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SUMMARY

Molecular dynamics (MD) simulations were performed to calibrate the all atom optimized
potential for liquid simulations (OPLS-AA) force field using partial quantum charges calculated
from four different population analysis methods: Mulliken, Léwdin, NPA and ChelpG for
predicting the structural, thermodynamical and dynamical properties of pure liquid like tri-n-
butyl-phosphate (TBP), tri-iso-amyl-phosphate (TiAP) and tri-ethyl-phosphate (TEP) and
dodecane to determine the potential ligand-solvent system for nuclear fuel cycle. The calculated
structural and dynamical properties were affected by the different atomic partial charges on
TBP, TiAP and TEP which are reflected on the estimated physical and dynamical properties and
Mulliken population analysis with OPLS force field found an excellent agreement with the
experimental data. The diffusivity and the pair correlation function (PCF) for all the ligands
have been calculated and validated. Free energy of hydration and solvation for all the ligands
were evaluated using thermodynamic integration (TI1) method indicates TiAP is more
hydrophobic and more partitioning in dodecane among the other ligands and also compared with
the experimental value. The partition coefficient of the ligands calculated from MD simulations
using free energy difference between water-dodecane systems resembles the trend predicted by
DFT/COSMO-RS calculations and found TiAP has better partitioning. Furthermore, the
superiority of TiAP over TBP for the extraction of uranyl (UO,%") ion has been demonstrated by
free energy of extraction using DFT/COSMO-RS calculations. The studies were further
extended on the various molecular properties of TiAP and TiAP/dodecane binary mixture with
different composition of TiAP-dodecane mixture using MD simulations. The excess volume of
mixing was found to be positive for the entire range of mole fractions and the excess enthalpy of
mixing was shown to be endothermic for TBP/dodecane mixture as well as TiAP/dodecane
mixture as reported experimentally. The spatial pair correlation functions (PCFs) are evaluated

between TiIAP-TIAP and TiAP-dodecane molecules. Further, shear viscosity has been



computed by performing the non-equilibrium molecular dynamics (NEMD) employing periodic
perturbation method. The effective composition of binary mixture is also decided based on the
dynamic properties for efficient extraction. The simulations results demonstrate that Stokes-
Einstein (SE) relation breaks down at the molecular level. Additionally, the works were
extended on the simple and complex biphasic systems to evaluate the interfacial properties like
interface structure, interfacial tension, interface thickness using MD simulations. Total interface
thickness is found increasing with mole fraction of TiAP and decreasing with acid molarities.
The interfacial tension is found to be decreased with increasing mole fraction of TiAP whereas
increased with the acid concentrations. The inverse relation between interface thickness and
interfacial tension has been established. The surface tension computed from pressure tensor was
found to be in excellent agreement with the experimental results, which is then used to
determine the interface thickness employing capillary wave theory (CWT) using a simple
scheme of finding the bulk correlation length by adopting COSMO-RS. Furthermore, a simple
equation has been obtained by fitting the MD simulations results of total interface thickness for
a wide range of composition of third component. The optimum selection of mole fraction of
TiAP and the aqueous phase acidity has been decided for metal ion extraction system. In
addition to that, the structural and dynamical behaviour of uranyl ion in water has been
investigated by performing MD simulations using different force field. The super-saturation
effect has been captured by an inflection in the plot of surface tension and shear viscosity
against concentration due to the solution heterogeneity which was correlated by an inflection in
the scattering intensity observed by performing dynamic light scattering (DLS) experiment.
Finally, the breakdown of Stoke—Einstein relation has been also found for acidic uranyl nitrate
solution which followed far sticking boundary condition. Hence, the versatility of single force
field has been established and the efficient biphasic system can be designed from the studies of

binary mixture, biphasic mixture and the interfacial properties.



SYNOPSIS

Among the various sources of energy, nuclear energy shares ~15-20% of the total
energy consumption worldwide. In view of the growing energy demand, fission-based
nuclear power will play a vital role in meeting this need. One aspect of nuclear power that
still provides significant technical challenges is the management of irradiated nuclear fuel
(fuel discharged from a nuclear reactor after its utilization)." The management of
continuously increasing used nuclear fuel in large volumes which contains un-burnt
uranium, fissile plutonium, transuranic actinides and fission products (FP), necessitates the
development of an effective and selective methodology to reuse fissile content by
separating actinides and FP.?® Reprocessing is the series of processes for separation of
uranium and plutonium from the FP and transuranic actinides in back-end operation. The
radionuclides present in spent fuel should be reprocessed for its safe disposal. The
reprocessing of used nuclear fuel is of practical interest not only to reduce the high-active
solid waste but also to produce the fresh fuel for 2™ generation nuclear reactor which can
give dependable supply of fuel.”® The decay of radiotoxicity of the spent fuel needs
several thousand years to reach its natural level.” Hence, spent fuel reprocessing is also
important to remove the radionuclide from the waste so that the time required to reach an

acceptable activity level will be minimized.

Various conventional separation processes are available but they are not suitable due to
high temperature and pressure, difficult to manage the generated waste and needs much
effort to get product in desired form. Besides this, some non-conventional and non-
traditional processes are also developed by resolving various issues present in the
conventional processes. But again, they are not well established. So, among the well-

established processes the solvent extraction is the best choice for reprocessing.



The key role of the solvent extraction technologies is the selective transfer of valuables
between aqueous and organic phases using liquid phase contractor.®® Liquid — liquid
extraction based technology is used to address the fuel reprocessing. The extent of
reprocessing depends on the efficiency of the liquid-liquid extraction processes which are
widely used for separation and recovery of radionuclide from spent nuclear fuel. Further,
the extraction method includes two immiscible liquids, mainly one aqueous phase which
contains the metal ions and other is the organic phase consists of a mixture of a suitable
ligand and a solvent. In this context, the most commonly practised extraction process is
PUREX (Plutonium Uranium Recovery by Extraction) where the metal ions are extracted
by organic ligand from acidic feed solution. Initially, the used nuclear fuel undergoes de-
cladding and dissolution processes. The irradiated fuels containing fissile and fertile
materials, have been chopped in small pieces and then dissolved in 12M boiling nitric acid
to prepare the nitrates of Uranium (U) and Plutonium (Pu) which has been used as feed

solution.™

This liquid — liquid extraction process is a multi-stage and multi-solute process which
possesses several challenges for modelling the extraction phenomena and also for
understanding the processes from molecular level. The most commonly used extractant
molecules in solvent extraction process are organo-phosphorus ligands which bind the
metal ions via their phosphoryl group. TBP (tri-n-butyl phosphate) is the most popular one
used with n-dodecane as an inert solvent and commonly used as diluent for TBP** and also
thoroughly understood extracting agent among the organo-phosphorus ligands because of
its pivotal role in various stages of nuclear fuel cycle.”*"** TBP has advantages of the (1)
adequate extraction power for uranium and plutonium, (2) good selectivity for uranium
and plutonium in comparison to the elements present in the fission products, (3)

amenability to stripping with dilute nitric acid, and (4) good phase separation. TBP makes



complexes selectively with Uranium and Plutonium.*® 30% TBP/n-dodecane ligand-
solvent composition is used universally for recovery of uranium and plutonium from spent

nuclear fuels.

Although TBP is widely used in industrial scale also, it has some inherent limitations. For
the reprocessing of fast reactor fuel involving Plutonium (Pu) rich spent fuel with high
level of radioactivity, TBP has the limitation of third phase formation at high metal
loading.”®* Also, the separation process is interfered by the formation of degradation
products principally DBP (di-butyl phosphate) and MBP (mono-butyl phosphate) by
radiological and chemical effects on TBP which reduces the fission product
decontamination factor (DF). The fuel reprocessing is also affected by the significant
aqueous solubility of TBP. So, this is high time to think of alternative of TBP to pursue the

reprocessing of fast reactor as well as thermal reactor fuel.

There is continuing search of an alternative novel ligand which has the merits of TBP and
at the same time overcomes the above mentioned demerits of TBP. Suresh et al discussed
the effect of elongation of alkyl chain and introduction of branching on alkyl group of
phosphate ligand on extraction process.” Sometimes branching on first carbon atom
significantly alters the extraction efficiency or the mutual solubility of water. Among
many synthesized ligands, tri-iso-amyl phosphate (TiAP) has been shown to be quite
promising. In recent past many researchers reported that TiAP, a homologous of TBP, is a
potential ligand in many aspects: such as TiAP has the lesser tendency towards third phase
formation for extraction of tetravalent actinides, lower aqueous solubility (0.019 kg/m?®)
compared to TBP (0.40 kg/m®), high extraction ability and better resistance to
degradation.** Sreenivasulu and co-workers carried out the radiolytic degradation studies
on TIAP and they reported that the degradation behaviour of TiAP is similar to TBP and
TiAP can be used as potential extractant because of its lower third phase formation

\"



tendency and lower aqueous solubility.® Again, mixture settler experiments have been
carried out by Suresh and co-workers with TiAP as an extractant for reprocessing
applications and they reported that TiIAP can be used as alternate extractant over TBP for
both fast reactor and thermal reactor fuel reprocessing.'® So, TiAP might be a replacement
of TBP and is being used for thermal reactor fuel reprocessing as well as fast reactor fuel
reprocessing.”™® In addition to that the experimental studies also confirm the similar
potentiality of TIAP in extraction, scrubbing and stripping and it mitigates the
limitations.*®*" *** Moreover, TiAP has more thermal resistant compared to TBP when
red oil formation is concerned. TiAP found to be safer under drastic temperature and
concentrated acid conditioning process evaporator. Again, Das and co-researcher also
confirmed from the TGA test that the red oil prepared from TiAP is absence of exothermic
reaction during heating from 30°C to 200°C which indicates TiAP is safer than TBP.? The
extraction behaviour of U(VI) from nitric acid medium using 1.1M TiAP/n-dodecane as
solvent along with scrubbing and stripping behaviour of U(V1) also have been investigated
and found that both the TBP and TiAP ligands are comparable.’® Again, the extraction
behaviour of Th(IV) from nitric acid medium was also studied using TIAP — KO as
extractant and a good separation factor [Dycviy/Drnav)] of 88.25 was reported at 6M HNO:s.
The extraction of U(VI) by TiAP was an exothermic process whereas the extraction of
Th(IV) was an endothermic process. It was also noted that the stripping of U(VI) from
TiAP organic phase was comparatively easier than that of Th(IV).'® Further, the cost of
TBP and TiAP are also very similar.”*** Hence, TiAP is shown to be comparatively better

ligand over TBP in reprocessing applications.

In order to predict and explain the behaviour of proposed ligands to develop an efficient
extraction system, one can pursue either the experimental or theoretical route. From an

experimental point of view, though one can get very accurate predictions but one should

Vi



have laboratory infra-structure, radionuclide handling system and chemicals which are
quite expensive and time consuming also. Even it sometimes can be completely
impossible or dangerous also to measure what is desired. The complementary alternative
to experiment is the use of computational techniques like: molecular dynamics (MD)
simulations and Quantum electronic structure calculations (QESC), which are principle
tools for theoretical studies in biological as well as in chemical molecules. This
computational method calculates the time dependent behaviour of a molecular system
based on Newton’s laws of motion. Molecular dynamics simulations have evolved into a
mature technique that can be used effectively to understand macromolecular structure-to-
function relationships. These methods are now regularly used to investigate the
microscopic structure, dynamics and thermodynamics of biological or chemical molecular

systems and their complexes.

A wide range of chemical/physical processes can be modelled using MD simulation®
which help in planning the experiments and thus reduce the cost and time of experiments.
So, elaborate molecular dynamic simulations studies are required to establish the liquid —
liquid extraction processes with TiAP as an extractant for implementation and to address
the issues in commercial scale. Therefore, a detailed investigation on the structural and
thermo-physical properties of these ligands and the related dynamical and thermodynamic
properties for the metal ion extraction is of utmost necessary for which molecular level
studies are essential to predict structural and thermo-physical properties with an aim to

have better understanding of the extraction process.

Therefore, MD simulations were conducted for pure TBP, TiAP, TEP (belongs to alkyl
phosphate group) and dodecane to determine the various structural, thermodynamical and
dynamical properties.”®*" The accuracy of physical and dynamical properties strongly

depends on the performance of force field and it is very crucial to select the good one

vii



which can able to arrest all the properties. Though tri-ethyl phosphate (TEP) has not been
reported in the literature for its use as metal ion extractant, few experimental values related
to thermo-physical properties are available for TEP which are useful to calibrate the

atomistic force field.

Thus, the present thesis reports the force field for the pure ligands based on the calculation
of physical and dynamical properties. For calibration of force field, four types of atomic
charge models have been used. They are Mulliken, Léwdin, NPA (orbital population
analysis methods) and ChelpG (a grid based method using electrostatic potential). Along
with the calibration of force field, the comparative studies of ligands have been done to
find out an efficient ligand for liquid-liquid extraction process. Subsequently, the
calibrated force is to be tested for TiAP/dodecane binary mixture to see whether the single
force field is able to capture all the physical and dynamical properties of binary mixture
using MD simulations. Next, the compatibility of developed force field has been checked
for water — TiAP/dodecane biphasic mixture by computing respective properties at liquid
— liquid interface as third goal. In addition to that an attempt has been made for the
calculation of total and intrinsic interface thickness for simple as well as complex biphasic
mixture using the concepts of QM, MD and statistical mechanics. The versatility of single
force field is the main attraction of the current studies. Further, the effect of partial charges
on the structural and dynamical properties of actinides in water and then to calculate the
various structural and dynamical properties of uranyl nitrate in acidic medium with wide
range of uranyl nitrate as well as acid concentration. The MD simulation studies of
aqueous feed solution at various uranyl nitrate concentration have been carried out to
understand the limiting concentration of uranyl nitrate in feed solution used in PUREX
process. The overall thesis is composed of seven chapters and a brief discussion of each

chapter is given below.
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Chapter 1:

This chapter deals with a general introduction about demand of nuclear energy and
associated irradiated nuclear fuel reprocessing and the role of ligand-solvent system in the
field of extraction of radionuclides from spent nuclear fuel. It includes necessity of
molecular modelling and simulations for process parameters optimization, the motivation

behind the thesis, objectives and scope of thesis.

Chapter 2:

This Chapter deals with model and methodology used in the present thesis to perform the
molecular dynamics simulations studies of the chemical species involved in the PUREX
process. It also includes the methodology of statistical mechanics for determination of
various thermophysical, dynamical and thermodynamical properties of liquid phases (pure

liquids, mixture of organic liquids and mixture of aqueous solution).

Chapter 3:

The main objective of this chapter is to calibrate the OPLA — AA force field and screening
of ligand. In Chapter 3, molecular dynamics (MD) simulations were performed to calibrate
the all atom optimized potential for liquid simulations (OPLS-AA) force field using partial
quantum charges calculated from four different population analysis methods: Mulliken,
Lowdin, NPA (Natural population analysis) and ChelpG (CHarges from ELectrostatic
Potentials using a Grid-based method) for predicting the thermophysical properties of pure
liquid like tri-n-butyl-phosphate (TBP), tri-iso-amyl-phosphate (TiAP) and tri-ethyl-
phosphate (TEP) and dodecane to determine the potential solvent for nuclear fuel cycle.
The calculated structural and dynamical properties were affected by the different partial

charges on TBP, TiAP and TEP. The Mulliken embedded force field was found better



among the others based on the estimation of liquid density, diffusivity, structural
parameters and dipole moment. The accuracy of developed force field is checked by
calculating the heat of vaporization, free energy of hydration and solvation and partition
coefficient and the calculated values are in excellent agreement with available
experimental values. Free energy of hydration and solvation for all the ligands were
evaluated using thermodynamic integration (TI) technique and TiAP exhibits higher
hydrophobic nature and higher degree of partitioning in organic phase which is suitable as
a ligand for solvent extraction. Furthermore, the partition coefficient of the ligands have
been calculated from MD using free energy and from QM using DFT/COSMO-RS method
and found better partitioning for TiAP. So, the lesser density, lower solubility, higher
partitioning and higher dipole moment compared to TBP and TEP indicates TiAP may be
the suitable ligand for nuclear applications. Finally, the superiority of TiAP over TBP as
extracting agent for UO,%* ion has been demonstrated by higher calculated free energy of
extraction using DFT. Overall the Mulliken charge embedded calibrated OPLS-AA force
field is perhaps the most reliable one for evaluation of the liquid state properties of pure

alkyl phosphates and n-alkanes.”®
Chapter 4:

Tri-isoamyl phosphate (TiAP) has been proposed to be an alternative for tri butyl
phosphate (TBP) in PUREX process. TiAP like TBP also cannot be used in pure form due
to its high viscosity and hence a diluent is mixed at appropriate composition to make it
suitable for solvent extraction. Hence, the objective of Chapter 4 is to test the developed
force field in TiAP/n-dodecane and TBP/n-dodecane binary mixture and to determine the
suitable composition of binary mixture which can be used for metal ion extraction.
Therefore, the MD simulations have been carried out to understand the structural,

dynamical and thermodynamical properties with different mole fraction of TiAP-dodecane
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and TBP-dodecane binary mixture at the entire range of mole fraction of 0 to 1 employing
our calibrated Mulliken embedded OPLS force field. The calculated electric dipole
moment of TiIAP was seen to be almost unaffected with the TiAP mole fraction. The
calculated liquid densities of TiAP-dodecane mixture with the effect of mole fraction and
temperature are in good agreement with the experimental data which signifies the
accuracy of force field and simulation methods. The excess volume of mixing was found
to be positive for the entire range of mole fraction and the excess enthalpy of mixing was
shown to be endothermic as reported experimentally. The diffusivities for TiIAP and
dodecane against mole fraction in the binary mixture intersect at a composition in the
range of 25-30% of TiAP in dodecane. Further, shear viscosity has been computed by
performing the non-equilibrium molecular dynamics (NEMD) and found excellent
agreement with the experimental values. The diffusivities and shear viscosities of TiAP
against mole fraction also intersect in the range of 20 — 30% composition. Both are very
much closer to the TBP/n-dodecane composition used in the PUREX process. Finally, the
objective is fulfilled by establishing that the Mulliken embedded force field is equally
reliable for the binary mixture without incorporating any arbitrary scaling in the force field
and also suggests the suitable composition of binary mixture. Further, the present MD
simulations results demonstrate that Stokes-Einstein (SE) relation breaks down for the

organic mixture.”’
Chapter 5:

The objective of this chapter is to apply the Mulliken embedded force field in simple and
complex biphasic system and to understand the interfacial properties which are responsible
for metal-ligand complex formations and its transport through interface. For this reason,
the physical properties at the interface like interface structure, interfacial tension, interface

thickness have been studied for a wide range of mole fraction of TiAP and with various
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aqueous phase acidity. The interface thickness has been investigated in the presence of
finite concentration of third component, a lipophilic ligand, tri-isoamyl phosphate (TiAP)
and nitric acid employing MD simulations. The interface thickness is a increasing function
of mole fraction of TiAP and a decreasing function of acid concentration. The interfacial
tension computed from pressure tensor method is exhibiting the opposite effect. The
inverse relation between interface thickness and interfacial tension has been established
which is similar to the capillary wave theory (CWT)which relates the interface thickness
and interfacial tension for two component system. The two component methodology of
CWT s also applicable for three component system using weighted average scheme of
finding the bulk correlation length by adopting conductor like screening model for realistic
solvents (COSMO-RS). Furthermore, a simple equation has been obtained by fitting the
MD results of total interface thickness for a wide range of composition of third
component. The value of interface thickness calculated from the model equation was
found to be in good agreement with the available experimental and MD results for a wide
variety of oil-water biphasic systems. In addition to that the P=O-P=Odimer of TiAP has
been found more stable among the other orientations based on the calculation of
dimerization energy using DFT and also captured in the MD simulations. Furthermore, the
present MD data shows that the water extraction is enhanced at higher mole fraction of
TiAP because of wider interface thickness at higher composition of TiAP whereas
decreased at higher aqueous phase acidity due to lower interface thickness. So, the present
chapter concludes the proper optimization in composition of TiAP/dodecane and aqueous

phase acidity leads to an efficient extraction system for partitioning of metal ions.*
Chapter 6:

The structural and dynamical characteristics of uranyl ion in aqueous acidic environment

are of immense importance in the field of nuclear fuel reprocessing. In this context,
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different atomic partial charges have been used to parameterize the force field in the last
few decades. The objective of Chapter 6 is whether the different charge models are really
required to understand the uranyl ion in water system or whether the partial charges have
an important implication on the physical and dynamical properties and finally what will be
the right choice. The second objective is to perform MD simulations with the screened
force field and to calculate the various structural and dynamical properties of uranyl nitrate
in acidic medium with wide range of uranyl nitrate as well as acid concentration to model
the PUREX process more realistically. It has been found that all the models have depicted
similar structural and dynamical properties except the free energy of hydration where the
Gulibaud-Wipff (GW) model performs well over the others. The calculated density using
MD simulations is found to be in excellent agreement with the measured experimental
density which ensures the accuracy of the adopted GW force field. The calculated surface
tension and shear viscosity are seen to be increased with uranyl nitrate concentrations. At
higher concentration of about 4.0 moles/lit, super-saturation effect has been captured by an
inflection in the plot of surface tension and shear viscosity against concentration due to the
solution heterogeneity which was correlated by an inflection in the scattering intensity
observed by performing dynamic light scattering (DLS) experiment. The binding mode of
nitrate ions with uranyl ion is found to be concentration dependent and at higher
concentration, it is predominantly mono-dentate. This chapter suggests the limiting

concentration of uranyl nitrate in feed solution.***

Chapter 7:

Finally, the work is briefly summarized and logically concluded in Chapter 7. The heart of
conclusion is that the OPLS — AA force field calibrated with Mulliken atomic partial
charges is capable to capture and explain all the thermophysical, dynamical and

thermodynamical properties of pure liquids, binary mixtures and biphasic mixtures
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successfully. So, our main objective of the thesis is the versatility of a single refined force
field in the field of radionuclide — ligand — solvent systems pertaining to the fuel
reprocessing is achieved. In addition to that TiAP is established as a potential alternative
ligand of TBP which can be applied in thermal reactor as well as fast reactor fuel
reprocessing. Favourable interfacial properties for metal ion transfer have been suggested
and the characteristics of uranyl nitrate along with the limiting concentration of uranyl
nitrate in feed solution have been established which useful informations are for fuel
reprocessing. Next, the present work can be extended in the direction of extraction of
heavy metals with the suggested composition of ligand — solvent system, multicomponent
system to understand the co-extraction process, recovery of FP from the waste stream in

near future.
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ONE

Introduction

1.1 INDIAN NUCLEAR POWER PROGRAM & NUCLEAR FUEL CYCLE

Among the various sources of energy, nuclear energy shares ~15-20% of the total energy
consumption worldwide. In view of the growing energy demand, fission-based nuclear power
will play a vital role in meeting this need. To produce energy, nuclear power plants engender
a controlled fission chain reaction of heavy elements - most commonly U-235 and Pu-239.

Nuclear power provides power with virtually no greenhouse gas emissions.

India has a flourishing and indigenous nuclear power program guided by the unique three
stage nuclear power program due to its small uranium inventory and large thorium reserves.*
The first stage was employed for power generation in Pressurized Heavy Water Reactors
(PHWRSs) with the limited natural uranium resources along with the conversion of uranium to
plutonium. Second stage utilizes the plutonium and depleted uranium produced in the first
stage as fuel not only harness power but also to enhance the fissile inventory necessary by

converting fertile Th-232 to fissile U-233 in the blanket of the 2" stage reactor. The natural
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Th-232 and U-233 will use as fuel for power generation in third stage thorium based power
reactors.? A schematic of the three stage nuclear program is represented in Figure 1.1. The
first stage has achieved a state of commercial maturity by operating of 18 PHWRs. In
addition to that, many Pressurized Heavy Water Reactors (PHWRs) and Boiling Water
Reactors (BWRs) are in under construction and planning stages. The second stage is in good
shape with operation of a Fast Breeder Test Reactor (FBTR) since 1985 and with
construction of a 500MWe Prototype Fast Breeder Reactor (PFBR). As far as, the third stage
is concerned, an Advanced Heavy Water Reactor (AHWR) based on thorium fuel is being

developed to propagate the thorium based technology in commercial-scale.®
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Figure 1.1: Schematic of the three stage Indian Nuclear Energy program

The nuclear fuel cycle deals with staring from the uranium exploration to the disposal of
materials which have been used and generated during the cycle. It can be defined as the set of
processes and operations required to produce nuclear fuel, its irradiation in nuclear reactors
and storage, reprocessing, recycling or disposal. There are two types of fuel cycle (see Figure
1.2). One is open or once-through fuel cycle indicates without reuse of nuclear materials and
another is closed fuel cycle, involves the reuse of nuclear materials extracted from irradiated
fuel*. Both the options require robust and safe waste management technologies. India has

opted for ‘closed’ option due to its limited uranium resources. In a closed nuclear fuel cycle
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the un-burnt and bred fuel are recycled, recovered and reused as fresh fuel in nuclear reactor.
Closed fuel cycle pursued in India by the pioneers envisaging sustainable source of power

through nuclear energy.

Open or Once Through Fuel Cycle

Fissile partly spent

Fuel Nuclear Spent Fuel
. . - Fertile partly - ;
Fissile+Fertile Reactor converted Repository

Closed Fuel Cycle

Fissile partly

Nuclear spent

Reactor

Fuel

o ) > Reprocessing
Fissile+Fertile Fertile partly

converted l

I Long lived
Fuel Fertile + Fissile waste
Manufacturing | Repository

Figure 1.2: Flow diagram of Open Fuel Cycle and Closed Fuel Cycle

Not only the electricity generation using nuclear energy, other applications (see Figure 1.3)
related to social and medical fields are also well established. All activities involving nuclear
fuel in its various stages from mining of ore to final disposal of nuclear waste can be
categorized in two ways. The activities before the fuel is placed in the nuclear reactor are
commonly known as front end operation while the activities and the process after the fuel is
used in the reactor are known as back end operation. Between front end and back end stage is

the utilization stage of nuclear fuel cycle.
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Figure 1.3: Flow chart for various applications of nuclear energy

1.2 NUCLEAR FUEL CYCLE

The nuclear power production technology is well established and has proven to be safe and
reliable, although it will be essential to maintain the improvements that have been made in
plant operational safety and efficiency over the past several decades. One aspect of nuclear
power that still provides significant technical challenges is the management of irradiated
nuclear fuel (fuel discharged from a nuclear reactor after its utilization).> The management of
continuously increasing used nuclear fuel in large volumes which contains un-burnt uranium,
fissile plutonium, transuranic actinides and fission products (FP), necessitates the
development of an effective and selective methodology to reuse fissile content by separating
actinides and FP.® ” Reprocessing is the series of processes for separation of uranium and
plutonium from the FP and transuranic actinides. This is the most important steps in back-end
operation. The radionuclides present in spent fuel should be reprocessed for its safe disposal.
The reprocessing of used nuclear fuel is of practical interest not only to reduce the high-
active solid waste but also to produce the fresh fuel for 2" generation nuclear reactor which
can give dependable supply of fuel.®'° The decay of radiotoxicity [see Figure 1.4] of the

spent fuel needs several thousand years to reach its natural level.!* Hence, spent fuel

4
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reprocessing is also important to remove the radionuclide from the waste so that the time

required to reach an acceptable activity level will be minimized.

Radiotoxic inventory [Sv/q]
100

10

Uranium in nature

" tlyl
10! 102 103 104 10° 10°

Figure 1.4: Decay of radiotoxicity of fission products (FP) and transuranic actinides with
time

Various conventional separation processes are available such as distillation, absorption,
adsorption, drying (Equilibrium governed) and osmosis, reverse osmosis, dialysis (Rate
governed). These processes are quite common and the relevant technologies are well
developed and well-studied. But they are not suitable due to high temperature and pressure,
difficult to manage the generated waste and needs much effort to get product in desired form.
Besides this, some non-conventional and non-traditional processes like Super Critical Fluid
Extraction (SFE), Chromatographic Separation, Electric Field Assisted Separation,
Membrane based Separation are also developed by resolving various issues present in the
conventional processes. But again, they are not well established. So, the solvent extraction is

the best choice for reprocessing.

The key role of the solvent extraction technologies is the selective transfer of valuables
between aqueous and organic phases using liquid phase contractor.'? ** Liquid — liquid

extraction based technology is used to address the fuel reprocessing. The extent of
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reprocessing depends on the efficiency of the liquid-liquid extraction processes which are
widely used for separation and recovery of radionuclide from spent nuclear fuel. Further, the
extraction method includes two immiscible liquids, mainly one aqueous phase which contains
the metal ions and other is the organic phase consists of a mixture of a suitable ligand and a
solvent. In this context, the most commonly practised extraction process is PUREX
(Plutonium Uranium Recovery by Extraction) where the metal ions are extracted by organic
ligand from acidic feed solution. Initially, the used nuclear fuel undergoes de-cladding and
dissolution processes. The irradiated fuels containing fissile and fertile materials, have been
chopped in small pieces and then dissolved in 12M boiling nitric acid to prepare the nitrates

of Uranium (U) and Plutonium (Pu) which has been used as feed solution.**

U + 4.5 HNO3 = UO2(NO3)2 + 1.57 NO + 0.84 NO2 + 0.005 N20 + 0.043 N2 + 2.25 H20

(1.1)

The acidity of feed solution is maintained around 3 — 4M and then it is chemically processed
to separate and purify the heavy metals of interest. The key extractant in PUREX process is
tri-n-butyl phosphate (TBP) used with n-dodecane as an inert solvent and commonly used as
diluent for TBP*. 30% TBP/n-dodecane ligand-solvent composition is used universally for

recovery of uranium and plutonium from spent nuclear fuels.

The extent of purification or decontamination of uranium or plutonium achieved in each step
is generally expressed by a term called Decontamination Factor or simply DF and is defined

by the following expression:

Beta or Gamma activity/gm of U or Pu in feed

~ Betaor gamma activity/gm of U or Pu in product

Again, the selectivity of any ligand or solvent under a particular set of conditions signifies the

preferential extraction of that component by the ligand, is defined by separation factor as



K4 (Distribution Coefficient of A)

Separation Factor (F) =

Kg (Distribution Coefficient of B)

Ligand with good selectivity or high separation factor towards Uranium (U) and Plutonium

(Pu) will lead to a good DF during separation. TBP as a ligand used in PUREX process has

good separation factor for U and Pu.

In PUREX process, the Uranium and Plutonium are extracted as metal-ligand complex

[UO2(NOs)2 (TBP)2 and Pu(NOs)a (TBP)2 ] in organic-rich phase.*®*’

The extraction mechanism of U (IV) into TBP is well established and the reaction at

equilibrium is

UO2*2 + 2NOs™ + 2TBP <====> UO2 (NO3)2.2TBP
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Figure 1.5: Block diagram of PUREX process.
fuel, La — Lanthanides and An — Actinides.

FP

L d

Pluto

nium

Purification

i

L

Waste

Plutonium
Furification

i

Pu Product
Conversion

(1.2)

FP - Fission product, SNF — Spent nuclear



CHAPTER 1: Introduction

Similarly for plutonium the reaction is:
Pu** + 4(NOs) + 2TBP <====> Pu (NOs)4. 2TBP (1.3)

The block diagram of PUREX process is shown in Figure 1.5 illustrating the stages of
separation process. Initially, co-extraction of U and Pu followed by partitioning of them has
been carried out and then the purification cycles for U and Pu have been performed to

achieve the required purity.
1.3 TBP AS LIGAND IN REPROCESSING APPLICATION

This liquid — liquid extraction process is a multi-stage and multi-solute process which
possesses several challenges for modelling the extraction phenomena and also for
understanding the processes from molecular level. The most commonly used extractant
molecules in solvent extraction process are organo-phosphorus ligands which bind the metal
ions via their phosphoryl group. TBP (tri-n-butyl phosphate) is the most popular one and also
thoroughly understood extracting agent among the organo-phosphorus ligands because of its
pivotal role in various stages of nuclear fuel cycle.'* ¥ © TBP has advantages of the (1)
adequate extraction power for uranium and plutonium, (2) good selectivity for uranium and
plutonium in comparison to the elements present in the fission products, (3) amenability to
stripping with dilute nitric acid, and (4) good phase separation. TBP makes complexes
selectively with Uranium and Plutonium.”** Although TBP is widely used in industrial scale,
it has some inherent limitations also. For the reprocessing of fast reactor fuel involving
Plutonium rich spent fuel with high level of radioactivity, TBP has the limitation of third
phase formation at high metal loading.'® Also, the separation process is interfered by the
formation of degradation products principally DBP (di-butyl phosphate) and MBP (mono-
butyl phosphate) by radiological and chemical effects on TBP. These degradation products

reduce the fission product decontamination efficiency by forming complex between fission
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products and degradation products. Again, the degradation products also prevent the
complete stripping of uranium and plutonium which results the losses of them into the
raffinate (solvent wash waste). In addition to that the formation of low soluble metal (like Th,
Zr, Pu) complexes of HDBP and H2MBP sometimes was precipitated and interfered the
operation'®2°, The fuel reprocessing is also affected by the significant aqueous solubility of
TBP which creates problems in reduction process of Plutonium and makes the partitioning
difficult. So, this is high time to think of alternative of TBP to pursue the reprocessing of fast

reactor as well as thermal reactor fuel.

1.4 SELECTION OF NOVEL LIGAND OR ALTERNATIVE OF TBP

There is continuing search of an alternative novel ligand which has the merits of TBP and at
the same time overcomes the above mentioned demerits of TBP. Suresh et al discussed the
effect of elongation of alkyl chain and introduction of branching on alkyl group of phosphate
ligand on extraction process.'? Sometimes branching on first carbon atom significantly alters
the extraction efficiency or the mutual solubility of water. Among many synthesized ligands,
tri-iso-amyl phosphate (TiAP) has been shown to be quite promising. In recent past many
researchers reported that TiAP, a homologous of TBP, is a potential ligand in many aspects:
such as TiAP has the lesser tendency towards third phase formation for extraction of
tetravalent actinides, lower aqueous solubility (0.019 kg/m?®) compared to TBP (0.40 kg/m?),
high extraction ability and better resistance to degradation.? Sreenivasulu and co-workers
carried out the radiolytic degradation studies on TiAP and they reported that the degradation
behaviour of TiAP is similar to TBP and TiAP can be used as potential extractant because of
its lower third phase formation tendency and lower aqueous solubility.?> Again, mixture
settler experiments have been carried out by Suresh and co-workers with TiAP as an
extractant for reprocessing applications and they reported that TiAP can be used as alternate
extractant over TBP for both fast reactor and thermal reactor fuel reprocessing.® So, TiAP

9
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might be a replacement of TBP and is being used for thermal reactor fuel reprocessing as well
as fast reactor fuel reprocessing®*2°. In addition to that the experimental studies also confirm
the similar potentiality of TiIAP in extraction, scrubbing and stripping and it mitigates the
limitations.?® 2% 262 Moreover, TiAP has more thermal resistant compared to TBP when red
oil formation is concerned. TiAP found to be safer under drastic temperature and
concentrated acid condition in process evaporator. Again, Das and co-researcher also
confirmed from the TGA test that the red oil prepared from TiAP is absence of exothermic
reaction during heating from 30°C to 200°C which indicates TiAP is safer than TBP.?° The
extraction behaviour of U(VI) from nitric acid medium using 1.1M TiAP/n-dodecane as
solvent along with scrubbing and stripping behaviour of U(VI) also have been investigated
and found that both the TBP and TiAP ligands are comparable.?® Again, the extraction
behaviour of Th(IV) from nitric acid medium was also studied using TiAP — KO as extractant
and a good separation factor [Duiy/Dtnavy] of 88.25 was reported at 6M HNOs. The
extraction of U(VI) by TiAP was an exothermic process whereas the extraction of Th(IV)
was an endothermic process. It was also noted that the stripping of U(VI) from TiAP organic
phase was comparatively easier than that of Th(IV) under identical conditions.?® Further, the
cost of TBP and TiAP are also very similar.>® ** Hence, TiAP is shown to be comparatively

better ligand over TBP in reprocessing applications.
1.5 NECESSITY OF SIMULATIONS

In order to predict and explain the behaviour of proposed ligands to develop an efficient
extraction system, one can pursue either the experimental or theoretical route. From an
experimental point of view, though one can get very accurate predictions but one should have
laboratory infra-structure, radionuclide handling system and chemicals which are quite
expensive and time consuming also. Even it sometimes can be completely impossible or

dangerous also to measure what is desired. The complementary alternative to experiment is

10



the use of computational techniques like: molecular dynamics (MD) simulation and Quantum
electronic structure calculation (QESC), which are principle tools for theoretical studies in
biological as well as in chemical systems. This computational method calculates the time
dependent behaviour of a molecular system based on Newton’s laws of motion. Molecular
dynamics simulations have evolved into a mature technique that can be used effectively to
understand macromolecular structure-to-function relationships. These methods are now
routinely used to investigate the microscopic structure, dynamics and thermodynamics of

biological or chemical molecular systems and their complexes.

A wide range of chemical/physical processes can be modelled using MD simulations®? which
help in planning the experiments and thus reduce the cost and time of experiments. So,
elaborate molecular dynamic simulations studies are required to establish the liquid — liquid
extraction processes with TiAP as an extractant for implementation in commercial scale.
Therefore, a detailed investigation on the structural and thermo-physical properties of these
ligands and the related dynamical and thermo-dynamic properties for the metal extraction is
of utmost necessary for which molecular level studies are essential to predict structural and
thermo-physical properties with an aim to have better understanding of the extraction

process 17,18, 21, 24, 25

Therefore, MD simulations were conducted for pure TBP, TiAP, TEP and dodecane to
determine the various structural, thermo-dynamical and dynamical properties®® 4. The
accuracy of physical and dynamical properties strongly depends on the performance of force
field and it is very crucial to select the good one which can able to arrest all the properties.
Though tri-ethyl phosphate (TEP) has not been reported in the literature for its use as metal
ion extractant, few experimental values related to thermo-physical properties are available for

TEP which are useful to calibrate the atomistic force field.

11
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1.6 BACKGROUND & MOTIVATION OF THESIS

In recent past, MD simulations and QESC have been successfully applied to investigate the
fundamental properties of various extraction systems.***® Recently, Cui et al have reported a
comparative study between AMBER® (Assisted Model Building with Energy Refinement)
and OPLS force field*® by investigating two sets of partial charges calculation method for
TBP model namely MNDO (Modified Neglect of Differential Overlap), a semi-empirical
quantum chemistry calculation** and DFT (ab initio Density Functional Theory) where
atomic charges derived using the Restrained Electrostatic Potential charge fitting method*
for TBP model.** They have carried out scaling of atomic charges with respect to
experimental dipole moment because the charges calculated by them using both the methods
over-estimated the experimental value of dipole moment. Again, the predicted mass density
was also improved with scaled charges. The self-diffusion coefficient was relatively better
predicted by OPLS force field. The microscopic structure of pure TBP and TBP-alkanes is
highly affected by the partial charge distribution and the magnitude of partial charges on TBP
molecule.** Cui and co-workers have reported the structural and thermo-physical properties
of TBP/n-dodecane mixture in entire mole fraction range with two sets of force fields for TBP
where they have computed various properties of mixture in liquid phase such as mass density,
excess volume of mixing, electric dipole moment and pair correlation function.*® Junju Mu et
al have computed various thermodynamic properties and microscopic structure of pure TBP
liquid, TBP/n-alkane mixture and TBP/water mixture using various optimized model based
on different atomic partial charge set calculated from DFT.*® Different models have shown
different limitations in predicting thermodynamic, Kinetic, and structural properties. Recently,
Siu and co-workers have refined the parameters of OPLS-AA force field for long
hydrocarbons to reproduce the values of densities and heats of vaporization.*” Haughney et al

performed MD simulations of liquid methanol using different atomic partial charges on

12



CHAPTER 1: Introduction

carbon and oxygen atom and they reported two of them are in good agreement with available
experimental values while the other two are less realistic.*® Jamali and co-researchers
investigated the thermodynamic and transport properties of several crown-ethers using force
field-based molecular simulations introducing a new set of torsional potential parameters
from DFT calculations and the computed thermodynamic and transport properties were found
close to the experiments, suggesting the accuracy of the new force field which is also
transferable to other cyclic-ether molecules in expense of parameterization.*® Tsuzuki and co-
workers carried out MD simulations of 13 ionic liquids using newly refined force field based
on the ab initio molecular orbital calculations of the isolated ions and the experimental
densities of a few ionic liquids and the calculated self-diffusion coefficients of ions followed

the experimental trends but values are about 1 order smaller than the experimental ones.>
1.7 OBJECTIVE OF THESIS

The parameterization of force fields based on some experimental thermo-physical data like
dipole moment or density or potential energy have been carried out by researchers but still
the refined force fields are not able to arrest all the physical and dynamical properties.
Therefore, the primary aim should be to select the accurate force field for the pure ligands
based on the calculation of physical and dynamical properties. For calibration of force field,
four types of atomic charge models have been used. They are Mulliken, Lowdin, NPA
(orbital population analysis methods) and ChelpG (a grid based method using electrostatic
potential). Along with the calibration of force field, the screening of ligands has been done to
find out an efficient ligand for liquid-liquid extraction process. To the best of our knowledge,
the effect of partial charges on the structural and dynamic properties of ligands has not been
touched upon. In addition, no literature is available for structural and dynamical properties of
pure TiAP and TEP from MD simulation as well as the effects of different partial charges on

pure TiAP and TEP. Therefore, the objective of the present study is to calibrate the OPLS-
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AA force field by studying the structural, thermo-dynamical and dynamical properties for
pure TBP, TiAP and TEP using different partial charges which finally help in the screening
of ligands for the extraction applications. Subsequently, the calibrated force is to be tested for
TiAP/dodecane binary mixture to see whether the single force field is able to capture all the
physical and dynamical properties of binary mixture using MD simulations. Next, the
compatibility of developed force field has been checked for water — TiAP/dodecane biphasic
mixture by computing respective properties at liquid — liquid interface as third goal. In
addition to that an attempt has been made for the calculation of total and intrinsic interface
thickness for simple as well as complex biphasic mixture using the concepts of QM, MD and
statistical mechanics. The versatility of single force field is the main attraction of the current
studies. The forth objective is to find out the effect of partial charges on the structural and
dynamical properties of actinides in water and then to calculate the various structural and
dynamical properties of uranyl nitrate in acidic medium with wide range of uranyl nitrate as
well as acid concentration. The MD simulation studies of aqueous feed solution at various
uranyl nitrate concentration have been carried out to understand the limiting concentration of
uranyl nitrate in feed solution used in PUREX process. Finally, the objective is accomplished
with the study of uranyl nitrate — TiAP complex at the interface as well as at the organic and

aqueous environment.

1.8 STRUCTURE OF THESIS

Chapter 2 deals with model and methodology used in the present work to perform the
simulation studies and to calculate various physical, dynamical and thermo-dynamical
properties of organic and aqueous solution. In Chapter 3 of the thesis, the force field has
been calibrated with the help of four different charge models. The atomic charges have been
computed from Mulliken, Léwdin, NPA and ChelpG analysis method. The calibration has

been done based on the calculated physical and dynamical properties to develop an accurate
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force field. Then, the screening of pure ligand using the developed force field has been
performed based on the free energy of hydration and solvation, free energy of extraction and
partition coefficient. Chapter 4 includes the test of developed force field in TiAP/dodecane
binary mixture by calculating the physical and dynamical properties of binary mixture to see
whether the single force field can arrest all the properties. TiAP/dodecane binary mixture
with various composition ranging from 0 to 1 (with interval of 0.1) mole fraction of TiAP
have been considered to study the effect of mole fraction on physical and dynamical
properties. In addition to that the effective composition of binary mixture for liquid — liquid
extraction is also decided based on the two important properties like self-diffusion coefficient
and shear viscosity. Finally, the validation of Stokes-Einstein (SE) relation has been checked
for this binary mixture. In Chapter 5, the present thesis deals with the biphasic system. The
interfacial properties have been studied with the effect of composition of binary mixture
ranging from 10% to 40% mole fraction of TiAP and the effect of aqueous phase acid
molarity ranging from 0 to 4. The relation between interface thickness and interfacial tension
has been established. The popular Capillary Wave Theory (CWT) relates the interface
thickness and interfacial tension for two component system. Here, the CWT cannot be
applied directly and it has been modified for three component system by introducing the
weighted average of molecular length. The new model equation for three component system
has been applied to the present biphasic system with the effect of mole fraction of TiAP and
concentration of nitric acid. The validation of new model equation has also been checked for
wide range of biphasic system reported in the literature. Chapter 6 gives the wide range of
information about the feed solution used in PUREX process. The concentration of uranyl
nitrate in feed solution is essential for getting higher throughput. At the same time, the very
high concentration will lead to create difficulties in extraction operation such as super

saturation or crystallization. Therefore, various concentrations of uranyl nitrate ranging from
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0.25M to 5.45M have been considered to analyse the structural, physical and dynamical
properties as a function of uranyl nitrate concentration. The super-saturation effect is
captured with respect to two important properties like surface tension and shear viscosity
with a deviation from linear behaviour and it is also supported by conducting experiment
using Dynamic Light Scattering (DLS) instrument. In addition to that the effect of acidity on
feed solution is also investigated. Again, the validation of Stokes-Einstein (SE) relation has
also been checked for aqueous mixture same as the binary mixture to find out its regime
compared to the binary mixture. Finally, the work is briefly summarized in Chapter 7

followed by the direction of extension of the present work in near future.
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Model & Methodology

2.1 INTRODUCTION TO MOLECULAR DTNAMICS SIMULATION

The understanding of various chemical and biological processes occurring in natural systems
have direct pertinence to different fields of science and technology like chemistry®*, biology®?,
environmental studies®®, chemical engineering®™, material science® etc. Condensed phase
matters in everyday life usually exist in three phases namely gas, liquid and solid. Investigation
of characteristics of liquid phases is more challenging compared to the other two phases.
Because the many-body problem for gases and solids can be reduced to a few-body problem
while for liquid phase, further simplification of the many-body problem is quite difficult. To
understand the liquid state, the detailed information about inter-molecular interactions is
required. Few experimental techniques are available to investigate the structural and dynamical
properties of liquids such as X-ray®® and neutron scattering®’, X-ray emission spectroscopy°?,
X-ray absorption spectroscopy®’, Small-angle scattering®®, X-ray standing wave®! and Raman

spectroscopy®. But the theoretical modelling and simulations are essential not only to interpret
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the experimental results but also to acquire the information at atomistic level. Among the
available simulation techniques, molecular dynamics (MD) simulations has the potential to

replicate the chemical system.

Molecular dynamics (MD) is a computer simulation technique which involves in the time
evolution of interacting atoms. It is a numerical method for studying many-body systems such
as macroscopic systems like gases, liquids and solids, clusters. Molecular dynamics indicate
the general process of describing complex chemical systems in terms of a realistic atomic
model with the goal to understand and predict macroscopic properties based on detailed
knowledge on an atomic scale. Classical MD belongs to the molecular interactions
approximated by classical model potential while the Ab-initio MD deals with quantum
calculation of electronic structure at every time step. Ab-initio MD provides higher accuracy
compared to classical MD but has higher numerical effort. Finally, classical MD includes the
temperature and pressure effects and able to treat large system for relatively long time.
Classical MD simulation is a deterministic method which integrates Newton’s equation of
motion for the particles of the molecular system. According to the Newton’s second law of

motion,

F(r)=m “Z 2.1)

dt?
where, m and r denote the mass of the atom and the positional coordinate respectively. F
signifies the forces acting on atoms. At intervals of time steps, the forces between all pairs of
atoms are calculated and accumulated, and then each atom is moved. The integration of the
above equation of motion from an initial position and velocity provides the consecutive
positions and velocities of next time frames separated by a small time interval At. The MD
simulation is advantageous over Monte Carlo (MC) simulation®® because MC considers

random moves instead of using Newton’s Law of Motion to move the atoms.
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The inputs required to perform the MD simulations are described in Figure 2.1. The correct
initial structure along with the topology is the essential part of modelling. Then the MD
simulation requires a proper force field which leads the accurate prediction of properties using
statistical mechanics. A force field refers to both an interatomic potential functional form and
its related parameters. Interatomic potentials which are mathematical functions describe the
potential energy of a statistical mechanical model, encapsulates both bonded (atoms linked by

covalent bonds) and non-bonded (refer to long-range electrostatic and van der Waals forces).

Topological properties:

Description of the covalent

connectivity of the
molecule

Atom +
Topology

Algorithm: Generates
thermo-dynamical
ensembles that matches
with Exp conditions

Boundary
condition

MOLECULAR
MODEL

Force Field

Force field: Description of
force acting on each atom
of the molecules.

Configuration
of Atom

Configuration: Description of
Coordinates of the atoms

Figure 2.1: Inputs to molecular dynamics simulations

In MD simulations, the forces between molecules are calculated explicitly and the motion of
the molecules is computed with a suitable numerical integration method using Newton's
equations of motion for the constituent atoms. The initial boundary conditions are the positions
of the atoms (taken from optimized structure) and their velocities. It is possible to calculate the

positions and velocities of the atoms after certain time interval (a time step) using initial
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boundary conditions. From the new positions the forces are recalculated and another step in
time made. The cycle has to be repeated many times during course of simulation, usually for
many thousands of time steps. It is worth noting that a single time step is usually of the order
of 1 femtosecond. The steps of MD simulations are represented in the form of flow chart in

Figure 2.2.

Set initial Conditions
ri(to) Vvi(to)

Update Neighbor list using
(MIC & Cut off)

Calculation of Force
Fi(h=-V(r)

Solution of Newton’s
Equation of Motion
F;(t)= (dVy/dt)

Equilibration Dynamics

YVVVV

YESl [ Rescale Velocities ]
Equilibration NO
reailed
Production Dynamics

¥

Analysis of Trajectory

AARAVAVAVAVA

VV

Figure 2.2: Flow chart for molecular dynamics simulations

Calculation of the atomic forces is usually the most expensive part in MD simulation. It is
normally assumed that the forces act exclusively between pairs of atoms. Minimum Image
Convention (MIC) and Periodic Boundary Condition (PBC) are used to replicate a large system
with no surface effect. A cut-off is also applied at a certain distance beyond which the force is

zero. This allows more efficiency in computing the forces because atom pairs at long distance
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need not to be considered. During equilibration period the system is settled down towards the
desired thermodynamic state point. After many of thousands of time steps, the trajectory of the
molecules is accumulated for analysis which provides a statistically accurate description of the

phenomenon of interest.
2.2 MODEL & METHODOLOGY

Molecular dynamic simulations have been carried out using GROMACS (GROningen
MAchine for Chemical Simulations)®*®" simulation package. The GROMACS package is a
versatile and very well optimized package for molecular simulations. The potential energy
function in MD simulations, commonly known as force field characterises the molecular
system. In atomistic view, every atom present in the system and also some cases like lone pair
of electrons associated with an atom is to be considered as an interaction site. Depending on
the bonding nature in a molecule such a site-site interaction potential function is described in
terms of bonded and non-bonded interactions. Total potential energy of any molecular system
can be calculated by considering wise selection of potential functions for various intra-
molecular and inter-molecular interactions among different sites in the molecular system. The
energy belongs to bonded interaction involves 2-body, 3-body and 4 body interactions of
covalently bonded atoms which includes the bond stretching, bond angle bending and the
dihedral deformation respectively. The pair interaction between the non-bonded atoms includes
the van der Walls (assumed to be pair wise additive in this 1 — 6 — 12 potential) and the
electrostatic interactions which are computed using Lennard — Jones potential. The

corresponding potential energy for both the interactions is given below.

Total potential energy for bonded interaction:

V
E = Zbonds Kr(rij - req)z + Zangles KO (Hijk - Qeq)z + Zdihedrals[?l( 1+ cos q)ijkl) +

% (1+ cos2®;jy ) + % (1+ cos3D;j )] (2.2)
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The first term appeared in the above equation is the potential energy due to bond vibration,
called as bond energy and is modelled by using harmonic potential. The rij represents the bond
length at any instant of time between atom i and atom j and req is the equilibrium bond length
and K is the force constant of the bond. The second term provides energy change due to
bending motion of molecule is also modelled by harmonic potential. The Ko represents the
force constant, Oij is the angles formed by three consecutive atoms i, j and k and 0eq is the
equilibrium value of that angles. The 3rd term represents the potential energy change due to
dihedral or torsional motion where the angle @ represents torsion angle. V1, V2 and Vs signifies
the potential energy terms. Four consecutive atoms in a molecule form a dihedral angle and the
dihedral angle potential describes the angular spring between the planes formed by i, j and k
atoms and j, k and | atoms of a consecutively bonded. The cosine function in this term stands

for the periodicity of this function.

The parameters of a force field are mainly acquired from experiments or quantum mechanical
calculations. Transferability of force field parameters such as the parameters derived for a small
fragment molecule of a large molecule can be used to study another large molecule without
much complexity is a noteworthy advantage. For past several years, different types of force
field have been developed which are extensively used in simulations for various systems of
interests. All-atom optimized potentials for liquid simulations (OPLS-AA)* © force field was
used to model TBP, TiAP, TEP and dodecane in pure liquid phase. The primary requirement
of MD simulations is to model the molecular system by choosing appropriate length scale and
force field or total potential along with the subsequent creation of initial configuration for the
same. The potential parameters are presented in Table 2.1, where the atoms of TiAP are
represented in Figure 2.3. The atoms of TBP and TEP follow the similar atomic representation.

The torsion parameters for the same are presented in Table 2.2.

22



CHAPTER 2: Model & Methodology
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Figure 2.3: Schematic representation of TiIAP and dodecane molecules with atom number

Table 2.1: Bonded force field parameters

Molecules Bonds(i-j) K (kJmoltnm?) leq (NM)
TEP/TBP/TiAP 02-P 219660 0.148
P-Os 96232 0.161
Os-C 133888 0.144
C-C 112131.2 0.153
C-H 142256 0.110
Dodecane C-C 112131.2 0.153
C-H 142256 0.110
Molecules Angles(i-j-k) Ko (kJmol-trad?) 0cq (degree)
TEP/TBP/TIAP  02-P-Os 418.40 114.30
P-Os-C 418.40 121.25
Os-C-C 209.20 109.34
Os-C-H 146.44 109.20
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Os-P-Os 188.28 102.72
C-C-C 24413 112.70
C-C-H 156.90 110.70
H-C-H 138.07 107.80
Dodecane C-C-C 244.13 112.70
C-C-H 156.90 110.70
H-C-H 138.07 107.80

Table 2.2: Values of Ryckaert-Bellemans dihedral potential (kJ/mol)

Molecules Dihedrals(i-j-k-I) Co C1 C2 C3 C4 C5
TBP/TIAP/TEP C-0Os-P-02 1.17 3.52 0 -4.70 0 0
C-Os-P-Os 1.04 3.13 10.04 -4.18 0 0
H-C-Os-P 0.74 2.14 0 -2.98 0 0
C-C-Os-P 12.51 0 -12.51 0 0 O
Os-C-C-C 2.87 0.58 2.09 -5.54 0 0
Os-C-C-H 0.97 2.93 0 -3.91 0 0
C-C-C-C 292  -1.46 2.09 -1.67 0 0
C-C-C-H 017 053 0 071 0 O
H-C-C-H 0.62 1.88 0 -2.51 0 0
Dodecane C-C-C-C 292  -1.46 2.09 -1.67 0 0
C-C-C-H 017 053 0 071 0 O
H-C-C-H 0.62 1.88 0 -2.51 0 0
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Total potential energy for non-bonded interaction between the atoms is calculated by Lennard-

Jones potential.

12 6
— i)y (% L
U(rij) = i [(h‘j) (Tij) l * 4TEQT (23)

Where, U(rij) is the total non-bonded interaction potential. The first term appeared in the
potential function represents the van der Waals interaction between two atoms i and j with
interatomic distance rij and the vdW force originates from the interplay of repulsive and
attractive forces and yields an energy minimum at a particular interatomic separation. As atoms
are brought closer from infinite separation, initially negative term (1/r) in the square bracket
prevails and hence energy becomes gradually more negative. In case of distance closer to
energy minimum the positive part (1/7'2) of the equation starts to dominate and energy becomes
positive rapidly. The parameter i; represents the depth of the potential well and o;; represents
the collision diameter or the inter-atomic distance at which potential energy becomes zero. The
values of these two parameters are basically guided by the nature of the interacting atoms. The
second term provides the non-bonded electrostatic interaction between atoms i and j using the
Coulomb’s law due to point charges on different interaction sites of the system. The interacting
atoms are separated by distance rij having partial charges gi and gj respectively.®*"* The L-J

parameters for all the liquids are represented in Table 2.3.

Table 2.3: Non-bonded force field parameters

Molecules Site 6 (nm) ¢ (kJ/mol)
TBP/TIAP/TEP 02 0.315 0.8368

P 0.374 0.8368

Os 0.290 0.5857

C 0.350 0.2761
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H 0.250 0.1255
Dodecane C 0.350 0.2761
H 0.250 0.1255

The force field parameters for both the bonded and non-bonded potentials are taken from the
all-atom optimized potentials for liquid simulations (OPLS-AA) but different charge models
are used for electrostatic potential. The partial charges on the atoms were selected using
different atomic population methods from the density functional theory (DFT). The partial
charges from three different types of charged model (Mulliken, Lowdin and NPA) were
obtained using TURBOMOLE package® "2 and one (ChelpG) from GAMESS package’®. The
initial molecular structures of TBP, TiAP, TEP and dodecane and the corresponding partial
charges on the atoms were generated at the B3LYP/TZVP'™ ! level of theory using optimized
structure at the B3LYP/SVP level of theory as implemented in TURBOMOLE®® ’? package
which was then used in creating the topology. Initial velocities of each atom are to be dispensed
by using Maxwell-Boltzmann equation by considering the average temperature of the system.
A suitable boundary condition is employed to mimic the system of interest before starting the
simulation. Periodic boundary condition (PBC) is one such condition which not only maintains
the number of atoms/particles fixed in the simulation box but also creates bulk environment by
removing the surface effects. The standard Lorentz — Berthelot mixing rules, cij = (ci+oj)/2 and
gij =Veigj, are used for all the non-bonded pair interactions between different atoms with an atom
based cut off of 12A. During simulation, the long range electrostatic interactions are computed
using particle mesh Ewald’*"® (PME) method with an order of 6 and with a cut off distance of
12A. The equation of motion is integrated by applying finite difference methods. The basic
criteria of any reliable integrator are 1) accuracy (it should follow the true trajectory) 2) stability

(It should be energetically conserved) and 3) sturdy (it should allow larger time in propagation
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of system in phase space). There are several proposed algorithms for the integrators in MD
simulations. Throughout the study, we have used velocity Verlet’” and leap-frog’® algorithm
for our molecular simulation purposes. To avoid larger computational requirement, usually the
simulation of very fast motions due to bond or angle vibration is ignored by constraining these
bonds or angles to its equilibrium value during the simulation. LINCS™ has been used for

constraining bonds.

After solving the Newtonian equations of motion, the trajectory generated corresponds to
isothermal — isobaric or NVT ensemble. Various thermostats are employed to simulate systems
in any other ensemble. Different temperature coupling like Berendsen®’, Velocity rescaling®:,
Nose-Hoover®? have been used to maintain the temperature of the proposed system and
different pressure coupling such as Berendsen®’, Parrinello-Rahman® are used to control the
pressure of the system. Again, some well-known ensembles have been employed in this thesis
work are canonical or NVT ensemble where the total number of particles, temperature and
volume of the system are fixed and isothermal-isobaric (NPT) ensemble which fixes the total
number of particles, temperature and pressure of the system.®* Some mathematical expressions
relate a particular statistical ensemble and various thermodynamic properties of the system.
The outputs of the MD simulations provide phase-space trajectory of the system which contains
entire simulation length of evolution of the system regarding macroscopic quantities. So, the
application of statistical mechanics® is involved here to extract the macroscopic properties of
the system from the trajectory. In this context, the various aspects of statistical mechanics
associated with the physical and dynamical properties of a many-particle finite-temperature

system have been discussed.
2.3 STATISTICAL MECHANICS

The aim to introduce the statistical mechanics is to compute the observable properties of a

many particle system from its microscopic description either as averages over a phase space
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trajectory (the method of Boltzmann), or as averages over an ensemble of systems, each of
which is a replica of the system of interest (the method of Gibbs).®*> Dynamics and
thermodynamics properties of a system, with some exceptions, are expressible as averaged over

a large number of particles or the time of the measurement of certain functions.®®

Conventional MD simulations deal with the positions and momenta of all the particles present
in the system. These positions and momenta of the system are continuously changing with the
passage of time and these position and momenta can be thought of as coordinates in a
multidimensional space, called “phase space”. Certain thermodynamic properties of a physical
system may be written as averages of functions of the coordinates and momenta of the
constituent particles. These are called as “mechanical” properties, which include internal
energy and pressure. Again, “thermal” properties such as entropy are not expressible in this

way. In a state of thermal equilibrium these averages must be independent of time.%+%°

Let us assume 6, a particular phase point in phase space, corresponds to N coordinates and N-
momenta. Then, an instantaneous function W(8) corresponds to some macroscopic property C
of the system and the instantaneous value of the property W(&) changes with 6. So any

observable property can be obtained by averaging of all the (&) and express as

C =¥, pY) (2.4)
where the angular bracket represents the average value.

2.4 TIME AVERAGE (Method of Boltzmann)

Newtonian equation of motion has been solved in MD simulations and it generates phase space
point I as a function of time. Therefore, it will be reasonable to assume that the experimentally
measured value of the property, P is actually the time average of p(I') taken over a long time

interval such that
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(Bde = lim = [(*p |rV (0),pV (©)] dt (25)

Tobs

The concept of time averaging is proposed by Boltzmann. As in practice, the integration cannot
be extended up to infinity and a discrete time is represented in MD simulations. Therefore it is
convenient to express the above averaging procedure as a sum of N: number of time steps of

discrete step length = Tobs / Nt
1 «Ng
P= (B) = 1 Ity b (D) (26)

where I'(t) is the phase-space point corresponding to a particular set of N positions and N
momenta (where N denotes number of particles in the system). The definition is correct when
the system is “ergodic” which means that after a suitable time of observation the phase
trajectory of the referred system will have passed equal number of times through every point

in phase- space.
2.5 ENSEMBLE AVERAGE (Method of Gibbs):

The alternative to the time-averaging procedure described by equation (2.5) is to average over
a suitably constructed ensemble, each of which is a replica of the original system of interest.
This concept of ensemble averaging is proposed by Gibbs. A statistical - mechanical ensemble
is an arbitrarily large collection of imaginary systems, all of which is a replica of the physical
system of interest in so far as they are characterised by same macroscopic parameters like N,
V, T, P, netc. The systems of ensemble differ from each other in the assignment of coordinates
and momenta of the particles of the system. Ensemble is thus represented by a cloud of phase
points distributed in space according to some probability density distribution. According to the

Gibbs’ formulation of statistical mechanics the distribution of phase points of the ensemble is
described by a phase-space probability density F™ (N ,pN,t). The quantity

FM™(drN | dpV,t) is the probability that at time t, the actual physical system is in a
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microscopic state, represented by a phase point lying in the infinitesimal phase space
element drV , dpN. The equilibrium ensemble average implies that the integral of f™) over

all phase space and is denoted as B = (r_’\f,ﬁ) is given by

(e = J1B (N,pN) £ (N, pN) arV, ap¥ 27)
Where féN) is the equilibrium probability density and is normalised in such that

[f £ (r_N’p_N’) drN, dpN = 1 (2.8)

The explicit form of the equilibrium probability density depends on the macroscopic
parameters that characterise the ensemble. This averaging procedure is used by various Monte

Carlo methods in efficient way. The different types of ensembles are discussed here.
2.5.1 Canonical Ensemble (NVT):

In canonical ensemble the number of molecules (N), volume (V) and temperature (T) are held
constant for a collection of systems. It is also called NVT-ensemble. The temperature is
allowed to fluctuate and the canonical partition function is denoted Q (N, V, T). The system is
in thermal contact with the surroundings so that they are all thermo-stated to the same
temperature. There is no exchange of energy but heat can be transferred. The energy fluctuates
about some mean value for each member of ensemble. The canonical equilibrium probability

density for N identical point is

1 exp (- BH)
h3N NI QN

£ (N, pNy = (2.9)

where h is plank’s constant, the factor N! ensures the in-distinguish ability of the particles and
the Qn is the normalization constant and it is also called canonical partition function, defined

as

Qn = = [ exp (— BA) drNdPN (2.10)
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The factor 1/h®N in the above definitions ensures that both f o™, drN, dpN and Qn are

dimensionless.

The bridge between statistical mechanics and thermodynamics is established by means of the

thermodynamic potential and the partition function:
F=-KsT InQn(V, T) (2.11)

where ‘F’ denotes the Helmholtz free energy. The thermal equilibrium corresponds to the
minimum free energy at finite temperature. All equilibrium thermodynamic properties can be
calculated by taking appropriate derivatives of the energy F (N, V, T) with respect to the
parameters. The thermodynamic potential becomes minimum when the equilibrium is reached

for any system of fixed N, V,and T.

Such thermodynamic relations correspond to an equivalent relation in terms of partition

function. The Hamiltonian can be separated into Kinetics and potential terms as,
N oN) = L yN 2
Hy (r P ) = o= Zi=1[Bl* + VN (rn) (2.12)

Combination of equation (2.9) and equation (2.12) and integration over momenta N, yields a
factor (2mmKsT)Y? for each of the 3N degrees of freedom. The canonical partition function

can be rewritten as

A—3N

QN(V, T) = =~ VN (2.13)
where, A = ( n )1/2 is known as thermal de Broglie wave length.
(ZﬂkaT)

2.5.2 Isothermal-1sobaric (NPT) Ensemble:

In this ensemble pressure (rather than volume) is a fixed parameter. The thermodynamic
potential of any system is characterised by fixed parameters of N, P and T and the Gibbs free

energy (G) can be defined as
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G=F+PV (2.14)

Other state functions can be obtained by differentiation of G with respect to the independent

variables and it is related to statistical mechanics through the relation
G =-KsT logDn (P, T) (2.15)

where isothermal-isobaric partition function Dn (P, T) can be generally expressed as a Laplace

transformation of the canonical partition function:

h—3N —_— —— _— —
Dy (P,T) = — [[f exp|~pPV — Bty (rV,pN)| dr¥, dpNav (2.16)
™) _ hN exp[-BPV— B3 (erW)]
ONPT = N Dy (P,T) (2.17)

2.6 SELECTION OF PARTIAL CHARGE MODEL

Assigning charges to atoms can be very useful as they can give a rough idea of the charge
distribution in a molecule. The use of partial atomic charges to calculate the interactions in
various MD simulations packages are presently an active area of application. The total electron
density, p(r) is expanded in terms of the MOs and then each orbital can be expanded in terms

of atomic orbitals (the basis set):

p (r) = Xinp;(r) (2.18)
It can be rewrite in the form of overlap and density matrix as

p (1) = XapDapSap (2.19)

where, S,z = xqxp denoted the overlap matrix i.e. the product of two different AO functions
where the electrons are shared between two atoms and D,z = X;1;C,;Cp; denoted the density

matrix includes square of single AO basis function as the electrons are belonging to the

particular atom. C.i and Cpi denote the coefficients of basis function a and  in the MO i.
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Population analysis methods shared the Dup and Ses to obtain numbers which provides the
location of electron density in a system. Therefore, the partial atomic charges within the
molecules of interest were determined using various Quantum partial charges generating
techniques®’ such as Mulliken® 8 Loéwdin® ', NPA% and ChelpG® for the present study.
The first three are based on the linear combination of atomic orbital (LCAQ) and therefore the
wave function of the molecule. Mulliken population analysis is the most widely used method
where the electron density is shared as 50:50. It is computationally cheap and provides
reasonable charge magnitudes but it has one disadvantage because it depends on the size of the
basis set. The improved version is the Lowdin population analysis where the atomic orbital
basis function is transformed into an orthonormal set of basis function and hence is more stable
compared to the Mulliken population analysis method but it is computationally more
expensive. Finally, NPA, an alternative to conventional Mulliken population analysis is used
to calculate the atomic charges® which exhibits improved numerical stability and satisfactory
description of molecule due to better electron distribution. NPA has a tendency to predict
higher partial charges than other population analysis methods. The charges calculated with
ChelpG (Charges from Electrostatic Potentials using a Grid based method) are more systematic
and quite accurate than the methods based on the analysis of wave function. Here, the partial
charges are derived from the calculated MEP (Molecular Electrostatic Potential) at all grid
points. The limitation of ChelpG is that the calculated partial charges are not accurate for large
systems because the inner atoms are located far away from the points at which the electrostatic
potential is evaluated as MEP is a surface characteristic. Sometimes it generates noticeable
asymmetric charge distribution over the symmetric atoms as observed for TBP. Since, we
wanted to study the real effect of atomic partial charges obtained from different atomic charge
generation scheme, the asymmetrical charge distribution was considered though it differs from

the conventional approach.
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The use of above four partial atomic charge generation schemes to calculate the partial charges
on the atoms of ligands TBP, TiAP and TEP leading to four different OPLS-AA force field
models. The respective partial charges calculated on atoms of TBP, TiAP, TEP and dodecane
using Mulliken, Lowdin, NPA and ChelpG are exhibited that the partial charge on P and O

atoms predicted by NPA method is comparatively higher than that of the other methods.**
2.7 PAIR CORRELATION FUNCTION

It is very important and necessary to understand the microscopic structure of the molecular
system. In this regards the pair correlation function (PCF) or radial distribution function (RDF)
has been evaluated which is related to the probability of finding the centre of a particle from
the centre of another particle at a given distance. It also provides the information of how the
particles are packed together which describes how density varies as a function of distance from
a reference particle. This proves to be an effective way of describing the average structure of
disordered molecular system such as liquids. Thus the pair correlation functions (PCF) have
been evaluated to examine the bulk and interfacial structures of various systems and is

expressed* % % as:

N
p NiNg

g () = (TVRE S (= 1)) (2.20)

where g(r) gives the probability of finding of molecule ‘k’ in a distance r from another molecule
‘1’. N, r and p indicate total number of molecules, distance and number density respectively. N;j
and Nk denotes the number of molecule i and molecule k respectively and rik is the distance
between centre of masses of molecule i and k. The pair correlation function g(r), accounts for
these factors with normalization by the density. Thus at large values of r i.e. at large distance,

it goes to 1 signifies uniform probability.

Potential of mean force (PMF)% °’ is another important energy parameter which indicates the

stability of a component in solvent and is determined using the formula given below:
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Wi (r) = —kpT In[g (r)] (2.21)

Here, Wik(r) denotes potential of mean force, gik(r) is pair correlation function belongs to the
interaction between solute and solvent molecules, ke is Boltzmann constant and T is

temperature. The temperature is maintained at 300K.

The free energy (AGR) related to the release of one water molecule from the solvation shell,
has been calculated at the first minimum appeared in the potential mean force (PMF) plot. The
PMF plot has been generated from the pair correlation function (PCF) using the following
equation (2.21). The free energy of release, AGr, which indicates the interaction between ions

and water molecules can be also calculated using the above PMF equation.
2.8 SELF-DIFFUSION COEFFICIENT

Self-diffusion coefficient is a highly important dynamical quantity to build up an understanding
of mobility of solute particles and is calculated from Einstein’s equation using the mean square

displacement (MSD) profile as:

lim < (r(t) —r(ty))? >= 6Dt (2.22)

where, r(t) and r(0) are positions of atom at any time t and at t=0 respectively. D is the diffusion
coefficient of molecule, r(t) signifies centre of mass at time t and the angle brackets indicates
ensemble averaging over all the molecules and time origins. The left part of the equation
indicates the ensemble average of squared displacement i.e. MSD. The diffusivity can be
estimated by dividing the gradient by 6 coming from a straight line to a plot of (r(t) — r(t,))?

against time ‘t’%.

Molecular Dynamics (MD) simulations are a useful method in this respect as one can directly
use the effect of molecular interactions to compute the transport properties of a many-body
system on diffusion coefficients. It is important to distinguish the self-diffusion and transport

(mutual) diffusion. Self-diffusion describes the motion of individual molecules whereas mutual
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diffusion can be related to collective motion of the particles which is responsible for mass

transport. Here, only self-diffusion coefficient has been calculated for the respective systems.
2.9 FREE ENERGY OF HYDRATION & SOLVATION OF LIGANDS

Free energy calculations have played an important role in computational chemistry for the last
few decades. With the ever-increasing availability of computational power, the application of
methods to calculate binding free energies in the field of drug discovery is coming within reach.
However, in order to obtain the high accuracy required in this field, one has to use the more
rigorous free energy methods, which are also the computationally more demanding ones, like
free energy perturbation (FEP)% 1% or thermodynamic integration (T1)}°1% or adaptive
biasing method'® 1%, The perturbation method utilizes the formally exact statistical
mechanical relationship whereas the Tl assumes that the Hamiltonian can be defined as a
function of a continuously varying parameter, A. The adaptive biasing method follows the
concept of adding continuously updated biasing force in equation of motion which improves
uniform sampling on a flat free energy surface, provides reliable free energy estimation.’** The
method of thermodynamic integration (T1) is a technique to calculate free energy differences
that best corresponds to the general idea of how to measure the change in free energy of a
system when some parameter specifying the thermodynamic state is slowly varied so that at
each stage along the path the system is in equilibrium. It is an accurate and straightforward
method that does not suffer from the high density and large system problems encountered in
most other methods. Tl is also known for its simplicity but usually also seen as a

computationally demanding method*°®.

The calculation of free energy difference or free energy transfer was performed using the
thermodynamic integration scheme with the integrator for stochastic dynamics!® %7, Free
energy of solvation was computed by decoupling a solute molecule from the solvent using the
identity:
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Dy g (2.23)

1
AszO( m

where, H is the parameterized Hamiltonian. The coupled state (A = 1) corresponds to a

simulation with the solute fully interacting with the solvent and the uncoupled state (A =0)

corresponds to a simulation considering the solute without interaction with the solvent.

Simulations conducted at different values of A allow to plot a GH/O\A curve, from which AG is
derived. The value of A was varied from 0 to 1 with interval of 0.1. The soft core Lennard-

Jones potential parameters were taken as o= 0.5, p=1.0 and 6 = 0.3.
2.10 PARTITION COEFFICIENT

Partition coefficient (P) or distribution coefficient describes the ratio of concentrations of a
neutral solute molecule in a mixture of two immiscible phases at equilibrium. From practical
point of view the value of partition coefficient of an extractant permits evaluation of its
availability during solvent extraction. The partitioning (P) of a solute (L) between organic (O)

and water (W) solvent phases can be described as
L(W) < L(O) (2.24)

where P is expressed as the ratio of equilibrium concentrations of solute in both the solvent

phases as
P=[L]o/[L]w (2.25)

The solute present in both the solvents are typically reported as the logarithm of the
concentration ratio (log P) which is proportional to the transfer free energy between the two
immiscible solvents and can be related to the solvation free energies. Solvation free energies

can be used as benchmark to atomistic force fields.

Further, the partition coefficient of solute between water and dodecane phase was calculated

using the following standard expression.'%
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lOgP — AGhydration_AGsolvation (226)
2.303RT

Here, AGpyaration aNd AGsopation IS the free energy of the solute in water and dodecane

respectively. RT is the Universal gas constant time and temperature.

The partition coefficient of a solute between aqueous and organic solvent phase is calculated
from change of free energy of transfer from one phase to another phase using COSMO-RS
(conductor like screening model for realistic solvents) theory as implemented in COSMOtherm
package!®® 1%, COSMO-RS is an analytical model based on statistical thermodynamics and
developed on the COSMO solvation model where a solute is placed in a cavity surrounded by

continuum liquid solvent.

The partition coefficient of a solute j between two solvents (aqueous, w and organic, 0) can be

written as
14
log P, (0,W) = log{exp[ (4} — uf) / RT] 7} (2:27)

where Vw/Vo is volume quotient and can be evaluated either from experiment or COSMO-RS

prediction''®. The chemical potential of compound Xi in system S is given by
Xi Xi Xi (! r
Us" = Ucs T fp t(0") pus(co’) do (2.28)

Here nc,sX' is a combinatorial contribution to the chemical potential*''. The probability
distributions (p*(c)) of & for any compound Xi is called o profile and the corresponding
chemical potential for a surface segment with SCD (screening charge density), o is called o-

potential and can be described by

us(@) = =RT In| [ ps (") exp {us(o") = T2} do'| (2:29)
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where each surface segment of a solute is characterized by its area ai and the screening charge
density (SCD, it is the screening of the solute’s charge by virtual conductor i.e. the surrounding

environment along with the back polarization) is characterized by ci.**?

2.11 FREE ENERGY OF EXTRACTION OF UO2?* ION IN WATER-DODECANE

SYSTEM USING DFT/COSMO-RS APPROACH

Further, the extraction ability of a ligand (L) for a particular metal ion (M) can also be predicted

by evaluating the free energy of extraction, AGext, using the following complexation reaction:

AGext

Maq) + tNO3(aq) + ML(orgy — [MLp(NO3)pn](org), (MIN/M=UO2**/2/2) (2.30)
AGext = EMLm(NOB)n(org) - (EM(aq) + nENos(aq) + mEL(org)) + AHRT = TAS (2.31)

Here, L= TiAP, TBP or TEP. Ey., (nos), Em» Eno,and E; represent the total electronic

energy of the respective chemical species. Here, T is the temperature, which was taken as
298.15K and AS is the change in entropy due to complexation which was evaluated using
earlier reported methods****'8, In order to evaluate the electronic energy, first the structure of
free ligands and their complexes with uranyl nitrates were optimized at the B3LYP/SVP level®
"t of theory using TURBOMOLE package® "* followed by single point energy at the
B3LYP/TZVP level of theory. In the case of U atom, effective core potential (ECP) was used,

where 60 electrons were kept in the core of U,
2.12 DIPOLE MOMENT

The electric dipole moment of any molecule or complex can predict the behaviour of that
molecule in any liquid system. Again, the shape of a molecule and the polarity of its bonds
determine the overall polarity of that molecule. The polarity of a complex molecule like TBP
or TIAP depends upon whether its overall centres of positive and negative charges overlap.

When the centres lie at the same point in space, then the molecule has no overall polarity
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otherwise it shows. So, the symmetric molecules exhibit no net dipole moment while the

molecule can only be polar if the structure is not symmetric.

Dipole moment is measured in Debye units, which is equal to the distance between the charges

multiplied by the charge. The dipole moment of a molecule can be calculated as
= Xiqn (2.32)
The dipole moment of asymmetric molecules can be computed by the equation:
P(r) = XiLiq;(ry —7) (2.33)

where, r locates the point of observation and each ri is a vector from some reference point to

the charge qi.
Now, the dipole moment of liquid state was computed using the following expression:
Py = Xiq (i — 1°™) (2.34)

where, Pn is the instantaneous dipole moment vector of n-th molecule. The summation in the
equation (2.33) runs through all atoms i in a molecule. The ensembles average of the magnitude
of the dipole moment over all the ligand molecules in the system is obtained from the equation

(2.34) and equation (2.35) represents the ensemble average.*?% 1%

1
Pp = ((; 2£Y=1Pnz)) (2.35)
2.13 SHEAR VISCOSITY

The shear viscosity is an important property of a liquid, can be easily determined from
experiments but also it is useful for parameterization or validation of force field, because it
measures the kinetic property of liquids. Other properties might also be used for
parameterization but they are of thermodynamic nature. It is not only important for pure liquids
as it also influences the diffusion and the structural change of molecules solvated in a liquid

and thus influences the mass transfer. The shear viscosity can be evaluated by several methods

40



CHAPTER 2: Model & Methodology

either by pressure fluctuation or momentum fluctuation described in the literature. The accurate
estimation of shear viscosity by transverse current auto correlation function (TCAF)'?2124 from
equilibrium molecular dynamics (EMD) calculations was found difficult due to heavy pressure
fluctuation and also attaining convergence in this method is very slow. The periodic
perturbation method from non-equilibrium molecular dynamics (NEMD) calculations
determined the shear viscosity using momentum fluctuations. According to the various studies
reported in the literature, the NEMD method is more efficient for the determination of viscosity
compared to the EMD method.'?> 1?6 Therefore, the shear viscosity has been computed using

periodic perturbation method by performing NEMD calculations.
Periodic perturbation method

In periodic shear flow method, an external force is applied to the system instead of measuring
intrinsic fluctuations of the system i.e. considered as a fixed magnitude. An external force ‘a’
which cause a velocity field ‘u’ in the liquid and it is easier to measure the viscosity than the
internal fluctuation. According to the Navier—Stokes Equation, the velocity of the liquid in the

x-direction where there is no pressure gradient in this direction, can be written as

duy (2) _ 0%uy(2)

et pa,(z) + =z (2.36)

Steady state solution yields

0%uy(z) _

a.(z) + % 5z =0 (2.37)

As the periodic system is used in the simulations, the corresponding velocity and acceleration
profiles should be periodic. A smooth velocity profile can be obtained with small local shear
rates when the acceleration profile should be smooth. Thus, a simple function which satisfied

the conditions is a cosine function as

a,(z) = Acos (ZE) (2.38)

lz
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It is the function of z coordinate only as ay and a; are zero]; |I; is the height of the box and p is

the density of the liquid. At t=0, ux (z) = 0 and the velocity profile of the liquid is written as

—nk?t
u,(z,t) =V (1 —e r )cos(kz) (2.39)
= AP
V=A - (2.40)

2

k = (2.41)

lz

The Navier-Stokes equation is not valid for microscopic length scales, therefore the wavelength

should be at least an order of magnitude larger than the size of a molecule.

In an MD-simulation acceleration can be added to each particle, according to the cosine
equation (eq. 2.38). The average v can be measured and the viscosity can be calculated using

the following formula:

The detail description for the calculation of V is available elsewhere.'° The shear viscosity has
been computed from NEMD simulations for pure liquids and liquid mixtures at constant
external force or cosine acceleration of 0.10 nm/ps? in the x-direction with velocity — rescaling
thermostat. The external force above 0.10 nm/ps?, causes a decrease in shear viscosity as it
goes far away from equilibrium. The external force is chosen in such a manner so that there is

nonlinearity in the fluid temperature as reported by Hess*?°.
2.14 INTERFACIAL TENSION (IFT)

The oil — water interfaces are ubiquitous in nature, and also have important implications in a
wide variety of chemical, physical and biological processes. Understanding of these processes
relies on fundamental knowledge at the molecular level of the structural and dynamic

characteristics of the interface itself. In this regards, interfacial tension is an essential physical
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property which provides the detailed insight into liquid—liquid interfaces and plays a significant
role in the extraction and stripping mechanism. It is calculated from the pressure tensor method.
The surface tension is computed using diagonal terms of pressure tensor. The element of

pressure tensor (Pxy) can be calculated from the particle's velocity, force and position as:
1 —
Py =+ i mvvy, + B YN 1 Fijeijy) (2.43)

where, rijy refers to the y component of distance between the centres of molecule i and molecule
J, Fiix denotes the x component of total force acting on molecule i due to molecule j. Then, mj
is mass of particle ‘i’, vix and viy is the velocity of molecule i’ in x and y direction.*?” Once,
the pressure tensor is obtained, then the interfacial tension can be expressed when the interface

IS perpendicular to z axis as:

. L_Z . Pyx+ Pyy
y = Z(P, - =222) (2.49)

where, Pxx, Pyy and P are the diagonal terms of the pressure tensor while Lz represents the box

length along the z direction. 27129
2.15 INTERFACE WIDTH OR THICKNESS (IFW)

The aim that waves on the liquid surface can be used to study the properties of this surface has
been studied long back. The joint action of gravitational and capillary forces have been taken
into account on the form of the surface wave yields the dispersion relation, which relates the
spatio-temporal characteristics of the running wave with the liquid density and surface tension.
Both mechanisms act to return the disturbed surface to the mechanical equilibrium state. The
gravitational force is important in a long wave case (gravity waves), whereas the capillary force
is dominated in short waves formation (capillary waves). In the interim case when the

wavelength A ~ ma\2 (a—capillary length), waves are the gravity-capillary waves.
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Theoretically, the issue of how to define the interfaces microscopically and how to measure
interface thickness, has encountered difficulties related to the fact that interfacial fluctuations
are rough. The capillary wave method is a well-known classical technique to measure surface
tension and surface rheological properties.**® Despite the large number of theoretical works
devoted to capillary waves, this technique has serious difficulties associated with its

implementation, and therefore, it is not widely used by researchers. '3 132

So, itis very critical to calculate the actual thickness of interface. The nature of the liquid/liquid
interface described above has led to efforts aiming to describe it using capillary wave theory
(CWT)®32 134 A capillary wave is excited by pressure fluctuations generated locally at the
interface. According to the CWT, a thermal motion generated from fluctuating interface
produces a capillary wave at the molecular level and it is an account of how thermal fluctuations
distort an interface. The surface tension contribution is relevant while the gravity and
hydrodynamics part has negligible dependency. Most of these efforts rely on a relationship
established by CWT between the width of the interface due to capillary wave fluctuations and

the macroscopic interfacial tension.

The interfacial thickness using capillary wave theory (CWT)**? is written as:

2 — keT  (Lu
wi = 32 In (Lb) (2.45)

where, wc is the interface thickness due to capillary wave, ks is Boltzmann constant, T is
temperature, Lu is the box dimension along the x or y direction and Lo represents the bulk

correlation length in terms of the molecular length.
2.16 SURFACE TENSION

Surface tension is a very useful physical property which plays an important role in liquid —
liquid extraction and stripping operation in particular and various interfacial processes in
general. The methodology is similar to the calculation of interfacial tension. Only change is
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that here the system has only one phase so the space to be provided for vapour phase where

some molecules of aqueous phase will escape from aqueous layer during simulation®®,

Figure 2.4: Typical diagram of rectangular simulation box extended towards z-direction used

for calculation of surface tension of pure component.

For this reason the box is elongated along z direction but it can be done in any direction as
various simulation box geometries can be considered for study of interfacial system. Note that
here Lx = Ly = 3*L is used for study where Lx, Ly and Lz are box length in X, y and z direction

respectively as shown in Figure 2.4.

This rectangular box with vapour phase having two times of liquid volume is used as an input

for surface tension calculation in GROMACS package.
2.17 WATER TRANSPORT IN ORGANIC PHASE

Further, the water solubility is an equally important parameter for aqueous-organic biphasic
extraction system. The water solubility in the organic phase is estimated by computing the

number of water molecules in the organic phase. Hence, the extraction of water molecules in
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mole/lit is related to the number of water molecules in the organic phase and it is estimated as

per the following relation
Ngx = (i /N)/V (2.46)

where, Ng, represents the water extraction as solubility, n,, is the number of molecule

extracted in each phase, N is total number of molecules and V denotes the volume of phase.
2.18 HYDROGEN BOND DYNAMICS

The understanding of network of hydrogen bond dynamics are very much important and are
also play a key role in many physical, chemical and biological processes. The process of
formation and breaking dynamics of H — bonds is very much significant in the dynamic
behaviour of liquids. A microscopic understanding of water is essential to find out the static
and dynamic behaviour of H — Bonds networks which characterises the properties.*****® The
tetrahedral structure of water and H — bond dynamics of water - water hydrogen bonds also
take part in determining the thermo- physical and thermo-dynamical properties of molecular
system in aqueous solutions.** Again, the study of interfacial H — bonds helps to develop an
understanding interfacial aggregation and complex formation and it is challenging also. The H
— bond life time is an important parameter to explain the geometry of liquids and it is also
sensitive to temperature, pressure and chemical conditions. The average lifetime of H — bonds
can be evaluated by calculating the time-dependent autocorrelation function.'*® MD
simulations are the potential tools to characterize the dynamics of hydrogen bonds

quantitatively for liquids in terms of different hydrogen bond time autocorrelation functions.
Definition of hydrogen bonding:

In computer simulation the potential of interactions between molecules have been introduced
without distinguishing hydrogen bonding presence in it. So, some additional criteria have to be

used to identify between which molecules this H — bonding occurs. The important criterion is
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geometrical which differentiates between H — bonded and non H — bonded pairs of molecules.
Let us assume the two molecules are to be hydrogen bonded if the following conditions are

simultaneously satisfied, 3>

I. The oxygen-oxygen distance (Roo) does not exceed some boundary value and it is

less than 3.6 A.

I1. The distance between donor hydrogen and acceptor oxygen (Row) in neighbouring

molecule also does not exceed some value and it is less than 2.4 A.

II1. The angle OB between the vector connecting the two oxygen atoms and the vector

connecting the donor oxygen and acceptor hydrogen atom is less than 30e.

So, the dynamics of hydrogen bonds among molecules present in the medium is investigated
by calculating the intermittent hydrogen bond auto-correlation function. The time
autocorrelation function relates the probability of the H-bond existing at a given starting point
t = 0 will also exist at the next instant t, regardless whether the H — bond was broken or not in

the interval [0 to t] and whether it will exist after the instant t.

C(t) = QW)

2.47
(h(0) h(0)) (2.47)

where, h(t) measures the existence of H — bonds at any time t. The value of h(t) becomes unity,
if the particular tagged pair of water molecules is hydrogen bonded at time t, according to
adopted geometry criteria for H bond relation or zero if the H — bond is absent. C(t) represents
the probability that H bond is intact at time t, given that it was intact at time 0, independent of

possible breaking in the intervening time.

It will be really interesting to look into the local hydrogen bond topology'**-** to enrich the
present works. The tetrahedrality parameter following the prescription of Chau and

Hardwick'** was determined for pure solvent and uranyl solution.
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The tetrahedral order parameter is composed of two parts. One is angular part (Sg) and other is
distance part (Sk). Orientational tetrahedral order (q) is the widely used parameter where the g
varies from 0 (belongs to ideal gas) to 1 (for regular tetrahedron).** The angular part can be

expressed as***

3 3 4 1 2
Sy = & L Zhejon (cos ¥ + ) (248)

where, yjk denotes angle between the lines joining the oxygen atom of the water molecule and
its nearest neighbour oxygen atoms j and k. Then the orientational tetrahedral order can be

written as
q=1- Sg (2.49)

where, ¢ signifies the change in local structure of liquid water in the influence of solutes and
surfaces. When the Sq increases, q decreases indicating deviation from regular tetrahedral

structure of water.
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CHAPTER

THREE

Calibration of Force Field &
Screening of Ligand

3.1 INTRODUCTION

In this chapter the screening has been done between the most popular ligand TBP and its
higher homologous TiAP which may be an efficient ligand in the field of liquid — liquid
extraction. In addition to that the TEP is studied to verify the force fields of interest. In this
context, the screening has been performed based on their structural, physical, thermo-physical
and dynamical properties. For investigation of molecular properties, the MD simulations have
been carried out based on classical force field. The accuracy of physical and thermo
dynamical properties strongly depend on the reliability of force field. The availability of good
force field is pivotal for modelling the pure liquid systems which can arrest the intra-

molecular and intermolecular interactions.

In earlier works, various groups of researchers developed force field for pure ligands. Many
times force fields are parameterized to match the experimental data like dipole moment or

density or heat of vaporization.*’ But this parameterization approach is not a good option as it
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is slightly case sensitive. At the same time force fields are highly sensitive to the partial
charges on atom. Hence, the selection of partial atomic charges is also crucial to obtain
accurate properties of interest. Therefore, the selection of partial charges as well as the

screening of ligands is discussed in the present chapter.
3.2 SIMULATION SYSTEMS

The present MD study was conducted with 200 numbers of molecules (500 for TEP) for 10ns
simulation length to determine the suitable charge model. All the systems were first energy
minimized using steepest decent method followed by equilibration for 10ns in isothermal-
isobaric (NPT) ensemble at P=1 atm and T=300K with a time step of 1fs using standard
periodic boundary condition in all directions. Berendsen®® and Parrinello-Rahman® like weak
coupling methods have been used to maintain the constant temperature and pressure
respectively. The time constants for temperature coupling and pressure coupling were taken
as 1.0 ps and 0.5 ps respectively. Finally, the production run was done with canonical (NVT)
ensemble using 10ns simulation length. The detailed simulation compositions for different
pure liquids as well as solvated ligand systems are given in Table 3.1 and Table 3.2. For
water simple point charge (SPC) model potential was used.

Table 3.1: Compositions of MD simulations systems: Box size and number of molecules

for pure liquid

System Box Size (nm) Molecules
TBP 4.54 x 4.54 x 4.54 200
TiAP 4.78 x 4.78 x 4.78 200
TEP 5.18x5.18x 5.18 500

Dodecane 424 x4.24x4.24 217
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Table 3.2: Compositions of MD simulations systems: Box size, number of solvent and

solute molecules for hydration and solvation of TBP, TiAP and TEP

Hydration Solvation
System _ Water _ Dodecane
Box Size (nm) Box Size (nm)
molecules molecules
TBP 4.54 x 4.54 x 4.54 876 4.16x4.16x4.16 200
TiAP 478 x 4.78 x 4.78 875 4.16x4.16x4.16 200
TEP 5.18 x5.18 x 5.18 882 4.27x4.276x4.27 200

3.3. RESULTS & DISCUSSIONS

3.3.1 Liquid state structure of the ligands and the solvents

w “
(W] - v

TEP Dodecane

Figure 3.1: Optimized structures of ligand/solvent (red sphere: Oxygen atom; orange sphere:
Phosphorous atom; grey sphere: Carbon atom and white sphere: Hydrogen atom)
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Since it is of importance to use accurate structure for MD simulations, the ligands studied
here were optimized and the structure (see Figure 3.1) was then used for generation of initial

coordinates in the MD simulations.

Figure 3.2: Snapshot of equilibrated structure of pure (a) TBP (b) TiAP (c) TEP (d)
Dodecane after 10ns simulation run (Red: Oxygen atom; Olive green: Phosphorous atom;

Cyan: Carbon atom and Orange: Hydrogen atom).

The MD simulations were conducted using 200 numbers of molecules for TBP and TiAP and
500 numbers of molecules for TEP ligand. The snapshots of liquid structure for the studied
ligands and dodecane are presented in Figure 3.2. From the snapshots, it is observed that the
molecules of TBP, TiAP, TEP and dodecane stay spread homogeneously, demonstrating the
liquid phase behaviour of TBP, TiAP, TEP and dodecane. It is worth to note that we did not

observe any gel formation of dodecane as reported earlier?’ as evident from Figure 3.2(d).
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3.3.2 Mass density of the pure ligands and solvents

Mass density is an important thermodynamic property which is strongly related to the intra-
molecular and inter-molecular interactions between particles in a system. The pure liquid
systems for TBP, TiAP and TEP without any partial charge were studied here for different
simulation length like 10ns, 20ns, 30ns, 40ns and 50ns. Systems were then equilibrated using
isothermal-isobaric (NPT) ensembles. The mass density of three ligands (TBP, TiAP and
TEP) was computed against simulation length from 10ns to 50ns and it was seen that the
density is independent of the simulation length after 10ns. Therefore, subsequently, all the

equilibration runs were performed for 10ns simulation length.

Mass density profile of pure TBP, TiAP and TEP
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Figure 3.3: Density profile of pure TBP, TiAP and TEP with time
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Furthermore, the density of all three liquid ligands was converged within few picoseconds
and it was clearly established from the time profile of the density which is nearly constant

indicating its equilibrium condition as shown in Figure 3.3.

Furthermore, in order to test the system size dependency, a system containing 500 numbers of
TBP molecules was also equilibrated for 10ns simulation length and it was found that the
density is almost same as with 200 TBP molecules (see Table 3.3). The % deviation from
experimental data is same for both 200 and 500 molecules. Hence, all the calculations were

performed using 200 molecules only.

Table 3.3: Calculated density for different system of pure TBP using Mulliken partial

charge model*

No. of Molecules Density (kg/m?3) % Deviation
200 958.90+0.46 141
500 958.32+0.97 1.48

*Errors were estimated by standard block averaging

Mass density of pure TBP, TiAP and TEP using DFT derived partial charges:

In order to calibrate the OPLS-AA force field, four different population analysis methods as
described in the methodology section were used to calculate the partial charges on the atom
of the molecule. The density of various charge model for TBP, TiAP and TEP were
determined from simulations using DFT derived charges and it was seen that the density is
charge sensitive (see Tables 3.4 — 3.6). The calculated density of the pure TBP, TiAP and
TEP and their reported experimental values are presented in Table 3.4, 3.5 and 3.6

respectively.
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Table 3.4: Calculated density (kg/m®) of TBP and deviation from experimental data for

different charge model”

Model Mulliken Lowdin NPA ChelpG
MD 958.90+0.46 954.29+0.19 1003.26£2.0  991.40+1.2
Experiment 972.7 972.7 972.7 972.7

% Deviation 1.41 1.89 3.14 1.92

*Errors were estimated by standard block averaging. The reported densities of pure TBP
in literature are 980.3 kg/m?® using scaled charge and 997.8 kg/m? using un-scaled charge

from OPLS/DFT model“®.

From Table 3.4, it is seen that the density obtained from the partial charge calculated by
Mulliken population analysis for TBP molecule is closer to the experimental value followed
by Lowdin model. It is worth noting that density predicted by Mulliken and Léwdin under
estimate the experimental density whereas NPA and ChelpG overestimate the experimental
density.

Table 3.5: Calculated density (kg/m?) of TiAP and deviation from experimental data for

different charge model*

Model Mulliken Lowdin NPA ChelpG
MD 950.39+1.3 937.67+£0.76  973.29+1.9 998.97+1.7
Experiment 947 947 947 947

% Deviation 0.35 0.98 2.77 5.48

*Errors were estimated by standard block averaging
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In case of TIAP the similar trend is obtained and the partial charge predicted by Mulliken
population analysis method exhibits the best agreement with the experimental results (see
Table 3.5). The % deviation of calculated densities from the experimental value for
Mulliken, Léwdin, NPA and ChelpG are 0.35%, 0.98%, 2.77% and 5.48% respectively.
From the above table it is seen that the Mulliken, NPA and ChelpG overestimate the
experimental density whereas Léwdin underestimates the experimental density.

Table 3.6: Calculated density (kg/m?) of TEP and deviation from experimental data for

different charge model”

Model Mulliken Loéwdin NPA ChelpG
MD 1062.82+0.83 1027.71+0.77  1085.87+0.97 1069.01+0.82
Experiment 1072 1072 1072 1072
% Deviation 0.85 4.13 1.29 0.27

*Errors were estimated by standard block averaging. The reported density of pure TEP

in literature® was 1082.1kg/m?®.

From Table 3.6, it is observed that for TEP, the density obtained from the partial charge
predicted by ChelpG method is though close to the experimental value, the density calculated
from Mulliken charge is not far from (within 0.85%) the experimental value. The ChelpG
model is shown to be quite efficient for the prediction of partial charges for small molecular
system that might be the reason for good agreement with experimental results. From the
above table, it is observed that the Mulliken, Léwdin and ChelpG underestimate the

experimental density whereas NPA overestimates the experimental density.

The mass density of dodecane was also evaluated using Mulliken charge which was found to

be 744.82 kg/m® which is in excellent agreement with the experimental result of 745.80
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kg/m3. Whereas the density of pure dodecane using OPLS-AA and refined L-OPLS-AA was
reported*’ as 838.45 kg/m® and 744.89 kg/m® respectively. The density profile with

simulation length for dodecane is displayed in Figure 3.4.
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Figure 3.4: Density profile of pure dodecane

From overall density analysis for all the ligands using four different charge models, it can be
stated that the OPLS-AA force field using Mulliken charge is the most suitable force field. It
is worth mentioning here that earlier Cui et al*® and recently Junju Mu et al*® have arbitrarily
scaled the charges used in the OPLS force field to match the mass density of TBP within
0.30% and 0.47% of the experimental value respectively for TBP, whereas, in the present
study though Mulliken charge embedded OPLS-AA force field predicts the density little
higher (within 1.41% of the experimental value) for TBP, it estimates the density of TiAP
and TEP within 0.27% and 0.85% respectively and for dodecane within 0.13%. It is worth
mentioning that the mass density of TBP predicted by Cui et al*® using unscaled charge was
overestimated by 2.78% at the OPLS-DFT level of calculation whereas Mulliken charge
embedded OPLS-AA force field predicts the density within 1.41% . Earlier, the calculated

density for TEP was reported by Caleman et al**® was 1082.1+0.3kg/m® which was
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overestimated compared to experimental density of 1072kg/m® by 0.94% whereas in the
present simulation the calculated density using Mulliken charge is 1062.82 kg/m*® which
underestimates the experimental density by 0.85% and thus further confirms the acceptability
of Mulliken charge embedded OPLS-AA force field. Therefore, it might be stated that the
Mulliken charge embedded OPLS-AA force field is the best calibrated OPLS-AA force field

to simulate the try-alkyl phosphates and n-alkanes.

3.3.3. Pair correlation function (PCF) of pure liquid: TBP, TiAP and TEP
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Figure 3.5: Intermolecular pair correlation functions between the pairs of atoms of P — P, P
—0O and O — O for pure TBP, TiAP and TEP ligands.(a) PCF’s of O — O atoms (b) PCF's of P
— P atoms (¢) PCF’s of P — O atoms.
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It is similarly important to know the structural information of the pure liquids. The
microstructure of liquids is well characterized from spatial pair correlation function which
can also be determined from X-ray or neutron scattering. To the best of our knowledge we
are unable to find any experimental data of PCF for the pure liquids studied here for

comparison with computational results.

The theoretically computed PCFs not only provided the microscopic liquids state signatures
but also help in understanding the macroscopic properties of the liquids as it accounts the
interaction between molecules in bulk liquid phase. The strongest interaction between these
tri-alkyl phosphate ligands involves through mainly the P and the Oz atoms, hence, the
discussion is mainly focused on the atoms of the phosphoryl group. The PCFs for P—P, P-O2
and O2—02 are analysed to determine the relative position between two interacting molecules
which are shown in Figure 3.5. Point to be noted here that the zero atomic charge was
considered for these simulations. In Figure 3.5, at a distance of 3A in both the cases, there is
no chance of finding any adjacent atom and hence the RDF is zero at very short distance due
to the strong repulsive forces. The first minima in the P-P pair correlation function of TBP,
TiAP and TEP appears at 7.05, 7.25 and 7.05A respectively. In case of P-O pair correlation
function, the first minima were noticed at 6.05, 7.05 and 7.95A respectively. For O-O pair
correlation function, the first minima were obtained at 5.85, 6.85 and 7.85A respectively. The
first peak height for P-P, P-O and O-O atom pairs was seen to be higher for TEP than that of
TBP followed by TiAP. This is expected as neighbouring atom pairs come very close for TEP
than TBP and TiAP due to smaller bulky tail (ethyl) compared to large bulky tail of butyl and

iso-amyl for TBP and TiAP respectively.

A comparative study of PCFs for the different charge models are also discussed which will

help in understanding the effect of atomic charge at the molecular level.
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P—P Pair Correlation Function
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Figure 3.6: Intermolecular pair correlation functions between the pairs of atoms of P—P for
different charged model of three ligands. (a) PCF'’s of P—P atoms of two TBP molecules (b)
PCF’s of P-P atoms of two TiAP molecules (c) PCF'’s of PP atoms of two TEP molecules.

e TBP: Figure 3.6(a) shows PCF’s of P—P using the four different DFT charge models:
Mulliken, Léwdin, NPA and ChelpG respectively for TBP molecule and they produce
similar type of PCF’s. The locations of first peak height for all the charge models are
appeared at around 5.9 — 6.2 A and the second peaks are at approximately 8.8 — 9.7 A.
The NPA charge model produces the higher peak may be due to the higher partial
charges computed by NPA method. The first peak position using Mulliken charge

appears at 6.05A which is very close to the value obtained by Cui et al*®.
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e TiAP: Figure 3.6(b) shows PCF’s of PP atoms for two interacting TiAP molecules
with effect of different charge model. The peak heights are different for different
charge model, the peak locations are somewhat at same distances: the first peak is
appeared at around 5.9 — 6.3A. Mulliken charge model is giving a weak peak around
9.15 A and a second peak at 12.15 A. Loéwdin model is giving a broad peak between
9.3 — 9.8 A followed by a second peak at 11.9 A. For NPA model, a broad peak is
appeared at approximately 9.7-10.1 A. For ChelpG model, there is a weak peak
around 9.25 A and a sharp second peak at around 11.95A.

e TEP: Figure 3.6(c) represents the PCF’s of P-P atoms for two TEP molecules with
different charge model and the distance of first peak locations for all the charge model
are at around 6.25 to 6.65A. The second peak is appeared approximately at 8A for
NPA and for other charge model at around 12 — 12.75A. The stronger repulsion for
the NPA charge model does not permit the closer approach between the phosphoryl

groups.
P—O Pair Correlation Function

e TBP: The PCF’s of P — O atoms for two interacting TBP molecules with four
different DFT charge models: Mulliken, Léwdin, NPA and ChelpG are shown in
Figure 3.7(a). The first peak is located at around 5.2 — 5.5 A. The Second peaks for
Mulliken and Loéwdin charge model are appeared at 9.1 and 9.7 respectively. NPA
charge model is giving a weak peak at 7.3 A followed by a second peak at around 9.7
A. For ChelpG charge model, there is a broad peak at around 8.1 A. The first peak
position using Mulliken charge appears at 5.35A which is very close to the value
obtained by Cui et al*®.

e TiAP: The PCF’s of P — O atoms for two interacting TiAP molecules for different

charge models are shown in Figure 3.7(b). The first peak locations for Mulliken,

61



CHAPTER 3: Calibration of Force Field & Screening of Ligand

NPA and ChelpG charge model are appeared at around 5.9, 5.4 and5.8 A respectively.
For Léwdin charge model, the first peak is pushed up to a larger distance at around
7.6 A which results an overlap with the second peak and the second peak is appeared
at 10.0 A. The second peaks are located for Mulliken and ChelpG charge model at
around 11.1 and 10.6 A respectively. For NPA charge model, there is a broad peak at
around 10.3 —10.6 A.

TEP: The Figure 3.7(c) represents the PCF’s of P — O atoms for two TEP molecules
with different charge model and the locations of first peak all the cases are at around
5.5~ 5.8A. The second peak locations are appeared approximately at 7.0 — 7.7A.

Mulliken charge model is showing a third peak at a location of 12 A.
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Figure 3.7: Intermolecular pair correlation functions between the pairs of atoms of P-O for

different charged model of three ligands. (&) PCF’s of P-O atoms of two TBP molecules (b)
PCF’s of P-0O atoms of two TiAP molecules (¢) PCF’s of P-O atoms of two TEP molecules
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O — O Pair Correlation Function

e TBP: In Figure 3.8(a), PCF’s of O-O using the four different DFT charge models:
Mulliken, Léwdin, NPA and ChelpG for two TBP molecules are represented. The
locations of the first peak for Mulliken, NPA and ChelpG are appeared at around 5.1,
4.9 and 5.1 A respectively. The second peaks are located at approximately 6.5 — 7.7
A. For Léwdin charge model, there is a first peak at 7.6 A and a second peak at
around 9.6 A. The electrostatic repulsion between O—O atoms is important and the
charges obtained from Lowdin may be pushed the peak at a longer distance in
elimination of the first peak or overlap with the second peak. The first peak position

using Mulliken charge appears at 5.15A that is very similar to the value obtained by

Cui et al*®.
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Figure 3.8: Intermolecular Pair Correlation functions between the pairs of atoms of O — O
for different charged model of three ligands. (a) PCF’s of O — O atoms of two TBP molecules
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(b) PCF’s of O — O atoms of two TiAP molecules (c) PCF’s of O — O atoms of two TEP
molecules.

e TiAP: The PCF’s of O-O atoms for two TiAP molecules with different charge
models are shown in Figure 3.8(b). The first peaks for all the charge models are
located at around 6.7 — 7.1A. The second peak for Mulliken and ChelpG charge
models are located at around 9.2 A. For Léwdin, a broad second peak is appeared at
between 10.6 — 11.3 A and for NPA charge model, there is also a second peak at
11.05 A.

e TEP: The PCF’s of O-O atoms for two TEP molecules with different charge models
are shown in Figure 3.8(c). The first peaks are located at around 6.85 — 6.95A
indicates that a weaker repulsive force pushes the first peak to a little bit higher
location. The second peaks are not appeared properly but fairly flat top located

approximately at 12.20 — 12.55A.,
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Figure 3.9: Plot of PCFs between the pairs of atoms of C-C of dodecane after 10ns
production run in NVT
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The calculated PCFs for liquid dodecane are displayed in Figure 3.9. From the figure it is
seen that the PCFs for the terminal-terminal carbons (C1-C1) and (C12-C12) are identical
whereas the PCF for middle-middle carbons (C6-C6) is different from the terminal-terminal
PCFs of carbon atoms. The location of first peak height for terminal-terminal carbons is
appeared at around 4.15A and the second peak is at 9.65 A respectively. In case of PCF for
middle-middle carbons (C6-C6), the first peak height is appeared at around 6.45A and the

second peak is at 9.85 A respectively.
3.3.4. Dynamical properties of liquid TBP, TiAP and TEP: Diffusion coefficient

Diffusion coefficient is an important parameter which helps in modelling the mass transfer in
liquid-liquid extraction experiment. Therefore, diffusivity of the pure ligand system is
calculated using the Einstein’s relation from their respective mean square displacement

(MSD) profile.
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Figure 3.10: MSD profiles of Pure TBP, TIAP and TEP liquids and their respective

molecular structures.
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The MSD profiles for TBP, TIAP and TEP in pure phase are given in Figure 3.10 and the
results from NVT production run are consistent as per their molecular structure. TiAP has the
lowest diffusion coefficient compared to the other two liquids and it is obvious because of its
branched structure ad shown in Figure 3.10. Furthermore, the diffusion dynamics for
different charged models are also evaluated. The system was first equilibrated for 10ns
followed by additional 10ns run. The MSD obtained for the ligands with four different charge

models are shown in the graph below (Figure 3.11) and the values are given in Table 3.7.
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Figure 3.11: MSD profiles of TBP, TiAP and TEP for four different charge models

illustrating the partial charges on atom has significant dependency on MSD

A linear fit to the MSD employing Einstein relation of equation (2.22) was performed to
obtain the diffusion coefficient from the slope of the linear region of the MSD. From Figure

3.11(a), it is seen that the slope is largest with Léwdin charge model and lowest with NPA
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charge model leading to highest diffusivity in the former and lowest in the latter charge

model. Results are shown in Table 3.7.

Table 3.7: Diffusion coefficients of pure TBP, TiAP and TEP liquids for different

charge models

System Charge model Diffusivity (cmZ/sec)
TBP Mulliken (0.539+0.014) x 10
Léwdin (0.581 +£0.002) x 10

NPA (0.577 £ 0.028) x 10”7

ChelpG (0.414 +0.051) x 107

TiAP Mulliken (0.189 + 0.008) x 106
Lowdin (0.302 £ 0.009) x 106

NPA (0.346 £ 0.037) x 10”7

ChelpG (0.603 + 0.020) x 10”7

TEP Mulliken (0.629 £0.143) x 10°®
Lowdin (1.463 £0.117) x 10°¢

NPA (1.581 +0.017) x 10

ChelpG (0.770 £0.018) x 10°®

Experimental value of D for TBP is (2.29 + 0.01) x 10° em’/s'47 148, The reported
self-diffusion coefficients of TBP based on literature are (0.404 + 0.060)x 10° em’/s
from 90% DFT*, (0.499 + 0.59)x10 ° cm’/s from OPLS/DFT and (0.509 +
0.24)x10° cm’/s from OPLS/MNDO®, 0.21x10° cm’/s™®, (0.311£0.30) x 10°
cm’/s with unscaled charges and (0.499ﬂ:0.59)><10_6 cm’/s after scaling®. Similarly

for dodecane, the reported self-diffusion (4.883 + 0.208) x 10° cm’/s*. The

experimental value of diffusion coefficient for TiIAP and TEP are not available.
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For all the earlier equilibrium properties, it is seen that Mulliken charge incorporated OPLS-
AA force field is the most suitable charge model. The diffusion constant predicted by
Mulliken charge is 0.539x10° cm?/s, which is 4 times smaller than that of experimental
value*” ¥ put close to that of Cui et al*® and 2 times smaller than that of Mu et al*. Overall,
our calculation also follow the same line of argument like Cui et al*® and Mu et al that re-
parameterization of OPLS-AA force field is perhaps necessary to reproduce the experimental

diffusivity data for TBP.

Next, the diffusivity coefficient was determined for TiAP liquid using the four charge model
in the OPLS-AA force field [Figure 3.11(b)]. As observed with TBP liquid, here also the
slope of the MSD follows the trend: Lowdin>Mulliken>NPA>ChelpG. Results are shown in
Table 3.7. The diffusivity of TIAP was found to be little slower than that of TBP as expected

due to its higher molecular mass compared to TBP.

Like TBP and TiAP liquid, the diffusivity of TEP [Figure 11(c)] follows the same trend i.e.:
Lowdin>NPA>Mulliken>ChelpG. Results are shown in Table 3.7. Overall, from the analysis
of diffusivity it is seen that the diffusivity follows the inverse relation with molecular mass.

The trend of diffusivity is: TEP>TBP>TIAP.
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Figure 3.12: MSD profile of pure dodecane after 10ns production run in NVT
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The diffusivity data for dodecane was also evaluated from the slope of MSD (see Figure
3.12) using Mulliken charge and was found to be 4.3x10°° cm?/s which is very close to the

earlier literature value of 5.29x10° cm?/s*” as well as experimental value of 8.71x10° cm?/s.

3.3.5 Free energy of solvation of TBP, TiAP and TEP in aqueous and organic

environment

Free energy of hydration/solvation is another thermodynamical quantity which can also be
used to test the predictive ability of the atomistic force field. In this study, the free energy of
solvation of ligands in water as well as in dodecane is determined using thermodynamic
integration (TI) method (see eq. 2.23) with atomic partial charge predicted by Mulliken. The
free energy of hydration and the free energy of solvation of single TBP, TiAP and TEP
molecule at infinite dilution in water and solvent respectively are calculated based on the
Bennett’s acceptance ratio (BAR) method under ambient condition. For free energy of
hydration one ligand molecule is immersed within pool of water molecules in a cubic box of
appropriate dimension as given in Table 3.1. Similarly the free energy of solvation is also
calculated by immersing one ligand molecule within pool of dodecane molecules in a cubic
box for which the system description is presented in Table 3.1.

Table 3.8: Computed values of AGhydration and AGsolvation (KJ/mol) in water and dodecane

respectively”

Ligand AGydration AGsolvation

TBP -4.18 + 0.85 -48.66 * 3.93
TIAP -0.75+£0.43 -80.10 £ 4.80
TEP -33.99 + 0.84 -31.29 + 0.38

* The errors were estimated from the average variance over 5 blocks
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The BAR method was carried out using 14 intermediate states, A between 0 to 1 (A=0, 0.05,
0.1, 0.15,0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.85, 0.9 and 1.0). At, A=0, there was no interaction
between ligand and surrounding water or dodecane and at A=1, they are fully interacted with
each other. The system is equilibrated for 10ns and the results are obtained after production
run of 2 ns. The free energy of hydration and the free energy of solvation for the ligands TBP,

TiAP and TEP are calculated from thermodynamic integration are shown in Table 3.8.

The calculated value of free energy of hydration for TiAP is seen to be less negative
indicating less favourable process thus confirms the higher hydrophobic nature compared to
the others. Hence, the solubility of TiAP in water is negligible which is very much desirable
for biphasic extraction. Again the calculated value of free energy of solvation for TiAP is
higher compared to TBP and TEP which suggests higher degree of partitioning o TiAP in
organic phase. The larger the difference between hydration and solvation in case of TiAP
signifies higher free energy of transfer leading to higher partitioning of solute between two

phases.

The free energy of hydration and the free energy of solvation for the ligands TBP, TiAP and

TEP are calculated from thermodynamic integration method are represented in Figure 3.13.

I Hydration
I Solvation

Free energy (KJ/mole)

V Hydration

Solvation

TEP TBP TiAP

Figure 3.13: The calculated free energy of hydration and solvation in water and dodecane

respectively for three ligands illustrating the energy gap between hydration and solvation.
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Figure 3.14: Free energy change (AG) for TiAP, TBP and TEP as a function of coupling
parameter () evaluated using thermodynamic integration in (a) water as free energy of

hydration and (b) dodecane as free energy of solvation.
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The AGHydration Value obtained from model calculation is very much closer to the experimental
value for TEP as -31.38 * 0.84 kJ/mole (within 8.3% of experimental value**°) and for others
values are not available in the literature for comparison. Nevertheless, the Mulliken charge
model can be used for prediction of these thermodynamic properties. This further confirms
the acceptability of the Mulliken charge embedded OPLS-AA force field. The remaining
values of AGHydration and AGsolvation Need to be validated with experimental data which can be

considered as future work.

The free energy of transfer for different solute in water and dodecane against the coupling
constant A using thermodynamic integration method was computed and the values are

displayed in the Figure 3.14.

3.3.6. Partition coefficient (P) of TBP, TiAP and TEP in water-dodecane bi-phasic
system

The partition coefficient (logP) of ligands is calculated from the MD simulation using

equation 2.26 and the values are reported in Table 3.9.

Table 3.9: Calculated values of partition coefficient (logP) of the ligands in water-

dodecane system

log P
System
MD QM/COSMO-RS Experiment®®!
TEP -0.47 -0.89 -0.78
TBP 7.79 5.79 2.74
TIAP 13.90 6.07 -

The partition coefficient (logP) of TBP, TiAP and TEP from MD simulation in water-
dodecane system follows the order: TiAP (13.907) > TBP (7.796) > TEP (-0.473). In absence

of any experimental data, Quantum calculation using COSM-RS (Conductor like Screening
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Model for Realistic Solvents) was performed in water-dodecane system to validate the results
of MD simulation. DFT/COSMO-RS follows the same order as that of MD simulations i.e.:
TiAP (6.07) >TBP (5.79)> TEP (-0.89) as shown in Table 3.9. Point to be noted that though
the values of partition coefficient for smaller alkyl phosphates (TEP and TBP) calculated
using QM/COSMO-RS and MD simulation are close, there is significant difference for TiAP.
Further, in order to find out the origin of the systematic difference between the methods that
results in lower logP values for the QM method over MD simulations, the chemical potential
of ligands in water and dodecane was determined at infinite dilution using QM/COSMO-RS
theory. The calculated values of chemical potential using COSMO-RS method and free
energy of hydration using MD simulations are presented in Table 3.10 and Table 3.11.

Table 3.10: The calculated chemical potential (kcal/mol) of solute in water and dodecane

medium respectively at infinite dilution using QM/COSMO-RS theory

Ligand Mwater Mdodecane Mwater - Pdodecane Vwater/V dodecane
TEP -1.55 -1.84 0.287 0.079
TBP 1.30 -8.12 9.421 0.079
TIAP 0.77 -9.03 9.800 0.079

Table 3.11: The computed values of AGhydration and AGsolvation (kcal/mol) in water and

dodecane medium respectively using MD simulations

Ligand AGHydration AGsolvation AGydration = AGsolvation
TEP -8.13 -7.48 -0.64
TBP -1.00 -11.64 10.64
TIAP -0.18 -19.16 18.98
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From the tables it is seen that the difference in chemical potential of a particular solute
between water and dodecane is smaller than that of difference in free energy between water
and dodecane obtained from MD simulation and the same is also reflected in the smaller
value of logP for the QM/COSMO-RS method (using eq. 2.27) compared to MD simulations
results (using eq. 2.23). The significant disagreement between the MD and QM methods for
TiAP is attributed to the very high free energy of solvation of TiAP in dodecane compared to
TBP for MD simulations whereas no such jump is noticed in the chemical potential for TIAP

in dodecane compared to TBP for QM/COSMO-RS methods.

The study also confirmed that TiAP has the higher partitioning ability. The increasing value
of partition coefficient of tri-alkyl phosphates with increasing alkyl groups in water-dodecane
is attributed to the increasing hydrophobic alkyl group because the solubility of the tri-alkyl
phosphates in water is decreased and increased in dodecane which in turn enhances the
partitioning of the solute in dodecane. Furthermore, the calculated results of partition
coefficient are found to be in qualitative agreement with the experimental results. Point to be
noted that the experimental partition coefficient was determined in water-octane bi-phasic
system, whereas the computed results were for water-dodecane system. It is expected that the
experimental partition coefficient in water-dodecane system will be higher compare to water-
octane system and hence the computed results can be considered to be reasonable and thus
confirms the acceptability of the Mulliken charge based OPLS-AA force field. The

experimental validation of the computational results is being planned as future work.
3.3.7. Liquid state dipole moment of TBP, TiAP and TEP

The dipole moment obtained from simulations for three ligands along with the effect of

partial charges computed by various methods are shown in Table 3.12.
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Table 3.12: Dipole moment (Debye) of ligands

Model TEP TBP TiAP

Mulliken 3.035 +0.0002 3.005 + 0.0002 3.905 + 0.0002
Lowdin 2.693 + 0.002 2.977 £ 0.002 3.207 + 0.0002
NPA 4.857 + 0.002 4.902 + 0.002 4.951 + 0.003
ChelpG 3.457 +0.003 7.347 +0.005 3.908 + 0.006

In case of TBP, the dipole moment predicted using Mulliken charge is though under
estimated, still it is close to the experimental value of 3.32 D*?* ‘%! compared to the other
charge models. The next close value is predicted from Léwdin which is underestimated
whereas both the NPA and ChelpG offer very high value of dipole moment. So, OPLS-AA
model using Mulliken charge is the best force field model for predicting the dipole moment
of TBP. The calculated dipole moment for TiAP ligand was found to be highest using NPA
and lowest with Léwdin whereas Mulliken and ChelpG showed very close value. There are
no experimental values reported for pure TiAP till date and hence cannot be compared with
the experimental result. Next, for TEP, the magnitude of dipole moment computed from
Mulliken, Léwdin, and ChelpG method is in a range from 2.69 to 3.45 and for NPA, it is
slightly higher. The reported experimental value of dipole moment for pure TEP is 3.08D*?*
which is very close to the value determined using Mulliken charge based OPLS-AA force
field. From overall analysis of dipole moment for different charge model, it can be confirmed
that the Mulliken charge included OPLS-AA force field is the best choice for the simulation

of the tri-alkyl phosphates liquids.
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3.3.8 Heat of vaporisation

In order to further test the applicability of Mulliken charge, the heat of vaporization, AHs, Of
the liquid system was determined as the difference in potential energy of a molecule in the

gas phase, E(g) and the liquid phase, E()*":
Hvep = E(g) — E(1) + RT (3.1)

The calculated values are presented in Table 3.13 and it is seen that the calculated values of
AHysp for organophosphorus liquids using Mulliken charge are in fair agreement with the
experimental results®> 13, Even, the value of AHy,, for TEP using Mulliken charge is better
than that of reported using OPLS-AA force field*>. The data of AH., for TBP and TiAP
using OPLS-AA force field are not available for comparison. In case of dodecane, the value
of AH., Using Mulliken charge is in good agreement with the experimental results*>? 3,

Table 3.13: The values of heat of vaporization (AH..p in kJ/mol) computed from MD

simulations of pure liquid systems

AHvap AHvap AHvap
Systems . i
(Present study) (Experiment) (Literature)
TEP 67.54 55.731% 57,318 77.69%°
TBP 70.73 80.57%01 -
TIAP 87.47 86.56% -
Dodecane 65.90 62.60'%", 61.521%8 93.31%, 61.074°

3.3.9. Application to nuclear fuel cycle

TBP has been and being extensively used in the reprocessing of spent nuclear fuels. Due to

some inherent limitations of TBP, there is a search for an alternative of TBP. MD simulation
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can be used to find out an alternative by comparing thermo physical, transport properties and
microscopic structures among different ligands. The screening is required to choose the best
one for reprocessing of thermal reactor fuel as well as fast reactor fuel. The results so far
discussed will be analysed now in the light of how these are going to help in the screening of

the ligands.

First, let us consider the case of density. The slightly lesser density of TiAP could help in the
mass transfer. The minimum loss of solvents in water during extraction of radionuclide is one
of the criteria for choosing the solvent. In view of that the solubility of TBP, TiAP and TEP
was calculated using COSMOtherm package'®. The calculated solubility (gm/cc) order: TEP

(2.0x10Y)> TBP (1.07x10)>TiAP (0.61x10°®) suggests that TiAP is the best choice.

Further, ligand with higher partition coefficient means higher availability of the ligand in the
organic phase which in turn has higher chance of complexation with the metal ions and thus
might leads to comparatively high distribution constant. Here, TiAP with little bit higher
partition coefficient than TBP shows slightly higher distribution constant compared to TBP
for uranyl ion as observed in the solvent extraction experiment'? ** supports the above

findings.

Furthermore, the molecule with high dipole moment will have greater dipole-ion interaction
which might be leading to higher complexation ability and distribution constant of the metal
ions in the agqueous-organic bi-phasic extraction experiment. In the present study, TiAP with
higher dipole moment over TBP has been found to have higher distribution constant over
TBP for uranyl ion'? ‘3, Though it is true for TiAP, it may not be true for other ligands as the

distribution is controlled by many factors.
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3.3.10. Free energy of extraction of UO2%** ion in water-dodecane system using

DFT/COSMO-RS approach

Figure 3.15: Optimized structures of complexes of (a) UO2(NOz3)2(TiAP)2 and (b)
UO2(NO3)2(TBP):

In the preceding section, TiAP has been shown to be the probable screened extractant from
the above studies of thermophysical and dynamical properties. It is now worthwhile to
investigate the extraction ability of TiAP by evaluating the free energy of extraction, AGext,
using eq. 2.31. The optimized structures of the complexes with uranyl ion are displayed in
Figure 3.15. From the figure it is seen that the uranyl ion is coordinated to two phosphoryl O
atoms of two ligands and two nitrate ions in bi-dentate mode leading to hexa coordinated

complex for both TBP and TiAP ligands.

Then free energy of extraction has been calculated in the solution phase by evaluating the
energy in solution employing conductor like screening model (COSMO)*** %5 where 2 and
80 were used as the dielectric constant of dodecane and water respectively. The calculated

values of free energy of extraction, AGext are given in Table 3.14.

78



CHAPTER 3: Calibration of Force Field & Screening of Ligand

Table 3.14: Calculated values of free energy of extraction (kcal/mol) with different
ligands at the B3LYP/TZVP level of theory

Complexation reaction AGext
U022+(aq) + 2NO3 @g)+ 2TiAP©rg) = UO2(NO3)2(TiAP)2 (org) -125.65
U022+(aq) + 2NO3 (ag)t+ 2TBPrg) = UO2(NO3)2(TBP)2 (org) -120.19

From the calculated values of free energy, it is observed that the TiAP shows the higher free
energy of extraction than that of TBP which reflects the higher distribution constant of UO2?*
ion with TiAP (Duwn=29.8)'> 2 over TBP (Dui=24.5)*? '3 and hence the superiority of
TiAP over TBP is confirmed and might be used as an alternative of TBP in nuclear fuel

cycle.
3.4. SUMMARY

DFT derived partial charges on atoms were generated using population analysis methods of
Mulliken, Loéwdin, NPA and ChelpG and subsequently embedded in OPLS-AA force field to
determine the mass density, pair correlation function, free energy of solvation, partition
coefficients, diffusion coefficients and dipole moment using MD simulations in order to
calibrate the suitable OPLS-AA force field for the tri-alkyl ligands and n-alkane liquids.
From overall density analysis for all the ligands and diluent using four different charge
models, it can be stated that the OPLS-AA force field using Mulliken charge might be the
most suitable force field for determination of density which is within 0.35-1.41% of the
experimental results. Further, the different partial charge on the phosphoryl group
significantly affect the PCFs of liquid TBP, TiAP and TEP as envisaged from the peak height

of PCFs.
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Though the predicted density with Mulliken charge is reasonable, the diffusion constant of
TBP with Mulliken charge is found to be 4 times smaller than that of experimental value
which suggests that re-parameterization of OPLS-AA force field might be necessary to
produce the accurate diffusivity data as estimated by experiments. Overall, from the analysis
of diffusivity it is seen that the diffusivity follows the inverse relation with molecular mass

i.e.. TEP>TBP>TIAP.

The calculated value of AGrydraiion for using Mulliken partial charge is very close to the
experimental value indicating that the Mulliken charge model might be useful for estimating
the thermodynamic properties. In addition, the calculated partition coefficient of the ligands
using MD simulations in water-dodecane system follows the order: TIAP> TBP>TEP which
is further corroborated by QESC. Furthermore, the calculated results of partition coefficient
are found to be in qualitative agreement with the experimental results. From overall analysis
of dipole moment for different charge model, it can be confirmed that the Mulliken charge
included OPLS-AA force field might be the suitable choice for the simulations of the present

molecular system.

Further, the higher free energy of extraction for TiAP over TBP indicates higher distribution
constant of UO2%* ion with TiAP (Duviy = 29.8) over TBP (Duviy = 24.5) and hence TiAP
might be used as substitute of TBP in nuclear fuel cycle. Finally, after examining the
thermophysical and dynamical properties of the pure liquids employing different Quantum
partial charge, Mulliken charge embedded calibrated OPLS-AA force field is perhaps the
most reliable one so far as it does not incorporate any arbitrary scaling in the force field or L-
J parameters and thus can be used confidently to estimate the liquid state properties of alkyl

phosphates and n-alkanes.
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Test of Calibrated Force Field In
Binary Mixture

4.1. INTRODUCTION

In previous chapter, theoretical screening was done to select a suitable organo phosphorus
ligand. Among TBP, TiAP and TEP, TiAP was established to be an alternative by analysing
the structure, thermo-physical and dynamical quantities which matched quite well with the
experimental results. TiAP like TBP also cannot be used in pure form due to its high viscosity
and hence a diluent of appropriate composition is mixed to make it suitable for solvent
extraction. Therefore, it is of great importance to explain the various structures, dynamical and
thermophysical properties of TiAP-dodecane mixture. The extraction mechanism of metal-
ligand complex and the phase separation in the TiAP-dodecane binary system involve various
molecular level events which needs a clear understanding. Therefore, MD simulations have
been employed to develop a structural understanding along with the dynamical and thermo-
physical properties of the binary system.®? In recent past, molecular dynamics simulations have

been employed to develop the understanding of the fundamental behaviour of extraction system
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from molecular level 3% “° Cui and co-workers carried out MD simulations on TBP/ n-
dodecane mixture using DFT and MNDO charges on OPLS force field.*> They showed that
both the OPLS-DFT and the OPLS-MNDO models can well predict the properties like mass
density (better than approximately 1%) and dipole moment. The density as a function of mole
fraction for both the models was reported to be in good agreement with experimental values,
but the dipole moments were moderately matched to the experimental value, about 5.3% for
OPLS/DFT and 4.2% for OPLS/MNDO. They also discussed the excess volume of mixing
and the calculated data from both the models were consistent with the experimental data.
Again, itis reported that dipole moment of TBP is weakly affected by the mole fraction of TBP
in binary mixture. They also suggested the probable orientation of TBP in the mixture.* Cui
and co-workers reported the properties like mass density and dipole moment of TBP using four
sets of force fields parameters but those force fields cannot predict the accurate self-diffusion
coefficient.** Mu et al carried out a comparative molecular dynamics simulations studies on
the five TBP models introducing a new partial charges calculated by DFT and they found that
a single model cannot predict both the structural and thermodynamical properties. In case of
dipole model, the OPLS-2005 model and the refined model showed good agreement with the
experimental values. The self-diffusion and the shear viscosity were well predicted by OPLS-
2005 model but the excess enthalpy of mixing was better explained by 60% MNDO and OPLS-
2005 models.*® Vo.et al worked for the refinement of LJ potential parameter of AMBER®
force field for the TBP/n-dodecane mixture to achieve the most accurate model. They used
their optimized parameter keeping the default scaling factors based on the experimental density
and the heat of vaporization of each molecule. They reported the self-association study of TBP
in TBP/n-dodecane mixture for low concentration.**° Leay and co-workers have studied on the
behaviour of TBP in different organic diluent with carbon number 6 — 12 and they stated that

the bi-continuous structure is independent on composition, temperature and nature of organic

82



CHAPTER 4: Test of Calibrated Force Field in Binary Mixture

solvents. They have also reported that the self-association of TBP and the pathway of polar
molecules from the aqueous phase to the organic phase through filament network.**® Further,
Mu and co-worker have studied shear viscosity of pure TBP from non-equilibrium molecular
dynamics (NEMD) using periodic shear flow method with various models including refined
model. The OPLS-2005 model though was predicted to be better compared to the other model,
still it shows deviation of 14.7%.%° Sui et al have computed viscosities of long hydrocarbons
using optimized OPLS-AA (L-OPLS) and OPLS parameters. For dodecane, a very high
viscosity was reported using OPLS force field because of gel-like phase formation whereas L—
OPLS yields 1.668 mPa.s which is in good agreement with the experiment.*” Again, Allen et
al calculated the shear viscosity of branched and linear alkanes from NEMD and they have
shown that AA-OPLS model parameterized with new on can predict the viscosity quite
quantitatively. Shear viscosity of n-dodecane using periodic perturbation method from NEMD
has not been reported and also no simulations have been performed for the calculation of shear
viscosity of pure TiAP as well as TiAP/dodecane mixture.’>” Therefore, it will be worthwhile
to calculate the various structural, dynamical and thermodynamical properties of the
TiAP/dodecane mixture for a wide range of temperature and composition using MD
simulations. Further, the determination of shear viscosity of pure TiAP, TBP, dodecane and
binary mixture using NEMD simulation with Mulliken partial charges will also be important
for potential calibration. Therefore, the aim of the present study is to extend the recently tested
force field to a binary fluid mixture which can explain both the structural and dynamical

properties without any parameterization by performing MD simulations.

The all atoms optimized potential for liquid simulations (OPLS — AA) force field embedded
with Mulliken partial charges on each atom is used in this study.®® % This Mulliken partial
charge based potential is employed to investigate the structural and dynamical properties of

TiAP and dodecane in TiAP/dodecane binary mixture. The theoretical data obtained from the
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simulation is compared with the available experimental data. The simulation systems details
are described in Section 4.2 followed by the Results and Discussion in Section 4.3 and finally

the work is summarised in Section 4.4.
4.2. SIMULATION SYSTEMS

The force field parameters for both the bonded and non-bonded potentials are taken from the
all-atom optimized potentials for liquid simulations (OPLS-AA). The initial molecular
structures of TBP, TiAP and dodecane have been optimized at the B3LYP/TZVP® level of
theory as implemented in TURBOMOLE®® package which was then used in creating the
topology. The partial charges on the each atom are computed from the density functional theory

(DFT) using Mulliken population analysis method.

In the present study, the simulations of pure ligands (TiAP and TBP) as well as TiAP/dodecane
mixture are performed with 500 numbers of molecules at 300K. The mixture of TiAP and n-
dodecane contained total 500 number of molecule and various binary systems with different

mole fraction of TiAP ranging from 0 to 1 are represented in Table 4.1.

The energy minimization for all the pure and binary systems was carried out to relax the initial
configuration using steepest decent method with a time step of 1fs. The systems are then
equilibrated for 10ns simulation length in isothermal-isobaric (NPT) ensemble to equilibrate
the volume with a time step of 2fs. Pressure of 1 atm is maintained using Berendsen like weak
coupling methods and Velocity—rescaling thermostat is used to converge the temperature
(T=300K). Three dimensional cubic periodic boundary conditions are employed for all the pure
as well as binary systems. The Verlet velocity algorithm is used to integrate the equations of
motion using a time step of 2fs. The coordinates obtained from the NPT run are used for the

production run in NVT (constant volume and constant temperature) ensemble over 10ns. The
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data obtained from production run was used for the calculation of various structural, dynamical

and thermodynamical properties.

Table 4.1: Summary of various binary systems — TiAP/dodecane and TBP/dodecane

TiAP/dodecane binary mixture

System Mole fraction Nos. of TIAP Nos. of dodecane  Box dimensions
(% of TIAP) of TIAP molecules molecules (nm)

100 1.0 500 0 6.44 x 6.44 x 6.44
90 0.9 450 50 6.38 x 6.38 x 6.38
80 0.8 400 100 6.33 X 6.33 x6.33
70 0.7 350 150 6.26 X 6.26 X 6.26
60 0.6 300 200 6.19 x 6.19 x 6.19
50 0.5 250 250 6.11x6.11x6.11
40 0.4 200 300 6.05 x 6.05 x 6.05
30 0.3 150 350 5.96 x 5.96 x 5.96
20 0.2 100 400 5.90 x 5.90 x 5.90
10 0.1 50 450 5.83 x5.83 x5.83

0 0 0 500 5.75x5.75x5.75

TBP/dodecane binary mixture

System Mole fraction  Nos. of TBP  Nos. of dodecane  Box dimensions
(% of TBP) of TBP molecules molecules (nm)

100 1.0 500 0 6.44 x 6.44 x 6.44

80 0.8 400 100 6.33 X 6.33 x 6.33

60 0.6 300 200 6.19 x 6.19 x 6.19
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40 0.4 200 300 6.05x6.05 x 6.05
20 0.2 100 400 5.90 x5.90 x 5.90
0 0 0 500 5.75X5.75X 5.75

4.3. RESULTS & DISCUSSIONS

4.3.1. Structure of the pure liquids and mixtures

As the accurate structures of the liquids are very important for the MD simulations studies, the
structures of the liquids are optimized using DFT at the B3LYPlevel of theory with the SVP
basis set. The snapshot of the equilibrated structure of pure TiAP, pure n-dodecane and
TiAP/dodecane mixture are displayed in Figure 4.1. The random distributions of the molecules

seems to be the attainment of the liquid state.

Figure 4.1: Snapshot of (a) pure TiAP, (b) pure dodecane and (c) 50% TiAP/dodecane mixture
after the production run in NVT. Red: TiAP, Blue: Dodecane.

4.3.2 Dipole moment of TiAP/n-dodecane mixture

The calculated dipole moment of TiAP using equation 2.34 and equation 2.35 is displayed in
Figure 4.2 as a function of the mole fraction of TIAP. The plot exhibits a slow increasing trend
of dipole moment which commensurate an independent nature of dipole moment with mole

fraction or concentration of TiAP in the TiAP/dodecane binary mixture.
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Figure 4.2: Dipole moment of TiAP as a function of the mole fraction

From the plot, it is seen that the variation of dipole moment is not so significant over the entire
range of mole fraction and it lies between 3.62 to 3.90D. The calculated data cannot be verified
because the experimental data on the TiAP/dodecane binary mixture is not available. The force
field parameters used in this study has been verified with the experimental value of TBP and
TiAP in our previous work®. The calculated dipole moment of pure TBP using the same force
field is 3.04D, which is in fair agreement to the reported experimental value of 3.32D. Since,
TiAP is a higher homologue of TBP, therefore, the dipole moment of TiAP is expected to be
close to that of TBP and the calculated values of TiAP in the mixture are in that range only and
thus considered to be consistent. The above figure also suggested that the dipole moment of
TiAP in TiAP/dodecane mixture largely unaffected by the variation of mole fraction of TiAP.
This is because of the presence of nonpolar dodecane in the mixture does not significantly
change the polarity of TiAP. The similar observation was reported earlier by Cui et al for TBP

— dodecane mixture.*®
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4.3.3 Mass density of TiAP/dodecane mixture

The mass density is an important property as both the intra-molecular and inter-molecular
interactions are manifested in this quantity. The density of pure TiIAP and pure dodecane with
Mulliken atomic charges have been studied after NPT-equilibration for 10ns simulation length.

The density has attained the equilibrium within few picoseconds as revealed from Figure 4.3.
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Figure 4.3: Density of TiAP and dodecane as a function of time

Mass density of mixture

The mass density of the pure liquids and the mixture are obtained from the converged volume
after NPT run for 10ns simulation length. The density obtained from simulations and
experiments are shown in Figure 4.4 as a function of mole fraction of TiAP in the binary
mixture. The calculated densities are in good agreement with the experimental values reported
by Singh and co-workers.?* The calculated density of pure liquids like TiAP and dodecane are
reproduced very well to the experimental results with a deviation of 0.36% and 0.42%

respectively. The mixture densities from simulation are deviated from the experimental data
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up to a maximum extent of 2.1 % at the 0.50 mole fraction of TiAP and the deviation is
gradually decreasing at both end of the composition. This might be due to the disparate
interaction between the TiAP and dodecane molecules. The dipole—dipole interaction between
phosphoryl groups may be stronger as the number of TiAP molecule increases which results
an increase in van der Waals interaction (forces of attraction). This phenomenon insists

aggregations which in turns increase the mixture density.
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Figure 4.4: Density of binary mixture as a function of the mole fraction of TIAP

Again, at higher mole fraction, the dipole—dipole interaction becomes weak due to the steric
effect of TiIAP molecules which resists the phosphoryl groups to come closer thus reduces the

van der Waals force of attraction leading to a small deviation from the experimental value.

Effect of temperature on the density of pure TiAP and the mixture

The effect of temperature on the density of TiAP has also been studied to compare the densities

calculated from simulation with the available experimental values. The density of pure TiAP
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and pure dodecane along with the density of TiAP/dodecane binary mixture at various mole
fraction of TIAP are simulated at a constant pressure of 1 bar and at different temperatures
ranging from 280K to 330K. Before going to the mixture of TiAP/dodecane, the effect of

temperature on density for TiAP is studied to verify the force field parameters.

The calculated data obtained from simulations is compared with the available experimental

data and is shown in Figure 4.5.
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Figure 4.5: Calculated and experimental density of pure TiAP as a function of temperature

The Figure 4.5 depicts that the calculated density for pure TiAP liquid follows the similar trend
obtained from experiment and the density is a decreasing function of temperature. It also has
been seen that the values form simulations correctly predicts the experimental values with a
deviation of 0.35 to 0.80% (see Table 4.2) which indicates the simulation results are quite
quantitative with experiment. This validates the accuracy of the force field as well as the

simulations methods.
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Table 4.2: Calculated density (kg/m?®) of pure TiAP at various temperatures

System T280 T290 T300 T310 T320 T330
TiAP (Calculated) 970.0 960.9 950.3 947.1 935.9 927.3
TiAP (Experimental) 964.9 955.8 947 939.6 932.1 923.3
% Deviation 0.53 0.54 0.36 0.80 0.42 0.44

Furthermore, the density of TiAP/dodecane binary mixture as a function of temperature at
different mole fractions of TiAP of 20%, 40%, 60% and 80% in dodecane along with the pure
TiAP and dodecane are also evaluated. The effect of temperature on the density of mixture is

presented in Figure 4.6.
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Figure 4.6: Effect of temperature on density of TiAP-dodecane mixture with various

compositions
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The simulated density for mixture follows the similar trend like pure liquids. The deviation
from the experimental data is within 0.80% which further indicates the accuracy of simulations

methods even for the TiAP/dodecane binary mixture.

From the above figure, it is observed that the density is decreasing with increase in temperature
and also the density is increasing with increase in mole fraction of TiAP. As the mole fraction
of TiAP increases, it increases the percentage of TiAP molecule in the dodecane medium which

results in the increase of overall density.

4.3.4 Excess volume of mixing

In real liquid mixture, the volume after mixing may increases or decreases due to the type of
molecular interactions between the components of mixture. The change in the volume of
mixing either a positive or negative is a quantity of great interest because it provides the
measure of molecular interactions. Furthermore, the prediction of excess molar volume is a

good indicator for the accuracy of force field used in the MD simulations.

The volume of mixing is calculated by subtracting the molar volume of pure component from

the molar volume of mixture, employing equation 4.1

x1M1+ szz x1M1 szZ
Pmix P1 P2

VE =

(4.1)

where VE is the excess molar volume of the liquid mixture, M1 and M2 are the molar masses,
X1 and Xz are the mole fractions, p1 and p2 are the densities of component 1, 2 and pmix is the

density of mixture.5: 158,159

In the present study, the excess volume is computed based on the OPLS-DFT force field by
considering the Mulliken partial charge on atoms. The excess molar volume of TiAP in

dodecane binary mixture as a function of mole fraction of TiAP is displayed in Figure 4.7.
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Figure 4.7: Excess volume of mixing of the TiAP/dodecane mixture as a function of mole
fraction of TIAP

It is seen that the simulations results correctly predict the trend for excess volume of mixing
with mole fraction of TiAP and the peak is appeared in between 0.3 to 0.5, as obtained
experimentally®* at around mole fraction of 0.5. It is also important to get the correct sign for
the excess volume of mixing which proves the accuracy of the force field. The increase in
(positive sign) excess volume obtained from simulation is in good agreement with the available
experimental data as seen from the above figure and thus confirms the accuracy of the force

field.

There is a rapid increasing trend of excess volume of mixing and then it is decreased slowly
passing through a maximum. At low mole fraction of TiAP, the interaction between dodecane
molecules dominate over the TiAP/dodecane interaction and at high mole fraction, the
interactions between TiAP molecules is dominated which substantially reduces the effect of

dodecane in the mixture. Both effects result to a lower value of excess volume of mixing. In
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the intermediate range of mole fraction, the interaction between TiAP and dodecane is stronger
which exhibits higher value in the excess volume of mixing. The initial rapid rising trend may
be due to the strong disruptive effect of TIAP molecules in the mixture. The branched structure
of TiAP exhibits higher interaction compared to the linear structure of dodecane. On increasing
the mole fraction of TiAP, the numbers of TiIAP molecules in dodecane medium are increasing
which offers stronger interaction and thus results to an initial rapid rise in the excess volume

of mixing. Similar trend was also obtained by Cui et al for the TBP/dodecane mixture.*

4.3.5 Diffusion coefficient of binary mixture

The diffusion coefficients of TiAP and dodecane in the binary mixture are evaluated to study
the effect of composition on the self-diffusion coefficients. The diffusion coefficient is a
dynamic property which measures movement of individual molecules through the layer of
molecules of the same substance (self-diffusion). Einstein’s relation is used to calculate the

diffusion coefficient from their respective mean square displacement (MSD) profile.

In case of binary mixture, the study of diffusion coefficient for both the TiAP and dodecane in
TiAP/dodecane mixture is very crucial to determine the optimum composition for liquid —
liquid extraction. The mean-square-displacement (MSD) of TiAP and dodecane in the binary
mixture is shown in Figure 4.8. The diffusion coefficient of TIAP is decreasing with increase
in mole fraction of TiAP and all the diffusion coefficients of TiAP for mole fraction ranging
from 10% to 90% are appeared in between the diffusion coefficient of pure phases [see Figure
4.8(a)]. The MSD profiles of TiAP also reveal that the mobility of pure TiAP is enhanced in
the presence of dodecane as solvent. The self-diffusivity values for TiAP and dodecane in

TiAP/dodecane binary mixture are listed in Table 4.3.
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Figure 4.8: (a) MSD of TiAP and (b) MSD of dodecane in TiAP/dodecane binary mixture

Similarly, the self—diffusion coefficients of dodecane is increasing with increase in mole
fraction of n-dodecane as seen from the MSD profiles of n-dodecane in Figure 4.8(b). Itis also

depicted that the diffusion coefficient of dodecane is reduced in presence of the TiAP molecule.
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Table 4.3: Diffusivity values of TiAP and dodecane in binary mixture

) Diffusivity of TIAP  Diffusivity of Dodecane
Mole Fraction

(10° m?/s) (10° m?/s)

1.00 0.0189 0.43

0.90 0.0225 0.3033
0.80 0.0348 0.2383
0.70 0.0381 0.18

0.60 0.0441 0.1817
0.50 0.0487 0.1401
0.40 0.0625 0.1156
0.30 0.0708 0.1003
0.20 0.1146 0.0848
0.10 0.1619 0.0385
0.00 0.43 0.0189

Furthermore, the diffusion coefficients of ligand (TiAP) and solvent (dodecane) are studied as
a function of mole fraction ranging from the 0 to 1.0 (10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90% and 100% of TiAP) to understand the effect of mole fraction on the diffusivity. The
diffusivity of TiAP is a decreasing function of mole fraction of TiAP and for dodecane it is
increasing function of mole fraction of dodecane [see Table 4.3]. The mass density of dodecane
compared to TiAP is much lower which reflects a higher mobility of dodecane and finally it
results higher diffusivity of dodecane compared to TiAP. The number of TiAP molecules in
the dodecane medium is increasing with the mole fraction of TiAP. The van der Waals force
of attraction between phosphoryl groups of TiAP molecules becomes dominate and leads to

the aggregation of the TiAP molecules to form a cluster. It restricts the molecular movement,
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indicating a reduction in diffusivity of TiAP. Also, the free volume is reduced with the

increasing no of TIAP molecules at higher mole fraction of TiAP.
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Figure 4.9: MSD of TBP in TBP/dodecane binary mixture

Similarly the self-diffusivities of TBP in TBP/dodecane binary mixture at various mole fraction
of TBP are represented in Figure 4.9. The diffusivity of TBP also follows the similar trend as

TiAP like the diffusivity is a decreasing function of mole fraction of ligand.
4.3.6 Pair correlation functions (PCFs)

The pair correlation functions (PCF, g(r)) between atoms of two interacting molecule is studied
to develop an understanding of the microstructure of TiAP in the liquid state. The phosphoryl
group of TiAP indicates the polar core and the iso-amyl tail forms the non — polar core of the
molecule. Earlier we have studied the PCFs of pure TiAP. The PCFs between P —P, P - O and
O — O provide an understanding of the organization of TiAP molecule in the mixture.

Furthermore, the PCFs between phosphorous — terminal carbon atom, phosphorous and two
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different types of oxygen atoms are also determined to gain an insight of the microstructure of

TiAP and dodecane in the mixture.
(@) P —P pair correlation function:

The pair correlation functions between P — P atoms of two interacting TiAP molecules with the
variation of mole fraction of TiAP are displayed in Figure 4.10(a) and the trend of PCFs are
seen to be similar for all the cases. The first peak for all the compositions are appeared
approximately in the range of 6.05 — 6.55 A and the second peak locations are at around 9.45
—10.35 A. Furthermore, the peak heights are different for different binary systems and it is
decreasing with increase in the TiAP concentration of the TiAP/dodecane mixture. A similar

trend is also reported by Leay et al in their study of TBP/dodecane mixture.'*
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Figure 4.10(a): Pair correlation function of P — P atoms of two interacting TiAP molecules

The phosphorous atom of one TiAP molecule may be oriented in two possible ways with the
neighbour phosphorous atom of another TiAP molecule (Scheme-4.1). First one is from the
hydrophobic side of the two different TiAP molecules and it is difficult to approach each other
due to the large isoamyl group and the second is from the phosphoryl group where the dipole

— dipole interactions come into picture.
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Scheme 4.1: Schematic representation of orientation of TIAP molecules

For 10% TiAP mole fraction, there is a sudden rise in the peak height. When TiAP is added in
a nonpolar dodecane medium, the local density becomes much higher than the bulk density and
the g (r) reaches much greater than 1.0 which reflects in Figure 4.10(a). It might be due to the
strong dipole — dipole interaction of localized TiAP molecules. Again, the peak heights are
gradually decreasing with increase in the mole fraction, indicating that the g (r) is decreasing
as the repulsion between the DFT charges pushes the phosphorous atom apart from the first

coordination shell.
(b) P — O pair correlation function:

The PCFs of P — O atoms for two interacting TiAP molecules are displayed in Figure 4.10(b).
The PCFs of all the mixture with different compositions follow the similar trend as seen in the
above figure. It is also stated that the second peak is comparatively higher than the first peak
and the peak height is gradually decreasing with mole fraction of TiAP. For 10% and 20%
TiAP mole fraction, a weak peak is appeared followed by the first peak and the first peak is
shifted to a larger distance at around 7.35 A which results an overlap with the second peak.

The higher peak height for 10% TiAP mole fraction indicates very high local density.

The weak peaks become prominent at higher concentration of TiAP. The first peak for the rest
of the compositions are located between5.3 — 5.5A approximately and the second peaks are

appeared somewhere between 8.8 — 9.3A.
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Figure 4.10(b): Pair correlation functions of P — O atoms of two interacting TiAP molecules

(c) O -0 pair correlation function:

The Figure 4.10(c) represents the intermolecular pair correlation function between the pairs of
atom O — O of two different TiAP molecules. The above figure is also displayed the PCFs for
various mole fractions of TiAP and they are showing similar trend as above. A shoulder is
appeared at about 5 — 5.5 A and the first peak locations are approximately around 7 — 7.5 A
depending on the mole fraction. The shoulder is more prominent at mole fraction of 10% TiAP

and it is reduced at the higher mole fraction.

25
—10% TIAP 20% TIAP
——30% TIAP 1.5 —— 40% TiAP
2.0 -——50% TIAP 60% TIAP
——70% TIAP ——80% TIAP
= 45| 90%TiAP _ 40l ——100%TiAP
@] =
i 0
o T
S 10} 8
05}
05}
00 ! 1 L 1 1 L 1 00 L L 1 L L 1 L
0 2 4 6 _8 10 12 14 0 2 4 6 .8 10 12 14
A (A

Figure 4.10(c): Pair correlation functions of O — O atoms of two interacting TiAP molecules
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The first peak height obtained from the PCFs of P —P atoms of two different TiAP molecules
as a function of mole fraction of TiAP is displayed in Figure 4.10(d). The trend is a decreasing
function of mole fraction of TiAP. At 10% TiAP mole fraction, the contribution of TiAP is too
small for self-association and the local density becomes very high. On increasing the mole
fraction of TiAP, this effect decreases rapidly at the initial stage and then decreases gradually.
The self — association of TiAP molecules becomes significant and they may create greater
number of nodes. Leay et al have also reported similar observation in their studies on TBP and

dodecane mixture.**®
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Figure 4.10(d): Trend of the first peak appeared in PCF of P — P atoms as a function of mole
fraction of TIAP

(d) P-CandO - C pair correlation functions:

This pair correlation function involves the phosphorous atom of TiAP molecule and the last
carbon atom (C12) of dodecane and it is shown in Figure 4.11(a). The PCF has been plotted
at different mole fraction of TiAP. The first peak for all the systems are appeared at around
4.75 —4.95 A and the peak height is decreasing with increasing mole fraction of TiAP up to a

value of 60% TiAP mole fraction. Then it is increasing slowly. Initially the P atom of TiAP is
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surrounded by dodecane and gradually the probability of finding of dodecane is decreasing

with increasing mole fraction of TiAP and it results lower peak height.
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Figure 4.11: Pair correlation functions of (a) P — C atoms of two interacting TiAP and

dodecane molecules and (b) O — C atoms of two interacting TiAP and dodecane molecules.

Again, at higher concentration of TiAP, the repulsion between TiAP molecules may be the
dominating factor, which helps the dodecane molecules to get closer to TiAP and it increases
the probability of finding dodecane molecules surrounding the phosphorous atom of TiAP and
the same is reflected in the peak height. This phenomenon is also shown in Figure 4.11(b).
The second peaks are appeared at approximately 9.45 — 9.75 A. The above figure shows the
pair correlation function between the oxygen atom of TiAP molecule and the last carbon atom
(C12) of dodecane at various mole fraction of TiAP. The first peak locations are approximately

between 3.65 — 3.75 A.

Further, the peak height is decreasing first up to 60% TiAP mole fraction and then it is
increasing as it is shown in Figure 4.12. The second peaks are appeared at around 9.65 — 9.95

A. Similar trend of PCF between O and C atoms is observed here like between P and C atom.
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Figure 4.12: Behaviour of the first peak height in the PCF between P-C atoms and between

O-C atoms as a function of mole fraction of TiAP

4.3.7 Excess enthalpy of mixing of TiAP/dodecane mixture

The excess enthalpy calculation for the binary mixture provides the thermodynamic activity of
each component in the mixture. It is the consequence of the new interactions between TiAP

and n-dodecane mixture. The excess enthalpy of mixing is computed by
AH@XC@SS = Hmlx - lel - szz (42)

where, Hmix Is the enthalpy of mixture of TiAP/dodecane, x1 and X2 are the mole fraction of
TiAP and mole fraction of dodecane, Hi and H2 are the enthalpies of pure TiAP and pure

dodecane.*

The simulation was performed for the TBP/dodecane and TiAP/dodecane mixture. The model
predicts correctly the endothermic mixing of both cases as it was found experimentally. The
Figure 4.13(a) depicts the calculated excess enthalpy of mixing of TBP/dodecane mixture with

their experimental data'*® *°° and it shows a moderate agreement with the experimental data
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which again verifies the use of Mulliken charge embedded force field. Mu et al have studied
the excess enthalpy of mixing for TBP/dodecane mixture using different models. Among them,
90% DFT model and the refined model are far away from the experimental values whereas
OPLS—-2005 was shown to be in good agreement.*® The Mulliken charge embedded OPLS force

field which does not have empirical scaling performs better than that earlier reported model.
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Figure 4.13: Excess enthalpy of mixing of (a) TBP/dodecane binary mixture and (b)
TiAP/dodecane binary mixture
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Next, the calculated excess enthalpy of TiAP/dodecane mixture is shown in Figure 4.13(b)
and it follows the similar trend like TBP/dodecane mixture but since no experimental results

are available for comparison, its level of accuracy cannot validated.

4.3.8. Shear viscosity

The shear viscosity is an important dynamic characteristic of the liquid states. It has been seen
that a single model cannot be able to explain the structural as well as dynamical properties of
any system. It is very difficult to develop a force field without any parameterization which can
describe equally both structural and dynamical properties. Here, earlier developed Mulliken
embedded OPLS force field can explain structural and dynamical properties quite well. Hence,
it is worthwhile to test this force field for calculation of shear viscosity. Therefore, shear
viscosity is evaluated using periodic perturbation method from NEMD simulations for pure
system as well as mixture [see section 2.13]. The determination of external force is crucial step
for calculation of shear viscosity using NEMD method. So, the calculations have been at

different values of external force which is reflected in Figure 4.14.
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Figure 4.14: Shear viscosity of TBP as a function of external force in NEMD
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The value of shear viscosity has been evaluated by extrapolation at a = 0. The shear viscosity
obtained from this method is 19.99 mPa.s which is far away from the experimental value but
similar value is also reported by Mu et al with 90% DFT model.*® In case of TiAP, this method
gives a value of shear viscosity which is much higher than the experimental value. The value
of the external force will be small enough to ensure that the structure and dynamics should not
be disturbed and it was found that normally it is taken in the range of 0.025 to 0.1 nm/ps? value.
Again, the external force is chosen in such a manner that the calculated shear viscosity will be
in good agreement with the experimental value of TBP. Then, the shear viscosity of pure TiAP
as well as the binary mixture of TiAP/dodecane has been evaluated using that value of external

force. Here considering all the issues, the external force has been chosen as 0.10 nm/ ps?.

Initially the Mulliken embedded force field is applied for pure TBP using a constant external
force of 0.10 nm/ps2.*® The result shows that the calculated value is very close to the
experimental value with a deviation of 0.25%, indicating a good accuracy of developed force
field. Then, this method is used for computing shear viscosity of pure TiAP and it is found that
the simulated value is little bit overestimating the experimental value but in good agreement.
The calculated values and the experimental values of shear viscosity of pure liquids are

represented in Table 4.4.

Table 4.4: Shear viscosity of pure TBP and TiAP

TBP TiAP Dodecane
Experimental value (mPa.s) 3.242 4.27 1.292
Simulated value (mPa.s) 3.25+0.02 4.74 +0.03 0.76 £ 0.08

®The experimental value for TBP was taken from Tian and Liu'’ and experimental value
of TiAP was from Singh.?* The shear viscosity of TBP reported in the literature are 6.142
+ 0.043 mPa.s from refined model, 3.897 + 0.029 mPa.s from OPLS-2005 model and
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22.28 + 1.78 mPa.s from 90% DFT“6. The reported shear viscosity of dodecane are 1.668
+ 0.038mPa.s using optimized OPLS — AA (L — OPLS)*’, 1.22 mPa.s using OPLS — AA

with parameterization®®,

The shear viscosity of dodecane is also calculated using this force field and the calculated value
is little bit underestimating the experimental value. The excellent agreement of calculated shear
viscosity for pure TBP and TiAP using calibrated OPLS force field further confirms the

acceptance of the newly proposed OPLS force field.

Thereafter, the shear viscosity of TBP/dodecane binary mixture is also evaluated from this

method and it is shown in Figure 4.15(a).
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Figure 4.15: Shear viscosity of (a) TBP/dodecane binary mixture as a function of mole fraction
of TBP in dodecane and (b) TiAP/dodecane mixture as a function of mole fraction of TiAP in
dodecane.

The calculated values follow the similar increasing trend obtained from experiment. The shear
viscosity value of pure TBP is quantitative to the experiment while the mixture is
underestimating the experimental value. The deviation from experiment is decreasing with

increasing TBP mole fraction which indicates the structural effect of TBP and dodecane play
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an important role in the mixture. This study also ensures the validation of force field in the

TBP/dodecane binary mixture.

Next, the shear viscosity of TiAP/dodecane binary mixture is also calculated from NEMD
method. The calculated shear viscosity is plotted against the mole fraction of TiAP and it is
shown in Figure 4.15(b). The figure displays an increasing trend of shear viscosity with mole
fraction. Figure 4.15(b) also reveals that the values calculated from simulations are in good

agreement with the experimental values.?*

The rising trend of shear viscosity is similar to the experimental trend but a little bit higher
rising rate of shear viscosity is observed after 0.70 mole fraction of TiAP. The calculated shear
viscosity is underestimating the experimental value up to mole fraction of 0.70 and then it is
overestimating. Such deviations can be explained from the aggregation of TiAP molecules
which is dominating at higher concentration of TiAP, produce more frictional resistance. As
the mole fraction increases, the contribution of TiAP molecule also increases. The structural
effect of TiAP becomes weaker in the presence of dodecane. But when the contribution of
dodecane is too low i.e. below 30% dodecane, the structural effect of TiAP become dominating
in the mixture and sufficient shear velocity cannot be created by the external force. It introduces

error in the measurement and thus results to a higher value of shear viscosity.

The shear viscosity obtained from simulations is also plotted as a function of calculated density
of various compositions of TiAP/dodecane binary mixture and it is displayed in Figure 4.16.
The graph states that the shear viscosity is an increasing function of mixture density and it
follows the trend reported by Singh and co-workers.?* Similar trend is also reported by Tian
and Liu'’ in their experimental study of TBP/dodecane binary mixture. This again proves the

accuracy of newly developed force field.
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Figure 4.16: Shear viscosity of TiAP/dodecane binary mixture with corresponding density of
the mixture.

4.3.9 Selection of composition for binary mixture of TiAP and dodecane

Dynamic properties of ligands or extractant play an important role in the extraction process.
The mobility of the ligand is a determining factor for the formation of metal-ligand complex.
In this context the dynamic properties are evaluated for various mole fraction of TiAP in
TiAP/dodecane binary mixture and it is more crucial to select the useful composition of
TiAP/dodecane mixture to develop efficient extraction system. The important parameters for
the selection of composition are the diffusivity of TiAP in dodecane and the bulk viscosity of
TiAP in the mixture. The low viscosity and high diffusivity are the major criteria for the

selection of composition of any ligand—solvent system.

The mobility of pure TiAP is very slow compared to the n-dodecane as TiAP is heavier
compared to dodecane. Hence, a diluent (dodecane) is added with pure TiAP to enhance the

diffusivity and as well as the overall mass transfer of the extraction system. The optimum
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composition of the ligand-solvent system is very important for a particular solvent extraction
process. The most popular ligand and solvent used in the reprocessing of the spent nuclear fuel
(SNF) are TBP and dodecane and the widely used composition for the well-known PUREX
process is 30% TBP mole fraction. TiAP is a higher homologue of TBP and it is already

established as a potential ligand over TBP in the reprocessing of the nuclear waste.

The optimum composition for the mixture might be decided by the intersecting point of the
two curves and it is obtained at around 25% — 30% TiAP mole fraction (see Figure 4.17) which
is much closer to the TBP/dodecane composition. Singh and co-worker have studied the
removal of Cr (VI) using TiAP and they have shown that the removal was quantitative with
25% TiAP in 2M hydrochloric acid (HCI)?®, which may be mere happenstance and needs

further investigation.
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Figure 4.17: Diffusivity of binary mixture as a function of mole fraction

Furthermore, shear viscosity is shown to be an increasing function of mole fraction of TiAP

whereas diffusivity of TiAP is a decreasing function. So, it is important to select an optimum
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composition for developing an efficient mass transfer. From Figure 4.18, it is seen that
optimum composition of mixture will be around 25-30% TiAP mole fraction where the curves

are intersecting each other.
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Figure 4.18: Diffusivity of TIAP and shear viscosity of TiAP-dodecane mixture as a function

of density of the mixture

This composition of mixture exhibits a good value of diffusivity of TiAP and a low value of
shear viscosity. One can choose a lower composition but there is another factor of TiAP
concentration which should not be very low for extraction, otherwise metal loading in organic
phase will be affected. Suresh and co-workers reported that 1.1 M TiAP/dodecane mixture
which is in the range of 20-30% TiAP mole fraction, shows an excellent extraction efficiency
for Th(1V) as well as U(VI) and even low extraction tendency of nitric acid.*? Finally, this
study indicates that 20-30% composition of TiAP/dodecane binary mixture is an effective
composition for extraction. It needs further investigation using uranyl ion in bi-phasic

extraction system.
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4.3.10 Test of Stokes-Einstein relation in TiAP-dodecane mixture

In the preceding section, we have investigated the effect of mole fraction on the diffusivity and
viscosity of a binary fluid mixture, where we have observed that shear viscosity is an increasing
function of mole fraction of TiAP whereas diffusivity of TiAP is a decreasing function.
Therefore it will be interesting to check the product of diffusion and viscosity against mole
fraction. Fortunately, there is a very popular hydrodynamic relation known as Stokes-Einstein

(SE) relation which connects the diffusivity and viscosity by the following expression:

pn = XL (4.3)

CTtR

where C=4 for slip and 6 for stick boundary condition and R is the radius of the solutg®® 161163,
The radius of TiAP solute has been estimated using volume obtained from COSMOtherm
package'®. From the present MD simulations results, it is seen that SE relation is not satisfied

at the molecular level as clearly revealed from the Figure 4.19(a).
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Figure 4.19: Plot of product of diffusivity and shear viscosity of (a) TiIAP/dodecane mixture as
a function of mole fraction and (b) TBP/dodecane mixture as a function of mole fraction of
TBP in dodecane.
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By changing the mole fractions of the components, the diffusivities and shear viscosities of the
liquids can be changed but their product should remain fixed if SE relation would apply (see
equation 4.3). But, the failure of S-E relation is expected as it was derived purely based on
hydrodynamic theory, where a spherical solute moves with constant velocity in a fluid of shear
viscosity. The equation 4.3 does not contain any parameter which takes care of the mole
fraction for finite concentration fluid mixture. The breakdown of SE relation has been reported
earlier for molecular liquids at finite concentration'®*®” and the same is reflected in our
simulation results also. Further, SE relation for the present finite concentration system can be
better expressed compared to stick or slip condition if the coefficient C in equation 4.3 is taken
as 2.5. Further, the validation of S-E relation has also been checked for TBP/dodecane binary

mixture at different mole fraction and it is expressed in Figure 4.19(b).

The product of diffusivity and shear viscosity of TBP calculated from MD simulations is
plotted against mole fraction of TBP in TBP/dodecane binary mixture and the nD value located
at far slipping boundary region. The corresponding value of numerical factor is 2 which is close
to the TiAP/dodecane system and the TBP/dodecane mixture also follows the similar trend of
TiAP/dodecane binary mixture. Earlier, the value of coefficient, C=2 has been used for Ar-Kr

mixture at finite concentration',
4.4 SUMMARY

The structure, dynamics and thermodynamics of binary mixture of TiAP and dodecane have
been determined and reported using the recently developed OPLS-AA potential by performing
equilibrium and non-equilibrium MD simulations. The optimized OPLS potential embedding
Mulliken partial charge was found to be quite successful in predicting the thermo physical and

dynamical properties of pure liquids as well as of mixtures.
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The calculated electric dipole moment of TiAP was seen to be mildly altered with TiAP
concentration in the dodecane diluent in comparison to pure TiAP. The calculated liquid
densities of TiAP/dodecane mixture were shown to be in excellent agreement with the
experimental data over the entire range of the mole fraction. The mixture densities at different
temperature are also studied which was found to be reduced with temperature as expected. The
diffusivities of both TiAP and dodecane were computed and it was established that within the
range of 25-30% TiAP in dodecane is perhaps the optimum composition to be used for
conducting the solvent extraction experiment. Further, the excess volume of mixing for the
TiAP/dodecane mixture was found to be positive over the entire range of mole fraction. In
addition, the excess enthalpy of mixing was shown to be endothermic for TBP/dodecane
mixture as observed experimentally and similar trend was also predicted for the TiAP/dodecane
mixture. The characteristics of spatial pair correlation functions (PCFs) for TiAP/dodecane
mixture was also captured over the entire range of the mole fraction. Furthermore, the
calculated shear viscosity was in excellent agreement with the experimental values for both
pure and mixture. Finally, this study indicates that 20-30% composition of TiAP/dodecane
binary mixture is an effective composition for extraction. The newly calibrated OPLS force
field was found to be working well even in the mixture and its predictability of experimental
results for a wide range of temperature and mole fraction confirms the ability of the new OPLS
force field. Further, the present MD simulations results demonstrate that SE relation breaks
down at the molecular level.

The excellent matching of the computed results with the experimental results can be further
extended to model the water-dodecane biphasic system which finally will be used for the

extraction of uranyl ion as practiced in the PUREX process.
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CHAPTER
FIVE

Interfacial Phenomena of Biphasic
Mixture

5.1 INTRODUCTION

The structural and dynamical properties of TiAP/dodecane binary mixture have been studied
extensively in previous chapter using the calibrated force field to check its applicability in
binary mixture and it was found that the developed force field is able to capture all the structural
and dynamical properties of binary mixture as the simulation results were in good agreement
with the experimentat values which indicates the acceptance of the force field for binary
mixture. Moreover, the earlier studies also predicted the composition of binary mixture for
solvent extraction which was in the range of 20% — 30% of TiAP in dodecane based on the

dynamic properties.

The interface between two immiscible liquids is one of the most interesting and important
systems in physical chemistry, relevant to areas such as electrochemistry®®,
chromatography*®®, mass transfer catalysis'’® liquid-liquid extraction, drug delivery and many

more. The buried nature of the interface makes the experimental probing of its structure and
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dynamics at the molecular level very challenging. Theoretical studies are complicated by the
strongly inhomogeneous environment and by the need to consider nontrivial intermolecular
forces in order to reproduce the correct immiscibility, surface tension, etc., of the system. Thus,
until recently, most experimental techniques studying the liquid-liquid (L-L) interface were
based on macroscopic thermodynamic measurements such as the surface tension, and further
most theoretical studies used continuum electrostatic and hydrodynamic model. These
experimental and theoretical approaches, although have been used quite successfully in
numerous applications, they are unable to provide a microscopic understanding of the L-L
system. Thus, little is known about the microscopic structure and dynamics of the neat interface
and, in particular, the behavior of solute molecules which are adsorbed (and possibly react) at

the interface.

Moreover, the essential and crucial interfacial characteristics, interfacial tension (IFT) and
interface width (IFW) can significantly affect the deformation of the interface and mass transfer
and accordingly has a substantial effect on the industrial processes involving the oil-water
interface. For example, a decrease of the dynamic interfacial tension with aging time provides
signatures for protein clustering and crowding processes at the oil-water interface’* and IFT
is also crucial to understand the oil-gas—water multiphase flow dynamics in porous media'’?,
including the detachment of adhered oil from rock surfaces, the displacement of trapped oil
and the crude oil emulsion stability. So, detailed knowledge of the structure and dynamics of
the liquid/liquid interface is needed to solve many problems of considerable technological

importance.

TIAP is almost insoluble in water compared to TBP and in acidic solution also. Hence, it is
equally important to study the behaviour of TiAP/dodecane mixture in contact with aqueous
phase in the presence of nitric acid in all aspect along with the performance of developed

Mulliken embedded force field in TiAP-nitric acid—dodecane aqueous-organic biphasic
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system. It is worthwhile to develop an understanding of structural and physical properties at
the interface. Again, the interfacial properties in absence of acid are also required to make a
comparative study and to establish a better understanding on the effect of aqueous phase
acidity. As it is difficult to explore the molecular details of liquid—liquid interface by using
advance experimental technique, limited experimental data is available which is not sufficient
to develop an understanding of interfacial behaviour. This is mainly due to the fluidity of the
interface and its buried nature, which precludes local experimental probing. Molecular
dynamics (MD) simulations is an important tool which provides the microscopic view to
predict the structure and dynamics of liquid—liquid interface.'”**’® MD simulations can also
explain the molecular level mechanism of capture and transfer of metal cation in liquid—liquid
extraction process. Therefore, MD simulations offer an insight into the interface and provides
quantitative explanation. The accuracy can be checked by comparing the calculated results with
experimental data or other reported theoretical data. Therefore, MD simulations have been

carried out on the equilibrium structure of interface as well as on the interfacial tension.

Though, in recent past, MD simulations were performed to investigate the interfacial properties
of oil-water interfaces, progress in our fundamental understanding of interfacial properties has
been relatively slow, perhaps due to the difficulty in defining the interface itself. So, the
understanding of the interfacial properties is not clearly established. Baaden and co-workers
have performed MD simulations to understand the microscopic picture at the interface with the
effect of acidity and TBP concentration. They reported that the interface repelled the ionic
species obtained from dissociated form of nitric acid in the absence of TBP while the neutral
nitric acid behaves as surface active. They mainly focused on the mixing and de-mixing of
aqueous—organic solution and their interfacial distribution, but did not calculate the interfacial
tension and interface thickness.*® Sahu and co-worker have studied uranyl extraction from

water—dodecane system using TBP as an extractant and also reported that the water extraction
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is much higher with un-dissociated HNO3 compared to dissociated form of acid. They have
reported the intrinsic thickness but the calculation of capillary thickness, total thickness and
interfacial tension was untouched.'”® Wang and co-researchers have performed MD
simulations on very simple immiscible (water + n-hexane) and partially miscible (water + 1-
hexanol) systems and reported the interfacial tension and interface width. But they did not
compute the total interface thickness as well as the effect of third component and acidity. They
also reported that the interface is corrugated with small dynamic waves for immiscible system
and highly corrugated with static waves for partially miscible system.*® Jayasinghe and Beck
have carried out MD simulations on liquid-liquid interfaces for developing interface structure
and thermodynamics of solute transfer.®” Furthermore, a considerable progress has been
observed in the calculation of interfacial tension using MD simulations in recent past. Wen and
co-workers evaluated decane—water interfacial tension induced by ionic hydration. They
revealed the increment of interfacial tension at low ionic concentration as it enhances the ionic
hydration at the interface. They also studied the effect of temperature and pressure on the
interfacial tension but did not focus on the calculation of interface thickness.'?® Biswas and co-
workers performed MD simulations for the extraction of cesium ion using macrocyclic ligands
and ionic liquids and reported an enhancement of surface tension with the addition of metal
salt.'?® It is really challenging to compute the interface thickness by means of experimental
techniques because of the fluidity of interface. Earlier, advanced x-ray reflectivity studies®
and neutron reflectivity studies'®? reported the interfacial width of the water/alkane interface.
The long-standing query about the contribution of intrinsic thickness and broadening induced
by capillary waves was partly resolved by the x-ray reflectivity studies.’® In order to
compliment the experimental results, numerous MD simulations have been performed on the
equilibrium structure of interface as well as on interfacial tension.*”*-1’8. 183 Among many, Jorge

and co researchers performed MD simulations for water—nitrobenzene system to estimate the
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total and intrinsic interface width by fitting density profiles where the proper prescription for
calculation of total interface thickness is lacking and also has not been addressed the presence
of third component and acidity.”® Again, Senapati and co-researchers carried out MD
simulations for computing the interface thickness and interfacial tension of carbon
tetrachloride/water/carbon tetrachloride system. They calculated interfacial tension based on
two different methods using pressure equation and capillary wave theory and computed the
interfacial width by fitting the density curve!®® but didn't study the effect of third component
for a wide range of concentration and acidity. From the above discussion it might be concluded
that the exploration of water-oil interfaces is an awfully active, as well as contentious, field of

research.

Further, earlier research works regarding interfacial studies, are related to mainly
TBP/dodecane system and few of them have established the methodology of water transport to
organic phase through TBP along with other interfacial properties but the understanding on
structural and thermo-physical properties at the interface of water—TiAP/dodecane biphasic
system is yet to be explored. Hence, it is worthwhile to address the problem by studying the
structure and dynamics at the interface, interfacial properties and the solubility of water in
TiIAP because of its potential use in the field of nuclear fuel reprocessing. In addition to that
there are lot of ambiguity in the calculation of total and intrinsic interface thickness and no one
able to suggest any straightforward prescription for this purpose. Hence, an attempt has been
made for the calculation of total and intrinsic interface thickness for simple as well as complex
biphasic mixture using the concepts of QM, MD and statistical mechanics. Here, the discussion

will be followed by simulation system, results and discussion and finally conclusion.
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5.2 SIMULATION SYSTEMS

MD simulations have been performed to study the structure and dynamics of biphasic systems
and the associated interfacial properties with the effect of aqueous phase acidity and mole
fraction of TiAP. In the present study, the biphasic system includes an organic phase containing
binary mixture of TiAP and dodecane and an aqueous phase containing nitric acid and they are
in direct contact with each other. Not only the mole fraction of TiAP is varied from 10% to
40% but also the aqueous phase acidity has been changed from OM to 4M to understand the
effect on interfacial properties along with the structural and dynamical properties at the liquid—
liquid interface of biphasic mixture. Water is represented by SPC/E model as it is more efficient
compared to other models.*®* For TiAP and dodecane, we have used our recently developed
Mulliken embedded®* *®°> OPLS-AA (all-atom optimized potential for liquid simulations) force
field.** % The partial atomic charges on TiAP and dodecane were calculated from Quantum
mechanical Mulliken population analysis.®® 8 The initial structures were optimized at the
B3LYP level of theory using SVP basis set and then corresponding partial atomic charges were
generated at the B3LYP/TZVP'® "* |evel of theory using TURBOMOLE package®. The partial

charges of atoms for TiAP, dodecane, water and acid ions are taken from our earlier studies.

The starting simulation box is prepared by placing the TiAP molecules in dodecane molecules
as the organic phase and water containing nitric acid molecules as the aqueous phase. Next, the
volume of simulation box was made to be rectangular which is elongated in z direction with a
cross sectional area of X x Y (X =Y) in x and y direction. A schematic biphasic simulation
box containing 3000 water molecules and 500 TBP/dodecane molecules is shown in Figure
5.1. The dimension of simulation box is Lx x Ly x Lz in X, y and z direction respectively where
Lz is elongated. The interface is located at approximately one third of the box length starting
from left corner and perpendicular to z-direction. Hence, one third of the total volume is

occupied by the aqueous phase and rest by the organic phase.

120



CHAPTER 5: Interfacial Phenomena of Biphasic Mixture

; ' 3
| OreamecRHASE ~

=
¥ oyl
T .
X - ”{>‘.
e % G
AL . S ~ -
2 = N e R ey Py -
Dalr .
) .?’- %

Figure 5.1: A typical biphasic simulation box containing TiAP in dodecane as organic phase
and water as aqueous phase. The colour code and number of molecules for liquids are followed
as red: water — 3000 molecules, blue and red: TiAP — 100 molecules and cyan: dodecane —

400 molecules.

For the present study, several biphasic systems have been prepared based on the mole fraction
of TiAP in dodecane and on the acidity of the aqueous phase. Total 3500 number of molecules
has been taken for all the systems where 500 molecules for the organic phase and 3000
molecules for the aqueous phase are kept constant. All the simulated systems are given in Table
5.1 along with the molecules of respective phases and the corresponding dimensions of each

simulation boxes.

Here, TiAP, dodecane, water and acid molecules are placed in a rectangular simulation box
and then the system is relaxed by energy minimization using steepest descent algorithm in 5000
steps to adjust the atom coordinates and to avoid overlaps. Initially they formed a
homogeneously mixed phase and then they started to separate out during equilibration in

isothermal-isobaric (NPT) ensemble for 20ns simulation length with a time step of 2 fs.
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Table 5.1: Details of compositions of various aqueous-organic biphasic systems and the

corresponding MD simulations box dimensions

Mole

System fraction Box (Slifl‘(;;(’ yz Ntiap  Npodecane  Nwater Nl\llis;-/
of TiAP

D450-T50-W 5.760,5.760,8.687 50 450 3000 0

D450-T50-1M 5.769,5.769,8.677 50 450 2945 55
D450-T50-2M 10% 5.797,5.797,8.697 50 450 2895 105
D450-T50-3M 5.818,5.818,8.707 50 450 2845 155
D450-T50-4M 5.831,5.831,8.707 50 450 2800 200
D400-T100-W 5.835,5.835,8.753 100 400 3000 0

gﬁ(ﬁf-noo- 5.838,5.838,8.745 100 400 2970 30
D400-T100-1M  20% 5.840,5.840,8.737 100 400 2945 55
D400-T100-2M 5.865,5.865,8.754 100 400 2895 105
D400-T100-3M 5.878,5.878,8.753 100 400 2845 155
D400-T100-4M 5.896,5.896,8.761 100 400 2800 200
D350-T150-W 5.885,5.885,8.783 150 350 3000 0

D350-T150-1M 5.902,5.902,8.787 150 350 2945 55
D350-T150-2M S0% 5.922,5.922,8.795 150 350 2895 105
D350-T150-3M 5.941,5.941,8.804 150 350 2845 155
D350-T150-4M 5.953,5.953,8.804 150 350 2800 200
D300-T200-W 5.949,5.949,8.834 200 300 3000 0

D300-T200-1M 5.959,5.959,8.827 200 300 2945 55
D300-T200-2M % 5.978,5.978,8.837 200 300 2895 105
D300-T200-3M 5.999,5.999,8.850 200 300 2845 155
D300-T200-4M 6.012,6.012,8.852 200 300 2800 200
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The fluctuation in box dimension is allowed towards x direction as the box is elongated in that
direction. At the end, the two phases were found to be immiscible. The periodic boundary
conditions are applied in three directions to avoid surface effect. Further, the NPT coordinates
are opted for production run in NVT (constant volume and constant temperature) ensemble
over 10ns simulation length and the data obtained from this production run are used for the

determination of various structural and dynamical properties.
5.3 RESULTS & DISCUSSION

Initially the MD simulations have been carried out for pure water followed by simple biphasic
system like water/dodecane using our developed force field in order to ensure the validity of
that force field prior to an application in a complex biphasic system like TiAP/dodecane in

contact with aqueous phase having different nitric acid concentrations.
5.3.1 Water system

The water model was first tested using partial atomic charges calculated from Mulliken
population analysis for its use in creating the aqueous-organic bi-phasic system. The calculated
density and self-diffusivity were then compared with the available experimental results as
shown in Table 5.2 and noticed that there is marked deviation with the experimental results.
In view of the deviation by Mulliken charge model, we evaluate the SPC*® ¢ and SPC/E*®
water model for its simplicity and quantitative bulk properties compared to other models®*.
The properties calculated from simulation using three different models are reported in Table
5.2. It is seen that the physical and dynamical properties predicted by SPC/E model is
quantitative with the reported experimental results whereas, the Mulliken charge model and
SPC model show considerable deviation from the experiment. Further, the structural properties
have been studied from PCFs: go-o(r), go-H(r), gr-H(r) to understand the liquid water structure

and here all the models are almost similar as the first picks of go-o(r) are located at around 2.75
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A. The first minimum obtained from PCF between O and H atoms is appeared at less than
2.45A indicating the two water molecules are H — bonded. The position of first minimum of
the O — O PCF is located at 3.45 A which is used to find out the coordination number in the
first solvation shell.

Table 5.2: Calculated physical and dynamical properties of pure water using three
different models as Mulliken partial charge model, SPC model and SPC/E model

Self-diffusion Dipole

Densi .. - ick
System (ker}:]?)/ coefficient moment Igooce:t(ircznpz,%\)
g (x 10° m¥s) (Debye)
Water-Mulliken 976.54 £ 0.08 4.46 £ 0.07 2.27 2.75
Water-SPC 976.53 £ 0.15 4.04 £0.04 2.27 2.75
Water-SPC/E 999.03 £ 0.23 2.53+0.09 2.35 2.75
Experimental 99784 2.236 +0.004° 1.85 2.731%

2.12,2.14° 2.308

The experimental value of self-diffusion coefficient of water was taken from 2R. Mills*®®and
bJ. H. Wang'®°. The reported value of self-diffusion coefficient for SPC/E water model was
2.2 — 4.4 x 10° m?/s. The reported literature data regarding the locations of first and second
pick for SPC/E water model are as 2.75 & 4.50 A [go-o(r)] and 1.77 & 3.25 A [go-n(N]*¥’

respectively.

Therefore, SPC/E water model was chosen for further agueous-organic bi-phasic system
simulation due to close agreement with the experimental results compared to other models. The
density profile as a function of simulation length for SPC/E water model and its liquid structure

are displayed in Figure 5.2(a) indicating the density of water has attained the equilibrium

within few picoseconds.
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Figure 5.2: (a) Density profile and liquid structure of Water (SPC/E Model). Oxygen: Red
balls and Hydrogen: Olive balls and (b) Plot of intermolecular pair correlation function

between pairs of atoms of OW — OW, OW — HW, HW - HW of two water molecules.

Then, the pair correlation functions have been calculated between two interacting oxygen
atoms, hydrogen atoms and oxygen and hydrogen atoms of two water molecules and it is shown
in Figure 5.2(b). The structure, dynamical and thermo-physical properties of pure TiAP and
pure dodecane have been discussed in Chapter 3 and hence are not reported in the present

chapter.
5.3.2 Pure nitric acid & 3M nitric acid system

After discussion of various properties of water, it is equally important to evaluate the physical
and dynamical properties of pure nitric acid as well as 3M nitric acid to understand on
molecular level. Here, nitric acid has been used in associated and dissociated form. For this
study 1000 numbers of acid molecules have been taken in a square box and then the system
was equilibrated followed by energy minimization. Finally, the production run has been carried
out to compute the properties. So, the properties of both forms of acids have been compared to
check whether there is any discrepancy or not. The structural and dynamical properties are

listed in Table 5.3.
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Table 5.3: Calculated physical and dynamical properties of pure nitric acid and 3M nitric

acid using Mulliken partial charge embedded force field.

Density SEIf-difoSion COEfﬁCient D|po|e moment
System 3

(kg/m°) ( x 10" m?/s) (Debye)
Pure nitric acid 1559.73 + 0.12 0.0035 + 0.02 3.45 + 0.50

(Associate form)

Pure nitric acid .
1634.77+0.30  0.00076 £ 0.001 (H3O") 1.05 + 0.69

(Dissociate form) 0.0019 + 0.002 (NO3)

3M Nitric acid 1059.44 +0.25 0.825 + 0.02 2.41+0.26

The experimental values are taken from Lide, D.R., CRC Handbook of Chemistry and

Physics 88TH Edition 2007-2008. CRC Press

The calculated density of pure nitric acid in associate form is quite close to the experimental
value with a deviation of around 3% indicates the accuracy of Mulliken embedded force field.
The dissociate form of nitric acid exhibits comparatively higher value of average density as
1634.77 kg/m3 because of close packing due to size effect and less dipole moment as shown
in Table 5.3. Again, the simulated density of 3M nitric acid is less than the pure nitric acid
which is obvious and it is also in close agreement with the experimental values in the range of
4% deviation. The density of 3M nitric acid appears with in the densities of water and pure

nitric acid which also validates the force field.

The density profile of pure nitric acid in associate and dissociate form along with 3M nitric
acid as a function of simulation length and the respective liquid phase structures generated after
equilibration are shown in Figure 5.3 and Figure 5.4(a). The clustering of nitric acid in water

medium for 3M nitric acid was observed.
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Figure 5.3: Density profile and liquid structure of (a) Dissociated form of pure nitric acid:
HsO™ - Blue balls, NOs™ - Red balls, (b) Associated form of pure nitric acid: O-Red balls, N-
Blue balls and H-Orange balls and (c) 3M nitric acid. O: Red balls, N: Blue balls, H: Orange
balls and Water: Cyan dots.
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Figure 5.4: Plot of intermolecular pair correlation function between pairs of atoms of NA —

NA, OA — OA, HA - HA of two nitric acid molecules of pure nitric acid.
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The structure on molecular level can be expressed by pair correlation function (PCF) between
two interacting atoms like nitrogen (NA), oxygen (OA) and hydrogen (HA) atoms of two
interacting nitric acid molecules and it is shown in Figure 5.4(b). The first peak of NA — NA
PCF of nitric acid is appeared at 4.15A with a peak height of 2.12 while the peak of OA — OA
PCF of two interacting associated nitric acid molecules is located at 3.25A which signifies the
oxygen atoms of two nitric acids are comparatively closer than that of the two nitrogen atoms.
The first peak location of two interacting hydrogen atoms (HA) of nitric acid is appeared at

4.85A followed by a hump located at 3.45A.

Again, the PCFs of NA — NA, OA — OA and HA — HA for 3M nitric acid is also computed to
find out whether there are any changes in structural parameters of nitric acid and it is shown in
Figure 5.5(a). The first peak of NA — NA PCF is appeared at a location of 4.15A and for OA
— OA PCF, it is at 3.25A which are exactly similar to the values obtained in pure nitric acid.
The HA — HA PCF also gives the similar value. So, the structural parameters between two
interacting nitric acids are not affected in presence of polar solvent like water. It is also
observed that the peak heights are quite high for all the PCFs signifies the probability of finding
nitric acids in first solvation shell is higher which indicates the aggregation of nitric acids in
water medium. So, clustering effect of nitric acid in water medium is observed. It is also
supported by the coordination number (CN) calculated for both the cases and listed in Table

5.4.

Table 5.4: Coordination number calculated from PCF for pure as well as 3M nitric acid

Atoms CN (Pure nitric acid) CN (3M nitric acid)
NA - NA 0.54 2.78
OA - OA 0.83 4.72
HA - HA 0.84 4.12
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It is clearly seen that the coordination numbers for 3M nitric acid is higher than that of the pure

acid which also supports the clustering effect.

Next, the PCFs have been evaluated for two nitric acid sites (OA and HA) with two water sites
(OW and HW) and reported in Figure 5.5(b). The first peaks of PCFs of oxygen atoms (OA —

OW) and hydrogen atoms (HA — HW) are located at 3.35 A and 3.05 A respectively.
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Figure 5.5: Plot of intermolecular pair correlation function for 3M nitric acid (a) PCFs
between pairs of atoms of NA — NA, OA — OA, HA - HA of two nitric acid molecules and (b)

PCFs between water and acid molecules of OA — OW, OA — HW, HA — OW and HA — HW
pairs of atoms.

Thereafter, the formation of hydrogen bonds between oxygen of nitric acid and hydrogen of
water molecule or the oxygen of water molecule and hydrogen of nitric acid can be seen from
PCFs expressed in Figure 5.5(b). The OA site of HNO3 is involved in weak hydrogen bond
with HW site of water as the first peak is located at 2.55 A. Similar observation was also
reported by Shamay et al as 2.24 A'°. Again, the hydrogen bond of HA site of nitric acid to

OW site of water emerges comparatively strong as the first peak is appeared at 1.95 A which

is close to the reported value of 1.87 A,

129



CHAPTER 5: Interfacial Phenomena of Biphasic Mixture

5.3.3 Biphasic System

5.3.3a. Water—dodecane system

First, the performance of the developed force field needs to be verified in agueous-organic
biphasic system in the absence of ligand and acid before its implementation in more complex
molecular system. Hence, it is worthwhile to develop first an understanding of water—dodecane
biphasic system. The simulations were carried out with 2800 water molecules and 400
dodecane molecules. The structural and dynamical properties of water—dodecane system are
discussed by considering 70:30 volume ratios between water and dodecane molecules. The
density profile is shown in Figure 5.6 which displays a sharp interface that separates the two

liquid phases.

Water
Dodecane

1.0 15 20 25 3.0 35 40 45 50 55
Z (nm)

Figure 5.6: Density profile of water—dodecane system with snapshot representing the biphasic

mixture of water (left side: red/white) and dodecane (right side: blue).
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The computed average bulk density of water and dodecane away from the interface are about
1001 kg/m? and 744.61 kg/m? respectively which are in quite good agreement with the reported
experimental values of 995'% kg/m?® and 745.79'" kg/m® respectively. Further, the larger
surface area at the interface as well as wider interface indicates large number of water
molecules are in contact with the dodecane molecules as seen from the snapshot in Figure 5.6.
Again, this can also be well understood from the snapshot captured from dodecane side of
simulation box represented in Figure 5.7. It shows the interfacial roughness which is an

indication of large surface area available at interface.
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Figure 5.7: Snapshot of interfacial region of water — dodecane system illustrating surface
roughness

The diffusivity of water and dodecane are also calculated in water—dodecane system and it was
found that though the diffusion coefficient of dodecane remains unchanged as compared with
our previous work®, but in presence of dodecane, the diffusivity of water has been reduced
from 2.53x10°° to 1.65x10° cm?/s as shown in Figure 5.8 which may be due to the influence
of the dodecane phase on the water phase. Further, the interfacial tension also has been
computed at the water—dodecane interface using the pressure tensor method and the value
obtained from simulation is 49.27 mN/m which is in quite good agreement with the reported

experimental data of 52.8mN/m?*%% 192,
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Figure 5.8: MSD of water and dodecane for water—dodecane biphasic system along with MSD

of pure water.

5.3.3b. Neutral water/ (TiAP + dodecane) system

In the preceding section, the developed force field was tested for biphasic system like water —
dodecane system and the performance was quite good. Now, TiAP has significant influence on
the structural and dynamical properties of the interface. Therefore, next, the effect of TIAP on
the interfacial properties of TiAP/dodecane—water biphasic system was studied along with the
validation of the newly developed force field. From our previous studies the effective
composition of binary mixture was concluded to be between 20-30% mole fractions of
TiAP.* Hence, the compositions selected for this present study are within 10-40% to generate
sufficient data for a quantitative understanding. The description of the simulated system is

provided in Table 5.1.
Liquid state structure of water/ (dodecane + TiAP) system

Generation of appropriate liquid state structure is a primary requisite in performing the MD
simulations and subsequent property calculation. During creation of the simulation box with
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two phases, initially both phases are seen to be randomly mixed even after energy
minimization. Then, the phases are started to be separated out during equilibration in NPT
ensemble. The snapshots of liquid structures at different simulation length of equilibration
process are depicted in Figure 5.9(a) to understand the separation of phases. The transport
mechanism of water has been already reported by Ye et al in their studies on MD simulation
of water extraction into a TBP/dodecane solution'®*, therefore it is not repeated here again. In
the present work, we are interested to discuss about interface thickness and interfacial tension
at TiAP/dodecane-water interface and the effect of packing of TiAP at the interface as well as

the mole fraction of TiAP on the interfacial properties.

(b)

Figure 5.9: (a) Snapshot of water/(TiAP + dodecane) system at different simulation length

representing the TiAP accumulation at neutral interface. System: water-20%TiAP in dodecane.
Colour code: red-O, yellow-phosphorous, white-H, cyan-dodecane and (b) orientation of
phosphoryl group of TiAP molecules at neutral interface
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As seen from the above snapshots, the interface becomes sharper with time progression of the
simulation length indicating the phases are started to separate out and it is observed that after
1500ps, they are separated with a sharp interface. At the same time, the accumulation of TIAP
at neutral interface is increased with increasing simulation length. The TiAP molecules are
migrated towards the interface from bulk dodecane phase. Further, it gradually increases the
surface roughness as well as the interfacial area. The TiAP molecules are oriented in such a
manner that the phosphoryl group of TiAP molecules are pointed towards water molecules at

the interface as shown in Figure 5.9(b).

Density profile for neutral water / TIAP + dodecane

Density profile of neutral water—TiAP/dodecane biphasic systems for all the systems have been
evaluated along the z-direction of simulation box with the effect of mole fraction of TiAP in
dodecane. Concentration of TiAP has an important implication on the interface. It affects the
interface structure and the interfacial properties also. Again, the packing of TiAP at the
interface and the concentration of TiAP at the bulk phase is also influenced by mole fraction
of TiAP in dodecane. The above effects can be observed from the snapshot of liquid structure
taken at the liquid—liquid interface (see Figure 5.10) and the corresponding density profile of

various mole fractions considering 10% to 40% mole fraction of TiAP.

The density profile of dodecane is passing through a maxima appearing at some distance from
interface as shown in Figure 5.10 which indicates that the interface is not so sharp and the
packing is propagated more intensely into the bulk dodecane phase. Again, as illustrated in the
above snapshots of TiAP/dodecane — neutral water system, TiAP is accumulated at the
interface with increasing mole fraction of TiAP from 10% to 40%. The increasing peak height

of TiAP at the interface as shown in density profile also proves the same phenomena.
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Figure 5.10: Snapshot of liquid structure and its corresponding density profiles for 10%, 20%,
30% and 40% mole fraction of TiAP/dodecane-water biphasic system. Cyan: dodecane, red

&white: water, red &grey: phosphoryl group of TiAP.

135

Z (nm)



CHAPTER 5: Interfacial Phenomena of Biphasic Mixture

In addition to that, the TIAP molecules form chain like structure along the interface at higher
concentration. For a particular TIAP mole fraction, TiAP is aggregated at the interface diluting
the bulk dodecane phase but with increasing mole fraction, the average TiAP concentration is
raised up in bulk dodecane phase as seen from snapshots and also from density profile in Figure

5.10.

Again, it can also be concluded that the higher TiAP accumulation at interface leads to higher
interfacial roughness and thus a wider effective interfacial area where larger number of water
molecules are exposed to the organic phase. Therefore, higher roughness will promote the
water molecule to enter into the organic phase by breaking the fewer hydrogen bonds which
connects the water molecules in the aqueous phase. Hence, surface roughness has significant
role on water extraction to the organic phase. The increasing interfacial area with mole fraction

of TiAP is depicted in Figure 5.11.
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Figure 5.11: Schematic density profile for various mole fraction of TiAP from 10 % to 40%,

representing the interface thickness which increases with mole fraction of TiAP.
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Figure 5.11 illustrates a typical representation of the density profile of water and dodecane for
various mole fraction of TiAP from 10% to 40% to discuss the effect of mole fraction of TiAP
on the interface thickness. In this context, the corresponding water—dodecane interface
thickness has been calculated using each water-dodecane profile obtained from individual
systems. The position of organic molecules at the aqueous edge and the water molecules at the
organic edge are represented by the vertical lines and the distance between two vertical lines
indicating the interface thickness (shown by dashed lines in Figure 5.6). Point to be noted that
quite similar methodology was earlier adopted for determining the total interface thickness'’®
for water-nitrobenzene system. It is clearly seen that the interface thickness is broadened with
increasing mole fraction of TiAP. Therefore, the choice of mole fraction of TiAP for liquid—
liquid extraction system is very crucial and higher mole fraction leads to higher water
extraction in the organic phase which is not desirable. Again, lower mole fraction provides
lower interfacial area which affects the rate of mass transfer and it is also not desirable. So, we
have to optimize a composition to develop an efficient extraction system which is discussed in

the succeeding sections.
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Figure 5.12: Total interface thickness as a function of mole fraction of TiAP representing an

increasing trend of interface thickness.
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The interface thickness plays an important role in mass transfer. At higher interface thickness,
mass transfer rate is high and the roughness is also high which greatly influences the mass
transfer. In Figure 5.12, the interfacial thickness is expressed as a function of mole fraction of
TiAP and it shows an increasing trend. The interface thickness is calculated from respective
density profile using the distance between the die out point of each phase. Initially, the growth
of interface thickness is high but finally it reaches to near saturation. Hence, the interface
thickness is affected only up to a certain mole fraction of TiAP (here 50%) and after that it is
not worth to increase the mole fraction of TiAP in dodecane as it will not of much help in the

mass transfer further.

In this aspect, the microstructures of these biphasic liquid mixtures also have been
characterized from pair correlation function (PCF) to understand the interfacial structure. Here,
PCFs, mainly accounting the interaction between phosphoryl group and water molecules are
only discussed. The PCFs between phosphorous atoms (P — P) and phosphorous and oxygen
atoms (P — O) of two TiAP molecules were already analysed in Chapter 4 (see Figure 4.10).
So, PCFs between O — HW and O — OW of interacting TiAP — water molecules are evaluated
to understand the relative positions of phosphoryl group and water molecules in the mixture.
The PCFs of O — HW and O — OW are presented in Figure 5.13(a) and Figure 5.13(b). The
higher peak height at lower TiAP mole fraction is due to high local density and then it is
decreasing with increasing mole fraction of TiAP as discussed in our previous chapter. Again,
the PCFs between oxygen atom of TiAP molecule and hydrogen atom of water molecule along
with the oxygen atom of TiAP and oxygen atom of water are also shown in Figure 5.13(a) to

understand the availability of TIAP molecules at the water surface.

The first peaks of O—HW for all compositions of TiAP are appeared at same location, 1.95A
indicating that the interfacial positional distribution of TiAP and water molecules is

independent of mole fraction of TiAP. In addition to that, the peak height is decreasing at higher
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mole fraction of TiAP interpreting the availability of water molecules surrounding the TiAP
molecules is reduced. At higher mole fraction, larger numbers of TiAP molecules are
accumulated at the interface and it reduces the probability of founding water molecule around
TiAP molecules. It is also rendered the formation of hydrogen bond between oxygen of
phosphoryl group and hydrogen of water. Similar trend is also observed for PCFs between O—

OW of two interacting TiAP and water molecules in Figure 5.13(b) where the first peaks are

appeared at around 2.85A.
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Figure 5.13: Pair correlation function (a) between O — HW atoms and (b) between O — OW
atoms of two interacting TiAP and water molecules.

Further, the interfacial tension is the most important interfacial property. It has strong influence
on the characteristics of liquid — liquid interface and also a guiding parameter for dispersion of
one phase into other. The interfacial tension has been calculated for neutral water—
TiAP/dodecane biphasic system using pressure tensor method. The output obtained from
production run is used for further semi-isentropic run followed by surface tension run. The
values of interfacial tension obtained from simulation along with reported experimental data

are presented in Table 5.5.
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Table 5.5: Interfacial tension of neutral water-TiAP/dodecane system at T=300°K

Mole fraction of Interfacial tension (mN/m)
TiAP in % Simulation Experiment?
0 493+ 1.6 52.6
10 28.7+ 2 35.3
20 27.1+ 23 25.5
30 244+ 29 20.5
40 23.2+2.1 18

From the table, it is seen that the interfacial tension is decreasing with increasing mole fraction
of TiAP. Interfacial tension is maximum in absence of TiAP molecules and then it is decreasing
gradually indicating TiAP acts as a surface active agent which can be nicely explained from
the concept of interfacial roughness. As it is seen from the above snapshot and density profile
in Figure 5.10, the system with higher mole fraction of TiAP induces the TIAP molecules to
accumulate at the interface and large numbers of water molecules are in contact with them
resulting to larger interfacial roughness which facilitates the breaking of hydrogen bonds
between water molecules and of making hydrogen bond between phosphoryl group of TiAP
and water molecules as shown in Figure 5.14. Thus, the interaction between water molecules
is reduced in presence of TiAP. The breakage of hydrogen bond among water molecules
reduces the surface tension of water and it may help to increase the mingling of water and
organic phases. Therefore, at higher TiAP concentration the packing of TiAP at the interface
is increased which accelerates the hydration of TiAP and thus leads to more reduction of the

interfacial tension. Similar observation was also reported by Zhang et al.***
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® P=0——H\ _H._

Figure 5.14: Snapshot of phosphoryl group of TiAP and water molecules at interface
representing the orientation of phosphoryl group towards water surface and a schematic

diagram of that phenomenon. Yellow: P, red: O, cyan: water.

Interaction of water with TiAP at the interface

In view of the increased interfacial roughness, it is worthwhile to investigate the interaction of
water molecules with TiAP at the interface. In that connection, TiAP-H20 complex was
optimized at the B3LYP/TZVP level of theory using Grimme's dispersion correction'®> and the
optimized structure is depicted in Figure 5.15. For comparison, the water dimer structure is
also presented in Figure 5.15. The O---H bond length (1.81A) in TiAP-H20 complex (O of
P=0 and H of water molecule) is found to be quite smaller than that of O---H bond length
(2.16A) in water dimer (shown in Figure) which indicates that the TiAP-H20 interaction is
stronger than that of H20-H20 interaction as reflected in the interaction energy. The interaction
energy for TiAP-H2O interaction (-10.74kcal/mol) is found to be higher than that of H20-H20
interaction (-4.63kcal/mol) at the B3LYP/TZVP level of theory with dispersion correction®®.
The O---H bond length in TiIAP-H20 complex (O of P=0 and H of water molecule) from MD

simulation was found to be 1.55A whereas O--- H bond length in water was found to be 1.95A,
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which might be considered to be reasonable due to different physical state of the molecular

system in MD and QM.

Figure 5.15: Optimized structure of TIAP-H20 and H20-H20 at the B3LYP/SVP level of theory
to exhibit the hydrogen bond.

Furthermore, the potential of mean force (PMF) has been studied along reaction coordinate to
understand the free energy profile of ligand and water. PMF is a highly reliable method to
calculate the free energies and hence has been adopted for TiAP/dodecane and
TiAP/dodecane/water system. The PCF of P-P atoms and P-O atoms between two TiAP
molecules have been computed in our previous studies and the PMF is then calculated from

the PCF using the equation 4 as shown in Figure 5.16(a) and Figure 5.16(b) respectively.

The figure depicts free energy between two TiAP molecules separated at a distance as reaction
coordinate. The figures also exhibit that profile of 10% and 30% mole fraction of TiAP pass
through more minimum indicating stable probable composition. Again, the PMFs are also
evaluated between TiAP—water as O—W and O—W and it is represented in Figure 5.16(c) and
Figure 5.16(d) respectively. In presence of the aqueous phase which is in contact with the

organic phase, the more minima are observed at lower mole fraction of TiAP. In addition to
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that a shallow secondary minimum has been observed for all the mole fraction of TiAP in
Figure 5.16(c) indicating the presence of second solvation shell. So, it may be considered as a
strong interaction due to the presence of hydrogen bonding between phosphoryl oxygen and

water hydrogen.
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Figure 5.16: PMF along the coordinates of (a) P-P atoms, (b) P-O atoms, (¢) O-HW atoms
and (d) O—OW atoms between two interacting TIAP—TIAP and TiAP—water molecules.

5.3.3c. Acidic water/ (TiAP + dodecane) system

In addition to the influence of mole fraction of TiAP in dodecane at the interface, the acidity
of the aqueous phase also has significant effect on the structural and dynamical properties of

interface. In the next section, we have discussed the effect of acidity in terms of acid molarity
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in aqueous phase by varying the concentration of nitric acid from 1M to 4M. The compositions

of acidic systems are tabulated in Table 5.1.

Liquid state structure of acidic water/(TiAP + dodecane) system

The liquid state structure at the acidic interface is of great significance for interpreting the
interfacial properties. The snapshots of liquid structure for step wise progress of simulation

length in the separation of two phases during equilibration run are shown in Figure 5.17.

Figure 5.17: Snapshot of liquid structure containing acidic water as the aqueous phase and
TiAP/dodecane as the organic phase which reflects the interfacial structure at different
simulation length. System: water/3M nitric acid - 30%TiAP in dodecane. Colour code:
magenta - dodecane, blue - HsO™, green - NOs", orange - water, red — phosphoryl oxygen, grey
—phosphorous atom.
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The similar phenomena like earlier neutral interface system are also observed here. As shown
from the snapshot, the phase separation process is carried out on progression of simulation
length and finally the phases are separated out with formation of sharp interface. Here, the
phase separation is comparatively faster means it is achieved in shorter time interval compared
to the absence of acid in the aqueous phase. This can be explained even better with density
profile of biphasic system. The HsO* and NOs™ ions are initially well dispersed in the bulk

aqueous phase but they form cluster in the bulk phase with the progress of simulation length.

Density profile for acidic water / TIAP + dodecane system

Density profile at the acidic interface between acidic water and TiAP/dodecane mixture has
been discussed along with the effect of aqueous phase acidity. Here, the interfacial properties
have been evaluated under the acidic environment and the nitric acid is used in fully dissociated
form instead of neutral nitric acid. The systems are first energy minimized and then equilibrated
in NPT followed by production run in NVT. The final snapshot of these acidic biphasic
mixtures considering 30% mole fraction of TiAP in dodecane contacted with aqueous phase
having different acidity and the density profile of all the components of corresponding acidic
systems are presented in Figure 5.18.

From the figure it is shown that the density of dodecane passes through a maximum just after
the interface indicating that the dodecane is deeply packed which leads to a sharp interface.
Again, the density of TiAP is maximum at the interface and then it is diluted in the bulk
dodecane phase. The concentration of H3O" and NOs in the aqueous phase passes through
maxima and they are accumulated in the bulk aqueous phase as shown from the above snapshot
and density profile. It is already reported in previous literature that the nitric acid in dissociated
form preferred to be in bulk phase and to lesser extent at the interface. The dip in density profile
of water is obtained because the number of molecules in aqueous phase has been kept constant

for all the systems.
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In addition to that the concentration of TiAP at the interface indicated by the peak height is

gradually decreasing with increasing aqueous phase acidity as seen from Figure 5.18.
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Figure 5.18: Snapshot of biphasic liquid structure containing 30% TiAP/dodecane as organic
phase and nitric acid solution as aqueous phase. The corresponding density profiles for each

component at different molarity of nitric acid varies from 1M to 4M.
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It can be assumed that the accumulation of TiAP at the interface is less in presence of
hydronium and nitrate ions. At high aqueous phase acidity, the ionic concentration at the
interface is also high and it reduces the TiAP hydration at the interface. Hence, the packing of

TiAP at the interface becomes weaker as represented in Figure 5.19(a).
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Figure 5.19: (a) Density profile of 30% TiAP/dodecane — water system at different acidity
illustrating the shifting of interface towards organic phase and (b) Density profile of water at
different aqueous phase acidity of 20% TiAP/dodecane — nitric acid system illustrating

sharpness of water density.

It is also observed that the density profile of water becomes much steeper at the higher acidity
showing a sharp fall of water density at the interface with increasing acidity as shown in Figure
5.19(b). So, it indicates that the water located at the interface participated in hydration, is
gradually shifted to the bulk aqueous phase which leads to a reduction of the interfacial

thickness.

Furthermore, the concentration of TiAP at the interface is increasing with increase in mole

fraction of TiAP having aqueous phase acidity of 3M as shown in Figure 5.20(a).
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Figure 5.20: (a) Density profile of 3M nitric acid-TiAP/dodecane system with various mole
fraction of TIAP illustrating the interface thickness changing with mole fraction and (b) Density
profile of 3M nitric acid - TiAP/dodecane system at different mole fraction of TiAP illustrating

the water — dodecane solvent interface.

It has been already shown in the preceding section for neutral interface that higher
accumulation of TiAP is observed at the interface at a higher mole fraction of TiAP. Similar
behaviour is also observed here in the presence of acid. It is obvious that the peak height of
TIAP at the interface will be lowered in the presence of acid compared to the neutral interface.
The water — dodecane interface for 3M acid system is shown in supplementary material as

Figure 5.20(b).

In addition, an interesting observation can be drawn at higher acidity. The interface thickness
becomes narrow with increasing aqueous phase acidity as depicted in Figure 5.21. Initially the
interface is thinning rapidly followed by a gradual reduction of it. It may be due to the
replacement of interfacial water by acid ions at higher acidity. It leads to the reduction of

hydration of TiAP which helps to separate out both the phases.
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Figure 5.21: Interfacial thickness of 20% TiAP/dodecane—nitric acid system as a function of
aqueous phase acidity which illustrates the effect of acidity on the interfacial thickness. The

interfacial thickness shows a decreasing trend with the aqueous phase acidity.

This behaviour can be explained by analysing interfacial tension at the interface. The interfacial
tension of different systems based on the mole fraction of TiAP is presented in Table 5.6 as a
function of acidity.

Table 5.6: Calculated interfacial tension (mN/m) at various mole fraction of TiAP with

different aqueous phase acidity

Aqueous phase 10% 30% 40%
acidity (M) TiAP/dodecane TiAP/dodecane  TiAP/dodecane
0 28.7£2.0 244+ 29 232+ 2.1
1 -- 25.6+1.9 254+ 49
3 32.1+3.1 26.1+ 2.7 -~
4 33.4+19 -- 27.8+ 3.2
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The interfacial tension values obtained from simulation display an increasing trend. At the
same time, at higher interfacial tension, the interface width is reduced and due to the lesser
packing of TiAP at the interface, the interfacial roughness is also reduced. Hence, the two

phases prefer to remain separated like de-mixing situation resulting to a clear interface.
5.3.4. Relation between interface thickness and interfacial tension

The liquid-liquid interface can be well characterized by two thermodynamic quantities such as
interface thickness and interfacial tension. The interfacial tension can be calculated in different
ways using pressure tensor method, capillary wave theory and free energy calculation. In recent
past, lots of efforts have been put to calculate the interfacial tension as well as interface
thickness for different biphasic systems like carbon tetrachloride/water'®®, isooctane/water'’?,
hexane/water'®® and octane/water'®®. But the interfacial tension for complex systems like
TBP/dodecane/water or TiAP/dodecane/water has not been investigated. Again, few
researchers applied the capillary wave theory to provide a relation between interface thickness
and interfacial tension for simple system. They have calculated interface thickness from
capillary wave where thermal fluctuation at the interface is considered. Senapati et al have
computed the intrinsic width and the width obtained from thermal fluctuation by fitting with
density curves for liquids'®. Then, the interfacial tension was calculated from CWT using these
width and the values obtained from both the calculations are in good agreement. But all these
calculations have been done for simple system like two component system. Again, they were
not prescribed any straightforward equation for the calculation of total thickness. The presence
of ligand in organic phase and ions in aqueous phase alter the physical and dynamical properties
as well as these two thermodynamic quantities also. As it is seen from the above study, presence
of acid increases the interfacial tension and presence of TiAP decrease the interfacial tension.
Therefore, it is necessary to check the applicability of CWT in complex three component

molecular systems. In addition to that, it is equally important to establish a method for
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calculation of total and intrinsic interface thickness. Hence, it is worthwhile to develop a simple

relation between them so that one can calculate the interfacial properties for complex system.

The calculated values of interfacial tension is plotted against interface thickness in Figure 5.22
and it is found that they follow an inverse quadratic relation which is very much similar to the

relation obtained from CWT.
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Figure 5.22: Interfacial tension of TiAP/dodecane—neutral water biphasic system as a function

of interface thickness illustrating the inverse relation between these two parameters.

Therefore, the CWT has been applied to calculate the interface thickness due to thermal

fluctuation for three component system.

Furthermore, the interface thickness due to thermal fluctuation (wc) [see equation 2.45] is
computed for two component system before dealing with three component system. Then, the
CWT is applied to calculate the wc for water—dodecane system which is found to be (0.202 nm)
in good agreement with the reported experimental results*. Earlier, the reported thickness for
water—carbon tetrachloride system was 0.158 nm*8!, which is very close to our value. It is

obvious to have higher value compared to water—carbon tetrachloride system as the larger size
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of dodecane increases the molecular length. So, the thickness obtained from water—dodecane
system is in close proximity with the reported data which indicates the validation of CWT.
Thereafter, the CWT has also been applied to three component system where TiAP is present
in dodecane. Here, the calculation of bulk correlation length is really a concern because of the
presence of TIAP as third component at the interface. Hence, it will be inappropriate to
calculate the molecular length considering only water and dodecane or water and TiAP. Hence,
we have formulated a simple prescription, where, the weighted average of the molecular length

of TiAP and dodecane has been considered as given by the following expression:

Ly = Ly_7r * Xriap + Lw_p * Xpodecane (5.1)

Where, Ly, _r and Ly,_,, are the average molecular lengths considering water—TiAP interface
and water—dodecane interface respectively. xg;4p aNd X go4ecane are the mole fraction of TiIAP
and dodecane respectively. Now, the question arises how to find the molecular size
theoretically. The molecular diameter of the solute of interest was evaluated from the volume
of the solute by assuming spherical shape of the molecule. The volume (Vcosmo) of the water,
dodecane and TiAP was determined by COSMOtherm program®® using charged surface of the
solute obtained from single point energy using conductor like screening model for realistic
solvents (COSMO-RS)** at the BP/TZVP level of theory as implemented in TURBOMOLE
suite of program®. The calculated diameter (o) of water, dodecane and TiAP using the
respective COSMO volume was found to be 0.36, 0.81 and 0.93 nm respectively. The interface
thickness due to thermal fluctuation using CWT is calculated for three component system like
water—TiAP/dodecane using three methods for calculation of bulk correlation length which is
displayed in Figure 5.23(a) and Figure 5.23(b) as a function of mole fraction of TiAP and

function of interfacial tension respectively.
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Figure 5.23: (a) Interface thickness (wc) due to capillary wave as a function of mole fraction

of TIAP and (b) Square of interface thickness (wc?) as a function of interfacial tension.

The figure illustrates that the interface thickness (wc) due to capillary wave is an increasing
function of mole fraction of TiAP and the square of interface thickness (wc?) is a decreasing
function of interfacial tension. Moreover, the interface thickness due to capillary wave obtained
from the calculation of molecular length by considering water—dodecane at the interface is very
close to that of the calculation by weighted average method and the weighted average method
for calculation of wc is comparatively better among the others. Again, the wc values for all
cases are in close proximity which concludes that the methodology for two component system
can also be applicable for three component system. Thus, the simulations results are seen to be
almost insensitive to the molecular length. Further, the total interface thickness (wt) can be

nicely fitted to an equation as follows:

2 _  ksT (ﬂ
wt=C"n Lb) (5.2)
C = (owatert OTiAP + Ododecane) (53)
1.4 owater

Here, o represents the diameter of TiAP, dodecane and water respectively.
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Further, the model equations (equation 5.2 and equation 5.3) are applied to the present system
to calculate the total interface thickness by using the molecular length (Lb) calculated from the
weighted average method and compared with the total interface thickness obtained from the

density curve in Figure 5.24.
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Figure 5.24: Total interface thickness computed from both density curve and proposed

equation as a function of (a) mole fraction of TIAP and (b) aqueous phase acidity.

The above figure depicts that the results calculated from proposed equation are in excellent
agreement with the values obtained from density curve. For two components bi-phasic system,
though it underestimates the total thickness, for three component bi-phasic system it performs
quite well for a wide range of composition, whereas the calculated results for wt using the
proposed equation slightly overestimates the results obtained from the density curve over a
varied acidity. The proposed equation is found to be useful to determine the wt for a wide range
of bi-phasic system. Now, the interface thickness obtained from the density profile and thermal
fluctuation is quite different. The interface thickness calculated from the density profile is
substantially high compared to the value obtained using capillary wave (wc) indicating that wc

is not the sole contributor, hence, it is inappropriate to intend wc as the genuine interface
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thickness. The contribution from intrinsic thickness (wi) can now be obtained using a reported

relation as*®!:
Wi = W - We2 (5.4)

The calculated value of wi for water-dodecane system using equation 5.2, equation 5.3 and
equation 5.4 was found to be 0.74nm which is very close to the reported MD simulation value
of 0.51nm*°" and thus confirms the acceptance of the present model equation (equation 5.2). In
concern with the above studies regarding interface thickness, the capillary thickness, total
interface thickness and the intrinsic thickness calculated from the equation 5.2, equation 5.3
and equation 5.4 are tabulated for various compositions of TiIAP and aqueous phase acidity in

Table 5.7 and Table 5.8 respectively.

Table 5.7: Interfacial tensions and thicknesses (nm) of neutral biphasic system as a
function of mole fraction of TiAP

Biphasic System IFT (mN/m) We Wt Wi
dodecane-water 493+16 0.202 0.767 0.740
10% TiAP/dodecane-water 2872 0.261 0.996 0.961

20% TiAP/dodecane-water 27.2+2.3 0.268 1.03 0.994

30% TiAP/dodecane-water 244 +29 0.283 1.091 1.054

40% TiAP/dodecane-water 23.2+2.1 0.291 1.126 1.088

It is worth mentioning that the computed value of w: using equation 5.2 and equation 5.3 for
water-dodecane system is 0.767 nm which is in reasonable conformity with the reported
experimental result of 0.49nm*®L, Furthermore, the proposed equation (equation 5.2) has been
applied for other reported systems also to test the predictability and its wide applicability. We
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have taken the interfacial tension values for various biphasic systems along with the respective
box dimensions reported in the literature and then the capillary thickness, wc has been
calculated using the bulk correlation length computed from COSMOtherm program from
equation 5.1. We extend the study to compute the total interface thickness, w: using our
proposed equation and further we calculate the intrinsic thickness, wi from total thickness using

equation 5.4.

Table 5.8: Interfacial tension and thicknesses (nm) of 10% TiAP/dodecane-water

biphasic system as a function of agqueous phase acidity

Aqgueous phase acidity  IFT (mN/m) We Wt Wi
oM 28.7%2 0.261 0.996 0.961
2M 31.2+25 0.251 0.957 0.923
3M 32.1+31 0.247 0.944 0.911
4M 334+19 0.242 0.926 0.894

The intrinsic thickness has the major contribution on total interface thickness. It has been
observed from Table 5.7 that the intrinsic thickness is increased around 0.127 nm whereas the
capillary thickness is around 0.03 nm. Similar observation is also noted from Table 5.8 where
the wi is decreased by 0.067 nm and wc is 0.019 nm. So, the wc is less affected by the mole
fraction of TiAP and nitric acid concentrations compared to the wi. Again, the intrinsic
thickness is dramatically affected by the mole fraction of TiAP in organic phase compared to
the concentration of nitric acid in aqueous phase. Hence, the organic phase has dominating

effect on interface thickness compared to the aqueous phase.

156



CHAPTER 5: Interfacial Phenomena of Biphasic Mixture

The calculated various interface thicknesses for a wide range of biphasic systems using the
equation 2.45, equation 5.2, equation 5.3 and equation 5.4 as well as from the earlier reported

MD results are presented in Table 5.9.

Table 5.9: Calculated interface thicknesses (nm) including capillary, intrinsic and total
thickness for a wide range of biphasic systems using Egn. 5.2 and Egn. 5.3 along with the

earlier reported MD simulations results (parenthesis)

System IFT (mN/m) We Wi Wi
Water-dodecane 0.74 (0.37)%!
493+16 0.202 (0.338)*8! 0.767 (0.5)**
(2800 + 700) (0.51)*"
water-hexane
56 + 68 0.168 0.594 0.570
(875+125)
Water-octane
61.5+1.9'%  0.155 (0.14)'* 0.565 0.544
(560+62)
water-isooctane
58.81%° 0.158 (0.12)*%° 0.575 0.553
(794+168)
Water-nonane
42,5200 0.184 (0.15)%%° 0.680 0.654
(500+108)
water-decane
48.21%7 0.172 0.643 0.620
(389 + 50)
water-CCl4
53.13%63 0.192 (0.17)*83 0.671 0.64 (0.07)*82
(2465 + 1134)

) 0.736 (0.19)7
Water-nitrobenzene  39.7+ 3.3 0.209 (0.178)*" (0.45)" 0.706 (0.05)*7
Water- lonic liquid

8.77+ 21 0.445 1.773 1.716
(2657+219)
Water-octanol
12+ 3202 0.348 1.27 1.23
(500 + 108)
Water-heptanone
12.9+ 0.1 0.339 1.221 1.173
(794 + 168)
water—benzene
55 +45°%  0.168 (0.17)°®  0.578 (1.0)** 0.553
(504 + 144)
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The reported value of wi for water—dodecane'®’ system using MD simulations was 0.51 nm.
The calculated wc for water—CCl4 is much closer to the reported value of 0.171 nm where the
reported wi is significantly less compared to our calculation.'® Similar observations are also
found in water—nitrobenzene'’® system where the present calculated we is in close proximity to
the reported value but reported w: and wi are significantly low compared to our results. It is
worth mentioning that the experimentally?®* measured value of 0.45nm for w is in far better
agreement with our calculated value of 0.736nm compared to the earlier reported value of
0.19nm using MD simulations. For water—benzene system, the calculated wc is much closer to
the reported value, but high value for wt is reported as 1 nm where the total interface thickness
was determined to be of 2-3 molecular diameters.?®® The calculated values of wc using equation
2.45 are found to be in good agreement with the reported MD simulations results!’® 182, 198-200
203 and experimental results'®! for a wide varieties of oil-water bi-phasic system. Similarly, the
calculated values of wt using equation 5.2 and equation 5.3 for water-dodecane and water-
nitrobenzene are in good agreement with the experimental results'®":2°* and for water-benzene
with the earlier reported MD simulations results®®. Further, the calculated value of wi using
equation 5.4 for water-dodecane is in good agreement with the experimental‘®* and reported
MD simulations results'®’. It is worth mentioning that the computed value of the intrinsic
thickness, wi is always greater than that of capillary thickness, wc as revealed by the
experiments'® as well as the present study, whereas, earlier MD simulations studies on water-
CCl4!% and water-nitrobenzene!’ systems predicts the reverse trend where we was shown to
be much greater than that of wi. Note, the accurate intrinsic width can also be obtained by fitting
the density profile to a hyperbolic tangent provided the density profile is very smooth',
Therefore, further experimental and computational studies are needed to arrive at a reasonable

conclusion.
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5.3.5. Preferential orientation of TiAP at the interface

The structure of the interface using pair correlation function has been already described in
earlier section. The molecular orientation also provides structural information for
understanding the interaction at the interface. Therefore, we have attempted to captures the
molecular orientation at the aqueous-organic interface. The interface has quite negligible effect
on the orientation of water molecule because they do not need any special orientation for
making hydrogen bond!’®. The ordering of water molecules is seen to be high as the liquids are
in more demixing condition which leads to a sharp interface. But the orientation of the organic
molecules has been changed markedly in the presence of interface compared to that in pure
state. Interface has a great influence on the ordering of TiAP molecules. So the knowledge of
preferential orientation of TiAP at the interface is required to develop a detail understanding of
molecular transport. From the snapshot it was seen that the phosphoryl oxygen from one TiAP

unit is facing the back of the P of P=0 of the neighbouring TiAP unit (see Figure 5.25).

Figure 5.25: Preferential orientation (P=0-P=0) of phosphoryl group of TiAP molecules
obtained from simulations with different view.

Further, in order to confirm the probable populated conformers, dispersion corrected DFT
calculation was performed by considering three kind of probable orientation between dimers

of TIAP. The optimized structures are displayed in Figure 5.26. The stability of the dimer with
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different orientation was established by computing the dimerization energy. The interaction
energy for dimer with orientation of O=P-P=0, P=0-P=0 and P=0-O=P was found to be -
12.98, -14.97 and -10.81 kcal/mole respectively indicating that dimer with orientation of P=0O-

P=0 is the most stable which was also captured in the MD simulations.

Figure 5.26: Optimized structures of dimer of TiAP in different orientation of phosphoryl
group of TiIAP molecules at the B3LYP/TZVP level of theory using dispersion correction. (a)
O=P-P=0 (b) P=0-P=0 and (c) P=0-0=P.

5.3.6. Water Solubility in TiAP/dodecane System

The water solubility in the organic phase containing TiAP in dodecane phase has also been
computed in the present study. It is one of the very important criteria for selection of a ligand
which in turn control the economy of the process. The water extracted by the organic phase

having different mole fraction of TiAP is reported in Table 5.10.

From the table, it is noticed that the water extraction is enhanced at a higher mole fraction of
TiAP. It is obvious because the interface thickness is increased at higher composition of TiAP
which induced the water transport to the organic phase. Again, the calculated values reveal that
the water extractability is decreased with increasing aqueous phase acidity as the interface
thickness is reduced at a higher acidity. Therefore, the interface thickness plays an important
role in the mass transfer and it may control the transfer processes by choosing the appropriate

composition of a biphasic mixture.
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Table 5.10: Water extraction at water - TiAP/dodecane Interface

Neutral biphasic system Acidic biphasic system
(TiAP/dodecane—water) (30% TiAP/dodecane—water)
Amount of water Aqueous phase  Amount of water
System ) ) o ) )
extraction (mol/lit) acidity (M) extraction (mol/lit)
dodecane-water -- 2 3.49
10% TiAP/dodecane 1.00 3 3.01
40% TiAP/dodecane 4.71 4 2.44

In our previous work, the effort was devoted to evaluate the probable composition of
TiAP/dodecane binary system based on the dynamic properties like diffusivity and viscosity
and 20-30% TiAP/dodecane mixture obtained from the intersection of diffusivity and viscosity
profile was predicted to be an optimum composition.*®® The interface thickness and interfacial
tension both can significantly affect the mass transfer and these physical properties of interface
get affected in the presence of acid also. In the present study, it has been seen that these two
physical properties are inversely related. At higher interfacial tension, the interface thickness
is reduced indicating the two phases are more prone to be separated. Moreover, the interface
thickness is increasing with mole fraction of TiAP in the dodecane phase and is decreasing
with aqueous phase acidity. Similarly, the interfacial tension is decreasing with mole fraction
of TiAP in the dodecane phase and is increasing with the aqueous phase acidity. So, it is very
crucial to choose an optimum composition of TiAP/dodecane-nitric acid system which is
suitable for the effective mass transfer having less interfacial tension and wider interface
thickness. Again, the interface thickness and interfacial tension both are affected in the
presence of acid in the aqueous phase. The interfacial tension increases whereas the interface

thickness decreases with the aqueous phase acidity. So, the aqueous phase acidity can also be
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chosen in similar fashion. But there are some other parameters which also depend on the
aqueous phase acidity and they also play a significant role. The most important point among
them is the distribution coefficient (Kp) of heavy metals which depends strongly on the aqueous
phase acidity. In PUREX process, the recovery of heavy metals has the priority over the
purification as it can be achieved later on. In addition to that, the decontamination factor (DF)
and the recovery of acids are also affected by the aqueous phase acidity. So, the acidity can be
selected based on the above factors not only based on the physical properties. Hence, it is very
challenging task to select the appropriate aqueous phase acidity at which the heavy metal
recovery will be satisfactory and it can be performed in the presence of heavy metal ions which

we are intended to explore in our future study.

5.4. SUMMARY

In the present study, MD simulations have been performed for the aqueous-organic biphasic
system using a newly developed force field to test its applicability in two phase consisting of
four chemical species. The calculated structural and dynamical properties of pure water and
water—dodecane like biphasic system using MD simulations are in excellent agreement with
the reported experimental values which establishes the validation of Mulliken embedded force
field. Again, the study was extended to determine the interfacial properties with the effect of
mole fraction of third component (here TiAP) and the acidity of aqueous phase for aqueous-
organic biphasic system. It was found that the packing of TiAP as well as the interface thickness
is an increasing function of mole fraction of TiAP but after 50% mole fraction there is no
significant effect of it. The interfacial tension is a decreasing function of mole fraction of TiAP
and the computed values are shown to be in excellent agreement with the reported experimental
results. Interfacial tension was found to be maximum in the absence of TiAP molecules and
then it decreases gradually indicating TiAP acts as a surface active agent. The system with

higher mole fraction of TiAP induces the TiAP molecules to accumulate at the interface and
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large numbers of water molecules are in contact with them resulting to a large interfacial
roughness which facilitates the breaking of hydrogen bonds between water molecules and of
making hydrogen bond between phosphoryl group of TiAP and water molecules. Thus, the
interaction between water molecules is reduced in the presence of TiAP. The breakage of
hydrogen bond among water molecules reduces the surface tension of water and it may help to
increase the miscibility of water and organic phases. At higher TiAP concentration, the packing
of TiAP at the interface is increased which accelerates the hydration of TiAP thus leads to more
reduction of interfacial tension. Further, TiAP-H20O complex was optimized at the
B3LYP/TZVP level of theory using Grimme's dispersion correction. The O---H bond length
(1.81A) in TiAP-H20 complex (O of P=0O and H of water molecule) was found to be quite
smaller than that of O---H bond length (2.16A) in water dimer which indicates that the TiAP-
H20 interaction is stronger than that of H20-H2O interaction as reflected in the interaction
energy for TiIAP-H20 interaction (-10.74kcal/mol) and H20-HzO interaction (-4.63kcal/mol).
The O---H bond length in TiAP-H20 complex (O of P=0 and H of water molecule) from MD
simulation was found to be 1.55A whereas O---H bond length in water was found to be 1.95A,

thus compliments the results of QM calculation about H-bond.

The interfacial tension is an increasing function of aqueous phase acidity. In addition to that
the interface thickness has been calculated using a model equation and a simple scheme has
been suggested for the determination of bulk correlation length. Finally, the interface thickness
is correlated with interfacial tension, molecular diameter and bulk correlation length as per the
newly proposed scheme. It is worth mentioning that the computed value of the intrinsic

thickness is always greater than that of capillary thickness.

Additionally, the stability of the dimer of TiAP with different orientation was established by
computing the dimerization energy using DFT. The interaction energy for dimer with

orientation of O=P-P=0, P=0-P=0 and P=0-0O=P was found to be -12.98, -14.97 and -10.81
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kcal/mol respectively indicating that dimer with orientation of P=0-P=0 is the most stable
which was also captured in the MD simulations. Further, the present MD simulations data
shows that the water extraction is enhanced at higher mole fraction of TiAP because of wider
interface thickness at higher composition of TiAP which induced the water transport to the
organic phase. Again, the calculated values reveal that the water extractability is decreased
with increasing aqueous phase acidity as the interface thickness is reduced at higher acidity.
Therefore, the interface thickness plays an important role in mass transfer and it may control

the transfer processes by choosing the appropriate composition of biphasic mixture.

We anticipate that the present results will assist to illuminate a few dazzling issues on the
structure of water-oil interfaces, in particular, the role of interfacial thickness in the kinetics of
self-assembly of hydrophobic materials and biomolecules in contact with acidic water. The
present MD simulation studies will thus further invite the experimental verification of the
calculated results of interfacial tension and interface thickness at a wide variation of
composition of third component and acidity. Additionally, it will be worthwhile and
challenging to test this force field for ion transfer across the interface. Work in this direction

is in progress in our computational molecular engineering laboratory.
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CHAPTER
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Structure & Dynamics of Uranyl
Nitrate Solution

6.1 INTRODUCTION

The management of continuously increasing used nuclear fuel in large volumes necessitates
the development of an effective and selective methodology for reuse by separation of
actinides.® " 2% The radioactive actinides like uranium majorly present in used nuclear fuel, has
always been of paramount interest because of its key role in the civil as well in military field.
The actinides are extracted from aqueous nitric acid solution and the raffinate containing fission
products with lean actinides was disposed as nuclear waste.® *° So, the interest has been
accelerated to develop an understanding of their importance in environmental chemistry and
also to flourish a methodology for better management of nuclear waste. Hence, the separation
of actinides from aqueous solution and the associated transport properties are very crucial in
view of performance assessments like not only for the design of effective separation process

but also for an understanding of the providence of actinides in the environment.?%
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Therefore, it is very worthy to understand the chemistry of actinides in aqueous solution which
demands variety of experiments. The radio-toxicity of actinides put restrictions in carrying out
the experiments. Again, some difficulties arise due to their variable oxidation states and
coordination numbers in aqueous solution which determine the characterization of actinides as
well as the performance of separation process. Hence, a theoretical investigation on thermo-
physical and dynamical behaviour of aqueous actinides is required. Quantum and classical
Molecular dynamics (MD) simulations are the best alternatives to calculate the structural and

dynamical properties of actinides?* as it has the basic ability to model molecular system.

MD simulations have been carried out based on classical force field to investigate the molecular
properties. The accuracy of physical and thermo dynamical properties strongly depend on the
reliability of force field. The availability of good force field is pivotal for modelling the actinide
system which can arrest the intra-molecular and intermolecular interactions. Earlier, various
research groups developed force field for uranyl cation. Many times force fields are
parameterized to match the experimental data like free energy or residence times?°’-?%, But this
parameterization approach is not a good option as it is slightly case sensitive. Another approach
for developing force field is to carry out Quantum Mechanical (QM) calculation.?*-?*2 Earlier,
several research groups have developed force field to model uranyl ion based on QM
calculations and classical molecular dynamics simulations. They have calculated the partial
atomic charges on atom and tested the force field by evaluating radial distribution function
(RDF) and free energy of hydration. Guilbaud and Wipff presented a theoretical study of
uranyl ion (UO2%") in water using a non-covalent 1-6-12 representation to determine the
coordinating environment in solvent.?® 2% Kerisit et al carried out MD simulations of uranyl
ion in water using GW and two other force fields which have comparatively higher partial
charges on uranium atom namely model 1 and model 2. They have shown that not a single

model able to predict the uranium—water oxygen distance or water binding energy or hydration
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free energy. Water exchange rate and hydration free energy were well predicted by model 1
whereas uranium-—water oxygen distance was by model 2. The self-diffusion coefficient and
relative diffusion coefficient both calculated from GW model were better compared to the new
parameterized model but in close proximity with each other. They have not calculated viscosity
and surface tension which are important liquid state properties to design various extraction
processes.’® Rai and co-researchers developed a force field using QM calculations and shown
the importance of using many body solvation effects for development of force field.?’
Pomogaev et al incorporated a new force field to predict accurately the interactions of actinyl
ions with water where the intra-molecular interactions was considered as a combination of
implicit and explicit methods and the intermolecular interactions were shaped with a pair wise
Lennard — Jones along with coulomb potential. The computed An=0 and An-----Ow bond
lengths and water coordination numbers were in good agreement with experimental results.
They have not dealt the dynamic properties?*®, whereas Tiwari et al studied the dynamics of

actinyl ions in water.?**

In past, several works have been carried out for the development of a force field of uranyl
cation which can predict the structural properties, water exchange rate, water binding energy,
and hydration free energy with suitable accuracy.?°’??° It is true that the development of
accurate force field is necessary and the same time very challenging also. For this purpose
different atomic partial charges have been used to parameterize the force field in the last few
decades. One of the primary concerns is whether the different charge models are really required
to understand the uranyl ion in water system or whether the partial charges have an important
implication on the physical and dynamical properties and finally what will be the right choice.
In addition to that, it is equally important to ensure whether the developed force field is able to
model the biphasic system in contact with organic solvent or it can predict the thermophysical

and dynamical properties along with the solute transfer to organic phase. In view of the above

167



CHAPTER 6: Structure & Dynamics of Uranyl Nitrate Solution

questions, our primary objective is to find out the effect of partial charges on the structural and
dynamical properties of actinides in water. Among actinide ions, uranyl (UO2%*) ion is the most
widely characterized actinides by both computational and experimental studies because it is
the major actinide present in the used fuel as well as in the waste stream. Though, several
studies have been carried out to determine the thermo-physical and dynamical properties of
uranyl ion?1%2%° here we have focused to explore the effect of partial charges by incorporating
the partial charges on atom calculated from Mulliken population analysis method® 8. So, a
comparative MD simulations studies have been carried out for uranyl ion in water with
modified force field and some reported force field which are based on Mulliken charges in the
gas and liquid phase on uranyl ion?** along with the most commonly used force field parameters

developed by Guilbaud and Wipff?®°,

Again, the literature review also depicted that the earlier studies on uranyl ion were carried out
in water only.?!%-?2% But according to the PUREX process, the feed solution which will come
in contact with the ligand is commonly prepared in 3 to 4 molar nitric acids. The aqueous phase
acidity can change the structural and dynamical properties. Hence, it has equal implications to
carry out the studies in the presence of acid. Therefore, the second objective of this work is to
perform MD simulations and to calculate the various structural and dynamical properties of
uranyl nitrate in acidic medium with wide range of uranyl nitrate as well as acid concentration.
The fundamental understanding developed from the present studies will guide us to choose the
appropriate force field for uranyl ion water system to conduct the simulations in nitric acid to

model the PUREX process more realistically.

The simulation details in this work are presented in section 6.2. The results and discussion are
described in section 6.3. Within this section, selection of force field for uranyl ion based on

physical and thermo-dynamical properties, extension of that force field to study the effect of
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uranyl nitrate concentration in 3M nitric acid medium are discussed. Finally, the work is

summarised in section 6.4.
6.2. SIMULATION SYSTEMS

The partial charges on each atom of uranyl cation is computed from quantum mechanical
calculation using Mulliken population analysis method®® ® after the initial structure was
optimized at the B3LYP level of theory using TZVP'* 7! basis set in TURBOMOLE® package.
This new Mulliken embedded OPLS-AA force field is termed as model-MA. The partial
charge on uranyl ion calculated by Gulibaud and Wipff?*® is called as Model-GW. Mulliken
charges for uranyl ion in the gas and liquid phase are reported in literature??* and these are also
considered here namely as Model-MG and Model-ML respectively. The partial atomic

charges on each atom of uranyl ion for the above said models are reported in Table 6.1.

Table 6.1: Partial atomic charges on uranium (qu) and oxygen (qo) of uranyl ion

Model qu (e) do (e)
Model-MA 2.719 -0.3595
Model-GW 2.500 -0.2500
Model-ML 2.198 -0.0992
Model-MG 2.033 -0.0164

The nitric acids used here are in associated as well as in dissociated form and the partial charges
are calculated from Mulliken population analysis. The initial structure is optimized at the same
level of theory as mentioned earlier. The atoms of UO2?*, H3O*, NO3" and HNOs along with

atomic charges are represented in Figure 6.1.
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Figure 6.1: Schematic representation of HsO*, UO22*, NOs- and HNOs with respective partial

charges on atom.

In the present work, majorly three types of simulation systems are specified. For first type, the
systems are represented by one uranyl ion in 1000 water molecules in a cubic box having a
length of 3.11 nm. The second type belongs to uranyl ions in 3M nitric acid. Total number of
molecules is maintained as 3000 with water and acid for each system. A wide range of uranyl
nitrate concentrations are considered here ranging from around 0.25 to 5.45 moles/litres.
Uranyl nitrate concentration around 4.0 mol/litres in various nitric acid concentrations ranging
from 1M to 4M are considered as type-3 systems. SPC/E model is used for water because it
performs better compared to the other available water models.*®* The details of composition of

simulation systems are provided in Table 6.2.

All systems are relaxed by energy minimization step using steepest decent method with a time
step of 2fs. Then the equilibration in isothermal-isobaric (NPT) was carried out for 10 ns
simulation length maintaining the pressure at 1 atm and temperature at 300K using Berendsen
like weak coupling methods and Velocity—rescaling. Standard periodic boundary conditions
are appointed in all three directions. The equation of motion is integrated by Verlet velocity
algorithm with a time step of 2fs. The trajectories obtained from equilibration run are used
further for production run in NVT for 5 ns simulation length. The structural and dynamical

properties have been calculated using the data obtained from production run.
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Table 6.2: Summary of Type-1, Type-2 and Type-3 simulation systems along with their
composition belong to numbers of uranyl ion (Nuoz2+), numbers of nitrate ions (Nnos.),
numbers of water and acid molecules (Nwater/Nacia) and the approximate concentration

of uranyl nitrate [Cuoznos)2].

Cubic Box Cuoz(no3)2

System  Model length (nm) Nuozz+  Nnos- Nwater/NAcid (mole/litre)
Water SPC/E 3.112 -- -- 1000

Model — MA 3.105 1 -- 1000 0.05

Model - GW 3.113 1 -- 1000 0.05
Type-1

Model — MG 3.108 1 -- 1000 0.05

Model — ML 3.108 1 -- 1000 0.05

5-U 4,592 5 10 2845/155 0.25

10-U 4594 10 20 2845/155 0.50

25-U 4,634 25 50 2845/155 1.25

50-U 4.673 50 100 2845/155 2.45
Type-2

70-U 4,701 70 140 2845/155 3.35

85-U 4727 85 170 2845/155 4.00

100 - U 4,744 100 200 2845/155 4.65

120 - U 4,783 120 240 2845/155 5.45

85U - 1M 4,674 85 170 3000/55 4.00

85U — 2M 4724 85 170 3000/110 4.00
Type-3

85U - 3M 4,770 85 170 3000/160 4.00

85U — 4M 4.827 85 170 3000/216 4.00
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6.3. EXPERIMENTAL PROCEDURE
6.3.1 Solution preparation

Uranyl nitrate solutions at various concentrations ranging from 0.25 to 5.45 moles/litter have
been prepared in 3M nitric acid solution to replicate the feed solution used in PUREX process
and each solution is labelled properly as mentioned in Table 6.2. The Figure 6.2 displayed the
prepared uranyl nitrate solution and a variation in colour has been observed from low

concentration to high concentration of uranyl nitrate solution.

Figure 6.2: Uranyl nitrate solution prepared in 3M nitric acid at various uranyl nitrate
concentrations. The respective systems are marked on the round bottom flux indicating the
concentration of uranyl nitrate.

6.3.2. Density measuring principle

The density of prepared uranyl nitrate solution has been calculated by using DMA 5000 M,
Anton Paar. The sample is introduced into a U — shaped borosilicate glass tube that is being
excited to variable at its characteristics frequency using DMA 5000 M, Anton Paar. The
characteristics frequency changes depending on the density of the sample. Through the precise
determination of the characteristic frequency and a mathematical conversion, the density of the

sample can be measured. The density is calculated from the quotient of the period of
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oscillations of the U — tube and the reference oscillator. Then the measuring cell is filled with
sample before ensuring the measuring cell was clean properly and dry also. Finally the output

values are collected from the data memory.
6.3.3. Dynamic light scattering (DLS) experiments

In order to support the simulation findings, dynamic light scattering (DLS) experiment was
also conducted to explore the behaviour of uranyl nitrate solution using a Malvern 4800
Autosizer employing a 7132 digital correlator. The dynamic light scattering technique
exhibited the size distribution of particles or molecules which are dissolved or dispersed in
solution in nanometer range. The particles or molecules are in suspension scattered the laser
light at different intensities due to Brownian motion. The scattering results are noted for

analysis.
6.4. RESULT AND DISCUSSION

6.4.1. Type — 1: Uranyl ion in water

MG

Figure 6.3: Liquid state structure of uranyl ion in water systems having different force field
embedded with four types of partial atomic charges on uranium as well as on uranyl oxygen
atom. Oxygen atom: Red, Uranium atom: Cyan, Light green, Yellow and Green and Water

molecule: Pink.

The primary objective of the present study was to test the performance of the new charge

Model-MA with respect to the other models. For this purpose, we have used the type 1 systems
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containing one uranyl ion in 1000 water molecules. The liquid structures of all the models are

presented in Figure 6.3.
Density and self-diffusion coefficient:

The density of uranyl ion in water system for all the models are computed and it was found that
there are no significant difference in densities as reported in Table 6.3. The partial charges
have negligible effect on density. There is no reported data to check the calculated values. But
the density of pure water for SPC/E model was already reported in previous chapter as 999.3
kg/m3. Therefore, the density of single uranyl ion in pure water should be higher than that of
the pure water and our results followed that trend. Thus, the qualitative validation of the model

has been established.

Thereafter, the diffusion coefficient of uranyl ion in water has been calculated from the slope
of mean square displacement (MSD) by using Einstein relation (equation 2.22) and the

calculated values are given in Table 6.3.

The diffusion coefficients computed for Model — MA and Model — GW are quite
overestimating the experimental value while the diffusion coefficients obtained from reported
Mulliken charge models (Model — MG and Model — ML) are appeared in between 0.426 to
0.759 x 10° m?/s which was obtained from experiment through ionic conductivity and ionic
mobility of UO2%* ion.?'* The simulations results from reported Mulliken charge models are
quite converging to the experimental value with a deviation of 8.5% and 3.2% respectively.
During investigation of such pattern, it is found that the diffusivity is increasing at higher partial
charges on uranium atom. The two reported Mulliken charge models have nearly close atomic
charges on U which are ranging approximately 2e — 2.2e whereas the other two models have
around 2.5e to 2.7e. The change in partial charge on atom alters the dipole moment as well as

the dielectric constant of the medium. Higher the partial charge on atom, higher will be the
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effect on dielectric constant and it will significantly increase the dielectric field. The dielectric
field is responsible for ionic movement in the medium. So, the higher dielectric field make the
system more random which increases the mobility of the ions. In addition, the calculated
diffusion coefficient when compared among the Mulliken charges, it is seen that the diffusivity
IS increasing with atomic charges on U atom from model-MG to model-MA. The reported
diffusion coefficients in literature are also provided in Table 6.3. Though the calculated
diffusivity of GW model is higher compared to the experimental value but it is close to the
reported value of 0.94 + 0.03 x 10 m?/s.2%

Table 6.3: Density of uranyl ion in water system for different models computed from MD
simulations. The diffusion coefficient of uranyl ion in SPC/E water along with the

diffusion coefficient of water has been computed and the experimental values as well as
the reported computational values available in the literature are listed.

Diffusion coefficient (10-°°m?/s)

System Density(kg/m?)
U022 Water
Model - MG 1013.05 + 0.38 0.738 £ 0.05 2.154 £ 0.01
Model — ML 1013.40 £ 0.12 0.702 £ 0.03 2.283 +0.09
Model - GW 1013.44+0.14 1.052+ 0.38 2.432 £ 0.09
Model — MA 1013.10 + 0.13 1.070 £ 0.02 2312+0.11

Experimental value for diffusion coefficient of uranyl ion was taken from 0.68 x 10°
m?/s as direct while 0.426 to 0.759 x 10° m?s as indirect?**. The diffusion coefficients
reported in the literature are 0.61 + 0.09 x 10° m?/s, 0.94 + 0.03 x 10°°m?/s (using GW),
0.85 +0.04 x 10-°m?/s (using model-1) and 0.88 + 0.03 x 10-°m?/s (using model-2)?°®. The

reported diffusivity of water is 2.52 + 0.01 x 105 cm?/s.?%?

175



CHAPTER 6: Structure & Dynamics of Uranyl Nitrate Solution

The diffusion coefficients of water have also been calculated and it can be seen that not only
the values are reduced from pure water but also they are different from model to model.
Primarily, the values are suppressed from the pure water which was reported in previous
chapter as 2.53 + 0.09 x 10°°m?/s??* and the reported value was 2.52 + 0.01 x 10° m%/s??2. The
experimental values are found between 2.38 x 10° m?/s to 2.52 x 10 m?/s?**, In presence of
uranyl ion, the water molecules are associated with UO22* ion via exchange mechanism which
affects the mobility of water molecules. Secondly, the diffusivity of water is increased with
the atomic partial charges on uranyl ions. It can be further clarified from hydrogen bond life
time (see section H-Bond dynamics). At higher partial charges, more positive environment is
created and more water molecules will come to compensate this which accelerates the rate of
exchange of water between hydrated water and the bulk water, resulting comparatively higher
diffusivity of water at higher partial charges. Overall, the diffusivity studies for uranyl ions and
water molecules indicated that the change in partial charges on uranyl ions has significant but

not dramatic effect on the diffusivity.
Pair correlation function:

The understanding of structural aspects of the uranyl/water system can be analysed from pair
correlation function (PCF). Here, the PCFs of two uranyl sites (U and O) with respect to two
water sites (Ow and Hw) have been calculated to find out the structural arrangements. The PCFs
of uranium atom and the oxygen atom (U----Ow) between two interacting uranyl ion and water
for four different types of models are shown in Figure 6.4(a) and the nature of PCFs are found

to be similar for all the studied models.

The first peaks are located at around 2.45A to 2.55A for all the models where the peak is shifted
towards central U atom around 0.10A at higher partial atomic charges. The distance becomes

shorter at higher a partial charge which was also reported by Guilbaud and co-worker?*°,
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Figure 6.4: (a) Pair correlation function of uranium and oxygen atoms (U — Ow) between two

interacting uranyl ion and water and (b) Running coordination numbers.

The first peak locations and their corresponding peak heights for present studies and the other
computational studies reported in literature are listed in Table 6.4. Though the predicted values
are slightly higher compared to the experimental values but they are agreed with other reported
computational results. An interesting phenomenon has been found from the above PCFs that
the peak height is increasing with partial charges on atoms of uranyl ion while the location of

first peak nearly insensitive to the atomic charges as seen in the inset of Figure 6.4(a). The
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Model — MA has the highest partial atomic charges whereas the Model — MG has the lowest
and the other two models are lying in between. The higher atomic charges on uranium atom
strongly associates with the water oxygen and the corresponding local density is increased

which leads to the higher peak height.

Table 6.4: Comparison of structural parameter obtained from U — Ow PCFs for all the
models along with the reported experimental and calculated values computed from QM
or MM or CPMD/AIMD calculations to understand the geometrical parameters obtained

from the present study

15t peak location 15t peak 1t Hydration ~ Coordination
System A) height shell radius (A) ~ number
Model - MG 2.55 7.24 3.15 5.75
Model — ML 2.45 8.49 3.25 5.75
Model — GW 2.45 9.71 3.25 5.85
Model — MA 2.45 10.09 3.15 5.92

The experimental mean values for U — Ow distance of aqueous uranyl are 2.41A%25-2?" from
X-ray absorption fine structure spectroscopy (XAFS) measurement and 2.42A2%% 22° from
X-ray scattering data. The experimental values of coordination numbers varies from 4.5 to
5.3 obtained from XAFS data??2%8.230. 221 gnd 4.5, 5 and 6 from EXAFS (extended X-ray

absorption fine structure spectroscopy)?*.

Model U----Ow (A) Model U----Ow (A)
GW, Model 1,Model 2 2.49, 2.36, 2.407% CPMD 2.47°1

QMCF - MD 2.4971 MM - MD 2.42°10

MM - MD 2.40°%0 B3LYP 2.37 — 2.42°%
MD 2.46°1 CPMD 2.48°Y

MD 2.4472 MM-MD 240

CPMD 2.44 — 2.46°% AIMD 2.47°%5 2.48°Y
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The radius of first solvation shell as defined by the first minimum for distribution of water
oxygen around U obtained from MD simulations of different models are close to each other
and the values are ranging from 3.15A to 3.25A which is comparable with the reported value
around 3A??2. Then, the coordination number (CN), that consists the number of water
molecules present in the first solvation shell, have been calculated from the first minima for all
the models and it lies in the range of 5.75 to 5.92 as reported in Table 6.4. The CN values are
slightly higher compared to the experimental values but the CN of 6 was also reported by
Antonio et al?®>, The running coordination numbers of the respective systems are also

represented in Figure 6.4(b).

The second peaks corresponding to the second hydration shell are rather wide and trends are
similar for all the models as seen from Figure 6.4(a). The location of second peaks are appeared
at around approximately 4.55A to 4.75A which are close to the reported computational values
of 4.3A to 4.7A210 217,220,233 gnd experimental values of 4.5A by high-energy X-ray scattering

(HEXS)? and 4.4A by X-ray diffraction?.

The PCFs of U — Hw for all the models are represented in Figure 6.5(a) and the first peaks of
Hw around U, are approximately appeared at 3.15A which match well with the reported
computational estimation of 3.12A%?? and 3.01A to 3.05A%". So, the water oxygen atom is
comparatively closer to the uranium atom of UO2?" than the water hydrogen atom (Hw) which
signifies such an orientation of water molecules around the UO2?" ion that the hydrogen atom

will be pointed away from the uranium atom as seen in Figure 6.5(d).

Similarly the PCFs of two water sites (Hw and Ow) around uranyl oxygen are calculated from
simulations. The distribution of uranyl oxygen — water hydrogen (O — Hw) for all the models
are shown in Figure 6.5(b) and the first peaks are split into two peaks where the dominant
peaks are appeared at around 3.15A to 3.55A which are in good agreement with the reported
computational results at 3.7A%°7 and 3.2A to 3.7A%?2. The splitting of peak may be regarded as
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the formation of disordered structures which indicates several configurations may be there and
the current PCFs represent the statistical average of most probable orientations. Then, Figure
6.5(c) depicts that the first peak of uranyl oxygen — water oxygen (O — Ow) PCFs are located
at approximately 2.75A for all the models which is in close proximity to the values obtained
by Kerisit and co-worker?®® as 3.08A, 2.98A, 3.01A and 2.96 A from GW, model-1, model-2
and AIMD respectively. Similar values for the position of maximum at around 3.0A were also
reported by other researchers®®’ 222, Here, the water oxygen is close to the uranyl oxygen than
that to the water hydrogen which supports the above predicted orientation. Overall, the atomic

partial charges have negligible effect on the structural parameters as well as on the orientations.
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Figure 6.5: Pair correlation functions obtained from simulation of uranyl ion in water: (a)
Water hydrogen (Hw) around U atom (U — Hw), (b) water hydrogen (Hw) around uranyl oxygen
(O — Hw), (c) water oxygen (Ow) around uranyl oxygen (O — Ow) and (d) configuration of

uranyl ion and water molecule. Red: Oxygen, White: Hydrogen and Brown: Uranium atom.
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Free energy of hydration:

Gibbs free energy is an essential thermodynamic property that decides the feasibility of any
chemical reaction. The hydration free energy (AGrydration) also ensures the validity of force
field. The calculation of free energy was performed using the thermodynamic integration
scheme with the integrator for stochastic dynamics'® 1% as reported in our previous studies
related to the selection of ligands®. Free energy of hydration was calculated by decoupling a
solute molecule from the solvent. The coupled state (A = 1) corresponds to simulations with the
solute fully interacting with the solvent and the uncoupled state (A =0) corresponds to

simulations considering the solute without interaction with the solvent.

The free energy of hydration is calculated based on the Bennett’s acceptance ratio (BAR)
method for all the models where a single uranyl ion present in water at infinite dilution under
ambient condition. The values of AGhydration Calculated for various models are presented in
Table 6.5 along with the reported literature values and the plot of free energy with coupling

parameter for all the models are shown in Figure 6.6.

Table 6.5: Free energy of hydration and the reported literature data

System AGhydration (Kcal/mol)  Reported literature value (kcal/mol)
Model - MA -332.71 +£0.74 -325.36 + 5.7 (Experiment)?*’

Model -GW  -319.66 + 1.33 -398.32 + 15.5 (Experiment)®3® 2%9
Model - ML -301.61 + 0.67 -332.54%13

-304 (GW), -371 (model-1), -377 (model-2)>%

Model - MG -292.28 + 0.51
-369.62 + 15.5%4

The uncertainties in computation are around £0.24 kcal/mol.
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The AGHydration Of UO22* obtained from model-MG underestimates the experimental value by
10.2% while the model-ML around 7.3%. The prediction of AGHydration for model-MA and
model-GW are in good agreement with the experimental value reported by Marcus®’ as
325.359 kcal/mole and the deviations are 1.75% and 2.25% respectively. The upper and lower
bound of hydration free energy can be considered as 325.36 kcal/mol*” and 398.32 kcal/mol®
239 respectively. Our calculated free energy values are appeared in the experimental range.
Though the structure of water molecules around uranyl ion is hardly altered by the effect of
atomic partial charge distribution on the U and O (uranyl oxygen) atom of uranyl ions, it has
noticeable effect on the free energy of hydration. The higher partial charge increases the
polarity of U — O bond which results higher interactions with water molecules. So, the free

energy value becomes more negative which is also reflected in the AGrydration Values reported

in Table 6.5.
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Figure 6.6: Change of free energy of hydration (AGwydration) versus coupling parameter (1)

evaluated using thermodynamic integration.

Hydrogen bond dynamics (HBD):

The dynamics of hydrogen bond is very significant for any aqueous or biphasic systems. HBD

signifies the hydrogen bond network of aqueous phase and the various physical and dynamical

182



CHAPTER 6: Structure & Dynamics of Uranyl Nitrate Solution

properties can be characterized by using HBD. Here, hydrogen bond analysis has been carried
out for 1ns simulation length after the production run of 10ns. The numbers of hydrogen bonds

determined for each models are shown in Figure 6.7(a).
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Figure 6.7: Hydrogen bond dynamics related to (a) hydrogen bond numbering with respect to
simulation length and (b) hydrogen bond autocorrelation function for models — MG, ML, GW

and MA. Number of donors: 1000 and number of acceptors: 1002.

The calculated HB numbers are plotted against the simulation length and focused on the
number of hydrogen bond presents at that instant. It has been found that the values are remained
fairly constant throughout the progress of simulation. The number of hydrogen donors and
acceptors in the system between which the hydrogen bond is formed, depends on the molecular
orientation and packing. Generally, they are oriented in such a fashion which maximizes the
number of hydrogen bonds. Here, there is hardly any difference in the number of hydrogen
bonds for all the systems, indicates that the partial atomic charges do not have significant effect

on the orientation of the ions or molecules.

Additionally, the hydrogen bond autocorrelation function also has been evaluated for all
models and shown in Figure 6.7(b). The correlation between uranyl ions and water molecules
is determined from HB correlation function, where the two molecules are to be hydrogen

bonded.
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The decay pattern is shown in the Figure 6.7(b) and they are exactly similar which signifies
the effect of partial charges on atom as well as the effect of force field has negligible effect on
hydrogen bond autocorrelation function. In addition to that, the orientation of molecules can
be supported by hydrogen bond lifetime which is guided by the mobility and packing of
molecules. The hydrogen bond lifetime has been computed for SPC/E water model from
simulation and it gives the value of 2.60 ps. It is very difficult to determine the proper HB
lifetime based on the HB broken and reform dynamics. HB lifetime for various water models
was reported earlier'6-140: 241 and the lifetime computed from auto correlation function (ACF)
lies between 3.0 — 3.5 ps. So, the simulation result for water is in close proximity to the reported
values. Then, the hydrogen bond lifetime for all models has also been calculated and it is varied
between 2.72 to 2.77 ps which is comparatively higher than that of the pure water. It indicates
that the presence of uranyl ion makes the hydrogen bond more stable compared to the pure
water in the first solvation shell. Hence, the hydrogen bond lifetime also assures the similar

kind of molecular orientation and packing present in all the models.

Again, the reduction in self-diffusivity of water molecules which are already reported in Table
6.3 can be justified by hydrogen bond life time. The hydrated water spends some time with
uranium in the solvation shell and they usually get exchanged with the bulk water molecules.
The exchange mechanism of water may follow the associative or dissociative path. So, the
hydrated water molecules are relatively less mobile compared to the bulk and this event is
influenced by the hydrogen bond lifetime. The higher lifetime means more residence time of
the hydrated water which indirectly slowed down the mobility of bulk water and thus the self-
diffusivity of water molecules is reduced in presence of uranyl ion. Again, the self-diffusivity
of water is also increased at higher partial charge on uranium atom because the interaction

between the water oxygen and uranium atom is comparatively stronger which basically
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accelerates the water exchange rate with the bulk water and increases the self-diffusivity of

water.

The force fields with various partial atomic charges on uranium as well as on uranyl oxygen
atoms were used to model uranyl ion in water system and the various properties have been
calculated. There are hardly any differences found in the properties like physical, structural and
dynamical except the free energy of hydration where the partial charges have significant effect
on it. Overall, the variation in atomic charges does not have much significant effect on the force
field. So, any one of these force fields of uranyl ion can be used for further studies in acidic
medium. Here, the model — GW has been chosen for studies the uranyl ions in acidic medium

based on the free energy of hydration which captures the interaction more accurately.
6.4.2. Type — 2: Uranyl nitrate in 3M nitric acid

Hence, we are going to discuss the structural and dynamical properties of uranyl nitrate in
presence of acid. Point to be noted, this issue has not yet been explored that how these models
will behave in the acidic medium or against the organic phase during the replication of PUREX
process. Therefore, in type — 2 systems, we have attempted to address these issues along with
the effect of uranyl nitrate concentration in 3M nitric acid medium. The details of simulation

systems are reported in Table 6.2.
Density and dipole moment:

All the simulated systems have been equilibrated for 20 ns simulation length followed by
production run for 10 ns. The bulk densities of each system have been calculated and we have

found an increasing function of uranyl nitrate concentrations as seen in Table 6.6.

In assurance of simulation data, the experiments have been carried out to estimate the density
of uranyl nitrate solution using an oscillating U-tube density meter (DMA 5000 M, Anton

Paar). The experimental results exhibit an excellent agreement with the densities [shown as
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(*)] obtained from MD simulations. The maximum deviation from experimental density is
observed to be 7% which ensures the accuracy of force field parameters used in the MD

simulations.

The corresponding average dipole moments obtained from the contribution of uranyl ions as
well as from the contribution of all ions present in the medium for all systems are also shown
in Table 6.6. The calculated average dipole moments acquired from all ions present in the
aqueous phase are also reported in the table as an average dipole moment of the system.

Table 6.6: Bulk density and average dipole moments for uranyl ions as well as for all ions

(called as overall) present in 3M nitric acid medium at various concentrations of uranyl
nitrate (GW force field)

Dipole moment (Debye)

System Bulk density (kg/m?)
U022 Overall

5-U 1126.04 £ 0.18 (1114.7%) 0.979 + 0.003 2.215
10-U 1153.67 £ 0.17 (1134.4%) 0.997 + 0.003 2.208
25-U 1232.35 £ 0.26 (1195.7%) 0.975 + 0.002 2.184
50-U 1364.19 £ 0.22 (1298.1%) 0.972 £ 0.001 2.150
70-U 1459.32 + 0.20 0.949 + 0.001 2.122
85-U 1531.89 + 0.22 (1423.0%) 0.949 + 0.001 2.102

100-U 1597.88 + 0.40 (1490.8*) 0.930 £ 0.001 2.082

120-U 1685.85 + 0.12 0.920 £ 0.001 2.057

The effect of uranyl nitrate concentrations in 3M nitric acid on the average dipole moment

exhibited that both the average dipole moments are decreasing with concentrations. The dipole
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moment value changes from 0.997 to 0.920 Debye throughout the systems which is quite
insignificant. Probably the U=0 is responsible for both VVan der Walls force of attraction and
dipole — dipole interaction. Higher concentration of uranyl nitrate in this acidic medium may
weaken the dipole —dipole interaction between U=0 groups which is reflected in the computed
dipole moment. The overall dipole moment changes from 2.215 to 2.057 and the values are
higher compared to that of uranyl ions. It can be concluded that the uranyl ion is the major

contributor to the overall dipole moment.

Self — diffusion coefficient:
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Figure 6.8: (a) MSD profiles of uranyl ions and (b) MSD profiles of nitrate ions in 3M acidic
solution as a function of uranyl nitrate concentrations in that solution. The uranyl nitrate
concentrations are represented as the numbers of uranyl ions present in the aqueous phase and
denoted by respective system. The snapshots of respective liquid phase are illustrating the
gathering of uranyl nitrate in the solution with concentrations. Colour code: Green-Uranium,

Red-Oxygen and Blue-Nitrogen.
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The self-diffusion coefficient describes the translational mobility of molecules or ions in a
medium. The process, diffusion in a mixture can be expressed as self-diffusion or mutual
diffusion. The self-diffusion signifies the movement of individual molecules or ions whereas
the mutual diffusion, a collective property, describes the mixing of two or more components
and how fast they mix with each other. As they are not connected by straightforward relation,

only self-diffusion is studied here for all systems using Einstein relation.

The MSD profiles are represented in Figure 6.8(a) as a function of concentration of uranyl
nitrate and it follows a decreasing trend with UO2?* concentrations. Further, the MSD profiles
of NOs ions are also shown in Figure 6.8(b) and it follows the similar trend. The self-diffusion
coefficients have been computed from the slope of MSD profiles and are reported in Table 6.7.
Table 6.7: Self-diffusion coefficients of uranyl ion, nitrate ion and water molecule present

in aqueous phase calculated from MD simulations for a wide range of uranyl nitrate

concentrations

Self-diffusion coefficient (10° m?/s)

System
uo2 NO3z H-O

5-U 0.677+0.09 0.676 £ 0.09 2.306 £ 0.01
10-U 0.557+£0.14 0.662 + 0.08 2.239+ 0.02
25-U 0.527+0.11 0.656 + 0.08 2.031 £ 0.04
50-U 0.457 £ 0.06 0.649 + 0.04 1.748 + 0.07
70-U 0.368 + 0.05 0.588 + 0.05 1.564 + 0.05
85-U 0.333 £ 0.04 0.570 £ 0.03 1.466 £ 0.02

100-U 0.265 +0.01 0.548 + 0.03 1.287 £0.02

120-U 0.260 £ 0.01 0.511 + 0.04 1.168+ 0.03
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As seen from the above table and Figure 6.9, the self-diffusion coefficients of UO2?" ions are
decreasing with uranyl nitrate concentration. The concentrated uranyl nitrate in 3M acid
restricts the mobility of uranyl ion in the medium. Due to non-availability of reported MD or
experimental data, the validation of simulation results can be done only with respect to the
uranyl ion in water system. It is obvious that the diffusivity calculated in higher uranyl nitrate
concentration has to be demoted by surrounding uranyl or nitrate ions that is absent in single
uranyl ion in water system. Similar effect of concentration on self-diffusivity of uranyl ions is
also reported by Chopra et al>*?, where the diffusivity was reduced from U1 to U10 system.
But, their reported diffusivity values were higher compared to the present studies because of

the absent of 3M nitric acid.
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Figure 6.9: Trend of self-diffusion coefficient of uranyl ion, nitrate ion and water calculated

from MD simulations as a function of uranyl nitrate concentration.

Hence, the present study follows the decreasing trend i.e. the diffusivity is decreased when
UO2%* ion concentration is increased. The calculated self-diffusivities of NOs™ ions also follow
the similar trend i.e. it is reduced to 0.511 x 10°m?%s from 0.676 x 10° m?/s but not so

significant compared to the self-diffusivities of UO2?* ions. In addition to that, the self-

189



CHAPTER 6: Structure & Dynamics of Uranyl Nitrate Solution

diffusivities of water have been evaluated for all the systems and it was found changing with
uranyl nitrate concentrations rather it is decreasing as observed earlier?*2. Such reduction in
self-diffusion is not only due to the influence of UO2%* ions but also due to NOs™ ions present
in the system. When the hydrated ions form complexes, it decreases water shielding resulting
in reduction of water exchange rate due to structure breaking and forming which is responsible

for the development of shielding. So, a reduction in shielding decreases the solvent diffusivity.

Here, the presence of uranyl nitrate complexes reduces the water shielding which is reflected
in the self-diffusivities values of water. We have compared the self-diffusivity of water
between type-1 and type-2 systems and a dramatic effect has been observed in type-2 system
due to the presence of uranyl complex while a negligible effect was found in type-1 system.
Therefore, it can be concluded that both the effect may alter the water diffusivity but in different
magnitude. The reported self-diffusivity of water for 5U system (2.26 x 10° m?/s)?*? is in

quantitative agreement with the present simulations results.

In addition to the concentration effect of uranyl ions, the temperature dependency on self-
diffusivity has also been studied to acquire more insight about the activation energy of
diffusion. The self-diffusivity (D) at various temperatures (T) was determined and the

activation energy (Ea) is computed by using the Arrhenius equation®*® 244,

InD = InDy — =2 (6.1)

Where, Do is pre-exponential factor and ks is Boltzmann constant. Here, MD simulations have
been performed for 10 ns simulation length in the range of temperature from 290K to 340K

and the self-diffusivities are computed from the slope of MSD using equation S2.

The logarithmic value of self-diffusivities for uranyl ion and water molecules are plotted
against inverse of temperature and the dependency is found to be linear throughout the range

of temperature as shown in Figure 6.10.
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The computed activation energy (Ea) for diffusion of uranyl ion is found to be higher than that
of the water molecules which indicates that more energy is required for the diffusion of uranyl
ions compared to the water molecules. So, low activation energy of diffusion for water
molecules supports faster transport in the aqueous medium and it is in accordance with the

calculated self-diffusivity values as reported in Table 6.7.
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Figure 6.10: Arrhenius plot of self-diffusivity of uranyl ion and water molecules computed
from MD simulations against the inverse of temperature. 10-U system is used to study the
temperature effect.

Pair correlation function:

The understanding of structural properties can be developed from pair correlation function
(PCF). The PCFs are evaluated for two uranyl sites (U and O) interacting with two water sites
(Hw and Ow) along with the U — U. In addition to that, the two nitrate sites (N and On)
interaction with U, Ow and Hw also have been evaluated to relate the orientation of nitrate ions

around UO2?* ions or water molecules.
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U — Ow pair correlation function:

The PCFs between two interacting U atom and water oxygen atom (U — Ow) have been

evaluated for all the systems and it is displayed in Figure 6.11.
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Figure 6.11: Pair correlation function between two interacting U atom and Ow atom

As seen from the above figure, all the PCFs displays similar pattern. The first peaks are located
at same distance approximately 2.45A but the peak heights are different for all the cases (see
inset of Figure 6.11). The first peak heights are plotted against the concentration of uranyl
nitrate which shows an increasing function in Figure 6.12(a) indicating that the local density
i.e. the probability of finding of water molecules locally is increased with availability of uranyl
ions. Note, the U----Ow distance remains unchanged with the gradual increase of water
molecules surrounding the uranium atom of UO22* ion. At higher concentration of UO22* ions,
more numbers of water molecules are attracted towards UO2%" ions as reflected in the peak

height.
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Next, the first minima are appeared at a distance around 3.35A. The corresponding
coordination numbers (CN) for all the systems have been computed and a decreasing trend has
been observed in accordance with the concentration of uranyl ion as shown in Figure 6.12(b).
The CN is found to be varied from 5.88 to 5.39. Similar reduction in CN with increasing
concentration of uranyl ion was also reported by Chopra et al**2, But the change in CN is not
very significant and can be concluded that the CN of U — Ow PCFs is independent of uranyl

ion concentration and system composition.
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Figure 6.12: (a) First peak height calculated for U — Ow PCFs (b) Coordination number of
water oxygen around uranium of uranyl ion and (c) Second peak height are plotted as a
function of concentration of uranyl nitrate in 3M acid.

Thereafter, on further away from the uranium atom, the second peaks for all the systems are
appeared at a distance of ~4.65A similar to the first peak. But when the peak heights are plotted,

it was found to be a decreasing function of uranyl ion concentrations as seen from Figure
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6.12(c). Such opposite effect of peak heights may be due to the dense packing of uranyl and
nitrate ions at higher concentration which reduce the availability of water molecules

surrounding the uranyl ions.
O — Hw and O — Ow pair correlation function:

The PCFs of two water sites (Hw and Ow) with respect to the uranyl oxygen (O) atom for all

the simulation systems are depicted in Figure 6.13(a) and Figure 6.13(b) respectively.
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Figure 6.13: Pair correlation function between two interacting (a) Oxygen atom of uranyl ion
and hydrogen atom of water molecule and (b) Oxygen atoms of uranyl ion and oxygen atom of
water molecule at different uranyl nitrate concentration which represented by the numbers of

uranyl ions present in 3M nitric acid.

All O — Hw PCFs follow the similar trend and the first peaks are appeared at a location of 3.55A
with a small hump as seen from Figure 6.13(a). The peak height is varied from 1.69A to 1.77A.
The nature of first peaks of O — Hw PCFs in presence of acid are quite similar to the PCF
obtained in absence of acid except the peaks are split into two peaks in the later case. Here, the
split peaks are converted to single peak with a small hump. So, the nitric acid which is present
in dissociated form as H3O" and NOs" has significant influence on the O — Hw PCFs. The first

minima is appeared at a range of 4.65A to 4.95A and the calculated CN are reduced to 13.9-
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12.2 from 15.70 which was obtained for uranyl ion in water system. Such reduction is obvious
as both the UO2?" and NOs ions are present in the medium. The second peaks are located at
approximately in the range of 5.85A to 5.95A which is quite similar to the calculated results of

uranyl ion in water system.

The O — Ow PCFs for all the systems also exhibit similar trend as shown in Figure 6.13(b) and
the first peaks are located at around 2.75A to 2.85A. The peak heights are in a range of 3.31 to
3.52. Here, we also found the similar observation that the nature of PCFs in acidic medium has
negligible difference from that of the water medium. The first minima are observed at around
4.45A to 4.55A and the CN is varied from 13.2 to 10.7 indicating a decreasing trend. The CNs
obtained in type-1 systems are higher compared to the acidic system. This may be due to the
gradual reduction of the availability of water around the uranyl oxygen at higher uranyl nitrate
concentration. The second peaks are broad and flattened in nature and are appeared at

approximately 5.45A.
U — On and U — N pair correlation function:

The pair correlation functions of two sites (On and N) of nitrate ion around the uranium (U)
atom have been evaluated to understand the orientation of nitrate ions around U atom with the
competition of water molecules in acidic medium. The PCFs of oxygen atom (On) of nitrate
ions with respect to U atom at variable concentration of uranyl nitrate are represented in Figure

6.14(a).

The first peaks of U — On PCFs are located at approximately 2.55A except for 5U and 10U
where the first peaks are appeared at a location around 4.65A and 4.55A respectively. The
sharp first peak at 2.50A was also reported by Ye et al with 18 numbers uranyl ions.*® The U
— On distances are found to be almost same to that of the U — Ow for all concentrations, which

confirms the presence of both water molecules and nitrate ions in the solvation shell. Similar
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observation was also reported by Chopra et al**? for U10 system. Again, in case of 5U and
10U, the first peaks are associated with second peaks and only one peak is appeared which is
located near the second peaks of the rest of the systems and was absent in their studies?*?. The
unusual characteristics appear due to the presence of 3M acid in the medium. So, it can be
concluded that the acid medium may alter the orientation in the solvation shell. Bhul et al also
reported the U — On distance in the range of 2.49A to 2.59A calculated from CPMD, ZORA
and LANL whereas 2.53A from X-ray diffraction analysis**’. From the calculated CNs for all
the systems, it has been found that the orientation of uranium atom allows the CN of 2.84 and
2.56 for 5U and 10U systems respectively. It indicates that the uranium is attached to two
oxygen atoms of nitrate ions. For the rest of the systems, the CN keeps on increasing from 0.32
to 0.55 which also indicates the association of single oxygen atom of nitrate ions with uranium
atom. So, the bi-dentate structure is formed at lower concentration of uranyl ions and it
converted to mono-dentate at higher concentration. Because more number of uranyl ions
reduces the availability of nitrate ions around UO2%* ions and also a competition between water
and nitrate ion to occupy the space in solvation shell. This might be the reason for changing
the CN from 2.84 to 0.32. Similar observation in CN was also reported by Chopra et al**?, The
predominant mono-dentate binding mode was observed in agueous environment using Raman
spectroscopy by Brooker et al®*® and Nguyenttung et al®*®. Again, Chiarizia et al also
established the mono-dentate structure in water-rich medium using EXAFS measurements.*®
According to the work of Bhul et al, the solvent effect facilitated the transition from bi-dentate
to mono-dentate and the nitrate ions are rather involved in inter-molecular hydrogen bonds
with solvent instead of intra-molecular hydrogen bonds with uranyl water?'’. Hence, it can be
concluded that the coordination properties can be affected by the solvation as well as by the
solute concentrations. Therefore, it can also be seen that the CN of On atom is increased with

uranyl nitrate concentration while that of Ow is decreased. Along with the concentration of
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uranyl nitrate, one more factor is responsible for the CN which is the number of water
molecules present in the medium. Higher numbers of water molecules reduces the U — On
coordination numbers as also seen from the study of Chopra et al®*’. Our study with 2845
numbers of water molecules exhibits the CN in between their studied system containing water
molecules around 2400 and 3920 numbers. The second peaks are appeared at around 4.55 —
4.65A except 5U and 10U systems where the second peaks are small and located further away
approximately at a location of 6.05 — 6.25A.. The second peaks of rest of the systems are higher
compared to the first peaks which indicate more nitrate ions are available within the 2"

solvation shell.
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Figure 6.14: Pair correlation function between two interacting atoms (a) Uranium (U) and
oxygen atoms (On) (b) Uranium (U) and nitrogen atoms (N) of UO2%* ion and NOs™ ion. Snap
shot of liquid structure obtained from MD simulations study illustrating the bi-dentate and
mono-dentate structure between uranyl ion and nitrate ion. Colour code: Red-Oxygen, Blue-

Nitrogen and Pink-Uranium.
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The PCFs between two interacting U and N atoms are also calculated and they are shown in
Figure 6.14(b). The profile of these PCFs is similar to that of the U — On PCFs. A single broad
peak is observed for both the 5-U and 10-U systems whereas two peaks are there for rest of the
systems. The first peaks are located at around in the range of 4.75 — 5.15A and 5.05 — 5.25A
for 5-U and 10-U systems respectively. For other systems, it is located at approximately at
3.05A. The orientation of nitrate ions around uranium atom can be described from the above
PCFs study and it has been seen that the On atom is much closer compared to the N atom with

respect to U atom. So, they may be oriented as shown in snap shot in Figure 6.14.

The first minima is appeared at 6.45 — 6.55A for 5-U and 10-U systems while at 3.35 — 3.45A
for rest of the systems. The CN is also reduced from 1.55 to 0.14 which indicates the less
availability of nitrate ions around U atom. The second peaks are appeared at around 5.05 —

5.25A except 5-U and 10-U where it was absent.
On — Hw and On — Ow pair correlation function:

The PCFs of two water sites (Hw and Ow) around the oxygen atom (On) of nitrate ions have
been computed to understand the interaction as well as the orientation of water molecules with
respect to nitrate ions in the acidic medium. The On — Hw PCFs for all the systems are evaluated
and the PCFs are gradually increasing with uranyl nitrate concentration and they exhibit similar

feature as shown in Figure 6.15(a).

The first peaks are located at around 1.75A with an increasing peak height ranging from 1.01
to 1.53. Buhl et al also obtained the first peak at similar location using CPMD (Car-Parrinello
molecular dynamics) but the profile was noisy due to short simulation time?'’. Here, the
profiles are sufficiently sharper and smoother compared to their PCFs because of longer

simulation run. Again, they have reported a board peak which is not observed in the present

198



CHAPTER 6: Structure & Dynamics of Uranyl Nitrate Solution

study. The hydrogen atom of water molecule is located within the hydrogen bonding distance

ensures that the nitrate ions are significantly solvated in water.

The first minima are appeared at approximately 2.45 A for all the systems and the
corresponding CNs are obtained in the range of 0.81 to 1.07. The coordination number is
gradually increasing with the nitrate ion concentration which indicates more number of water
molecules is aggregated around the nitrate ion. A sudden jump is noticed from 50U to 70U
which is also reflected in peak height, first minima and coordination number. The second peaks

are appeared at approximately 2.75 A and the peak heights are gradually increasing from 0.74

to 1.07.
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Figure 6.15: Pair correlation function between two interacting (a) oxygen atom of nitrate ion
and hydrogen atoms of water and (b) oxygen atom of nitrate ion and oxygen atom water. Snap
shot of orientation of water molecules around nitrate ions. Colour code: Red-Oxygen, Blue-

Nitrogen and Yellow-Hydrogen.
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The On — Ow PCFs for all the systems are also computed and represented in Figure 6.15(b).
All the PCFs followed the similar trend and the first peaks are located at around 2.75A which
is also similar to that of the work done by Bhul et al.?*’ But again the profiles are different from
the results of the present study. The water hydrogen (Hw) is much closer to the oxygen atom
of nitrate ion which provides an idea regarding the orientation of water molecules around the
nitrate ions and the probable orientation may be like the one as shown in snap shot in Figure

6.15.

The first peak heights are gradually increasing as seen from the Figure 6.15(b) and the values
are ranging from 1.13 to 1.77. Then, the PCFs passed through minima at a distance of ~ 3.55 —
3.65A and the corresponding calculated CN lies between 2.75 to 3.91. Thereafter, the second

peaks are appeared at approximately 4.55A along with increasing peak height.
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Figure 6.16: Plot of orientational correlation function as a function of time (t).

Further, it will be interesting to investigate the orientational correlation function of water
molecules in the solution in presence of uranyl ions. The orientational correlation function ( I"
HOH(t) = <@(t)0(0>/<0(0)0(0>) has been calculated by considering the angle (KHOH) of water
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molecule for bulk water and in presence of uranyl ion (5-UO2 system). The presence of uranyl
ion affects the angular orientation of surrounding water molecules as revealed from the plot of
orientation correlation function (see the Figure 6.16). The orientation correlation function
decays faster in presence of uranyl ion. Further, the decay is slowed down as one move from

first solvation shell to second solvation shell.

The tetrahedrality parameter (q=1-Sg) pure solvent (here water) as well as uranyl nitrate
solution in 3M nitric acid have been calculated to understand the deviation from tetrahedrality
from pure water in presence of uranyl nitrate and also the effect of concentration on
tetrahedrality. The calculated results are presented in Table 6.8. From the results, it is seen that
the tetrahedral order parameter (q) is reduced with increasing concentration of uranyl ions

indicating the disruption of hydrogen bond.

Table 6.8: Calculated tetrahedral order parameter (q) for various systems

Orientation Tetrahedral

System S order (q=1-Sg)

SOL 0.0923 0.9077
5-U02 0.1097 0.8903
10-U02 0.1104 0.8896
25-U02 0.1189 0.8811
50-U02 0.1203 0.8797
70-U02 0.1232 0.8768
85-U02 0.1278 0.8722
100-U0O2 0.1297 0.8703
120-U02 0.1348 0.8652
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Surface tension:

Surface tension is a very useful physical property which plays an important role in liquid —
liquid extraction and stripping operation in particular and various interfacial processes in
general. In our previous studies, we have calculated the interfacial tension at TiAP/dodecane —
water interface®?. Now, it is important to calculate the surface tension of aqueous phase which
is generally treated as feed in well-known PUREX process. The methodology is similar to our
previous work??, Only change is that here the system has only one phase so the space to be
provided for vapour phase where some molecules of aqueous phase will escape from aqueous
layer during simulation®3®. For this reason the box is elongated along z direction. Note that here
Lx = Ly = 3*L. is used for study where Lx, Ly and L are box dimensions in X, y and z direction

respectively.

MD simulations have been performed for 1 ns simulation length with rectangular box to
evaluate the surface tension. Initially, the surface tension of SPC/E water is computed and was
found to be 85.15 mN/m which is close to the reported experimental value 90 mN/m?*,
indicating confirmation of simulation accuracy. Other reported surface tension using SPC/E
water model are 55.4mN/m?*°, 61.3 mN/m?°, 70 mN/m?* 252, Thereafter, the surface tensions
of uranyl nitrate in 3M acid systems have been evaluated to understand the trend during
variation in concentrations of uranyl nitrate. The simulation result indicates that the surface

tension is an increasing function of concentration as shown in Table 6.9.

In presence of uranyl ions, the surface tension is raised from 85.15 mN/m in case of pure water
to 111.87 mN/m. After that the surface tension value reaches up to 131.03 mN/m with 120
numbers of uranyl ions. It is obvious that the surface tension should be higher in presence of
uranyl nitrate compared to the pure water because the uranyl ions are responsible to pull down

the liquid surface due to the strong interaction between UO22* and medium.
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Table 6.9: Surface tension of uranyl nitrate solution in 3M nitric acid medium at various

uranyl nitrate concentrations calculated from MD simulations

System  Surface tension (mN/m) System Surface tension (mN/m)
5-U 111.87+£3.5 70-U 123.50 + 3.6
10-U 11599+1.38 85-U 124.65 + 3.3
25-U 118.08 £4.1 100-U 125.71+4.1
50-U 121.04 £ 34 120-U 131.03+1.9

In order to check whether uranyl ions are accumulated at the surface, the density profile of
various chemical species present in uranyl nitrate in 3M nitric acid along x-direction of the

simulation box was estimated and is displayed in the Figure 6.17.
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Figure 6.17: Plot of density of various chemical species along X-direction.

From the plot, it has been seen that there is a slight accumulation of density at the surface.

Again, uranyl ions behave as impurities in the system which creates barrier to the vaporisation
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of water molecules to the associated vacuum space created above the aqueous phase and then
increases the surface interaction towards the liquid phase. Similar observation was also
reported by Garnt et al®> but the values are close to that of the pure water. Again, Wang et
al®** also have performed MD simulations to calculate surface tensions of NaCl solution which

increases with concentration.

The computed surface tensions were found to be increased linearly with concentrations of
uranyl nitrate up to certain concentration as shown in Figure 6.18. The nonlinearity starts
appearing at higher concentration ~ 4.65 mole/litters where a deviation in surface tension is
noted from monotonic linear increase. This phenomenon perhaps indicating the super
saturation of uranyl nitrate at very high concentration which drives the formation of crystal. It
affect the surface tension considerably as both the surface excess enthalpy and entropy
contribute to elevate the surface tension as reported by Wang et al®>*. In support to that, the
distance between two interacting U atom is also calculated from structural property and it is
reduced to approximately 7.25A from 9 — 10A. So, it can be concluded that the simple linear
function may not be valid when the concentrations become high. Hence, the present MD
simulation studies are able to imitate the increment of surface tension along with the
oversaturation phenomena from pure water to the various concentration of uranyl nitrate in 3M

nitric acid solution.

In order to support the simulation findings, dynamic light scattering (DLS) experiment was
conducted to explore the behaviour of aqueous mixture. The scattering results (shown in
Figure 6.18) depict that homogeneity of the aqueous mixture is maintained up to 4.0 moles/lit
and after that the mixture becomes heterogeneous as the light fails to pass through the solution.
It is worthwhile to mention that the nonlinearity in surface tension is appeared at the same
location where the nonlinearity in the dynamic light scattering (DLS) intensity (see Figure

6.18) was observed.

204



CHAPTER 6: Structure & Dynamics of Uranyl Nitrate Solution

135 400
E 130} ° ®
% ’ v 1300
£ 125} e 4 =
c @ ’ .
° &> 9 =
c 120+ " - 1200 >
i L . =
8 115] @~ o7 =
£ ’ 1100 E
Z 110 2 =
w r P

a---9
105 19— ' ' ' ' 0

0 1 2 3 4 5 6
Uranyl nitrate concentration (mole/lit)

Figure 6.18: Surface tension of uranyl nitrate solution in 3M nitric acid as a function of uranyl
nitrate concentration. Experimental intensity of uranyl nitrate solution in 3M nitric acid for a

wide range of uranyl nitrate concentration using DLS instrument.

Shear viscosity:

The shear viscosity is very important dynamic property for any aqueous or organic system to
develop an understanding of material transfer in biphasic system. Here, the shear viscosity is
calculated from non-equilibrium molecular dynamics (NEMD) simulation using periodic
perturbation method*?°. An external force is applied to the system which causes a velocity field.
The steps of this perturbation method are reported in our previous work'®. The only changes
have been done in the magnitude of external force. In previous chapter, the shear viscosity was
computed for organic liquids as pure or mixture form where the magnitude of external force
was 0.10 nm/ps?.% The calculated value of shear viscosity for water with this magnitude of
external force was quite small. As we know for non-equilibrium MD simulation, the shear

viscosity will be low when the shear flow is too high. So, the magnitude of the external force
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should not be higher than 0.01 nm/ps? in case of aqueous system. An appropriate value of
external force was fixed by calculating the shear viscosity for a range of external force which
is very much similar to the work of Song and Dai*®*. They obtained quantitative value of shear
viscosity for both the acceleration amplitude of 0.0025 and 0.005 nm/ps?. In our present study,

we have used the acceleration amplitude of 0.0025 nm/ps? to calculate the shear viscosity.

The shear viscosity of water is calculated before going to the uranyl system. It is very
challenging to calculate the accurate shear viscosity of water. Many researchers have computed
the shear viscosity for different water models from MD simulation. Here, the shear viscosity
obtained from our simulations for SPC/E water model is 0.87 £ 0.003 mPa.s which is very
much closer to the reported experimental value of 0.854 mPa.s?*° with a deviation of only
1.87%. The shear viscosity reported by Song and Dai from NEMD simulation was 0.722 +
0.006 mPa.s*® which underestimates the experimental value by 15%. The other reported values
of shear viscosity calculated from MD simulations are 0.63 mPa.s*?® and 0.642 + 0.008
mPa.s?*® which also underestimate the experimental value. The similar acceleration amplitude
is also applied to calculate the shear viscosity of uranyl nitrate in 3M nitric acid system from

NEMD simulation and the values obtained from simulation are reported in Table 6.10.

Table 6.10: Shear viscosity calculated from NEMD simulation for all the systems with the

effect of concentrations of uranyl nitrate

System  Shear Viscosity (mPa.s) System Shear Viscosity (mPa.s)

5-U 0.940 70-U 1.662
10-U 0.896 85-U 1.971
25-U 1.229 100-U 1.912
50-U 1.498 120-U 2.692
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The calculated shear viscosity was seen to be increased with increasing concentration of uranyl
nitrate due to higher intermolecular interactions with increasing concentration. The calculated
shear viscosity displays a linear relation with the concentrations as shown in Figure 6.19 and
a nonlinearity starts appearing at higher concentration similar to that of the surface tension
where the monotonic linear behaviour was deviated and a sharp rise in shear viscosity is
observed from 100-U to 120-U indicating a possible super saturation phenomena. At the stage
of super saturation the shear viscosity becomes very high due to high molecular friction and

large hydrodynamic forces.
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Figure 6.19: Shear viscosity of uranyl nitrate solution in 3M nitric acid calculated from MD

simulations illustrating an increasing trend with uranyl nitrate concentration.

6.4.3. Type 3: Uranyl nitrate in varying nitric acid concentrations

In addition to the preceding discussion, the effect of acid concentration or acid molarity on the
aqueous feed solution is equally important to develop an understanding of extraction of solutes.

Aqueous phase acidity has a key role in liquid —liquid extraction to achieve a better

207



CHAPTER 6: Structure & Dynamics of Uranyl Nitrate Solution

decontamination factor (DF). Here, the range of acid concentrations have been considered from
1M to 4M as per the actual PUREX process where the feed acidity has been maintained around
3-4M. Hence, the physical and dynamical properties have been calculated to understand the

effect of acid concentrations.

The above studies have been performed with 85 numbers of uranyl ions and its associated
nitrate ions of 170 numbers. The nitric acid has been used in un-dissociated form and the
respective numbers are reported in Table 6.2. Every system is relaxed through energy
minimization step followed by equilibration for 10ns simulation length. After that, the
production run for next 10 ns simulation length has been carried out followed by 1 ns to
determine the physical and dynamical properties. The densities and self-diffusivities for each

system have been reported in Table 6.11.

Table 6.11: Average density of uranyl nitrate solution at various acid concentrations and
self-diffusivities of various ions present in uranyl nitrate solution as a function of acid
concentration have been calculated. 85-U system with un-dissociated form of nitric acid

has been used.

Density Self-diffusion Coefficient (10-° m?/s)
(kg/m?)

System
uo2* NO3z H-.O HNO3

85U-1M 1485.65+0.23 0.611+0.02 1.167+0.09 1.697+0.01 1.087 +0.06

85U-2M 1489.55+0.13 0.464+0.02 1.105+0.02 1.622+0.04 1.006+0.03

85U-3M  149143+0.21 0421+0.12 0.984+0.06 1.599+0.08 0.740*0.05

85U-4M 149427 +0.28 0.395+0.03 0.893+0.05 1.546+0.02 0.628+0.11

The calculated densities were found to be followed an increasing path with acid concentration

as expected. The self-diffusivities of uranyl and nitrate ions were found to be decreased with
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acid molarity because the un-dissociated nitric acid imposed restriction into the medium which
slows down the mobility of UO22* and NO3 ions. The self-diffusivity of uranyl ion for 85-U in
3M nitric acid system was determined using two different forms of nitric acid. The dissociated
form gives the value of 0.333 + 0.04 x 10°° m?%s while the un-dissociated form of acid predicts
0.421 +0.12 x 10°° m?/s. The movement of free ions are faster compared to that when they are
in associated form and the mobility of free ions has been interrupted by each other. It may
affect the self-diffusivity of ions in the medium. The self-diffusivities of water and nitric acid

also have been evaluated and they have followed the similar decreasing trend.

In addition to that, another important dynamic property to understand the extraction process is
shear viscosity which has been computed at various acid concentrations. The calculated

viscosity values are reported in Table 6.12.

Table 6.12: Shear viscosity and surface tension computed from MD simulations with the

effect of nitric acid molarities (associated form of HNO:s)

System Shear Viscosity (mPa s) Surface Tension (mN/m)
85U-1M 1.319+0.01 115.31+3.2
85U-2M 1.352+0.01 112.01+£3.1
85U-3M 1.706 + 0.02 116.21 £ 3.1
85U-4M 2.087 +£0.01 11499+ 2.2

The shear viscosity is found to increase with acid concentration but a difference in shear
viscosity values has been observed for 85U-3M system containing dissociated and associated
form of nitric acid. The external force required to accelerate the free ions will be found to be

less as per the present value of external force, indicating more force is required compared to
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the associated form of acid and thus shear viscosity value becomes higher compared to that the
associated form. Alternatively, the present external force becomes higher for associated form
of acid and the shear viscosity value is getting suppressed. So, the magnitude of the external
force may be decided as per the form of nitric acid used. Further, there are no added advantages
in using either dissociated or associated form of nitric acid and hence, any form can be used
for simulation study. The surface tension for all the systems has also been calculated and it was

found to be almost unaffected by the nitric acid concentration.

Structural:

The structure and probable orientation of uranyl ions, nitrate ions and un-dissociated nitric acid
can be described from PCF. The orientation of water around uranyl ion is evaluated from U —

Ow and O — Ow PCFs as seen in Figure 6.20(a) and Figure 6.20(b).
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Figure 6.20: Pair correlation function between two interacting (a) U atom and Ow (water

oxygen) atom and (b) oxygen atom (O) of uranyl ion and Ow (water oxygen) atom.

The first peaks of U — Ow PCFs are appeared at around 2.45A which are exactly similar to the
results described in preceding section for varying uranyl nitrate concentration. It indicates that

the position of water molecules in the first solvation shell of U atom becomes invariable with
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the concentration effect of both uranyl nitrate and nitric acid. Thereafter, the first peaks of O —
Ow PCFs are located at approximately 2.75A which are again quite close to the previous case.
The water oxygen is comparatively closer to the U atom as we have already reported earlier.
Here, the CNs of U — Ow PCFs are also quite similar like earlier results of the preceding section

but the change in CN is negligible as 5.69 - 5.72.

Further, the orientation of nitrate ions around uranyl ion is also discussed by determining the
U — On and O — On PCFs which are shown in Figure 6.21(a) and Figure 6.21(b). The first
peaks of U — On PCFs and Ow — On PCFs are located at the same position compared to that of
the type-2 system which again confirms that the orientation remains unchanged irrespective of
the system conditions. Hence, it can be concluded that the dissociated and associated form of

acid have negligible effect on the structural properties.
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Figure 6.21: Pair correlation function between two interacting atoms (a) U atom and On
(oxygen atom of NOs) atom and (b) oxygen atom (O) of uranyl ion and oxygen atom (On) of

nitrate ion.

Next, the orientation of HNOs around uranyl ion has been computed and shown in Figure

6.22(a) to Figure 6.22(d). The PCFs between two interacting U atom of UO2%" and oxygen
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atom of HNOs are different from other as seen from Figure 6.22(a) which displays only one
broad peak at around 4.85 to 5.05A without passing through any minima. After that, the first
peaks of U — Na PCFs are appeared at approximately 5.25A [see Figure 6.22(b)] and peak
heights are decreased gradually signifies the availability of nitric acids near uranyl ion becomes
less at higher concentration of acid. It might be due to change in structural orientation from

mono-dentate to bi-dentate which is also reflected in the corresponding CN that varies from

0.83 - 2.26.
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Figure 6.22: Pair correlation function between two interacting (a) U atom and Oa atom
(oxygen atom of HNOs3), (b) U atom and nitrogen atom (Na) of nitric acid, (c) uranyl oxygen
(O) atom and oxygen atom (On) of nitric acid, (d) uranyl oxygen atom (O) and hydrogen atom
(Ha) of HNOs. Inset: Snap shot representing the orientation of nitric acid around uranyl ion.
Colour code: White-Hydrogen, Red-Oxygen, Pink-Uranium, and Blue-Nitrogen.
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The PCFs between two interacting sites of HNOs (Oa and Ha) around uranyl oxygen (O) also
have been evaluated along with the above two PCFs to get a proper orientation of HNO3s around
uranyl ions [see Figure 6.22(c) and Figure 6.22(d)]. The first peaks for O — Oa PCFs are
located at around 2.95 — 3.05A while for O — Ha PCFs at 6.55 — 6.65A, indicates that the
oxygen atom of HNOs is comparatively closer than that of hydrogen atom. Again, the oxygen
atom of HNOs is relatively closer to that of the nitrogen atom. The proposed orientation is

presented in inset of Figure 6.22(b).
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Figure 6.23: Pair correlation function between two interacting (a) oxygen atom (ON) of nitrate
ion and oxygen atom (OA) of HNOs (b) ON atom of nitrate ion and hydrogen atom (HA) of
HNOs, (c) nitrogen atoms of nitrate ion and HNOs, (d) nitrogen atom (N) of nitrate ion and
hydrogen atom (HA) of HNOs. Inset: Snap shot representing the orientation of nitrate ion
around nitric acid. Colour code: Green-Hydrogen, Blue-Nitrogen, Red-Oxygen and Golden

yellow-Nitrate ion.
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In addition to that the orientation of nitric acid (Na, Ha and Oa atoms) around nitrate ions (N
and On atoms) or vice versa can be produced from the Figure 6.23(a) to Figure 6.23(d). The
first peaks of On — Oa PCFs are located at around 3.25A whereas 2.45A for On — Ha PCFs [see
Figure 6.23(a) and Figure 6.23(b)], indicating the hydrogen atom of nitric acid is
comparatively closer to the oxygen atom of nitrate ion. The CNs for On — Oa PCFs are
increasing from 0.56 to 1.59 and for On — Ha from 0.11 to 0.41. After that the first peaks of N
— Na are appeared at a location approximately 3.65A while for N — Ha PCFs the peaks are
located before 0.8 A from N — Na PCFs. So, the nitrogen atom of nitric acid is away from the
nitrogen atom of nitrate ion than the hydrogen atom. The CNs are increasing for both the N —

Na and N — Ha PCFs and varies from 0.51-1.55 and 0.27-0.82 respectively.
Potential of mean force (PMF):

The free energy (AGR) related to the release of one water molecule from the solvation shell,
has been calculated from the first minimum of the PMF. The PMF has been generated from the

PCF using the following relation'?®
PMF = —KgTIng(r) (6.2)

Where, g(r) denotes PCF. The free energy of release, AGr, which indicates the interaction

between ions and water molecules, is equivalent to PMF,

The PMF calculated at the peak of PCF provides the minimum free energy for a system.
Therefore the free energy required to release one water molecule or one nitrate ion from the
solvation shell of U atom, can be used to explain the competition in the first solvation shell. In
addition, it can be also describes the effect of concentration of uranyl nitrate and acid on the

competition.
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The free energies related to nitrate ions and water molecules are determined using the
computing PCF to study the effect of uranyl nitrate and nitric acid concentrations as seen in
Figure 6.24. If we compare the free energies between water molecules and nitrate ions for both
the systems, it has been found that more energy is required to release a water molecule than
that of nitrate ion from the solvation shell. It can be explained from the structural properties.
The distance between U and Ow atoms is 2.45A whereas the On atom is around 2.55A away
from the U atom. For 5-U and 10-U systems the distance is about 4.65A having very low free
energy. No significant structural differences have been noted for both the systems and thus the

free energy values are seen to be very close.
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Figure 6.24: Average free energy of uranyl nitrate in 3M nitric acid system as a function of

(a) uranyl nitrate concentration and (b) nitric acid concentration

Test of Stoke — Einstein relation in aqueous mixture:

The self-diffusivity (D) of uranyl nitrate was found to be decreased whereas shear viscosity (n)
was found to be increased with increasing concentration i.e. D and n are inversely related.
Therefore it is worthwhile to investigate the behaviour of the product (Dn) of these two

dynamic properties by the well-known Stokes-Einstein (S-E) relation [see equation 4.3].
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The radius of uranyl ion has been computed from volume obtained using COSMOtherm
package'®. Therefore, it is worthwhile to check whether the S-E relation is valid or not in this
aqueous mixture. In Chapter 4, we had checked the S-E relation for TiAP/dodecane mixture
and found the breakdown of S-E relation'® as the system does not follow either slipping or
sticking boundary condition. The S-E relation was found to work well for a new value of C=2.5.
In a similar fashion, the validity of S-E relation was checked for a varying concentration of
uranyl nitrate. The product of self-diffusivity and shear viscosity is plotted against density of

the systems and is depicted in Figure 6.25.
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Figure 6.25: Plot of product of diffusivity and shear viscosity (Dn) of (a) aqueous phase
containing uranyl nitrate in 3M nitric acid and (b) organic phase containing TiAP in dodecane
as a function of calculated density.

Here also, the breakdown of S-E relation was observed as expected because the equation 4.3
does not contain any concentration/density dependent parameter. Thereafter, the value of
numerical factor has been computed for agueous mixture and the value was found to be 8.5 far
from the sticking boundary condition. It is quite interesting to mention that the numerical factor
for organic mixture was appeared at far slipping region whereas for aqueous mixture the factor
appears at far sticking region. It signifies that the TiAP experienced lesser interaction while

moving through the dodecane compared to that of uranyl ion moving through 3M nitric acid.
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Higher interaction in aqueous medium leads to a higher numerical factor than far sticking

boundary condition.?’

6.6. SUMMARY

The MD simulations have been carried out for three types of systems. One type is to establish
the effect of force field on the structural and dynamical properties using single uranyl ion in
water system. The density, self-diffusivity, H-bond dynamics and structural properties
calculated for all the models are found to have negligible dependency on the force field whereas
the free energy of hydration has shown quite strong effect for the force field as well as the
partial charges. Hence it can be conclude that the partial charges do not have significant effect
on force field based on the calculated structural and dynamical properties except the free energy
of hydration and the GW-model performed well. So, the studies have been extended for second
type of systems where a wide range of uranyl nitrate concentration in 3M nitric acid medium
have been considered to imitate the feed solution used in PUREX process. The structural and
dynamical properties have been calculated to establish the effect of concentration on properties.
The bulk density was found to be increased with concentrations and also in excellent agreement
with the measured experimental density which ensures the accuracy of the adopted GW type
of force field. The self-diffusivities of various ions present in the solution followed the
decreasing trend. The self-diffusivity of water is also affected because the uranyl nitrate
concentration is responsible for reduction in water shielding around uranyl ion. Further, the
activation energy for diffusion calculated from Arrhenius plot shows the higher activation
energy for uranyl ion is required compared to that of water molecules which is in accordance
with the self-diffusivity values. The structural properties are also affected by the effect of
concentration. The CN of water and nitrate ions with respect to U atom was inversely related
and both compete to acquire the position in the solvation shell. The nitrate binding mode with
uranyl ion was also transformed from bi-dentate to mono-dentate at higher acid concentrations.
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The calculated surface tension and shear viscosity were seen to be increased with uranyl nitrate
concentrations. At higher concentration of about 4.0 moles/lit, super-saturation effect has been
captured by inflection in the surface tension as well as in the shear viscosity due to the solution
heterogeneity which was also validated by inflection in the scattering intensity observed by
performing dynamic light scattering (DLS) experiment. The surface tension of salt solution
was higher than that of the pure water. Acid molarities do not have any significant effect on
the structural properties. Again, the uranyl nitrate concentrations and the nitric acid
concentrations have negligible effect on the PMF. Finally, the popular S—E relation was found

to breakdown in the aqueous mixture like organic mixture.
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Conclusions & Future Work

7.1 CONCLUSIONS

DFT derived partial charges on atoms were generated using population analysis methods of
Mulliken, Léwdin, NPA and ChelpG and subsequently embedded in OPLS-AA force field to
determine the mass density, pair correlation function, free energy of solvation, partition
coefficients, diffusion coefficients and dipole moment using MD simulations in order to
calibrate the suitable OPLS-AA force field for the tri-alkyl ligands and n-alkane liquids.
From overall density analysis for all the ligands and diluent using four different charge
models, it can be stated that the OPLS-AA force field using Mulliken charge might be the
most suitable force field for determination of density which is within 0.13-1.41% of the
experimental results. Further, the different partial charge on the phosphoryl group
significantly affect the PCFs of liquid TBP, TiAP and TEP as envisaged from the peak height

of PCFs.

Though the predicted density with Mulliken charge is reasonable, the diffusion constant of

TBP with Mulliken charge is found to be 4 times smaller than that of experimental value
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which suggests that re-parameterization of OPLS-AA force field might be necessary to
produce the accurate diffusivity data as estimated by experiments. Overall, from the analysis
of diffusivity it is seen that the diffusivity follows the inverse relation with molecular mass
i.e.. TEP>TBP>TiAP. The calculated value of AGHydration for using Mulliken partial charge is
very close to the experimental value indicating that the Mulliken charge model might be
useful for estimating the thermodynamic properties. In addition, the calculated partition
coefficient of the ligands using MD simulations in water-dodecane system follows the order:
TiAP> TBP>TEP which is further corroborated by QESC. Furthermore, the calculated results
of partition coefficient are found to be in qualitative agreement with the experimental results.
From overall analysis of dipole moment for different charge model, it can be confirmed that
the Mulliken charge included OPLS-AA force field might be the suitable choice for the

simulations of the present molecular system.

Further, the higher free energy of extraction for TiAP over TBP indicates higher distribution
constant of UO2%* ion with TiAP (Duwvn=29.8) over TBP (Duwi=24.5) and hence TiAP
might be used as substitute of TBP in nuclear fuel cycle. Finally, after examining the thermo
physical and dynamical properties of the pure liquids employing different Quantum partial
charge, Mulliken charge embedded calibrated OPLS-AA force field is perhaps the most
reliable one so far as it does not incorporate any arbitrary scaling in the force field or L-J
parameters and thus can be used confidently to estimate the liquid state properties of alkyl

phosphates and n-alkanes.

The structure, dynamics and thermodynamics of binary mixture of TiAP and dodecane have
been determined and reported using the recently developed OPLS-AA potential by
performing equilibrium and non-equilibrium MD simulations. The optimized OPLS potential
embedding Mulliken partial charge was found to be quite successful in predicting the thermo

physical and dynamical properties of pure liquids and mixtures.
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The calculated electric dipole moment of TiAP was seen to be mildly altered with TiAP
concentration in the dodecane in comparison to pure TiAP. The calculated liquid densities of
TiAP-dodecane mixture were shown to be in excellent agreement with the experimental data
over the entire range of the mole fraction. The mixture densities at different temperature are
also studied which was found to be reduced with temperature as expected. The diffusivities of
both TiAP and dodecane were computed and it was established that within the range of 25-
30% TIAP in dodecane is perhaps the optimum composition to be used for conducting the
solvent extraction experiment. Further, the excess volume of mixing for the TiAP/dodecane
mixture was found to be positive over the entire range of mole fraction. In addition, the
excess enthalpy of mixing was shown to be endothermic for TBP/dodecane mixture as
observed experimentally and similar trend was also predicted for the TiAP/dodecane mixture.
The characteristics of spatial pair correlation functions (PCFs) for TiAP—dodecane mixture
was also captured over the entire range of the mole fraction. Furthermore, the calculated
shear viscosity was in excellent agreement with the experimental values for both pure and
mixture. Finally, this study indicates that 20-30% composition of TiAP/dodecane binary
mixture is an effective composition for extraction. The newly calibrated OPLS force field
was found to be working well even in the mixture and its predictability of experimental
results for a wide range of temperature and mole fraction confirms the ability of the new
OPLS force field. Further, the present MD simulations results demonstrate that SE relation

breaks down at the molecular level.

The excellent matching of the computed results with the experimental results can be further
extended to model the water-dodecane biphasic system which finally will be used for the
extraction of uranyl ion as practiced in the PUREX process. Work in this direction is in

progress in our computational laboratory.
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In the present study, MD simulations have been performed for the aqueous-organic biphasic
system using a newly developed force field to test its applicability in two phase consisting of
four chemical species. The calculated structural and dynamical properties of pure water and
water—dodecane like biphasic system using MD simulations are in excellent agreement with
the reported experimental values which establishes the validation of Mulliken embedded
force field. Again, the study was extended to determine the interfacial properties with the
effect of mole fraction of third component (here TiAP) and the acidity of aqueous phase for
aqueous-organic biphasic system. It was found that the packing of TiAP as well as the
interface thickness is an increasing function of mole fraction of TiAP but after 50% mole
fraction there is no significant effect of it. The interfacial tension is a decreasing function of
mole fraction of TiAP and the computed values are shown to be in excellent agreement with
the reported experimental results. Interfacial tension was found to be maximum in the
absence of TiAP molecules and then it decreases gradually indicating TiAP acts as a surface
active agent. The system with higher mole fraction of TiAP induces the TiAP molecules to
accumulate at the interface and large numbers of water molecules are in contact with them
resulting to a large interfacial roughness which facilitates the breaking of hydrogen bonds
between water molecules and of making hydrogen bond between phosphoryl group of TiAP
and water molecules. Thus, the interaction between water molecules is reduced in the
presence of TiAP. The breakage of hydrogen bond among water molecules reduces the
surface tension of water and it may help to increase the miscibility of water and organic
phases. At higher TiAP concentration, the packing of TiAP at the interface is increased which
accelerates the hydration of TiAP thus leads to more reduction of interfacial tension. Further,
TiAP-H20 complex was optimized at the B3LYP/TZVP level of theory using Grimme's
dispersion correction. The O---H bond length (1.81A) in TiAP-H20 complex (O of P=0 and

H of water molecule) was found to be quite smaller than that of O---H bond length (2.16A) in
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water dimer which indicates that the TiIAP-H20 interaction is stronger than that of H20-H20
interaction as reflected in the interaction energy for TiAP-H20 interaction (-10.74kcal/mol)
and H20-H:0 interaction (-4.63kcal/mol). The O---H bond length in TiAP-H20 complex (O
of P=0 and H of water molecule) from MD simulation was found to be 1.55A whereas O---H
bond length in water was found to be 1.95A, thus compliments the results of QM calculation

about H-bond.

The interfacial tension is an increasing function of aqueous phase acidity. In addition to that
the interface thickness has been calculated using a model equation and a simple scheme has
been suggested for the determination of bulk correlation length. Finally, the interface
thickness is correlated with interfacial tension, molecular diameter and bulk correlation
length as per the newly proposed scheme. It is worth mentioning that the computed value of

the intrinsic thickness is always greater than that of capillary thickness.

Additionally, the stability of the dimer of TiAP with different orientation was established by
computing the dimerization energy using DFT. The interaction energy for dimer with
orientation of O=P-P=0, P=0-P=0 and P=0-O=P was found to be -12.98 kcal/mol, -14.97
kcal/mol and -10.81 kcal/mol respectively indicating that dimer with orientation of P=0-
P=0 is the most stable which was also captured in the MD simulations. Further, the present
MD data shows that the water extraction is enhanced at higher mole fraction of TiAP because
of wider interface thickness at higher composition of TiAP which induced the water transport
to the organic phase. Again, the calculated values reveal that the water extractability is
decreased with increasing aqueous phase acidity as the interface thickness is reduced at
higher acidity. Therefore, the interface thickness plays an important role in mass transfer and
it may control the transfer processes by choosing the appropriate composition of biphasic

mixture.
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We anticipate that the present results will assist to illuminate a few dazzling issues on the
structure of water-oil interfaces, in particular, the role of interfacial thickness in the kinetics
of self-assembly of hydrophobic materials and biomolecules in contact with acidic water. The
present MD studies will thus further invite the experimental verification of the calculated
results of interfacial tension and interface thickness at a wide variation of composition of
third component and acidity. Additionally, it will be worthwhile and challenging to test this
force field for ion transfer across the interface. Work in this direction is in progress in our

computational molecular engineering laboratory.

MD simulations were conducted to establish the effect of force field on the structural and
dynamical properties of uranyl ion-water system. The density, self-diffusivity, H-bond
dynamics and structural properties are found to have negligible dependency on the force field
whereas the free energy of hydration was found to depend strongly on the force field and
partial charges. The GW-model was found to perform well for free energy of hydration and
can be considered for systems with wide range of uranyl nitrate concentration in 3M nitric

acid medium.

The calculated density using MD simulations was found to be in excellent agreement with the
measured experimental density which ensures the accuracy of the adopted GW type of force
field. The self-diffusivities of various ions present in the solution followed the decreasing
trend. The self-diffusivity of water was also affected because the uranyl nitrate concentration
is responsible for reduction in water shielding around uranyl ion. Further, the activation
energy for uranyl ion is higher compared to that of nitrate ion which is in accordance with the
self-diffusivity values. The CN of water and nitrate ions with respect to U atom was inversely
related and both compete to acquire the position in the solvation shell. The nitrate binding
mode with uranyl ion was also found to be transformed from bi-dentate to mono-dentate at

higher concentrations.

224



CHAPTER 7: Conclusions & Future Work

The calculated surface tension and shear viscosity were seen to be increased with uranyl
nitrate concentrations. At higher concentration of about 4.0 moles/lit, super-saturation effect
has been captured by inflection in the surface tension as well as in the shear viscosity due to
the solution heterogeneity which was also validated by inflection in the scattering intensity
observed by DLS experiment. The surface tension of salt solution was higher than that of the
pure water. Acid molarities do not have any significant effect on the structural properties.
Finally, the popular S—E relation was found to breakdown in the aqueous mixture like organic

mixture.

The heart of conclusions is that the OPLS — AA force field calibrated with Mulliken atomic
partial charges is capable to capture and explain all the thermophysical, dynamical and
thermodynamical properties of pure liquids, binary mixtures and biphasic mixtures
successfully. So, our main objective of the thesis is the versatility of a single refined force
field in the field of radionuclide — ligand — solvent systems pertaining to the fuel reprocessing
is achieved. In addition to that TiAP is established as a potential alternative ligand of TBP
which can be applied in thermal reactor as well as fast reactor fuel reprocessing. Favourable
interfacial properties for metal ion transfer have been suggested and the characteristics of
uranyl nitrate along with the limiting concentration of uranyl nitrate in feed solution have
been established which useful informations are for fuel reprocessing. Next, the present work
can be extended in the direction of extraction of heavy metals with the suggested composition
of ligand — solvent system, multicomponent system to understand the co-extraction process,

recovery of FP from the waste stream in near future.
7.2 FUTURE WORK

The present ligand — solvent system can be applied to study the reprocessing of spent nuclear
fuel. The TiAP can be used as a replacement of widely used TBP in this field. The 20% to
30% composition is suitable for extraction of heavy metal from spent nuclear fuel obtained
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from thermal reactor as well as fast reactor. Limited experiments can be done with this
composition to validate the simulations results. In addition to that it can be applied to the
multicomponent system to understand the co — extraction process. Further, similar extraction

system can be tested for recovery of fission product (FP) from the waste steam.

This study can be extended to find out suitable ligand like N,N,N’,N’'-Tetraoctyl
diglycolamide (TODGA), N,N,N',N' Tetra (2 Ethylhexyl) Diglycolamide (TEHDGA), Di-(2-
ethylhexyl)phosphoric acid (D2EHPA), Trioctylphosphine oxide (TOPO) or N, N-Di(2-
ethyl- hexyl) hexanamide (DOHA) using the similar methodology which is also used for
metal extraction. Again, this technique can also be used to study the alternate solvent like

ionic liquids in place of dodecane.
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APPENDIX

Table Al: Partial atomic charges on 44 atoms of TBP

TBP
Atom Mulliken Lowdin NPA ChelpG
P 1.11449 0.75758 2.54813 1.199
02 -0.48352 -0.43638 -1.03515 -0.647
0S; -0.50244 -0.24731 -0.86562 -0.370
0S; -0.51587 -0.26790 -0.87251 -0.485
0S3 -0.47766 -0.23983 -0.86079 -0.502
C1 0.218 0.07962 -0.05113 -0.0296
H1 0.02373 0.10026 0.20285 0.0803
H2 0.02148 0.10017 0.20562 0.0702
C2 0.21673 -0.08825 -0.05203 0.2954
H3 0.01634 0.10089 0.1992 -0.0077
H4 0.0276 0.10498 0.21125 -0.0015
C3 0.22153 -0.08463 -0.05195 -0.2933
H5 0.02279 0.10878 0.20935 -0.005
H6 0.00875 0.09261 0.19717 -0.0394
C4 -0.00441 -0.19799 -0.45048 -0.114
C5 -0.03733 -0.19194 -0.43111 0.3051
H7 0.00348 0.10974 0.2238 0.0024
H8 0.00555 0.10041 0.21793 0.0402
H9 0.00268 0.09743 0.21244 -0.0486
H10 0.01542 0.10424 0.21904 -0.0672



C6
H1l
H12
H13

Cc7

C8
H14
H15
H16
H17

C9
H18
H19
H20
C10
Ci11
H21
H22
H23
H24
C12
H25
H26

H27

0.00787
0.00894
0.00962
0.01353
-0.00484
-0.03886
0.01354
0.00169
0.02197
-0.00429
0.00821
0.01374
0.00669
0.01356
-0.00674
-0.03241
0.00197
0.00703
0.00562
0.01787
0.00569
0.00711
0.00931

0.01586

-0.31865
0.10781
0.10348
0.10941
-0.18899
-0.18347
0.1025
0.10126
0.09958
0.09224
-0.31134
0.10393
0.09893
0.11191
-0.19516
-0.18615
0.10726
0.09924
0.0968
0.10454
-0.31016
0.104
0.1003

0.10748

-0.62693
0.20892
0.20981
0.21908
-0.45062
-0.43288
0.22334
0.22247
0.22471
0.20782
-0.62688
0.2119
0.20762
0.21911
-0.45051
-0.43275
0.22287
0.21919
0.21408
0.22365
-0.6272
0.20775
0.20926

0.22017

APPENDIX

-0.3246
0.0693
0.0708
0.0719
-0.0189
0.2905
0.0119
-0.0208
-0.0397
-0.0491
-0.3505
0.0797
0.075
0.0712
0.0116
0.2672
-0.0009
0.0163
-0.0427
-0.0462
-0.2836
0.0501
0.055

0.0679
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Table A2: Partial atomic charges on 53 atoms of TiAP

TiAP

Atom Mulliken Lowdin NPA ChelpG
P 0.87129 1.17435 2.50370 1.2561
02 -0.47594 -0.57325 -1.06142 -0.6595
0S; -0.35822 -0.37738 -0.80729 -0.5337
0S; -0.35002 -0.36331 -0.79896 -0.4351
0S; -0.31221 -0.35876 -0.79283 -0.4375
C1 -0.41556 -0.17103 -0.60829 -0.427
C2 -0.06573 -0.13728 -0.21115 0.4273
C3 -0.17394 -0.13663 -0.40115 -0.2924
C4 -0.17558 0.01852 -0.06738 -0.1125
C5 -0.13148 0.01648 -0.07097 0.1583
C6 -0.18282 -0.13531 -0.40297 0.2754
C7 -0.075 -0.1336 -0.20498 -0.1468
Cs8 -0.35045 -0.1685 -0.58785 0.6197
C9 -0.15819 0.01544 -0.06451 -0.3429
C10 -0.17455 -0.13498 -0.39947 0.1503
C11 -0.06784 -0.1365 -0.2145 -0.2312
C12 -0.34953 -0.16641 -0.58637 0.4325
H1 0.15655 0.06639 0.18928 0.0277
H2 0.14075 0.06518 0.18133 0.0292
H3 0.10842 0.0772 0.20199 0.0146
H4 0.11318 0.0738 0.20226 0.0318
C13 -0.34959 -0.1672 -0.58593 -0.247
H5 0.1389 0.07257 0.19813 -0.0488



H6
H7
H8
H9

H10

H11

H12

H13

Ccl4

H14

H15

H16

H17

H18

H19

H20

H21

C15

H22

H23

H24

H25

H26

H27

H28

H29

H30

0.11604
0.17954
0.10011
0.14716
0.13504
0.10862
0.11508
0.14757
-0.40502
0.12078
0.10245
0.11732
0.11386
0.15936
0.11567
0.10999
0.10213
-0.35075
0.12055
0.10799
0.11564
0.12258
0.14049
0.10722
0.11232
0.13978

0.09924

0.06868
0.07701
0.06365
0.06322
0.06135
0.0768
0.07549
0.07835
-0.16806
0.06769
0.06476
0.06683
0.06011
0.0707
0.07898
0.07644
0.06712
-0.16817
0.06734
0.06721
0.0654
0.06959
0.06747
0.06537
0.06385
0.06879

0.06682

v

0.20524
0.22972
0.18998
0.1839
0.17923
0.20121
0.20429
0.20781
-0.5982
0.20475
0.19277
0.2031
0.16799
0.20163
0.20819
0.20261
0.18407
-0.59522
0.20427
0.19659
0.20099
0.20719
0.20525
0.19295
0.19849
0.21685

0.19545
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0.0864
0.123
0.0823
-0.0332
0.0335
-0.011
0.0282
-0.1246
-0.3712
0.0583
0.0478
0.0402
0.0379
0.0512
0.0506
0.0686
-0.0621
-0.3153
0.0778
0.0746
0.0749
0.0535
0.0788
0.0516
0.0465
0.0259

0.0559
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H31 0.121 0.06728 0.20448 0.0614
H32 0.10333 0.06507 0.19344 0.0577
H33 0.11244 0.06508 0.20029 0.0425
Table A3: Partial atomic charges on 26 atoms of TEP
TEP
Atom Mulliken Lowdin NPA ChelpG
P 1.08359 0.90211 247744 1.1574
02 -0.48319 -0.47886 -1.04638 -0.6410
0S; -0.49204 0.27877 -0.80102 -0.4557
0S; -0.46789 -0.27129 -0.78151 -0.5051
0S; -0.50427 -0.2936 -0.78892 -0.5105
C1 -0.0083 -0.06327 -0.6111 -0.3114
C2 0.18941 0.087 -0.07366 0.383
C3 0.18718 0.08568 -0.07386 0.4508
C4 -0.00367 -0.06228 -0.6109 -0.212
C5 0.18402 0.084 -0.07041 0.3641
C6 -0.00695 -0.06405 -0.61105 -0.2459
H1 0.02967 0.031 0.2094 0.0714
H2 0.02257 0.02732 0.21384 0.0756
H3 0.02617 0.01606 0.17548 0.0033
H4 0.01683 0.01484 0.18771 -0.0255
H5 0.01725 0.03162 0.1703 0.0708
H6 0.02346 0.02784 0.1945 0.0924
H7 0.02043 0.01441 0.18182 -0.0501
H8 0.01166 0.01075 0.17955 -0.0323
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H9
H10
H1l
H12
H13
H14

H15

0.01509
0.02529
0.01127
0.03189
0.01797
0.02278

0.02977

0.03076
0.02891
0.01223
0.01701
0.03178
0.02792

0.0309

0.21361
0.20811
0.21421
0.21135
0.21252
0.20951

0.20946

0.0381
0.0596
-0.0004
0.0006
0.0478
0.0787

0.0964

Table A4: Partial atomic charges on 38 atoms of n-dodecane

n-dodecane

Atom Charges
C1 -0.59716
C2 -0.41237
C3 -0.40859
C4 -0.40501
C5 -0.40835
C6 -0.40867
C7 -0.40395
C8 -0.40435
C9 -0.41009
C10 -0.40693
C11 -0.4068
C12 -0.59772
H1 0.19928
H2 0.1997
H3 0.20718

\



H4
H5
H6
H7
H8
H9

H10

H11

H12

H13

H14

H15

H16

H17

H18

H19

H20

H21

H22

H23

H24

H25

H26

0.20304
0.20145
0.2074
0.20072
0.20152
0.20777
0.20058
0.20277
0.20314
0.20074
0.20759
0.20123
0.20161
0.20791
0.20079
0.20323
0.20128
0.2008
0.20188
0.20195
0.2073
0.1996

0.19958

VI
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Table A5: van der Waals and charge parameters of water model

APPENDIX

Water (H,O) SPC/E Model
Atoms Sigma (nm) Epsilon (kJ/mole) Charge (e)
ow 0.316557 0.650194 -0.8476
HW 0 0 -0.4238
Water (H,O) Mulliken Model
Atoms Sigma (nm) Epsilon (kJ/mole) Charge (e)
ow 0.316557 0.650194 -0.52925
HW 0 0 0.26462
Table A6: van der Waals and charge parameters of nitric acid
Atoms Sigma (nm) Epsilon (kJ/mole) Charge (e)
N1 0.33 0.71128 0.21529
OA 0.296 0.87864 -0.12591
OA 0.312 0.71128 -0.21041
OA 0.296 0.87864 -0.17204
HA 0.25 0.12552 0.29307
Table A7: van der Waals parameters of Uranyl ion
Atoms Sigma (nm) Epsilon (kJ/mole)
U 0.295 0.53
Ou 0.383 0.57

Vil
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