5.6A). The details about the washing and 

elution volumes and the composition of the eluate are provided in Figure 5.6A-D.   
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(II) U:Th ratio of 1:1000  

Subsequently 1mL of a feed solution with a U: Th ratio of 1:1000 containing ~10µg/mL of 

U(VI) and 10mg/mL of Th(IV) was loaded onto the column. 20mL each of 4M and 2M acids 

were used to wash the column. Further, 20mL of 0.01M HNO3 was used to elute the U(VI) 

along with the Th(IV) retained in the column (Figure 5.6B). In this run, 8µg of U(VI) was 

obtained with ~2900µg of Th(IV) in the eluate. As Th(IV) was selectively removed from the 

column during the washing with 4M acid, it was hypothesized that more washing with 4 and 

2 M acids can remove more Th(IV) before the U(IV) is eluted. In a second experiment with 

the same feed, 40mL of 4M nitric acid was passed through the column and the volume of 2M 

acid passed was also increased from 20 to 30mL in order to remove maximum Th(IV). In the 

second experiment 5µg of U(VI) was obtained with only ~800µg of Th(IV) in the eluate 

(Figure 5.6B). As more 4M and 2M acid solutions were passed through the column, more 

Th(IV) was removed. However, at the cost of some U(VI) lost in the 2M acid wash. 

(III) U:Th ratio of 1:10000 

Finally the feed solution with a U:Th ratio of 1:10000 containing ~10µg/mL of U(VI) and 

100mg/mL of Th(IV) was loaded and the column was washed with 20mL each of 4M and 2M 

nitric acid solutions followed by elution with 20mL of 0.01M HNO3. In this case, half the 

initial U(VI) was lost in the 2M elution stages and 5µg of U(VI) remained in the eluate 

(Figure 5.6C) along with 1124µg of Th(IV). The U(VI) could have been lost mainly due to 

the large excess of Th(IV) concentration in comparison with U(VI), which significantly 

disabled the binding of U(VI) ions to the TsBP in the column. In order to avoid losing U(VI) 

before elution, in the next experiment the column was washed with only 4M HNO3. 

Furthermore, when U(VI) was first detected in the collected fraction, the column was eluted 

with 0.01M HNO3. After 35mL of 4M acid was passed through the column, U(VI) was found 

in the collected fraction and hence at this stage the column was eluted with 0.01M HNO3.In 
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this case 10µg of U(VI) was entirely recovered along with 2644µg of Th(IV) in the eluate 

(Figure 5.6C).  

Generally the ligands coated onto the extraction chromatographic columns are stable for 

about six to eight runs and slowly the sorbed ligand will be leached out
254, 255

. It has been 

confirmed that these resins can be recycled for good number of runs as mentioned above 

without much extractant loss and deterioration in the column performance. Both TBP and 

TsBP are not expected to come out from the resin matrix with the experimental conditions 

adopted in the present study. The TBP/ TsBP coated supports were examined for multiple 

column runs as well as distribution coefficient experiments. We have observed no change in 

D data for   5 runs. After that, slow leaching of ligand could take place. Thus, the supports 

can be used for about 5 experimental runs. The extractant leaching from the support depends 

on (i) hydrophobicity of the support (ii) hydrophobicity of ligand (iii) nature of medium used 

e.g. H2O/HNO3. Extractant leaching is expected to be lower from HNO3 medium because of 

its higher dielectric constant. 
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Figure 5.6: Eluent from two different column runs for the separation of U(VI) from Th(IV) 

from a feed solution containing (A) ~10µg/mL of U(VI) and 1mg/mL of Th(IV) (B) 

10µg/mL of U(VI) and 10mg/mL of Th(IV) (C) 10µg/mL of U(VI) and 100mg/mL of 

Th(IV). (D) U(VI) and Th(IV) concentrations in the eluate collected in the second column 

run carried for the 1:10000 mixture after the first step of separation. The feed used for this 

further purification is indicated. The acids used for washing and their volumes are provided 

in the insets. Uranium sorbed in the column runs have been eluted with 20mL of 0.01M 

HNO3 (5.6A-D). 

 

As seen from Figure 5.6, the uranium can be separated from thorium from a mixture of 1:100, 

1:1000 and 1:10000 U:Th ratio, by using an appropriate washing of the loaded TsBP column 

with 4M and 2M HNO3. This leads to substantial reduction of thorium in the loaded column.  

Subsequently, sorbed uranium was eluted along with some thorium using 0.01M HNO3. 



123 

 

Thus, using a series of TsBP columns, U(VI)  can be efficiently separated from a Th(IV) 

matrix.  

Considering the 1:10,000 U:Th ratio in the feed, the results demonstrate that the U:Th ratio 

after purification by a second column reduces to 1:46 (where the eluate from second column 

contains 10µg U and 458µg Th). The actual U:Th ratios present in the monazite ore or 

irradiated thorium rods are in the order of 1:1000. Hence, certainly complete separation of 

U(VI) from Th(IV) can be achieved by employing TsBP coated support with additional 

column run. Thus a demonstration has been carried out with a huge U:Th ratio (1:10000) to 

show that uranium can be recovered even from a difficult proportion; though in reality from 

reactor samples, the U:Th ratio will be only in the order of ~1:800. 

In order to demonstrate that U(VI) can be potentially separated and obtained in pure form 

from a feed solution with a 1:10000 U/Th ratio, the eluate from the TsBP column was passed 

through another fresh TsBP column (Figure 5.6D). The eluate with 10µg of U(VI) and 

2644µg of Th(IV) was employed as the feed for the secondary column. The mixture was 

evaporated and its volume reduced from 20mL to 1mL before loading onto the column, in 

order to get sharper elution profiles. The column was washed with 20mL each of 4M and 2M 

acids followed by 20mL of 0.01M HNO3. In the second stage of purification 10µg of U(VI) 

remained with a mere 458 µg of Th(IV) in the eluate; a drastic reduction from the initial 

100mg Th(IV) present in the primary feed. The U(VI) and Th(IV) present in the eluate for all 

the column runs discussed and summarised (Table 5.7a).  

To quantify the superior separations displayed by TsBP with its linear isomer TBP, another 

experiment was conducted. A TBP coated column was loaded with the feed solution 

containing a U:Th ratio of 1:10000 (~10µg/mL of U(VI) and 100mg/mL of Th(IV)). Similar 

to the second column in Figure 5.6C, the TBP coated column was washed with 35mL of 4M 

HNO3 and then eluted. These are identical to the conditions employed for the TsBP coated 
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column with the same U/Th ratio of 1:10000. The results obtained with TsBP are compared 

with those obtained with TBP (Figure 5.7). The U(VI) elutes from the TBP column much 

earlier than it does from the TsBP column. Consequently, there is less uranium in the eluate 

(0.01M fractions) in the case of the TBP coated column compared to the TsBP coated 

column. Furthermore, as TBP also retains Th(IV) better than TsBP, there is less Th(IV) in the 

eluate in the case of TsBP (10µg U(VI) and 2644µg Th(IV)) compared to TBP (3.5µg U(VI) 

and 9508µg Th(IV)). This consequently increases the final U(VI)/Th(IV) ratio in the eluate in 

the case of TsBP (Table 5.7b).  Additionally, by employing this elution strategy the ent ire 

10µg of U(VI) was recovered from the TsBP column. These data clearly indicate that TsBP 

coated resin is far superior to TBP coated one for the separation of U(VI) from Th(IV) from 

feed solutions containing uranium in a thorium matrix. 

 

Table 5.7: (a) Summarised results for the separation of U(VI) from Th(IV) from TsBP coated 

columns. (b) Comparative study for TBP and TsBP column for isolation of U(VI) from 

1:10000 U:Th ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Separation of U(VI) from Th(IV) from TsBP coated columns 

Initial composition of U(VI) 

and Th(IV) in the feed 

U=10µg 

Th=1mg 

U=10µg 

Th=10mg 

U=10µg 

Th=100mg 

 

U and Th concentration in the 

elate (0.01M HNO3) 

 

Run I 
U=10µg 

Th=0.312mg 

U= 8µg 

Th= 2.88 mg 

U=5µg 

Th=1.12mg 
From second 

TsBP column 

Run II 
U=10µg 

Th=0.126mg 

U= 5µg 

Th= 0.792 mg 

U=10µg 

Th=2.64mg 

U=10µg 

Th=458µg 

(b) Comparing TBP and TsBP for U=10µg, Th=100mg feed 

 TsBP TBP 

U and Th concentration in the 

eluate (0.01M HNO3) 
10µg U(VI), 2.64 mg Th(IV) 3.5µg U(VI)  9.51 mg Th(IV)) 
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Figure 5.7: Comparison of the separation of U(VI) from Th(IV) by TBP and TsBP coated 

columns from a feed solution containing 10µg/mL of U(VI) and 100mg/mL of Th(IV). 

 

5.5. Conclusion 

A comprehensive study on the separation of U(VI) from a Th(IV) matrix by solvent 

extraction, coated resins,  and theoretical validations by DFT has been carried out.  The effect 

of structure of extractant, concentration of extractant and acidity of feed solution on the 

separation of U(VI) from Th(IV) by solvent extraction has been systematically investigated 

for U:Th ratios that simulate those present in the major thorium ore and irradiated thorium 

material. The ligand TsBP exhibits highest separation factor with selectivity for U(VI) over 

Th(IV) which can be attributed to its methyl branching close to the phosphoryl group, 

increasing the basicity of  phosphoryl oxygen. With TsBP, the extraction of U(VI) is 

enhanced, but not Th(IV) as the steric effect of  branching reduces DTh(IV) for TsBP as 

compared to TBP. The effect of steric hindrance on structure and complexation energy has 

been revealed through density functional results. The solvent and dispersion corrected 

calculated binding affinities of Th(IV) complexes with both TBP and TsBP ligands showed 
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that Th(IV) has a stronger affinity for TBP compared to TsBP. Theoretical deformation 

energies of  bare ligand on complexation revealed  lower steric strain on forming uranyl 

complexes compared to the Th complexes, particularly for the branched TsBP ligand. These 

trends clearly indicate higher affinity of TsBP towards U(VI) in presence of Th(IV). 

The separation of U(VI) from Th(IV) was demonstrated by TsBP coated XAD–7 columns for 

a series of U:Th ratios. Though U:Th ratios of ~1:1000 are found in monazite as well as in 

irradiated Th in the nuclear reactor,  present study extends further to demonstrate  effective 

separation of uranium from thorium for a U:Th ratio of 1:10000. The final U:Th ratio was 

reduced 200-fold (1:48 from 1:10000) by merely 2 stages of column purification, indicating 

that coated columns of TsBP on XAD-7 have immense potential to separate U(VI) from 

Th(IV). Kinetic studies carried out on the sorption of U(VI) and Th(IV) on TBP and TsBP 

coated columns revealed the steric factors that slow down the uptake of Th(IV) by TsBP;  the 

same was also confirmed by the quantum chemical calculations.  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

“The people who are crazy enough to think 
they can change the world are the ones who 
do” 

~ Steve Jobs 
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STRUCTURAL EFFECTS ON THE COMPLEXATION OF ACTINIDES 

WITH BRANCHED PHOSPHONTES: A COMBINED EXPERIMENTAL 

AND QUANTUM CHEMICAL STUDY 

(A) H-PHOSPHONATES  

6A.1 Introduction 

Studies in the past have mainly been on phosphate ligands, and little has been explored on 

phosphonates, and particularly H–phosphonates. In general higher homologs within a given 

class of compounds have been examined, but not the effects of branching at different 

positions in the alkyl chain in phosphonates. In the present study, ligands resulting from 

branching in 4–carbon chain of DBHP, namely DiBHP and DsBHP (Scheme 6A.1), were 

examined for the extraction of U(VI) and Am(III) from nitric acid.  These three extractants 

were synthesised and their physical properties viz. density, aqueous solubility, viscosity and 

activation barrier to flow was measured as these characterize the suitability of an extractant 

used for solvent extraction. A systematic study on the variation in D as a function of HNO3 

concentration (0.01–8M) was carried out for U(VI) and Am(III) ions. The D is strongly 

dependent on the acidity of the aqueous phase and therefore in order to establish the optimum 

conditions for each extractant, varying the aqueous acidity is a vital investigation. To gauge 

our experimental studies, density functional theory (DFT) based calculations were employed 

to understand the energetics of complex formation for both the metal ions and explain the 

trends observed in solvent extraction experiments. DFT calculations were carried out for both 

the keto and enol mechanisms of extraction. The mechanism of extraction that operates 

depends on the pH of the aqueous phase as shown in Scheme 6A.2. 

For H–phosphonates, two mechanisms of extraction operate depending on the acidity. Acidic 

extractants extract with a higher D value at lower acidity due to the ion–exchange 

mechanism, and at higher acidities, they extract through solvation mechanism 
51

. Ion–

exchange between the metal and H
+
 ion is the result of keto-enol tautomerism of  phosphoryl 
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Scheme 6A.2: Mechanisms by which H–

phosphonates extract metal ions in different pH 
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Scheme 6A.1: Structure of the H-

phosphonates employed for the study 

group, leading to the formation of  O–H group
256, 257

, i.e. at acidities below 1M, enol 

tautomerisation of the H – phosphonate occurs, and extraction is primarily through exchange 

of H
+
. At higher acidities, the keto tautomer predominates in the extraction; this tautomer 

binds to the metal nitrate species via the phosphoryl oxygen. 

 

 

 

 

 

 

 

 

 

 

 

 

6A.2 Physico-chemical properties of butyl H-phosphonates 

The physicochemical properties viz. density, viscosity and aqueous solubility of H–

phosphonates were measured as these are important parameters that decide the efficacy of an 

organic phase during solvent extraction. Density of the three H–phosphonates DBHP, DiBHP 

and DsBHP are listed in Table 6A.1. The density of the phosphonates decreases with the 

branching due to reduced packing efficiency as the branching increases. The density 

difference is especially pronounced in the case of DsBHP due to the branching close to the 

P=O group.  
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Extractant Density 

(g/mL) 

Viscosity (cP) 

(@31
0
C) 

Activation Energy 

(Ea) (kJ/mol) 

Aqueous solubility 

(g/L) at 298K 

DBHP 0.970 1.45 10.38 38.03 

DiBHP 0.968 1.89 11.92 54.4 

DsBHP 0.957 1.39 9.19 39.23 

 

Table 6A.1: Density, viscosity at 31
o
C, activation energy and aqueous solubility of various 

H–phosphonates.   

Viscosity measurements were made for DBHP, DiBHP and DsBHP and the activation barrier 

to flow was calculated from the slope of logarithm of viscosity vs 1/T graph (Figure 6A.1). 

The viscosity of the solvent determines the mass transfer, and the activation barrier to fluid 

flow affects the phase disengagement time. The activation barrier for DsBHP is less than that 

of DBHP as the effects of branching near the polar groups causes a reduction in packing 

density and intermolecular interactions. DiBHP, however, shows a higher activation barrier 

than the other two extractants. Table 6A.1 lists the viscosity at 31
0
C and activation energies 

for the three H–phosphonates.  

The aqueous solubility of the H–phosphonates were measured and the results are listed in 

Table 6A.1. In general, the H–phosphonates have higher aqueous solubility compared to the 

phosphates of similar chain length. It is to be noted that tri butyl phosphate (TBP) has an 

aqueous solubility of 0.4 g/L 
29

. The highest aqueous solubility was observed with DiBHP 

followed by DsBHP and DBHP.  
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Figure 6A.1: Logarithm of viscosity against 1/T for the three H–phosphonates, DBHP, 

DiBHP and DsBHP. The activation energies are calculated from the slopes 

6A.3 Extraction of U(VI)  

Variation in D as a function of nitric acid concentration for the extraction of U (VI) by 1.1M 

DBHP, DiBHP, and DsBHP, respectively, in toluene are shown in Figure 6A.2. Toluene was 

used as the diluent because these extractants formed the third phase at acidities below 1M, 

when the extraction was carried out with dodecane diluent. Acidic extractants extract with a 

high D value at lower acidities due to the ion–exchange mechanism, and at higher acidities, 

they extract through the solvation mechanism. Ion–exchange between the metal and H
+
 ion is 

possible because of keto-enol tautomerism of the phosphoryl group, leading to the formation 

of the O–H group.  

For example and acidic extractant HA undergoes an extraction event represented by the 

equation: 

𝒏 𝑯𝑨 + 𝑴𝒏+ → 𝑴𝑨𝒏 +  𝒏 𝑯+ 

 

The equilibrium constant for the reaction is given as: 

 

𝑲 =
 𝑴𝑨𝒏  𝑯+ 𝒏

 𝑴𝒏+  𝑯𝑨 𝒏
=  𝑲𝑫

 𝑯+ 𝒏

 𝑯𝑨 𝒏
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𝑲𝑫 = 𝑲
 𝑯𝑨 𝒏

 𝑯+ 𝒏
 

 

𝒍𝒐𝒈𝑲𝑫 = 𝐥𝐨𝐠 𝑲 + 𝒏 𝐥𝐨𝐠 𝑯𝑨 − 𝒏 𝐥𝐨𝐠𝑯+ 

 

From the above equation, a plot of log KD vs. pH for an acidic extractant would yield a 

straight line in the pH range (i.e. at acidities below 1M). Other kinds of extractants will not 

give a straight line.  

The extractants DBHP and DiBHP behaves as acidic extractant and show higher extraction 

values in the lower acid region. On the other hand, DsBHP shows neutral extractant 

characteristics. In the case of the latter, lower distribution ratios are observed at lower acid 

concentrations, whereas highest D values are observed for acidities ranging from 4 to 6 M. 

When the solvation mechanism operates i.e. at higher acidities, DsBHP has a higher D value 

than DiBHP, which in turn has a higher D value than DBHP. The inductive effect due to the 

branching increases the basicity of the phosphoryl group and hence the D value. This has also 

been observed in the case of phosphates where tri–sec–butyl phosphate has a higher D value 

than tributyl phosphate for the extraction of U(VI)
258

. The experimentally observed higher D 

value for DiBHP at 0.01M acidity makes it a suitable candidate for the recovery of uranium 

from matrices in the pH range e.g. mine water. The speciation of uranyl nitrate depends on 

the acidity of the aqueous phase
259

. At lower acidities cationic species predominate, and at 

acidities above 6M, anionic species also will be present. Coupled with this, our extractants 

tautomerise at lower acidities to form the anionic species which is why extraction is enhanced 

due to cation-anion binding. Between 1-6 M HNO3 concentrations, the charge neutral metal 

nitrates are extracted to the organic by the neutral keto tautomer. Charged species cannot be 

stabilized in the nearly non-polar organic medium. Above 6M, anionic species of uranyl ion 

also exist and this is one of the reasons for the decrease in the distribution ratios of UO2
2+ 

at 

acidities greater than 6M. 
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Figure 6A.2: Variation in D values as a function of HNO3 concentration in the extraction of 

U(VI) by butyl H-phosphonates 

 

6A.4 Explorations into the acid-dependent mechanism of extraction 

The extractant DsBHP shows behaviour similar to a neutral extractant like TBP (Figure 

6A.2). Extraction of the U(VI) was carried out at 0.001M acidity where it was expected that 

DsBHP will not show extraction, but DBHP will. This was expected by extrapolating the 

graphs in Figure 6A.2.  The IR spectrum of 1.1M DsBHP and DBHP after extraction of 

U(VI) from 0.001M acid are compared with free DsBHP and DBHP in Figure. 6A.3. After 

extraction of uranium with DBHP and DiBHP, a red shift of 68cm
-1 

and 59cm
-1

 respectively
 
 

is observed for the P=O stretching, whereas there is no change in the corresponding region in 

the case of DsBHP, suggesting poor or no extraction of uranium by DsBHP at low acidities 

consistent with Figure 6A.11.  
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Figure 6A.3: (A) IR spectrum of DBHP, (B) DsBHP and (C) DiBHP before and after 

extraction of U(VI) from 0.001M nitric acid 

 

By delving deeper into the reasons for the extraction trend observed at lower acidity, it can be 

hypothesized that there is a variation in the formation tendency of the enol tautomer among 

the extractants, as the cation exchange mechanism predominates the extraction in this zone. It 

can be expected from the extraction trends at lower acidity that DiBHP forms more enol, 

followed by DBHP and then DsBHP as it shows the poorest extraction of U(VI) at low 

acidities.  

This claim was assessed by designing another simple yet insightful experiment in which the 

concentrations of enol tautomer could be estimated. 1.1M solutions of the extractants in 

toluene were first equilibrated with a 0.01M HNO3 solution, enabling them to tautomerise to 

the enol form. The organic phases were then separated and equilibrated with an equal volume 
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Extractant [NaOH]aq (M) 

(Before extraction) 

[NaOH]aq (M) 

(After extraction) 

[NaOH]org (M) Percentage of enol 

tautomer formed 

DBHP 1.645 1.117 0.528 48% 

DiBHP 1.645 0.924 0.721 66% 

DsBHP 1.645 1.335 0.310 28% 

 

of standardized (1.6M) NaOH. The enol form of the extractants alone can exchange the 

proton with sodium from the aqueous alkali. The difference in hydroxyl ion concentration in 

the aqueous phase is equal to the sodium extracted to the organic phase by the exchange of 

H
+
 ion. This is the amount of enol tautomer present in the organic phase. The percentage of 

enol tautomer formed for the three extractants DBHP, DiBHP and DsBHP are reported 

(Table 6A.2). The highest percentage of enol tautomer is formed in the case of DiBHP, 

followed by DBHP and DsBHP shows the least tendency for tautomerisation. This is the 

same as the trend in D values observed for uranium by solvent extraction experiments at 

lower acidity. The reduced formation of enol tautomer in the case of DsBHP was also 

predicted by theoretical calculations (refer section 6A.6).  

Table 6A.2: The percentage of enol tautomer formed for the three extractants based on 

titration of NaOH before and after extraction 

The marginally higher viscosity and activation barrier to the flow of DiBHP as compared to 

the other two extractants could also be attributed to a higher percentage of enol form in the 

case of DiBHP. In the enol tautomeric form, there exists a prerequisite for hydrogen bonding 

manifest in the O–H bond. Hydrogen bonding, known to be the strongest among 

intermolecular forces
260

 can cause a significant rise in the attractive interactions between 

DiBHP molecules. A consequence of this is its higher viscosity (Figure 6A.1). 

As the acidity is increased and reaches about 4–6M, DsBHP extracts with a higher 

distribution ratio than DiBHP followed by DBHP. The trend in D values for the three 

extractants at 4M is different from the trend observed at 0.01M. This could be due to a set of 

different reasons, or their effective combination. One of the reasons D values increase in 
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general at higher acidity is due to the increase in the total nitrate concentration as detailed in a 

report by Benadict et. al.
32

. Another reason for the higher D specifically for DsBHP is due to 

the higher basicity of the phosphoryl oxygen
61, 258

 which will bind more readily to the metal 

cation which acts as a Lewis acid. Other factors include steric interactions around the metal 

centre, the electronic environment and strength of the M–O bond
33, 261

. Having examined the 

tautomerism and its effects on the D value at low acidity, the strength of the U–O bond in the 

U---O=P moiety was investigated by IR spectroscopy at 4M acid. The extraction of U(VI) 

was carried out at 4M acid by 1.1M solutions of DBHP, DiBHP and DsBHP by equilibrating 

equal volumes of the aqueous and organic phases. The IR spectra of 1.1M solutions of 

DBHP, DiBHP and DsBHP in toluene before and after extraction of U(VI) from 4M acid are 

shown in Figure 6A.4 (A-C). Upon complex formation, at 4M acidity, P=O stretching 

frequency shows redshift for all the three extractants indicating M····O=P binding. This is 

consistent with the observation that at 4M acidity, the mechanism of extraction will be 

primarily through solvation (Figure 6A.2).  

Figure 6A.5 shows the ESI mass spectrum of the organic phase after extraction of U(VI) by 

DiBHP from 0.01M HNO3 as well as 4M HNO3 media.  These spectra are compared with the 

equivalent spectrum obtained for the bare ligand DiBHP. In the case of the bare ligand (L), 

monomer, dimer and trimer peaks were found in the gas phase and are assigned. For the 

uranyl complex formed from the extraction at 0.01M HNO3, the enolic complex is observed 

at m/z 673 and the corresponding keto complex is observed at m/z 795.  

TBP is a neutral extractant and shows optimum extraction at acidities of 4-6M. The class of 

extractants examined in this work are acidic in nature, generally showing higher distribution 

in the pH range, besides extraction at 4-6M. These extractants thus have potential application 

in pre-concentration of actinides. In addition, the ligand in extraction chromatography mode 

can be used for recovery of uranium even from lower acidic streams as the loaded uranium 
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from a chromatographic column can be recovered in a small volume using appropriate eluting 

agent.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6A.4: (A) IR spectrum of 1.1M DBHP/toluene (B) 1.1M DiBHP/toluene and (C) 

1.1M DsBHP/toluene before and after extraction of U(VI) from 4M nitric acid 
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Figure 6A.5: ESI mass spectra for the bare ligand DiBHP compared with the organic phase 

uranyl complexes extracted from 0.01M and 4M nitric acid 

 

6A.5 Extraction of Am(III) 

Variation in D values as a function of nitric acid concentration in the extraction of Am (III) is 

shown in Figure 6A.6. The butyl-H-phosphonates have D values less than 0.1 and show 

negligible extraction of Am (III), compared to U(VI). Among the H-phosphonates, DiBHP is 

marginally higher than DBHP and DsBHP.  DsBHP exhibits neutral extractant behaviour 

with Am(III) as it did in the case of U(VI). One of the reasons for the poor extraction of 

Am(III) is due to the binding of three extractants with Am(III) nitrate. This sterically hinders 

the extractants around the metal core, reducing the probability of complex formation and in 

turn its extraction. On the other hand, during the extraction of U(VI) two extractants are 

bound to the uranyl nitrate and hence extraction is much higher
61, 258

. The effect of solvate 

was further investigated by choosing another trivalent metal similar to Am(III) and measuring 

its D value at 0.01M. It has been seen in the past that Am(III) shares a similar chemistry to 
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the trivalent lanthanide ions
83, 262

. The extraction of Ce(III) nitrate at tracer level from the 

0.01M acid by DsBHP was carried out, and the concentration of Ce(III) in the aqueous phase 

before and after extraction were measured by ICP–OES (Inductively Coupled Plasma–

Optical Emission Spectroscopy). There was no change observed in the aqueous 

concentrations of Ce(III) before and after the extraction experiment indicating negligible 

extraction of the trivalent lanthanide. The difference in D values between U(VI) and Am(III) 

at acidities near 4M shows promising separation abilities of these phosphonates to separate 

U(VI) from a mixture containing Am(III). DsBHP, with branching close to the phosphoryl 

group is especially suited for this purpose as seen from a comparison of Figures 6A.2 and 

6A.6. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6A.6: Variation in D values as a function of HNO3 concentration for the extraction of 

Am (III) by butyl H-phosphonates. 

 

6A.6 Theoretical predictions 

The optimized structure of DBHP and DsBHP binding to uranyl ion in keto and enol form, 

respectively are shown in Figures 6A.7 and 6A.8. Two nitrate anions are found to be in first 

coordination shell for the keto form, whereas in the corresponding enol form, the nitrates are 
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not found in first coordination shell. Only charge neutral complexes are stabilised in the 

organic medium. In the enol form the hydrogen ions are replaced by the extracted metal 

species. In order to maintain charge neutrality, nitrates are not extracted to the organic phase 

due to the anionic nature of the enolic tautomer of the extractant. The optimized geometry of 

uranyl (U=O) bond distance in both linear DBHP and branched DsBHP in keto form is found 

to be very similar (~1.797Å). However, U-OH-phosphonate is somewhat strongly bound in 

DsBHP complex (2.416 Å) as compared to DBHP (2.424 Å). Further, the two nitrates are 

symmetrically bound in both uranyl complexes.  

 

Figure 6A.7: Optimized structures of DBHP and DsBHP bound with uranyl nitrate (keto 

form) 

 

 

 

 

 

 

Figure 6A.8: Optimized structures of DBHP and DsBHP bound with uranyl nitrate (enol 

form) 
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In the corresponding enolic form, the extractant molecules are strongly bound to uranyl due 

to its anionic nature of the H-phosphonate. In this complexation, both oxygen (~2.3 Å) and 

phosphorus (~2.8 Å) are found to interact with uranyl centre in an asymmetric fashion due to 

differing covalent radii of phosphorous (107 pm)
263

 and oxygen (66 pm)
264

.  

The extractant binding strength to uranyl in both keto and enol forms are reflected in the 

computed asymmetric vibrational frequencies (υasym) of uranyl oxygens (U=O(υasym)) and the 

(P=O(υasym)). As a general rule of thumb, the stronger the equatorial coordination of the 

extractant will weaken the axial U=O bond. As shown in Table 6A.3, the P=O(υasym) is 

redshifted by ~200cm
-1

 in the enolic form as compared to the keto-form.  As expected the 

binding of H-phosphonate is weaker in the keto-form, but are still red-shifted (by ~100 cm
-1

) 

as compared to the free-extractant. As far as the uranyl vibrational frequencies are concerned, 

the (U=O(υasym)) for the enolic form is red shifted by 30-40 cm
-1

, whereas for the 

corresponding keto form the red shifting less (< 20cm
-1

). Within the two extractants, the 

U=O(υasym) is more red-shifted by 10 cm
-1

 in DsBHP as compared to DBHP which is again 

reflected in the (P=O(υasym) of the two extractants. Further, the computed vibrational 

frequencies are in line with our experimental IR data within a few wave numbers (~10cm
-1

 

for U=O and 20-30 cm
-1

 for the P=O) (Figure 6A.9). These variations in the predicted 

geometries between the two extractants will be reflected in the computed binding affinities.  
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Table 6A.3: IR stretching and shifts: Theoretical and experimental P=O and U=O stretching 

frequencies in cm
-1

. Corresponding experimental values are in parenthesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6A.9: Comparison of experimental and calculated IR spectra for uranyl nitrate 

complexes of DBHP and DsBHP both in the keto and enol forms 

 

 P=O stretching frequencies U=O stretching frequencies 

Molecule 
Bare 

ligand 

Complexed 

form 

Red shift in 

P=O stretch 

Uranyl 

nitrate 

Complexed 

form 

Red shift in 

U=O stretch 

DBHP 

keto 

1228 

(1254) 

1135 

(1184) 

93 

(70) 

937 

(950) 

921 

(940) 

16 

(10) 

DsBHP 

keto 

1234 

(1253) 

1126 

(1184) 

108 

(69) 

937 

(950) 

918 

(939) 

19 

(11) 

 P−O stretching frequencies in cm
-1

 U=O stretching frequencies in cm
-1

 

DBHP 

enol 
1068 881 187 

937 

(950) 

907 

(934) 
30 

(16) 

DsBHP 

enol 
1070 869 201 

937 

(950) 

897 

(934) 
40 

(16) 
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The binding free energies of uranyl (solvent corrected) with DsBHP complex is higher (-16.5 

kcal mol
-1

) as compared to DBHP extractant (-7.8 kcal mol
-1

) (Table 6A.4). Due to the sec-

butyl branch, the inductive effect of the secondary methyl group can increase the basicity of 

the DsBHP phosphoryl group and make this a stronger complexing ligand. For the 

corresponding enolic form, the binding is very strong due to the expected anionic nature of 

the ligand. Unlike the ketone form, the binding affinities are very similar in both DBHP and 

DsBHP extractant. The complexation energies of DBHP and DsBHP in the enolic form are 

similar despite the lower tendency of the latter to form the enolic tautomer, as the 

computational study does not take into account the proportion of enolic tautomer.  

Table 6A.4: Computed binding free energies for uranyl nitrate complexes (kcal mol
-1

) 

 

 

 

 

From solvent extraction studies, it is observed that the sec-butyl isomer of DBHP shows less 

extraction at lower acidities and more extraction at higher acidities above 4M. At lower 

acidities (~0.01 – 0.1M) the enol tautomer is responsible for the higher extraction showed by 

H–phosphonates in general
51

. In the experiments, the percentage enol formation (28%) of 

DsBHP is lesser as compared to DBHP extractant. The α/β-hydrogens in DsBHP extractant 

are forming somewhat stronger hydrogen bonding (<2.65 Å) with the phosphoryl oxygens 

(P=O…H).  However, in DBHP ligand, the hydrogens attached to alpha carbons are weakly 

interacting (>~2.85Å) as shown in Figure 6A.10. This weak hydrogen bonding can be one of 

the reasons why the formation of the enol tautomer is hindered in the case of DsBHP, as the 

phosphoryl oxygen is engaged in the hydrogen bonding interactions.  

 

UO2(NO3)2 complexes DBHP DsBHP 

Keto -7.87 -16.52 

Enol -42.33 -41.93 
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Figure 6A.10: Optimized structures of bare DBHP and DsBHP ligands indicating the P=O---

H hydrogen bonding 

 

The D values for the extraction of Am were less than 0.1 for all the three extractants, DBHP, 

DiBHP and DsBHP. To understand the possible structure and binding affinities, we have 

optimized the Am-extractant species (Figure 6A.11). A nine-coordinated (3 extractants and 6 

oxygens of three nitrate moieties) Am
3+

 species is found in our optimized structure. The Am-

O bonds with DBHP lie in the range 2.420 to 2.454 Å and the Am-O bonds with the nitrate 

groups are in the bond length range of 2.469-2.569 Å. The Am(III) complex with DBHP was 

examined, and the complexation energy for this complex was calculated as +8.03 kcal mol
-1

 

which indicates that the binding is unfavourable.  The computed binding free energies are 

consistent with the experimental data where negligible D values are found in solvent 

extraction studies. 
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Figure 6A.11: Optimized structures of DBHP bound with Am(III)nitrate in keto form 

 

6.A7 Conclusion 

Branched butyl H–phosphonates, viz. DiBHP and DsBHP and their linear chain isomer, n-

butyl H-phosphonate (DBHP), were synthesised and characterized. These phosphonates were 

used for the extraction of U(VI) and Am(III) and their distribution ratios were studied as a 

function of nitric acid concentration. It was observed that DsBHP interestingly showed 

neutral extractant behaviour for the extraction of both uranium and americium, though H–

phosphonates are generally categorized as acidic extractants. At higher acidity, U(VI) was 

extracted with  highest D value by DsBHP followed by DiBHP and DBHP, indicating that 

branching in the carbon chain increases the extractability of U(VI). All the three 

phosphonates showed negligible extraction for Am(III). Computational results from which 

binding energies for both metal ions were predicted, matched well with the experimental 

findings. Further, our electronic structure calculations also elucidated a plausible reason for 

the unexpected extraction trend shown by DsBHP.  

Structural effects due to branching were examined more closely by understanding its role in 

the mechanisms of extraction. Branching at the iso position ensures higher D values for the 

extraction of U(VI) at lower acidity. This implies that these phosphonates can be used as an 
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effective ligand for the extraction and concentration of U(VI) from aqueous streams in the pH 

range. Our combined experimental and theoretical studies also indicated that methyl 

branching close to the phosphoryl group hinders the formation of the enol tautomer to a 

certain extent.  
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STRUCTURAL EFFECTS ON THE COMPLEXATION OF ACTINIDES 

WITH BRANCHED PHOSPHONTES: A COMBINED EXPERIMENTAL 

AND QUANTUM CHEMICAL STUDY 

(B) DIALKYLALKYL PHOSPHONATES  

6B.1 Introduction 

Unlike phosphates, phosphonates allows us to tailor-make the molecules by choosing 

appropriate ligands around the central phosphoryl group and hence modulate the electron 

density around the coordinating group, which in turn dictates the physical properties of ligand 

and its extraction capability. Phosphinates and phosphine oxides are prepared by a Grignard 

reagent mediated route, whereas phosphonates are prepared from H–phosphonates that can be 

converted to dialkylalkyl phosphonates by a two step process in which an alkyl group 

replaces hydrogen. The multiple advantages of phosphonates as actinide binders were a 

motivation to study their structural behaviour on extraction.  

The present study investigates extraction behaviour of actinides with dialkylalkyl 

phosphonates where both branched symmetrical and branched unsymmetrical carbon chains 

have been considered. When all the carbon chain substituents are the same, a symmetrical 

phosphonate is formed and when at least one of the carbon chains is different an 

unsymmetrical phosphonate is formed. For the first time, symmetrical Diisobutylisobutyl 

phosphonate (DiBiBP), Diisoamylisoamyl phosphonate (DiAiAP) and unsymmetrical 

Diisoamylhexyl phosphonate (DiAHexylP) and Diisoamylbutyl phosphonate (DiAButylP) 

have been investigated in the extraction of U(VI), Th(IV), Pu(IV) and Am(III). For this 

purpose dialkylalkyl phosphonates with branched symmetrical and unsymmetrical carbon 

chains have been synthesised in pure form by Michelis–Arbuzov reaction and characterised 

by NMR and GC – MS.  The structures of these phosphonates are depicted in Scheme 6B1. 

The extraction ability of these compounds has been found to strikingly correlate with the 

length of their carbon chains bound to the phosphoryl group. These structural correlations 
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have been probed further by employing density functional theory (DFT).  For the first time, 

structures of DiBiBP (symmetrical) and DiAHexylP (unsymmetrical) phosphonate and their 

complexes with U(VI) and Th(IV) have been investigated. In addition, the energetics of 

binding associated with U(VI) and Th(IV) complex formation have been calculated and the 

complexation energies obtained by DFT corroborated with distribution ratios obtained from 

experiment.  

 

 

 

 

 

 

 

 

 

 

 

Scheme 6B.1: Structures of the dialkylalkyl phosphonates synthesised and used for the 

extraction studies. 

 

6B.2 Physico-chemical properties of dialkyl alkyl phosphonates 

Density of the dialkylalkyl phosphonates DiBiBP, DiAiAP, DiAButylP and DiAHexylP are 

shown in Table 6B.1. The density of DiAHexylP is the highest among the four, followed by 

DiBiBP, DiAiAP and the least dense is DiAButylP. The density decreases with the branching 

as well as with shorter carbon chains. Viscosity measurements were made for DiBiBP, 

DiAiAP, DiAButylP and DiAHexylP and the activation energy was calculated using the 

slope obtained in the plot. Figure 6B.1 shows the graphs of the logarithm of viscosity vs. 1/ T 

and the activation energy that is calculated from the slopes. The activation energy for 
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DiAiAP is the highest among the four, followed by DiAButylP, DiBiBP and then 

DiAHexylP. Unsymmetrical dialkylalkyl phosphonates have lower viscosity and among the 

symmetrical phosphonates the ones with the shorter alkyl chains have the lower viscosity. 

Table 6B.1 shows the viscosity at 31
0
C and activation energies for the dialkylalkyl 

phosphonates. 

Solubility of the compounds in 4M HNO3 was measured and the results are shown in Table 1. 

DiAiAP shows the lowest aqueous solubility followed by DiBiBP, DiAHexylP and 

DiAButylP. Symmetrical dialkylalkyl phosphonates have lower aqueous solubility than the 

unsymmetrical ones.  This could be due to a better solute-solute contact and hence more 

interaction between phosphonate molecules in the symmetrical phosphonates, making them 

less likely to dissolve in the aqueous phase. Among both the symmetrical and unsymmetrical 

phosphonates the ones with the longer carbon chains are less soluble in the aqueous phase.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6B.1: Logarithm of viscosity against 1/T for the dialkylalkyl phosphonates DiBiBP, 

DiAiAP, DiAButylP and DiAHexylP. The activation energy is calculated from the slopes. 
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Table 6B.1: Density (g/mL), viscosity (cp) at 304K, activation energy (kJ/mol), aqueous 

solubility (g/L) and dielectric constant of DiBiBP, DiAiAP, DiAButylP and DiAHexylP.   

 

 

 

 

 

6B.3 Extraction of U(VI), Th(IV), Pu(IV) and Am(III) 

Variation in D as a function of nitric acid concentration in the extraction of U(VI) by 1.1M 

extractants in dodecane is shown in Figure 6B.2. At 0.01M nitric acid concentration, all the 

extractants showed a D value less than 1. The extraction by dialkylalkyl phosphonates 

increases with increase in acidity and shows a maximum distribution ratio at 6M nitric acid. 

On further increasing the acidity to 8M the extraction of U(VI) drops as HNO3 competes with  

the extractants. DiAHexylP shows the maximum extraction of U(VI) followed by DiAiAP, 

DiAButylP and DiBiBP. The order of extraction mainly shows dependence on the length of 

the alkyl chain directly attached to the phosphorous in the extractant molecule and also on the 

phospho diester carbon chain. A longer alkyl carbon chain bound to phosphorous increases 

the basicity of the phosphoryl oxygen due to the inductive effect and this increases the 

binding ability of the phosphoryl oxygen to the uranyl group. The effect of the phospho 

diester carbon chain has a less dramatic effect as the carbon chain is attached via a P–O 

linkage. However, between DiAButylP and DiBiBP, DiBiBP shows lower extraction as the 

isobutyl group is shorter than the isoamyl group in the phospho diester linkage in the two 

extractants. 

 

 

 

 

Extractant Density Viscosity Activation Energy  Aqueous solubility  Dielectric const. 

DiAiAP 0.9088 2.04 14.03 0.7761 4.97 

DiBiBP 0.9126 1.59 12.22 0.7858 5.27 

DiAHexylP 0.9250 1.73 11.13 0.8127 5.08 

DiAButylP 0.9076 1.89 13.54 0.8541 6.09 
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Figure 6B.2: Variation in D values as a function of HNO3 concentration in the extraction of 

U(VI) by unsymmetrical and symmetrical branched dialkylalkyl phosphonates. 

 

The graph of D value vs. nitric acid concentration in the extraction of Th(IV) for all the four 

dialkylalkyl phosphonate extractants is shown in Figure 6B.3. The maximum D value occurs 

at 4M acidity in all the four extractants. Th(IV) extraction is similar to U(VI) system where 

DiAHexylP shows the maximum extraction followed by DiAiAP, DiAButylP, and DiBiBP. 

The D for Th(IV) is lower than D for U(VI) by the corresponding extractants in the case of all 

the four extractants. For both U(VI) and Th(IV), DiBiBP shows the lowest extraction for the 

metal ions and DiAHexylP shows the highest extraction. The peak at which the maximum 

extraction occurs is at 6M acid in the case of U(VI), compared to 4M for Th(IV). This is 

because Th(IV) binds with three extractant molecules during its extraction, whereas U(VI) 

binds to two extractant molecules. Hence, in general the competition for the extractant by the 

acid is more pronounced in the case of Th(IV) and the D value starts decreasing at 6M 

instead of 8M nitric acid.  



152 

 

0 2 4 6 8

0

10

20

30

40

50

60

70

D
T

h
(I

V
)

[HNO
3
] (M)

 DiAHexylP

 DiAiAP

 DiAButylP

 DiBiBP

 

 

 

 

 

 

 

 

 

 

 

Figure 6B.3: Variation in D values as a function of HNO3 concentration in the extraction of 

Th(IV) by unsymmetrical and symmetrical branched dialkylalkyl phosphonates. 

 

Figure 6B.4 shows the D values for the four dialkylalkyl phosphonates in the extraction of 

Pu(IV). In this case as well, DiAHexylP shows the maximum extraction of Pu(IV) followed 

by DiAiAP, DiAButylP, and DiBiBP. All the extractants show a maximum extraction at 4M 

acidity. This is consistent with the order of extraction showed by U(VI) and Th(IV). The D 

values for the extraction of Pu(IV) are higher than those of Th(IV) and lower than those of 

U(VI) for a given extractant.   

Figure 6B.5 shows the variation in distribution ratio in the extraction of Am(III) by DiBiBP, 

DiAiAP, DiAButylP and DiAHexylP. The maximum D value occurs at 4M acidity. All the 

four extractants show negligible extraction of Am(III) and have D values below 1, 

nevertheless, trends remain the same as observed for the other metal ions. 
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Figure 6B.4: Variation in D values as a function of HNO3 concentration in the extraction of 

Pu(IV) by unsymmetrical and symmetrical branched dialkylalkyl phosphonates. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6B.5: Variation in D values as a function of HNO3 concentration in the extraction of 

Am(III) by unsymmetrical and symmetrical branched dialkylalkyl phosphonates. 

 

Figure 6B.6 shows the extraction of nitric acid by the four dialkylalkyl phosphonates as a 

function of equilibrium HNO3 concentration in the aqueous phase. In general the effect of 

basicity on the extraction of nitric acid is not as pronounced as it is in the case of extraction 

of U(VI), Th(IV) and Pu(IV). However, DiAHexylP and DiAiAP show a slightly higher 
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extraction of nitric acid compared to DiBiBP and DiAButylP. For all the extractants as the 

equilibrium HNO3 concentration in the aqueous phase increases the concentration of HNO3 in 

the organic phase increases. This validates the general drop in D values of the metal ions at 

acids concentrations of around 6–8 M. As more nitric acid binds to the extractants at these 

acidities, the acid competes for the free extractant and the D values for the metal ion are thus 

lowered.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6B.6: Extraction of nitric acid by the four dialkylalkyl phosphonates as a function 

equilibrium HNO3 concentration in the aqueous phase. 

 

6B.4 Computational results 

Solvent extraction distribution ratios reveal that highest metal ion extraction is obtained when 

DiAHexylP extractant is used, whereas DiBiBP shows the least. This may due to the higher 

inductive effect of the longer carbon chains in DiAHexylP leading to increased basicity of the 

phosphoryl oxygen than in the case of DiBiBP. As representatives for this extraction 

behaviour, U(VI) and Th(IV) were examined by DFT in order to understand the electronic 

structure of the complexes as well as the binding energetics associated with the complex 

formation.  
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Th(NO3)4∙ 3DiBiBP Th(NO3)4∙ 3DiAHexP

UO2(NO3)2∙ 2DiBiBP UO2(NO3)2∙ 2DiAHexylP

Complexes of both U(VI) and Th(IV) with DiBiBP as well as DiAHexylP have been 

optimized (Figures 6B.7 and 6B.8, respectively) and subsequently, their bond distances 

(Table 6B.2) and Mulliken charges (Table 6B.3) have been analysed.  

 

 

 

 

 

 

 

 

 

Figure 6B.7: Optimized geometries of the UO2(NO3)2∙2DiBiBP and 

UO2(NO3)2∙2DiAHexylP complexes 

 

 

 

 

 

 

 

 

 

Figure 6B.8: Optimized geometries of the Th(NO3)4∙3DiBiBP and Th(NO3)4∙3DiAHexylP 

complexes 
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Table 6B.2: Structural parameters of actinide extractant complexes calculated using BP86 

functional and SVP basis set. 

 

 

 

Table 6B.3: Mulliken charges on phosphorous and phosphoryl oxygen atoms in the bare 

ligand and after complexation calculated using M06-2X. Charges on the metal centre, as well 

as uranyl and thorium nitrate oxygen atoms bound to the metal are also shown. 

 

 

 

 

 

 

 

 

In both uranyl complexes, the two dialkylalkyl phosphonate ligands are positioned trans to 

each other to minimize its steric repulsion (Figure 6B.8). In UO2(NO3)2∙2DiBiBP complex, 

the predicted U-OExt bond length is marginally longer (by 0.01Å) than in the case of the 

UO2(NO3)2∙2DiAHexylP complex. This suggests a marginally stronger binding of 

DiAHexylP which is also reflected in longer U-ONO3 bonds in the UO2(NO3)2∙2DiAHexylP 

complex compared to UO2(NO3)2∙2DiBiBP on an average.   

The binding free energies (ΔG) are computed using the following equations (6B.1) and 

(6B.2): 

𝜟𝑮 = 𝑬[𝑼𝑶𝟐(𝑵𝑶𝟑)𝟐 ∙ 𝟐𝑫𝒊𝑩𝒊𝑩𝑷] + 𝟐𝑬[𝑯𝟐𝑶] − 𝑬[𝑼𝑶𝟐(𝑵𝑶𝟑)𝟐 ∙ 𝟐𝑯𝟐𝑶]

+ 𝟐𝑬 𝑫𝒊𝑩𝒊𝑩𝑷 ………………… (𝟔𝑩. 𝟏) 
𝜟𝑮 = 𝑬 𝑻𝒉 𝑵𝑶𝟑)𝟒 ∙ 𝟑𝑫𝒊𝑩𝒊𝑩𝑷 + 𝟑𝑬[𝑯𝟐𝑶 − 𝑬[𝑻𝒉 𝑵𝑶𝟑)𝟒 ∙ 𝟑𝑯𝟐𝑶 

+ 𝟑𝑬 𝑫𝒊𝑩𝒊𝑩𝑷 …………………… . (𝟔𝑩. 𝟐) 
Positive and negative binding energies indicate an unfavourable and favourable complex 

formation, respectively (Table 6B.4). From the table it can be seen that the formation of all 

the four complexes are favourable. The complexation energy obtained for the 

 Bond lengths (Å) 

Bond UO2(NO3)2∙2DiBiBP UO2(NO3)2∙2DiAHexylP Th(NO3)4∙3DiBiBP Th(NO3)4∙3DiAHexylP 

U = Oyl 1.804 1.804 - - 

M – OExt 2.402 2.392 2.408 − 2.426 2.417 − 2.446 

M – ONO3 2.522 − 2.541 2.534 − 2.542 2.559 − 2.655 2.541 − 2.670 

 

Molecule QP QO 

(P=O) 

QO 

(P-O) 

QO 

(UO2) 

QN-O 

(NO3) 

QN=O 

(NO3) 

QM 

DiBiBP 0.8342 -0.6262 -0.3602 -------- -------- -------- -------- 

DiAHexP 0.8117 -0.6231 -0.3616 -------- -------- -------- -------- 

UO2(NO3)2∙2 DiBiBP 0.7998 -0.6472 -0.3220 -0.6286 -0.4464 -0.3598 2.2299 

UO2(NO3)2∙2 DiAHexP 0.8190 -0.6504 -0.3391 -0.6157 -0.4471 -0.3648 2.2073 

Th(NO3)4∙3DiBiBP 0.7645 -0.6774 -0.3259 -------- -0.4322 -0.3727 2.3768 

Th(NO3)4∙3 DiAHexP 0.7906 -0.6682 -0.3313 -------- -0.4373 -0.3743 2.3042 
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UO2(NO3)2∙2DiAHexylP complex is more negative than that obtained for the 

UO2(NO3)2∙2DiBiBP complex, strongly suggesting that the formation of the uranyl nitrate 

complex with DiAHexylP is preferred over DiBiBP. Similarly, in the case of the two thorium 

nitrate complexes, the complexation energy values point to a stronger Th(NO3)4∙3DiAHexylP 

complex formation as opposed to the formation of the Th(NO3)4∙3DiBiBP complex. Both the 

trends obtained, for uranium as well as thorium complexes are in good agreement with the 

trends in the distribution ratio found by solvent extraction.  

Infrared spectra of the extractants DiBiBP, DiAHexylP and their complexes with U(VI) were 

recorded and the calculated spectra were found to be in good agreement (Figure 6B.9). The 

peaks corresponding to asymmetric U=O and P=O stretching are indicated. Both DiBiBP and 

DiAHexylP showed a red shift in the P=O stretching frequency on complexation with uranyl 

nitrate.  

Table 6B.4: Computed binding affinities (ΔG, kcal mol
-1

) for uranium and thorium 

complexes with DiBiBP and DiAHexylP using M06-2X.  

 

 

 

 

 

 

 

 

 

 

 

Complex ΔG 

UO2(NO3)2∙2DiBiBP -7.06 

UO2(NO3)2∙2DiAHexylP -11.65 

Th(NO3)4∙3DiBiBP -29.19 

Th(NO3)4∙3DiAHexylP -43.53 
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Figure 6B.9: Comparison of experimental and calculated spectra for the extractants DiBiBP, 

DiAHexylP and their complexes with U(VI). 

6B.5 Conclusion 

Phosphonates are an ideal class of organophosphorous extractants in which  organic chain 

can be fine-tuned with ease to investigate their effects on extraction. The effects of  carbon 

chain structure on the extraction behaviour of dialkylalkyl phosphonates have been 

systematically investigated by synthesizing symmetrical and unsymmetrical phosphonates 

with branched carbon chains. These ligands were employed in the extraction of actinide ions 

viz. U(VI), Th(IV), Pu(IV) and Am(IV). Actinide metal ions have been chosen in the present 

study as their specific complexation has numerous applications towards reprocessing and 

management of nuclear waste. It has been found that the chain length of alkyl chain has a 

significant effect on the distribution ratio of all four actinide ions; longer the carbon chain, 

higher the extraction. Extending the chain length by even a single carbon atom has visible 



159 

 

effects on the extraction. An increase in the inductive effect with increase in chain length 

increases the basicity of phosphoryl oxygen, thereby leading to higher extraction. 

Additionally, quantum chemical studies have been carried out to probe the structure 

modulated effects on extraction behaviour obtained by solvent extraction. Electronic structure 

and complexation behaviour of these extractants with actinides revealed that indeed 

increasing the carbon chain length in this class of extractants enhances the binding of 

extractant to the metal ion; this was clearly reflected in the computed binding energies 

obtained for the complexes investigated in this work.  
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“The two most important days in your life are 
the day you are born and the day you find out 
why” 

~ Mark Twain 
 

 

  

Chapter 7 
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DENSITY FUNCTIONAL THEORY AS A PREDICTIVE TOOL IN 

ACTINIDE CHEMISTRTY 

(A) THE INFLUENCE OF WEAK HYDROGEN BONDING ON THE 

EXTRACTION BEHAVIOUR OF H-PHOSPHONATES TOWARDS 

ACTINIDES  
 

7A.1 Introduction 

The structures and complexation abilities of Diamyl-H-phosphonate (DAHP) and Disecamyl-

H-phosphonate (DsAHP) with uranyl nitrate have been investigated through DFT 

calculations. Theoretical calculations predict an unexpectedly higher stability for the uranyl-

DsAHP complex compared to compositionally analogous uranyl-DAHP complex. The 

interactions leading to stabilisation of uranyl complex with the branched isomer have been 

examined. Calculations involving Diisoamyl-H-phosphonate (DiAHP) and its complexes 

have also been performed for comparison. Theoretical predictions have been further tested 

with experimental work. The ligands DAHP, DsAHP and Diisoamyl-H-phosphonate 

(DiAHP) (Scheme 7.A1) have been synthesised and solvent extraction experiments as a 

function of nitric acid concentration (0.01-8M) have been performed with uranyl nitrate. 

Interestingly,  acid dependent extraction experiment revealed an anomaly of poor extraction 

in the lower acid region for the otherwise acidic DsAHP ligand. The causes for this behaviour 

have been probed by specific experiment and DFT that delve into the tautomeric extraction 

mechanism. In addition to U(VI), extraction experiments involving Pu(IV) and Th(IV) with 

the three H-phosphonates have also been performed. Solvent extraction behaviour of Am(III) 

has also been studied with all the three ligands.  
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Scheme 7A.1: Structural representation of the three H–phosphonates synthesised and 

employed in the extraction studies. 

7A.2 Theoretical insights and predictions 

The optimized geometries of the UO2(NO3)2·2DAHP, UO2(NO3)2·2DiAHP and 

UO2(NO3)2·2DsAHP complexes are shown in (Figure 7A.1) and the relative energies with 

respect to the energy of the UO2(NO3)2∙2DAHP complex  are given in Table 7A.1. 

Table 7A.1:  Solvent corrected relative energies of the uranyl nitrate complexes with DsAHP 

and DiAHP with respect to the energy of the UO2(NO3)2∙2DAHP complex by using different 

functionals 

 

 

 

The structural analysis of bond lengths are listed (Table 7A.2). The composition of the metal 

ligand complex for this class of extractant has been established
42

. The two extractant 

molecules are positioned at opposite sides of the central atom so as to cause least steric 

repulsions. There is no significant difference in the U=O or U–ONO3 bond lengths between 

 ΔG (kcal/mol) relative to UO2(NO3)2∙2DAHP complex 

Complex M06-2X BP86-D3BJ PBE0-D3BJ 

UO2(NO3)2∙2DsAHP -14.23 -15.29 -13.68 

UO2(NO3)2∙2DiAHP -1.01 -0.69 1.07 
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the two complexes; however the U–OExt bond is shorter by ~0.01 Å in the case of the 

UO2(NO3)2·2DAHP complex.  

Considering the energies of the two uranyl complexes alone, a strong lowering of energy has 

been observed with UO2(NO3)2·2DsAHP in spite of both complexes possessing the same 

chemical composition. The solvent corrected energy of the UO2(NO3)2·2DsAHP complex 

was lower than its counterpart by ~14 kcal/mol with the M06-2X functional. Here it may be 

noted that the performance of M06 and M06-2X types of functional is reasonably accurate in 

predicting the energetics such as redox potentials , binding energies, ionisation energies etc. 

193, 194
. Further observation on the structure led to finding that the CH···ONO3 intra-molecular 

interaction distances between the nitrate oxygen and the nearest α-hydrogen atoms were 

shorter in the UO2(NO3)2·2DsAHP complex compared to the equivalent bonds in the 

UO2(NO3)2·2DAHP complex by ~0.2 Å on an average. Among these, especially two of the 

CH···ONO3 intra-molecular distances in the UO2(NO3)2·2DsAHP complex possessed bond 

lengths as short as 2.38 Å which is the order of the U–OExt covalent bond. These considerably 

short range intra-molecular interactions coupled with the marked stability of the 

UO2(NO3)2·2DsAHP complex uncovered the possible existence of a weak intra-molecular 

hydrogen bond in the complex.  

Apart from the energy difference between the UO2(NO3)2·2DAHP and UO2(NO3)2·2DsAHP 

complexes, the relative energy of the UO2(NO3)2·2DiAHP complex with respect to the 

UO2(NO3)2·2DAHP complex has also been calculated (Table 7A.1). The 

UO2(NO3)2·2DsAHP complex is more stable  compared to both UO2(NO3)2·2DAHP and 

UO2(NO3)2·2DiAHP complexes, which is clearly due to the presence of shorter CH···O 

hydrogen bonds in the  UO2(NO3)2·2DsAHP complex. Among other factors, relative strength 

of the weak –H bonding dictates the relative stability of the complexes. In addition to the 

M06-2X functional, where dispersion correction is implicit, explicit dispersion corrected 
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GGA and hybrid functionals, viz., BP86-D3BJ and PBE0-D3BJ for calculation of the relative 

energies in presence of solvent have been considered. The relative energies of the 

UO2(NO3)2∙2DsAHP and UO2(NO3)2∙2DiAHP with respect to the UO2(NO3)2∙2DAHP 

complexes are reported in the same Table 7A.1. It is interesting to note that the trend obtained 

by using the M06-2X functional is well reproduced with the dispersion corrected BP86-D3BJ 

and PBE0-D3BJ functionals. Subsequent to obtaining the optimized geometries, solvent 

corrected binding free energy of complexation for the uranyl complexes with DAHP and 

DsAHP have been calculated (Table 7A.2). The chemical reaction corresponding to the 

complexation/binding energy calculation is (Equation 7A.1):  

𝑼𝑶𝟐(𝑵𝑶𝟑)𝟐 ∙ 𝟐𝑯𝟐𝑶 + 𝟐𝑫𝒔𝑨𝑯𝑷 → 𝑼𝑶𝟐(𝑵𝑶𝟑)𝟐 ∙ 𝟐𝑫𝒔𝑨𝑯𝑷 + 𝟐𝑯𝟐𝑶…… (𝟕𝑨. 𝟏)  
 

Hence the equation derived for the calculation of the binding free energy is as follows 

(Equation 7A.2): 

 

𝑩. 𝑬 𝒇𝒐𝒓 𝑼𝑶𝟐(𝑵𝑶𝟑)𝟐 ∙ 𝟐𝑫𝒔𝑨𝑯𝑷 = 𝜟𝑮𝒔𝒐𝒍𝒗  𝑼𝑶𝟐(𝑵𝑶𝟑)𝟐 ∙ 𝟐𝑫𝒔𝑨𝑯𝑷 + 𝟐𝜟𝑮𝒔𝒐𝒍𝒗[𝑯𝟐𝑶  
−𝜟𝑮𝒔𝒐𝒍𝒗[ 𝑼𝑶𝟐(𝑵𝑶𝟑)𝟐 ∙ 𝟐𝑯𝟐𝑶 − 𝟐𝜟𝑮𝒔𝒐𝒍𝒗 𝑫𝒔𝑨𝑯𝑷 … . . (𝟕𝑨. 𝟐) 

DFT predicts that the UO2(NO3)2·2DsAHP complex has a higher complexation energy 

compared to the UO2(NO3)2·2DAHP and the UO2(NO3)2·2DiAHP complexes at the M06-2X 

level of theory.  
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ΔG1 ≈ 14 kcal/mol

UO2(NO3)2∙2DAHP

UO2(NO3)2∙2DsAHP

ΔG2 ≈ 1 kcal/mol

UO2(NO3)2∙2DiAHPΔG1

ΔG2

Figure 7A.1: Optimized structures of DAHP and DsAHP bound with uranyl nitrate. The 

energy schematic represents the stability of the UO2(NO3)2·2DsAHP and  

UO2(NO3)2·2DiAHP complex compared with the uranyl nitrate complex formed by the linear 

chain isomer DAHP. 

Table 7A.2: Solvent corrected binding free energies (kcal mol
-1

) using M06-2X functional 

and computed structural parameters (Å) of uranyl nitrate complexes with the keto tautomer of 

DAHP, DsAHP and DiAHP. 

 
 
 
 

 

Complex UO2(NO3)2∙2DAHP UO2(NO3)2∙2DsAHP UO2(NO3)2∙2DiAHP 

Bonds Bond lengths (Å) 

U=Oyl 1.803−1.806   1.805   1.804−1.808   

U–OExt 2.377−2.390 2.392 2.383 

U–ONO3  2.512−2.530 2.511−2.531 2.504−2.528 

Binding free 

energy 
-9.22 -13.41 -10.45 
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Apart from this, two types of DFT functionals with dispersion corrections incorporated (GGA 

type BP86-D3-BJ functional and hybrid type PBE0-D3-BJ functional) are used and the 

binding free energies are compared in Table 7A.3. It is to note that the binding free energy 

trend obtained by using the M06-2X functional, where  the UO2(NO3)2·2DsAHP complex is 

associated with a  higher complexation energy, is reproduced in both BP86-D3-BJ and PBE0-

D3-BJ functionals, though the absolute values of binding free energies are different from one 

functional to another. 

Table 7A.3: Solvent corrected binding free energies (kcal mol
-1

) using M06-2X and DFT-D3 

functionals BP86 and the hybrid PBE0 functional of uranyl nitrate complexes with DAHP 

and DsAHP.  

 

 
 

 

To confirm the higher stability of the UO2(NO3)2·2DsAHP  complex, atoms-in-molecule 

(AIM) model developed by Bader 
265, 266

 has been used to calculate electron density based 

parameters at the bond critical point (BCP). For this purpose, the electron density [ρ] and the 

Laplacian of the electron density [
2
ρ] at the BCP for the identified CH···O hydrogen bonds 

have been calculated and the results have been reported in Table 7A.4. A small positive value 

of 
2
ρ at the BCPs corresponding to the CH···O BCP clearly indicates the existence of weak 

intermolecular interaction of “closed-shell” in nature, viz., hydrogen bond. The local energy 

density Ed(r), which is defined as Ed(r) = G(r) + V(r), is considered to determine the nature of 

a chemical bond.  Here G(r) and V(r) denote the local kinetic energy and potential energy 

densities, respectively
267, 268

. A positive value of local energy density at the BCPs implies that 

the nature of bonding is either ionic or vdW type denoting a “closed-shell” interaction, which 

is consistent with the trend in the variation of 
2
ρ at the BCPs. Now it is interesting to 

 Binding free energy (kcal/mol) 

Complex M06-2X BP86-D3BJ PBE0-D3BJ 

UO2(NO3)2∙2DAHP -9.22 -27.78 -16.18 

UO2(NO3)2∙2DsAHP -13.41 -30.41 -19.03 
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compare the ρ and 
2
ρ values at the BCPs. From the reported values, it is evident that the 

CH···O hydrogen bonds in the UO2(NO3)2·2DsAHP complex are associated with slightly 

larger electron density values (at BCPs) compared to that in the UO2(NO3)2·2DAHP 

complex. Moreover, no BCP has been found for one of the hydrogen bonds in the 

UO2(NO3)2·2DAHP complex with a bond distance of 2.913 Å. These trends are consistent 

not only with the corresponding smaller CH···O bond distances in the UO2(NO3)2·2DsAHP 

complex, but also from the energy difference between the two complexes (Figure 7A.1) and 

the calculated complexation free energy values (Table 7A.2). All these evidences clearly 

indicate that the stability of the UO2(NO3)2·2DsAHP complex over its compositionally 

equivalent counterpart. 

Table 7A.4: Calculated Values of Bond Critical Point Electron Density (ρ in e a0
3

), 

Laplacian of Electron Density (
2 in e a0

5
), and Local Electron Energy Density (Ed in au), 

in au) of UO2(NO3)2·2DAHP and UO2(NO3)2·2DsAHP as obtained by using BP86 

functional. 

 

 

 

 

 

 

 

Further to calculations, experimental studies were taken-up to support the findings In this 

connection, extraction of uranyl nitrate from nitric acid media has been experimentally 

carried out by DAHP, DsAHP and in addition another branched isomer, DiAHP. 

Systems R(H...O) Bond  
2
 G(r)

 
V(r)

 
Ed(r) 

UO2(NO3)2·2DAHP 

2.453 CH···ONO3 0.0108 0.036 0.0084 -0.008 0.0006 

2.535 CH···ONO3 0.0095 0.033 0.0076 -0.007 0.0008 

2.617 CH··ONO3 0.0069 0.026 0.0057 -0.005 0.0009 

2.913 CH···ONO3 ... ... ... ... ... 

UO2(NO3)2·2DsAHP 

2.383 CH···ONO3 0.0126 0.041 0.0097 -0.009 0.0004 

2.386 CH··ONO3 0.0125 0.040 0.0096 -0.009 0.0004 

2.580 CH···ONO3 0.0073 0.027 0.0060 -0.005 0.0008 

2.592 CH···ONO3 0.0072 0.027 0.0059 -0.005 0.0008 
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Extractant Density  Viscosity Activation Energy (Ea) Aqueous solubility 

DAHP 0.958 3.30 13.58 10.78 

DiAHP 0.947 2.01 13.36 15.14 

DsAHP 0.944 1.37 8.75 17.54 

 

7A.3 Physicochemical properties of amyl H–phosphonates 

Prior to the extraction studies, the synthesised H-phosphonates have been evaluated for their 

physico-chemical properties viz. density, viscosity and aqueous solubility. Density of the 

three H–phosphonates DAHP, DiAHP and DsAHP (Table 7A.5) decreases with the 

introduction of a methyl branch. Branching in the carbon chain reduces the packing 

efficiency thereby a reduction in density. Viscosity measurements have been made for 

DAHP, DiAHP and DsAHP (Figure 7A.2) and the activation barrier to flow have been 

calculated from the slope of logarithm of viscosity vs. 1/T graph. The viscosity of the solvent 

governs the mass transfer, and the activation barrier to fluid flow (Ea) affects phase 

disengagement time during the solvent extraction process. Ea for DiAHP is less than that of 

DiAHP which is in turn less than for DAHP. Branching causes less scope for the 

intermolecular dispersive forces to act. Moreover branching near the polar phosphoryl group 

as in the case of DsAHP has more marked effects and shows a considerable reduction in Ea. 

The aqueous solubility of the H-phosphonates is most for DsAHP and least for the linear 

chain isomer DAHP.  The solubility in water is higher for the branched compounds and more 

so if the branching is closer to the polar phosphoryl group. The branching in the carbon 

chains reduces the packing thereby reducing the effective surface area for intermolecular 

interactions between the extractant molecules and increasing the possibility of water-

extractant interactions.  

Table 7A.5: Density (g/mL), viscosity (cP) at 31
o
C, activation energy (kJ/mol) and aqueous 

solubility (g/L) at 298K of the H–phosphonates.  
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Figure 7A.2: Logarithm of viscosity against 1/T for the three H–phosphonates, DAHP, 

DiAHP and DsAHP. The activation energies are calculated from the slopes. 

 

7A.4 Extraction of uranyl nitrate from nitric acid medium  

The extraction of U(VI) as a function of nitric acid concentration, by 1.1M DAHP, DiAHP 

and DsAHP in n-dodecane are shown in Figure 7A.3. The H-phosphonate class of extractants 

are classified as acidic extractants due to the ion–exchange between the metal ion and H
+
 ion 

occurring at lower acidities. The extractants DAHP and DiAHP behave as acidic extractants 

and show higher D values in the lower acid region (~0.01M) as expected for these types of 

extractants. However, surprisingly DsAHP mainly shows neutral extractant characteristics, 

and has an extraction profile similar to the well known neutral, phosphate extractant TBP, 

which is also plotted for comparison. The extraction by DsAHP is marginally higher than that 

of TBP due to the greater basicity of the phosphoryl oxygen in the phosphonate class of 

extractants compared to phosphates. In the case of DsAHP, poor distribution ratios are 

estimated at lower acid concentrations, whereas highest D values are measured for acidities 

ranging from 4 to 6M. To understand this extraction behaviour in greater depth, it is useful to 

turn to the mechanism of extraction by H-phosphonates (Scheme 6A.1).  
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At lower acidities, the phosphoryl group tautomerises in such a way that the P=O functional 

group is converted to a P-O-H group in a keto–enol like tautomerisation. Hence, at lower 

acidities the extraction of the positive metal ions is enabled via H
+
 exchange in what is called 

as an ion-exchange mechanism. At higher acidities, H-phosphonates extract through the 

formation of a P=O−M coordinate bond, which is known as the solvation mechanism. 

Therefore it is important to obtain the distribution ratios as a function of nitric acid 

concentration.  

On examining the trend in the D values at higher acidities, it can be seen that DsAHP has 

higher extraction than DAHP, validating the predictions made by DFT on the complexation 

energies. One of the reasons for this trend is possibly the remarkable stability of the uranyl 

nitrate complex with DsAHP.  Another reason could be the inductive effect introduced by the 

branching near the phosphoryl group in the DsAHP extractant. This methyl group can 

contribute to increasing the basicity of the phosphoryl oxygen and hence the D value. The 

branching in DiAHP is further away from the phosphoryl binding site and this effect is less 

pronounced.  

 

 

 

 

 

 

 

Figure 7A.3: Variation in D values as a function of HNO3 concentration in the extraction of 

U(VI) by 1.1M solutions of amyl H-phosphonates in n-dodecane. The extraction of U(VI) by 

1.1M TBP/DD is also shown. 
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The calculated infrared spectra of uranyl nitrate complexes with DAHP and DsAHP are 

compared with the experimentally recorded spectra for each compound (Figure 7A.4). The 

spectra for the bare ligands are also shown. The peaks corresponding to the P=O stretching 

frequencies (~1200 cm
-1

) are indicated in the insets and the U=O (~900 cm
-1

) stretching is 

also shown for the complexes.  In the case of both DAHP and DsAHP complexes, there is a 

red shift in the P=O stretching frequency in comparison with the bare ligands in both the 

experimental as well as calculated spectra.  

 

 

 

 

 

 

 

 

 

Figure 7A.4: Calculated IR spectra for the uranyl nitrate complexes of DAHP and DsAHP 

and the bare ligands. The calculated spectra are compared with those experimentally 

measured for each compound. The frequencies marked are the U=O asymmetric stretch, P=O 

stretch and P-H stretch. 
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Extractant [NaOH]aq (M) 

(Before extraction) 

[NaOH]aq (M) 

(After extraction) 

[NaOH]org (M) 

 

Enol tautomer 

formed 

DAHP 1.553 1.102 0.451 41% 

DiAHP 1.553 0.915 0.638 58% 

DsAHP 1.553 1.269 0.284 26% 

 

Apart from the extraction behaviour at higher acidities where the experimental observations 

matched those predicted by computation, one cannot help but notice the poor extraction 

shown by DsAHP at lower acidity. The extraction mechanism here is ion-exchange in which 

the enol tautomer is responsible for the extraction of the metal ion. Therefore it could be that 

the enol tautomer is formed in lower quantities in the case of DsAHP.  

This claim was put to  test by an insightful experiment 
42

, which estimates the percentage of 

enol tautomer formed in the case of each or the three extractants when contacted with  

aqueous medium at lower acidities. The results of these experiments are reported (Table 

7A.6). The highest percentage of enol tautomer is formed in the case of DiAHP, followed by 

DAHP. The least enol formed is by DsAHP as reflected in the trend in D values observed for 

uranium extraction. 

Table 7A.6: The percentage of enol tautomer formed for DAHP, DiAHP and DsAHP based 

on titration of NaOH before and after extraction. 

7A.5 Extraction of Th(IV) and Pu(IV) from nitric acid medium 

In addition to U(VI), other actinides viz. Th(IV), Pu(IV) have also been examined for their 

extraction behaviour with the H-phophonates. The D values obtained as a function of  nitric 

acid concentration are shown for Pu(IV) and Th(IV) (Figure 7A.5). The tetravalent metal ion 

Pu(IV) shows much higher D values than uranyl nitrate in the lower acid region (0.01M). 

This is because the enolic form of the extractant is anionic in nature and has much stronger 

coulombic interactions with the tetravalent metal centre than the UO2
2+

 species, where the 

effective positive charge is less. Interestingly, the enol population (Table 7A.6) shows a 

proportionality to the extraction of Pu(IV) at lower acidities (0.01M). Even in the higher 
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acidity regions, Pu(IV) is extracted with higher D than U(VI) (Figure 7A.5B).  Phosphates 

and dialkyalkyl phosphonates show a mariginally higher extraction of U(VI) than the 

extraction of Pu(IV)
41, 258

. On the other hand, in the case of H-phosphonates, Pu(IV) is 

extracted with significantly higher D values than U(VI). Th(IV) also shows higher extraction 

by H-phosphonates compared to phosphates and dialkyalkyl phosphonates
23, 50

. In general the 

tendency of H-phosphonates to extract tetravalent metal ion with higher D values can be 

attributed to the acidic P-H hydrogen that can increase the charge on the phosphoryl oxygen 

by electron donation.  

In the case of both Th(IV) and Pu(IV), DiAHP extracts with higher D than DAHP which is in 

turn higher than DsAHP. At higher concentrations of nitric acid (4-6M), DsAHP extracts 

Th(IV) and Pu(IV) less compared to DAHP. This is unlike the trend observed in the case of 

U(VI) extraction. The reason for poorer extraction by DsAHP in the case of the tetravalent 

ions can be attributed to steric factors associated with the metal nitrate. For charge neutrality, 

the tetravalent Pu(IV) and Th(IV) are bound to four bidentate nitrate groups making the metal 

core region sterically hindered. The secondary methyl branching in the DsAHP isomer is 

more prone to steric hinderances as the branching is close to the phosphoryl binding site. A 

recent study  from our laboratory on the phosphate class of compounds shows a similar effect 

of the secondary branched carbon chain in the extraction of Th(IV)
23

. Tri-sec-butyl phosphate 

(TsBP) showed drastically lower extraction of Th(IV) compared to TBP, whereas TsBP 

extracted U(VI) with higher D values than did TBP.  For all the metal ions, DsAHP shows 

the least D value at lower acidities consistant with the observations that the percentage of the 

enol tautomer is the least among the three extractants investigated.   
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Figure 7A.5: Variation in D values as a function of HNO3 concentration in the extraction of 

(A) Th(IV) by 0.1M solutions of amyl H- phosphonates in n-dodecane and (B) Pu(IV) by 

1.1M solutions of amyl H- phosphonates in n-dodecane  

 

Electrospray ionisation mass spectrometry (ESI-MS) which characterises the composition of 

the complexes of larger molecular mass has been carried out. The spectra have been recorded 

for a ligand and metal complexes using methanol as the solvent. The spectra for the extractant 

(Figure 7A.6), uranyl complex (Figure 7A.7) and thorium nitrate complex (Figure 7A.8) are 

shown. In the ESI-MS spectra, the free extractant‟s protonated molecular peak is seen at m/z 

223 (M.W. for extractant = 222). In addition, the protonated dimer peak is also seen at m/z 

445. Further, sodium bound and methanol bound peaks are also seen and marked in Figure 

7A6. The uranyl nitrate complex (M.W = 838) has also been characterised and the protonated 

peak at m/z 839 is present along with higher m/z peaks; the stoichiometry of the complex is 

thus UO2(NO3)2∙2L. The ESI-MS of the Th(NO3)4∙3L (M.W = 1146) has also been obtained 

and showed protonated (+1), CH3
+
 (+15) and sodium (+23), bound mass peaks. Several 

higher mass peaks are also present due to the tendency to form cluster in the gas phase and 

have been assigned in Figure 7A.8. 
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Figure 7A.6: ESI-MS spectra for the DsAHP bare ligand denoted as (L). The peaks 

corresponding to the relevant m/z are assigned. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7A.7: ESI-MS spectra for the DsAHP bound uranyl nitrate complex denoted as (M). 

The peaks corresponding to the relevant m/z are assigned. 
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Figure 7A.8: ESI-MS spectra for the DsAHP bound thorium nitrate complex denoted as (M). 

The peaks corresponding to the relevant m/z are assigned. 

7A.6 Extraction of Am(III) and theoretical studies 

U(VI), Th(IV) and Pu(IV) are extracted effectively by the H-phosphonates, whereas Am(III) 

shows very low extraction with all the three extractants investigated (Figure 7A.9). The 

maximum extraction is shown by DiAHP in the enol form (i.e. acidity ~ 0.01M), followed by 

DAHP and DsAHP. This might be due to the formation of more enol tautomer in the case of 

DiAHP. DAHP and DsAHP showed poorer extraction of Am(III) in the higher acidities 

(>2M).  

A theoretical study on the extraction of Am(III) has been carried out in order to explore the 

possible structures and binding energies. As all the three extractants have shown lower D 

values (< 0.1) in the keto form (i.e. acidities > 1M), the Am-DAHP complex has been 

investigated in the keto form. The Am(III) cation when extracted from nitric acid medium 

binds to three extractant molecules of the organophosphonate class of compounds[37]. The 

Am(III) cation is nine-coordinate with three bidentate nitrate groups and three extractant 

molecules (Figure 7A.10). The M-ONO3 bond distances are in the range 2.486−2.570 Å and 
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the M-OExt bond distances are in the range 2.420–2.452 Å. The binding free energy 

associated with complex formation has been calculated as 149.77 kcal /mol. The positive 

value of binding energy suggests the unfavourable formation of the Am(III) complex. This is 

in agreement with the experimentally observed D values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7A.9: Variation in D values as a function of HNO3 concentration in the extraction of   

Am(III) by 1.1M solutions of amyl H- phosphonates in n-dodecane.  

 

 

 

 

 

  

 

 

 

 

Figure 7A.10: The optimized structure for the Am(NO3)3∙3DAHP complex 
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7A.7 Keto-enol tautomerisation of amyl H-phosphonates  

Apart from the experiments, the bare ligands DAHP, DiAHP and DsAHP have been 

optimized by DFT and examined for their geometry (Figure 7A.11). The distance between 

the phosphoryl oxygen atoms in each ligand and the nearest hydrogen are indicated in the 

figure. The interaction distances between P=O and α-hydrogens are marginally increased for 

both the ligands in the presence of solvent. This might be because the interaction with the 

solvent reduces the extent of the intra-molecular interaction. The average CH···O hydrogen-

bond distance is the largest for DiAHP, followed by DAHP and the least for DsAHP. In the 

case of DsAHP ligand the α-hydrogens are closer to the oxygen atom; one of them being as 

near as 2.373Å. The phosphoryl oxygen is engaged in this interaction and is hence less 

available for the enol tautomerisation in the case of DsAHP. Accordingly, the percentage of 

enol tautomer is the least for the DsAHP and the most for the DiAHP. All these trends are 

consistent with the experimentally determined percentage of enol tautomers as reported in 

Table 7A.6. 
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Diamyl H phosphonate (DAHP)

Disecamyl H phosphonate (DsAHP)

Diisoamyl H phosphonate (DiAHP)
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Figure 7A.11: Optimized structures (gas phase and solvent phase) of DAHP, DsAHP and 

DiAHP bare ligands in. The marked CH•••O hydrogen-bond distances between the 

phosphoryl oxygen and the α-hydrogen atoms are indicated.  

 

The binding free energy for the uranyl complexes formed with the keto tautomers of the two 

ligands has been established and successfully predicts the distribution ratios in the higher acid 

region. However, the enol tautomer of the H-phosphonates form complexes through the 

cation exchange mechanism and extract the UO2
2+

 cationic species to the organic phase. The 

optimized geometries (Figure 7A.12) and the structural parameters (Table 7A.7) are shown. 

In the enol form, oxygen (~2.3 Å) and phosphorus (~2.8 Å) bind to the metal centre in an 

asymmetric arrangement due to difference in covalent radii of oxygen (66 pm)
264

 and 

phosphorous (107 pm)
263

. Binding free energies of complexation for the enol form of the 

extractants are shown in Table 7A.7. The columbic nature of the metal-ligand interaction is 
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reflected in the magnitude of complexation energies in the enol form. These values are 

significantly higher than those in the keto form. The anionic enol tautomer of the H-

phosphonate interacts with the cationic UO2
2+

 species. Moreover, the complexation energies 

of DAHP, DiAHP and DsAHP in the enolic complexes are similar as the effects of branching 

are not prominent in the charge controlled complexation. Despite the lower tendency of 

DsAHP to form the enol tautomer, the complexation energies are similar as the computational 

study does not account for the proportion of enol tautomer formed in each extractant in the 

employed experimental conditions.  

Figure 7A.12: Optimized structures of UO2•2EnolDAHP, UO2·2EnolDsAHP and 

UO2•2EnolDiAHP complexes. 

Table 7A.7: Solvent corrected binding free energies (kcal mol-1) using M06-2X functional 

and computed structural parameters (Å) of uranyl nitrate complexes with the enol tautomers 

of DAHP and DsAHP and DiAHP.  

 

 

 

 

 

 

UO2∙2EnolDAHP UO2∙2EnolDsAHP UO2∙2EnolDiAHP

Complex UO2∙2EnolDAHP UO2∙2EnolDsAHP UO2∙2EnolDiAHP 

Bonds Bond lengths (Å)  

U=Oyl 1.810−1.813  1.812−1.815 1.812 

U–OExt 2.248−2.290 2.242−2.293 2.245−2.291 

U– PExt  2.772−2.855 2.773−2.864 2.776−2.858 

Binding free 

energy 
-30.41 -30.55 -30.63 
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7A.8 Conclusion 

Uranyl nitrate complexes of DAHP and DsAHP have been quantum chemically investigated 

in the framework of DFT. On comparing the energies of two optimized complexes possessing 

the same chemical composition, the unexpected stability of UO2(NO3)2·2DsAHP complex by 

14 kcal/mol was discovered.  Delving deeper into the intra-molecular interactions revealed 

weak CH···O hydrogen bonds in both UO2(NO3)2·2DAHP and UO2(NO3)2·2DsAHP 

complexes. Comparatively stronger such bonds in the UO2(NO3)2·2DsAHP complex could be 

one of the important factors for its remarkable stability over the other complex with the linear 

chain isomer. Further, complexation energy of both the uranyl nitrate complexes which 

predicted formation of DsAHP complex to be more favourable than the DAHP complex was 

computed. Calculations involving Diisoamyl-H-phosphonate (DiAHP) and its complexes 

have also been performed for the comparison. 

Theoretical predictions were tested by carrying out extraction of uranyl nitrate with DAHP, 

DsAHP and DiAHP experimentally. The experiments confirmed superior extraction by 

DsAHP as predicted by DFT through solvation mechanism at 4-6M. However, surprisingly 

DsAHP showed lower extraction in the lower acid region. This behaviour is unexpected for 

the H-phosphonate class of extractants which extract by forming the enol tautomer at lower 

acidities. This anomaly was further examined by experiments as well as DFT, through which 

it was discovered that formation of enol tautomer in DsAHP ligand is limited by the 

phosphoryl group which is engaged in interactions with the α-hydrogen, making it less 

available for the enol tautomerisation.  Lower extraction by the enol form has also been 

experimentally observed in the extraction of Pu(IV) and Th(IV) ions in addition to U(VI) 

extraction. Uranyl nitrate complexes with the enol tautomer of DAHP, DiAHP and DsAHP 

have also been optimized and the computed binding free energies reflected the columbic 

nature of interactions compared to complexes with the keto tautomer. The complexation 
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energy of Am(III) has also been theoretically computed and yielded a positive value. This 

suggested an unfavourable extraction of Am(III), which was also established form the 

experimental studies.  
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DENSITY FUNCTIONAL THEORY AS A PREDICTIVE TOOL IN 

ACTINIDE CHEMISTRTY 

(B) COMPLEXATION BEHAVIOUR OF TRANSPLUTONIUM 

ACTINIDES 
 

7B.1 Introduction 

In the present study, Am
3+

, Cm
3+

, Bk
3+

 and Cf
3+

 complexes with ligands suited for minor 

actinide partitioning have been evaluated for their geometry, structure and interaction energy 

to understand various chemical interactions that exist in the metal-ligand bonding and 

particularly, the change in the extent of covalency while moving along the series  in the 

complexes. Geometry optimization followed by EDA has been carried out for these actinides 

in their complexes with dipicolinic acid (DPA), Cyanex 301, 302 and 272 and N,N,N‟N‟-

tetrakis[(6-carboxypyridin-2-yl)methyl]ethylenediamine (TPAEN) ligands. The choice of 

ligands selected for this study facilitates the effect of different donor atom and denticity to be 

taken into account as these parameters vary for the different complexes.  Calculations have 

been carried out for both, in gas and solvent phases. It remains to be seen whether the results 

obtained from the EDA are able to provide important insights on the increase in the extent of 

covalency along the series as continue to be reported in literature from time to time.  

7B.2 Heavy actinide complexes with cyanex ligands 

The heavy actinide ion (Am
3+

, Cm
3+

, Bk
3+

 and Cf
3+

) complexes with the bidentate cyanex 

272, cyanex 302 and cyanex 301 ligands have been optimized and analysed for their 

geometry (Table 7B.1). As a representative of other actinide structures which have similar 

geometry, Figure 7B.1 shows the optimized structures for Cf complexes with cyanex 272, 

cyanex 302 and cyanex 301 ligands. The binding site changes in the case of each ligand. 

Cyanex 301 binds via two sulphur atoms, cyanex 302 binds via one sulphur and one oxygen 

atom and cyanex 272 binds via two oxygen atoms. The actinides form charge neutral 1:3 

complexes with the cyanex extractants as reported earlier for the Cyanex 301 complexes with 
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trivalent lanthanides and actinide
77

. Truncated forms of the cyanex ligands have been used for 

the theoretical calculations. The metal-oxygen bond lengths are shorter than those between 

metal-sulphur. For metal-oxygen as well as metal-sulphur bonds, the actinide-extractant bond 

lengths decrease monotonically from Am to Cf complexes. The shrinking ionic radii from 

Am through Cf are one of the causes for the shortening in bond length. The M-O/M-S bond 

distance is reduced in Cm in comparison with Am. However, the reduction in bond distance 

from Cm to Bk is more drastic. The trend is not gradual due to the effect of half-filled f7 

configuration of Cm(III). Since half-filled f7 states of actinides are more stable, the M-O/M-S 

bond becomes relatively large in the complexes of Cm. 

 

Figure 7B.1: Optimised geometries of Cf complexes with cyanex 272, cyanex 302 and 

cyanex 301 ligands.  

 

Table 7B.1: Computed structural parameters (Å) of actinide cyanex complexes using 

PBE/TZ2P method.  

 

 

 

 

 

 

 

 

 Cyanex 301 Cyanex 302 Cyanex 272 

 Bond lengths 

Actinide M – S  M – O  M – S M – O  

Am 2.829 2.338 2.909  2.408 

Cm 2.818 2.327 2.902  2.403  

Bk 2.797  2.306 2.881 2.381 

Cf 2.794 2.308  2.866 2.373  
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Figure 7B.2 shows the EDA of heavy actinide complexes with cyanex 272, cyanex 302 and 

cyanex 301 ligands. The variation in interaction components viz. Pauli repulsion, electrostatic 

interaction and orbital interaction are shown from Am-Cf. The results indicate that on moving 

towards the heavy actinides, the electrostatic interaction decreases. The orbital interaction is 

more and suggests more overlap and hence extensive covalent interactions. On changing the 

binding site from oxygen to sulphur, there is increased covalency viz. orbital overlap and less 

electrovalence. The increased covalency is a reflection of the higher polarizability of sulphur 

as an electron donor due to its large size compared to oxygen. The same factor makes the 

electrostatic interaction the highest in the cyanex 272 complexes and least in the cyanex 301 

complexes for all the actinides. Oxygen being a harder electron donor makes the actinide-

oxygen interaction more electrostatic than the metal-sulphur interaction.  

 

 

Figure 7B.2: EDA of heavy actinide complexes with cyanex 272, cyanex 302 and cyanex 

301 ligands. The different interaction components are plotted from Am-Cf.  

 

7B.3 Heavy actinide complexes with DPA ligand 

The complexes of trivalent heavy actinide ions with DPA have been investigated. In these 

complexes there is a flexibility to vary the number of DPA ligands bound to the metal as the 

complexes are formed and stabilized in the aqueous phase. Hence, the actinide coordination 

is completed by complexing water molecules. Figure 7B.3 shows the optimized geometries of 

Am complexes with DPA in the ration 1:0, 1:1, 1:2 and 1:3. The other heavy actinide 

complexes have similar orientations and are hence not shown in the figure. The DPA ligand 
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donates electron density to the trivalent actinide through two carboxylate oxygens and an 

aromatic nitrogen, making it a tri-coordinate ligand with a charge of -2. Accordingly the net 

charges on the DPA complexes with triply charged actinide ions are +3, +1, −1 and −3 for the 

1:0, 1:1, 1:2 and 1:3 complexes, respectively. 

The metal-extractant bond lengths are shown in Table 7B.2 where M is the metal. M-O bond 

lengths are shorter than the M-N bond lengths in all the structures. In general, on moving 

from Am to Cf, the M-O bond lengths are shortened with the exception of Cm complexes, 

where there is an increase in the bond length. Unlike M-O bond lengths, the M-N bond 

lengths tend to decrease from Am to Bk, and show a marginal increase at Cf. As Cf
3+

 is a 

hard acid due to its smallest radius, it has a slightly lower tendency to bind with N which is a 

relatively soft donor compared to oxygen. For a given actinide, as the number of DPA ligands 

in the complex increases, the M-O as well as the M-N bond lengths increase. As more DPA 

ligands are available for electron donation to the cationic metal centre, the electron donation 

from the ligands is distributed. Consequently, the contribution from each DPA ligand is 

reduced, in turn increasing the bond lengths. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7B.3: The optimized geometries of 1:0, 1:1, 1:2 and 1:3 complexes of Am(III) with 

DPA 
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Table 7B.2: Computed structural parameters (Å) of actinide-DPA complexes using 

PBE/TZ2P method.  

 

 

 

 

 

 

 

The gas phase EDA of the heavy actinide-DPA complexes with 1:0, 1:1, 1:2 and 1:3 metal: 

DPA ratios are shown in Figure 7B.4. On moving from Am to Cf there is a decrease in the 

electrostatic interaction component and an increase in the orbital overlap. This shows an 

increase in covalency in the actinide-DPA interaction. As the number of DPA ligands in the 

complex is increased from 0 to 3, the orbital overlap and hence covalency is systematically 

decreased. The increase in the bond distances from 1:1 to 1:3 DPA consequently leads to less 

overlap between the ligand and metal orbitals. 

 

 

Figure 7B.4: Gas phase EDA of actinide–DPA complexes for Am, Cm, Bk and Cf. 

 

 

 

 

 M(DPA)(H2O)5 M(DPA)2(H2O)2 M(DPA)3 

 Bond lengths 

Actinide M – O  M – N  M – O  M – N  M – O  M – N 

Am 2.296 2.494 2.395 2.539 2.522 2.632 

Cm 2.304 2.444 2.392 2.544 2.521 2.626 

Bk 2.288 2.437 2.373 2.508 2.492 2.598 

Cf 2.272 2.442 2.378 2.522 2.495 2.602 
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EDA has been performed in solvent phase for all the metal-DPA systems (Figure 7B.5) with 

water as the solvent. The trends observed in the gas phase are retained in the solvent phase as 

well. The electrostatic interaction in the actinide-water complexes is significantly reduced in 

the solvent phase compared to the gas phase. In the M(H2O)8 complexes there is a significant 

decrease in the electrostatic interaction energies from the gas to the solvent phase. As the 

solvent medium is water, which has high dielectric constant the electrostatic interactions 

between the polar metal complex and solvent increase. This decreases the intra-complex 

electrostatic interactions.  

Figure 7B.5: Solvent corrected EDA of actinide–DPA complexes for Am, Cm, Bk and Cf. 

 

7B.4 Heavy actinide complexes with TPAEN ligand 

Subsequently the ligand, viz. TPAEN was taken-up  and the complexation of  heavy actinides 

with this ligand was investigated. As mentioned before, the complexation study of trivalent 

lanthanides and actinides with this ligand has been reported recently (27). Choice of this 

ligand is also motivated by the fact that in a single ligand, there are eight donor sites, making 

the structure of the complex more rigid. Moreover, choice of ligands in the present work has 

been made in such a way so that the effect of denticity on the trends in the variations of 

different energy components can be accomplished in a systematic way, starting from 

bidentate cyanex ligands, tridentate DPA and octadentate TPAEN. Figure 7B.6 shows the 

optimized geometries of the heavy actinide complexes with TPAEN octadentate ligand. The 
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ligand donates electrons to the triply charged actinide through 4 carboxylate oxygens and 4 

nitrogen atoms as shown. The net charge on the complexes is −1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7B.6: Optimised geometries of Am
3+

, Cm
3+

, Bk
3+

 and Cf
3+ 

complexes with the octa-

coordinate TPAEN ligand.  

 

Table 7B.3 shows the M-O and M-N bond distances between the actinide and ligand atoms at 

the binding site. From Am to Cf, the M-O and M-N bond distances decrease. In the cases of 

both cyanex and TPAEN complexes with actinides, there is an overall decrease in the average 

bond length from Am to Cf complexes. The decrease in bond length is more than the 

contraction of the ionic radii which is 0.025 Å (53). From Tables 7B.1 and 7B.3, it can be 

seen that the decrease in the average bond length is 0.035 Å in cyanex 301, 0.043 Å (M-S 

bond), 0.030 Å (M-O bond) in cyanex 302 complexes and 0.035Å in cyanex 272 complexes. 

In the case of the TPAEN ligand the decrease in average bond length from Am to Cf 
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complexes are 0.044 Å and 0.014 Å for the M-N and M-O bonds, respectively. The 

additional decrease in bond length is reflected in the complexation energy trends (Figure 

7B.7). From Am to Cf, the complexes are more stabilised. The increasing complexation 

energy across the actinide series has been experimentally shown for the DPA ligand(27). The 

shortening in bond lengths over and above the shrinking of the ionic radii across Am-Cf is 

hence a consequence of enhanced covalency as predicted by the energy decomposition 

results. 

Table 7B.3: Computed bond lengths (Å) of actinide-TPAEN complexes obtained using 

PBE/TZ2P method.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7B.7: Complexation energy for the heavy actinides with the Cyanex 301 Cyanex 302, 

Cyanex 272 and TPAEN ligands. 

 M(DPA)(H2O)5 

 Bond lengths 

Actinide M – O  M – N  

Am 2.352 2.872 

Cm 2.362  2.847 

Bk 2.333  2.840 

Cf 2.338 2.828 
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The gas and solvent phase EDA of the heavy actinide-TPAEN complexes are shown in 

Figure 7B.8. In both cases, on moving from Am to Cf, there is a decrease in the electrostatic 

interaction component and an increase in the orbital overlap.  It is interesting to note that 

similar trend is followed in the gas phase as well as in the presence of solvent.  

 

 

 

 

 

 

Figure 7B.8: EDA of actinide–TPAEN complexes for Am, Cm, Bk and Cf in gas phase and 

solvent phase. 

 

For all the ligands studied, the effect of spin-orbit coupling has been investigated (Figure 

7B.9-7B.11). The trends of lowering in the electrostatic interaction and increase in the 

orbitals interaction towards the heavy actinides is followed even in the presence of spin-orbit 

effects. The contribution from the orbital component is lower for Cm and the contribution of 

the electrostatic component is marginally higher than the expected trend line in the case of all 

the ligands.  This behaviour could be due to the half-filled f orbitals in the Cm
3+

 ion which is 

not present in the other three ions studied. The effect of spin-orbit coupling on the EDA 

components has also been investigated. This lowering in the orbital contribution in the case 

of Cm is less pronounced when spin-orbit effects are introduced. In general there is an 

anomaly in the Cm-Bk region as far as few compounds reported in the literature are 

concerned. This deviation has been attributed to the near half-filled like configuration in the 

Cm-Bk region
269

. Very recently, an unusual trend in the variation of thermodynamic 
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properties has also been observed in the Cm-Bk region in their complexes with 

hydroxypyridinone ligand
270

. Exceptional behaviour of Bk can be attributed to that fact that 

Bk often assumes +IV state instead of +III state, which gives rise to half-filled f7 electronic 

shells for the Bk ion.   

 

Figure 7B.9: EDA of heavy actinide complexes with cyanex 272, cyanex 302 and cyanex 

301 ligands on incorporating spin-orbit coupling. The different interaction components are 

plotted from Am-Cf. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7B.10: EDA of Am-Cf complexes with 3DPA ligands on incorporating spin-orbit 

coupling. The different interaction components are plotted from Am-Cf 
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Figure 7B.11: EDA of heavy complexes with TPAEN ligand on incorporating spin-orbit 

coupling. The different interaction components are plotted from Am-Cf 

 

7B.5 Analysis of energy levels 

All the ligands investigated above, with varied binding site atoms and denticity show that the 

covalency in the metal-ligand bond increases towards the heavy actinide. This is completely 

unexpected as the actinides become harder acids across the period and are hence much more 

inclined to electrostatic interactions with anionic ligands. The basis for the covalency in 

heavy actinide complexes has been further probed by undertaking an energy level analysis, 

where the valence orbitals of the actinides Am-Cf are compared with the HOMO of the 

ligands. The results obtained succeeded in providing some ground on the reason behind the 

covalent interactions. Very recently, Batista and co-workers have performed similar kind of 

actinide and ligand energy level analysis for the complexes of Am-Cf with the DPA ligand
166

 

for the trivalent oxidation state of the actinides and also shown for the trivalent and 

tetravalent oxidation states using the  hydroxypyridinone ligand
270

. Figure 7B.12 shows the 

energy level diagram for the heavy actinides, DPA and TPAEN ligands in solvent phase. The 

energy difference between the 5f energy level of Cf and the HOMO of DPA and TPAEN are 

schematically indicated. The energy difference between the ligand (DPA and TPAEN) 

HOMO and actinide energy levels is the maximum for Am, and decreases monotonically. 
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The energy difference between the 5f orbitals of Cf and the ligands is the least compared to 

the other actinides. Though the actinides contract across the period and are believed to 

participate in more electrostatic interactions with anionic ligands, they show greater 

covalency. This unexpected covalency is attributed to the near degeneracy of metal and 

ligand orbitals on moving across the actinide period from Am to Cf. Increased closeness of 

energy levels facilitates greater overlap of orbitals, which in turn leads to more covalent 

nature in the heavy actinide–ligand interaction. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7B.12: Energy level diagram for the heavy actinides, DPA and TPAEN ligands in 

solvent phase. The energy difference between the Cf 5f energy level and the HOMO of DPA 

and TPAEN are schematically indicated. 

 

7B.6 Conclusion 

Heavy actinides become harder acids due to contraction of the 5f orbitals, making their 

interactions with anionic ligands more electrostatic. Coupled with this, their dominant 

trivalent chemistry makes minor actinide partitioning all the more cryptic. Determination of 

electronic structures of lanthanide and actinide compounds and understanding their 

complexation chemistry with various ligands is crucial towards screening the right 

extractants.  
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The present work explicitly decomposed the actinide-ligand interaction into components viz. 

electrostatic, orbital overlap and Pauli repulsion. Ligands of different denticity and binding 

site atoms have been judiciously chosen. Counter-intuitive to the popular belief, our results 

uncovered decreased electrostatic interaction between ligand and actinide across Am to Cf 

and increased orbital interactions within the framework of EDA scheme, shown for the first 

time. These findings established greater covalency in the heavy actinide-ligand interaction. 

Further, observations on the ligand and metal energy levels clearly showed that from Am to 

Cf, actinide energy level was increasingly closer to the ligand HOMO. Total bonding energy 

has also been computed for all actinide-ligand systems. The overall bonding is increased 

along the series, and also the orbital contribution. It is clearly due to the enhancement in 

covalency, which is complimentary to the orbital degeneracy induced covalency.  
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“Great beauty captures me, but a beauty still 
greater frees me even from itself” 

~Kahlil Gibran 

 

  

Chapter 8 
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SUMMARY AND CONCLUSION 

8.1 Conclusions 

The present work effectively elaborates both experimentally as well as quantum chemically, 

the effects of carbon chain structure on the complexation of actinides. The results of SANS 

study provide insights into interparticle interactions that operate in the nanoscale regime 

through quantification of stickiness parameter. The threshold aggregation parameters 

quantified in this work is a stepping stone to create predictive models that anticipate 

aggregation in metastable solutions and suspensions. The changes in aggregation tendencies 

observed due to structural variation in the ligands may be extended to include a wide range of 

materials and provide means of overcoming aggregation by fine tuning the molecular 

structure of interacting surfaces. Apart from SANS, a theoretical perspective on third phase in 

metal-extractant systems is elaborated through the investigation of both Ce(IV) monomers 

and dimers. Aggregation tendencies are predicted by interpretation of single-molecule 

parameters. This study though pertaining to one kind of metal-ligand system, in its essence 

emphasises a consensus between theory and experiments, forming a basis for theoretically 

predicting properties of many atom complexes. Meticulous geometric analysis of intra-

molecular interactions in the Ce(IV) complexes, and energy decomposition of the interaction 

energy between the metal and ligands led to significant implications on the aggregation 

behaviour.  This extended theoretical dimension successfully explains trends observed in the 

present work pertaining to tri-n-butyl phosphate (TBP) and tri-sec-butyl phosphate (TsBP) 

complexes with Ce(IV). The drastic effect of solely changing the oxidation state on the metal 

extraction energetics is clearly derived from calculations and corroborates well with 

experimental findings. 
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On establishing the effect of alkyl chain structure on the extraction of individual metal ions, 

separation of U(VI) from a Th(IV) matrix was subsequently carried out. Solvent extraction, 

quantum chemistry as well as demonstrations using extraction chromatography columns, 

confirmed that TsBP is a superior extractant for the separation of U(VI) from Th(IV) 

compared to TBP. This work elucidates the effect of complexing ligands‟ structure on the 

separation of elements with are conventionally very similar in their chemical behaviour. The 

separation of f–block elements has been a constant challenge due to their closely related 

chemistry. In this study, the same has been achieved by controlled parameters implemented at 

both liquid-liquid as well as solid-liquid interfaces and elucidated the importance of structure 

through DFT. The results obtained in this work are a classic example of the correlation 

between “structure and binding”, a central and deeply investigated concept in the important 

field of separation science. 

Having examined the effect of carbon chain structure on actinide extraction and separation 

within the phosphate family of compounds, a different class of organophosphorous 

extractants namely, phosphonates have been studied. Among these, the H-phosphonates that 

extract by two distinct extraction mechanisms, revealed striking structural effects. The 

hindrance in keto-enol tautomerism process and modulation of the P=O---H hydrogen 

bonding has surprisingly large implications on the extraction behaviour of secondary 

branched isomer Di-sec-butyl H-phosphonate (DsBHP) which does not show the dual 

extraction behaviour of classical H–phosphonates. This observation opens new avenues 

leading to a different class of extractants which can be tailor-made in a single step reaction, 

resulting in ligands with a desired level of selectivity. Further emphasising the effects of alkyl 

chain, investigation on dialkylalkyl phosphonates establishes variation in metal complexation 

behaviour and its sensitivity to extractant structure. Changes in extractant structure as far as 

five or six atoms away from the complexing site affect complexation affinities significantly 
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in the extractant-metal systems chosen. The DFT studies related to complexation energies 

corroborate well with the experimental findings. The implication of structural changes on the 

behaviour of ligands towards metal ions remains a valid question to this day and our results 

provide avenues for fine tuning metal specific complexation in the microgram regime.  

DFT is most useful when its predictive element is taken advantage of. Especially the 

complexes studied in this work are of immediate interest in the processing of nuclear fuels 

where a plethora of organophosphorous extractants are still screened by involved 

experimental procedures.  In the present study, DFT rightly predicts preferential stability of a 

uranyl nitrate complex with Disecamyl H-phosphonate (DsAHP) over its linear chain isomer 

Diamyl H-phosphonate (DAHP). The weak-hydrogen-bond mediated stability of this 

complex plays a role in its complexation behaviour, which was subsequently validated by 

performing complexation experiments. The results exemplify the predictive powers of DFT 

applied in the realm of actinide-organophosphorous complexes. Though this particular study 

pertains to uranyl complexes, the ideas presented therein can potentially be extended to other 

actinides, weaving a predictive future for actinide specific extractions and separations. 

Experimental investigations using minor actinides involve great care due to their higher 

radiotoxicity. Moreover, due to the closeness in chemistry between minor actinides and 

lanthanides, several ligands require to be screened for identifying those specific to the 

actinides. Considering these challenges, a DFT platform to study minor actinide specific 

ligands is a wise alternative. In this work, deeper investigations into interaction energy have 

been elaborated and proved successful in predicting an increase in the covalency along the 

heavy actinide series though it is counter-intuitive from the view point of actinide 

contraction. The findings create a new direction for the search and evaluation of minor 

actinide specific extractants which are of immense utility in their partitioning from high-

active nuclear waste streams.  Results of the present work along with experimental reports on 
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the same lines suggest a rethinking of the decades old proposition in designing minor actinide 

selective ligands for use in back-end nuclear fuel cycle. 

8.2 Future Directions 

The initial studies with the solvent, TsBP have indicated potential prospects of preparative 

scale separation of uranium from thorium matrix using solvent extraction and extraction 

chromatographic technique. Further, the same can be extended to extraction of thorium from 

monazite and separation of uranium from thorium matrix of irradiated thorium rods.  

There is need for development of methods for the removal of uranium from mine water 

samples and aqueous waste streams. Extraction chromatographic technique using 

phosphonate anchored XAD-7 support can be employed for this application. In this 

connection, it will be useful to chemically anchor these molecules on modified silica or 

reverse phase silica supports for extending the stability of resin material. These modified 

chromatographic supports can be used for removal of actinide elements e.g. actinide recovery 

from various aqueous streams. Additional solvent extraction studies with higher homologues 

of H-phosphonates would be preferable as these have lower aqueous solubility. Presently, the 

effect of branching in the carbon chain on the extraction behaviour has been investigated in 

both H-phosphonates and dialkylalkyl phosphonates.  Further studies could include the 

effects of functionalising the carbon chain (e.g. with electron withdrawing vs. electron 

donating groups) and examining the extraction behaviour of actinides.  

Investigations on the third phase formation behaviour of Pu(IV) are  important for designing 

solvent extraction processes. In this connection extraction of Pu(IV) from nitric acid medium 

with TsBP-dodecane system and comparison with TBP/n-DD will be of immense importance 

for developing solvent extraction processes with alternate solvents. Similarly understanding 

and generation of data relating to third phase formation during solvent extraction of 

tetravalent metal ions such as U(IV), Th(IV), Zr(IV) and Pu(IV) with phosphate and 
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phosphonate based solvents are crucial for their extraction and purification. In this context, it 

is important to employ ligands which preferably do not form third phase during solvent 

extraction process.  

Computational studies will be of immense help in screening ligands which can be employed 

for the above. Subsequent to that the ligand-diluent system can be employed for effective 

extraction with higher throughput. In the present thesis, in addition to exhaustive 

experimental studies, for the first time an attempt has been made to explain the third phase 

formation phenomena at the molecular level through DFT calculations. This computational 

study is a preliminary one and additional intensive computational study on the mechanism of 

third phase formation might be important to solve some of the issues of third phase 

formation. 

Another area concerned with the covalency in heavy actinide complexes, shows a 

phenomenon counter-intuitive to the concept of “actinide contraction”. This field is 

challenging because of the difficulties in carrying out experimental work associated with 

higher radiotoxicity and short half-life of the heavier actinides like Bk, Cf etc. Thus, 

computational exploration could play a major role in this field. Specifically, molecular 

dynamic simulations for mimicking the heavy actinide complexes in realistic environments 

would be immensely beneficial in view of separation science. 
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