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SYNOPSIS

With more and more expansion of nuclear power as a source of energy, the
importance of radiotoxic actinyl ions is increasing. As use of these ions in nuclear reactions
gives rise to the generation of radioactive waste, the attempts are being made first, to
minimize the waste by extracting the reusable material from it and then, to safely dispose the
radioactive waste. Uranium makes the fuel of the majority of the nuclear reactors operating
all over the world due to fissile/fertile nature of its isotopes. Understanding the behavior of
radiotoxic actinyl ions in aqueous solutions is of fundamental as well as technological
importance due to its direct relevance to the nuclear fuel cycle. Knowledge of hydration and
transport properties of these actinyl ions is essential for designing advanced separation
processes for recycling of the radiotoxic material in the waste. Also, the storage of
radioactive waste temporarily or the permanent waste disposal involves geological matrices
involving the groundwater system. Studying their behavior in aqueous solutions will help in
understanding the migration characteristics of these radionuclides in hydro-geological
conditions. As high level of radiotoxicity associated with these ions makes it difficult to study
the properties of these ions experimentally, computational investigation based on molecular
dynamics (MD) simulation has been proved to be a vital alternative for understanding the
structural, dynamic and thermodynamic behavior of these ions in different systems.

The present thesis describes MD simulation studies on the behavior of water and
aqueous solutions of uranyl ions in bulk at two different conditions, namely at ambient and
supercritical conditions and on the manifestation of water transport and uranyl adsorption
capabilities of carbon nanotubes (CNTSs). The thesis consists of seven chapters where the
relevant introduction, conclusion and future prospects of related work are included in the

respective chapters. In Chapter 1, general introduction to MD simulations, various



mathematical equations involved and methods adopted to solve these equations are given.
This chapter presents a thorough introduction and literature survey related to the topic of
research and the simulation tool used i.e. molecular dynamics (MD) simulation. It also
includes some introduction to the aqueous solutions of uranyl ions along with their
importance in nuclear fuel cycle and also explains the motivation for the work carried out
during the course of the Ph. D.

Before proceeding with the simulations of aqueous solutions of uranyl ions under
different conditions, bulk water system is simulated first to get acquainted with the MD
simulation technique. Various properties and results related to bulk water reported in the
literature are reproduced as a learning exercise. Some important results related to bulk water
system are included in Chapter 2 of the thesis. Moving further towards studying the behavior
of uranyl ions in aqueous solutions, the pioneering work of Guilbaud and Wipffl-3 on
molecular dynamics simulation studies of aqueous solution of uranyl ions helps us to
understand various aspects of uranyl hydration. On one hand, they have studied the
complexation and hydration behavior of uranyl ions*? and on the other hand they have
generated force field parameters for uranyl ions from free energy calculations.® In a series of
investigations, Maginn and coworkers*® have also developed newer force fields for the
different actinyl ions in their aqueous solutions by taking into account the many-body
solvation effects. Using this force field, Rai et al.* presented a detailed study on the radial and
three-dimensional arrangements of water molecules in the solvation shell of the uranyl ions.
Very recently, Maginn and coworkers® have studied translational dynamics and residence
time of water in the solvation shell of different actinyl ions. However, orientational aspects of
water and uranyl ions are not touched upon in these studies. In these studies, issues related to
solvation structure and dynamics of the counter ions in the solution have not been addressed.

Hence, we have carried out MD simulations for aqueous solutions of uranyl ions to analyze



more thoroughly the structural and transport characteristics of various species in the aqueous
solutions as discussed in Chapter 2 of the thesis. Structural aspects of the solution are
investigated by calculating radial distribution functions (RDF) of water around different sites
of uranyl and nitrate ions. In order to calculate diffusivities of different species in solution,
mean squared displacements (MSD) of the respective species have been computed from the
simulation trajectories. Comparison of diffusivities as obtained from the slopes of the MSDs
of different species present in the aqueous solution suggests the sequence of diffusivities (D)
to be in the order D (oxygen of water) > D (nitrogen of nitrate) > D (uranium of uranyl).’
Orientational dynamics of water molecules about different molecular axes of water in the
vicinity of uranyl ions have also been investigated.” The calculated results on orientational
dynamics showed a little anisotropy among different molecular vectors of water. Also, to
understand the orientation of different water vectors with respect to uranyl ions, the
distributions of various angles made by the water vectors with respect to line joining uranium
atom of uranyl ion with oxygen atom of water are analyzed. From the distributions of various
angles between vectors of water and uranyl ions, it is concluded that the dipole moment
vector of water points in the same direction as the vector joining the uranium atom of uranyl
ion with oxygen atom of water. Also, water molecule stays in a plane perpendicular to the
Ou-U-Ouy line (Ou being the uranyl oxygen) of the almost linear UO> molecule passing
through the uranium atom of UO,.2

In the studies mentioned above and most of the other simulation studies, only one
uranyl ion in a box of water (infinite dilution) is considered. Presence of the multiple ions on
the solution may modify the properties of the aqueous uranyl solution. Water being a
hydrogen-bonded network with tetrahedral structure, it is expected that presence of a large
number of uranyl ions in solution will perturb the tetrahedral structure and thereby modify the

structure and dynamics of different species in the aqueous uranyl solution. Apart from that,



many of the properties of the aqueous solution are susceptible to change with the change in
temperature. Therefore, the effect of concentration of uranyl ions as well as of the
temperature of the system on the structural and dynamical characteristics of water as well as
uranyl and other co-ions is investigated by simulating three different solutions with uranyl
nitrate concentrations of 0.1 M (U1), 0.5 M (U5) and 1.0 M (U10) using atomistic molecular
dynamics (MD) simulations. The results related to these systems are presented in Chapter 3.
The concentration dependence of the RDFs is shown to be negligibly small. It is also
observed that with the increase in uranyl ion concentration, the coordination number of
uranyl ion with respect to water molecules reduces slightly. A slight lowering of the peak of
the radial distribution function of water molecules around uranyl ions is observed as the
temperature of the system is increased, the area under the curves remaining the same. Further,
the distribution of nitrate ions (negative ions present in the agueous solution of uranyl nitrate)
with respect to uranyl ions in aqueous solutions are studied by simulating each of the systems
for 30 ns. It is shown that the oxygen of nitrate ion (Onos) occupies positions closer to
oxygen atom (Ou) of uranyl ion as compared to positively charged nitrogen (Nno3). This is
attributed to the overall positive environment around uranyl ions. These simulations led to an
interesting result that the location of the first peak of g(r) of Onoz and Ow (water oxygen) is
almost at the same distance from the central uranyl ion. It is concluded that both oxygen
atoms are in the solvation shell of the uranyl ion. It is confirmed by calculating the
coordinated numbers (CNs), defined as the number of these atoms in the first solvation shell
of uranyl ion, of U (first solvation shell radius 3.0 A) and Ov (first solvation shell radius 4.0
A) sites of the uranyl ions with respect to Ow and Onos atoms in U5 and U10 systems. It is
observed that as the concentration of uranyl ion is increased (U5 to U10), the CN with respect
to Ow is reduced whereas that with respect to Onozs is increased. In other words, the oxygen

atom of water and that of nitrate ion compete with each other to occupy the first coordination



shell of the uranyl ion.® For low concentration, the diffusivity of water molecules does not
deviate much from that of the bulk water. In systems with higher uranyl ion concentrations
however, diffusivity of the water molecules decreases considerably as compared to that of
bulk water. Two different models of water (viz. TIP3P and SPC/E) are used to check any
dependence of the results on water models. It was concluded that although the absolute
values of diffusivities of uranyl ions are quite different for the two water models used, the
diffusivity values normalized with respect to corresponding water diffusivities compare fairly
well with each other and with experimental as well as other theoretical/simulation results. To
understand the variation in diffusivity values with increase in uranyl ion concentration, we
have further analyzed the diffusivities of water molecules within the solvation shell of uranyl
ion. After studying the diffusivities of water molecules within and outside the first
coordination shell of uranyl ions, it is concluded that although it may appear that the
reduction in overall diffusivity of water in the uranyl solution is due to highly retarded
solvation water, but as the fraction of solvation water is considerably small, contribution of
the retarded solvation water to the overall diffusivity is negligibly small. Thus, the reduction
in overall water diffusivity is a consequence of the long range effect of the uranyl ions on the
water beyond solvation shells.” Then effect of temperature was studied separately on the
translational movement of water molecules, both for all the water molecules in the solution as
well as for solvation shell water molecules only and also for the uranyl ions. It was showed
that the diffusion constant becomes higher and higher as the temperature of the system is
increased in all the three cases, however the diffusivities are lower in case of solvation shell
water molecules.® The distributions of various angles between vectors of water and uranyl
ions were observed to be independent of uranyl ion concentration in the aqueous solutions.
There is slight reduction in the peak intensity values with increase in temperature, however

the angles, corresponding to different peaks in the distributions remain the same.®



Orientational mobility of water molecules about different molecular axes of water in the
vicinity of uranyl ions was observed to be decreasing with increase in uranyl ion
concentration. It is concluded that the orientational dynamics remains more or less the same
whether all the water molecules in the aqueous solution or only the solvation shell water
molecules are considered.® In case of orientational dynamics of the water molecules, it was
seen that with increase in temperature, the times of relaxation of these functions reduce i.e.
the relaxation becomes faster. In other words, the relaxation times of these functions reduce
with reduction in concentration of uranyl ions or with increase in temperature of the systems.®

Although the properties of aqueous solution of uranyl ions at ambient pressure for
different temperatures have been described in the present thesis as well as in different other
investigations, investigations on how these actinyl ions behave in supercritical conditions are
rather scarce. However, due to many of their interesting properties, supercritical fluids (SCF)
have found immense applications in chemistry, physics and chemical engineering due to its
high dissolving power, extraction efficiency and enhanced mass transport. Supercritical water
is also of huge importance due to its applications in extraction processes and nuclear industry.
Nuclear power generation involves the use of actinide species in chain reactions. Various
methods of separation of these actinyl ions from the nuclear waste involving supercritical
fluids have been proposed.® Moreover, supercritical water is proposed to be an efficient
coolant for Generation IV nuclear reactors.’® Thus, knowledge of hydration and transport
properties of these actinyl ions in supercritical water generates a lot of interest. Moreover, it
will be interesting to investigate fundamental aspects of the behavior of these ions under
extreme conditions of temperature and densities. There has been a number of molecular
dynamics simulation studies related to various characteristics of supercritical water as well as
aqueous solutions of ions under supercritical conditions. As far as uranyl ions are considered,

a number of studies related to aqueous solutions of uranyl ions are available under ambient
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condition® where structural and dynamical characteristics of various species in the solutions
are analyzed. However, there were no studies related to structural and dynamical aspects of
uranyl ions in supercritical water reported in the literature. Hence, we have simulated
different systems of aqueous solutions of uranyl ions in supercritical water to first analyze
various characteristics of such systems and then to dissect the effect of variation in solvent
density from that of uranyl ion concentration on these properties. Findings from this work
form the basis of the Chapter 4 of the thesis. The Results and Discussion section of Chapter 4
is divided into two parts: Part A and Part B. In Part A, the behavior of aqueous solution of
uranyl ions at infinite dilution in supercritical conditions is studied using molecular dynamics
simulations and the results are compared with those of bulk supercritical water. Systems of
three different water densities were studied to analyze the hydration structure and dynamical
properties of different species present in bulk water as well as in aqueous solution of uranyl
ions. Some of the structural and dynamic properties of the aqueous solutions of uranyl ions
obtained under supercritical conditions are compared with those reported under normal
conditions.”® It was interesting to observe that the radial distribution function is more ordered
at low density than at higher densities. However, the coordination/hydration number of uranyl
ions (or central water molecule in case of bulk water) increases with increase in the density of
water. Moreover, an increase in the coordination/hydration number of water is observed as
we go from normal conditions to supercritical conditions.! The angular distributions of water
within the first coordination/hydration shell of uranium atoms have been found to be similar
to what is observed under ambient conditions®, however, the spread is more and intensity of
the peaks is observed to be lower in case of supercritical water. It is observed that in general,
the diffusion coefficients of uranyl ions and water molecules get reduced with the increase in
density of water. The diffusion coefficient values estimated for water molecules in bulk

supercritical water of different densities compare fairly well with those reported in literature
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from theoretical as well as experimental studies. The orientational relaxation of water
molecules is found to be slower as the density of water is increased. Comparison of the
dynamical (both translational and rotational) properties of the supercritical water or aqueous
solution of uranyl ions with those of ambient water (or aqueous solution)”® at water density
0.98 g cm™ reveals that the translational and rotational dynamics of the species becomes
much faster under supercritical conditions.

Since at ambient condition, the dynamical properties of the aqueous solution of the
uranyl ions get modified significantly with the increase in concentrations of the uranyl ions,
this idea led us to investigate the effect of increasing concentration of the uranyl ions on the
structure and dynamics of aqueous solution of the uranyl ions at supercritical conditions.
Moreover, as the change in solvent density or uranyl ion concentration leads to similar effects
on the characteristics of the solution, all atom molecular dynamics (MD) simulations of
uranyl ions in supercritical water are carried out to dissect the effects of concentration of
uranyl ions and density of water on various structural and dynamic properties of the
solutions. This forms Part B of the Results and Discussion section of Chapter 4. It is observed
that the peak value of the distributions and the coordination number of uranyl ions reduces
with increase in uranyl ion concentration whereas the location of the peaks remains more or
less the same. The diffusion transport of water molecules as well as uranyl ions becomes
slower as there is any increase in the uranyl ion concentration although the percentage
reduction is less for more dense solutions.!? It shows that the trend of diffusion coefficients
under supercritical conditions with uranyl ion concentrations is same as was reported under
normal conditions of temperature and pressure.”® The angular distribution and dynamics of
different orientational vectors of water molecules is also quantified with varying
concentrations of uranyl ions. The angular distributions of water within the first coordination

shell of uranium atoms are shown to be independent of uranyl ion concentration. It is
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observed that for the same water density, the increase in concentration of uranyl ions has
negligible impact on the angular dynamics of the water molecules. This observation is a
mismatch to the significant variation in angular dynamics of water molecules with uranyl ion
concentration observed under normal conditions of temperature and pressure.’?

There is an upsurge in interests now-a-days in using carbon nanotube (CNT) based
membranes in desalination of the sea water. This type of nanoporous membrane can also be
used in the separation of actinyl ions from their aqueous solutions. Efficiency of such a
separation technique will depend on the behavior of water at the CNT-water interface. After
analyzing the bulk behavior of water and aqueous solutions of uranyl ions in details in the
preceding chapters, we therefore, proceed to investigate the behaviour of water at the CNT-
water interface. While studying the literature related to molecular dynamics studies of water
in different systems, we came across the flow characteristics of water through CNTs.
Transport of water through nanotubes is of fundamental as well as technological importance
due to its relevance in nano-fluidics and separation sciences. The behavior of water confined
in a narrow pore such as carbon nanotube differs considerably from that in bulk, as the
characteristic dimensions of the confining medium are reduced to the nanometer scale.'®1®
The interplay between confinement and hydrophobicity induces modifications in both
structural and dynamical properties of water. The engineered water channels based on carbon
nanotubes (CNTs) have attracted great attention since Hummer et al.'® reported water
transmission through a nonpolar (6,6) CNT. Interest in this nanochannel has been further
rejuvenated by the landmark experimental findings of extraordinarily enhanced transport of
water through carbon nanotube membranes by Holt et al.!* and Majumder et al.®® In spite of a
large number of investigations on the behavior of water in and around carbon nanotubes,
many pertinent questions remain unanswered. Even various aspects of the pioneering

work**1® of Hummer et al., who used MD simulations to show many characteristic features of



the CNT-water systems such as pulse-like transmission of water through the nanotube,
empty-filled transitions inside the nanotube etc. have not been fully explored. Although it has
been posited™® that the observed transmission bursts are due to the tight hydrogen bonding
network of water inside the nanotube, which provides shield against natural energetic
fluctuations in bulk water, it still remains a question whether this conduction burst is
associated only with a hydrogen-bonded fluid like water. It is also not clear whether the
empty-filled transitions observed in the CNT-water system are specific to water or these can
be observed in case of nonpolar fluids as well. This curiosity led us to check whether
structural and dynamic properties of a non-polar fluid resemble those of a polar, hydrogen-
bonded fluid like water. Hence, molecular dynamic simulations are carried out to check
whether pulse-like transmission, empty-filled transition and rapid diffusion can be observed
even in case of non-hydrogen bonded fluid when transported through the single-file CNT and
the results are presented in Chapter 5.The structure and dynamics of a polar, hydrogen
bonded fluid such as water is compared with those of a non-polar (non-hydrogen bonded)
fluid like methane in and around the hydrophobic CNT with chirality (6,6) as obtained from
extensive MD simulations. It was observed that the methane molecules form a linear chain at
the centre of the CNT whereas water molecules were arranged in a zig-zag manner around
the nanotube centre. With change in energy interaction parameter, the transitions between
filled and empty states were observed in case of water but not in case of methane. The steeper
slope of linear portion of Mean Squared Displacement (MSD) curve for methane indicated
higher diffusivity in case of non-polar fluid (methane) than in case of polar fluid (water) for
the same CNT diameter. Higher probability of translocation for methane, lower residence
time inside CNT, lower activation energy for diffusion through the nanotube and lower value
of force imposed by the nanotube atoms on methane molecules as compared to those of water

molecules further supported the observation that methane molecules are transported faster



through the nanotube as compared to water molecules.!” This conclusion supported the
experimental results of previous studies which reported faster transport of non-polar, non-
hydrogen bonded fluid (decane) than that of water through nano-pipes. Interestingly, the
pulse-like transmission (so called conduction burst) was observed in case of methane also.
Hence, it was concluded that the pulse-like conduction of fluid molecules does not have any
relation with the polarity or hydrogen bond forming ability of the fluid molecules.!” The
effect of nanotube diameter on the various features of water-CNT system is also
demonstrated by simulating water molecules in the presence of nanotubes of varying
diameter. The distribution of water molecules inside the CNT is observed to depend upon the
size characteristics of the CNT i.e. the space available for water molecules within the CNT.
Moreover, considerable changes in the short timescale behaviors of VCFs in case of different
water-CNT systems were observed, indicating interesting changes in the collective vibrations
of water in various environments. The power spectra as obtained from VCFs indicates that
the behavior of water molecules within CNT(6,6) deviate significantly from bulk behavior,
with trend converging to bulk behavior for higher diameter CNTs. The translational
movement of water molecules along the axis of the nanotube is observed to become faster
and faster as the diameter of the nanotube is increased.

As is clear from Chapter 5 that there occur some interesting changes in the properties
of water in the presence of interfaces, this led us to study the behavior of aqueous solutions of
uranyl ions in the presence of CNT. Although pristine CNTs can be effectively used for nano-
fluidics, its use in separation processes is expected to be limited. Instead of the pristine one,
CNT functionalized with suitable organic functional groups will be more useful in capturing
various ions from its aqueous solution. The functional groups present on the CNT can induce
specific binding of the ions with the CNT. Therefore, behavior of aqueous solution of ions,

especially actinyl ions, in presence of the functionalized CNT is an interesting and
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contemporary issue to deal with. Hence, Chapter 6 deals with this topic where aqueous
solutions of varying concentrations of uranyl ions are simulated in the presence of CNTs
functionalized with different functional groups such as —COO™ and -OH. Extensive MD
simulation studies and consequent analyses of the long trajectories reveal that the
functionalization of CNT with carboxylate ion (functional group) has resulted in more
structured arrangement of uranyl ions around the nanotube. Moreover, the adsorption
capacity of CNT was found to increase with the introduction of carboxylate ion functional
group due to the linkage between the negatively charged oxygen atom of the carboxylate ion
functional group and positively charged uranyl ion. The adsorption capacity of bare and
hydroxyl group functionalized CNT was more or less the same and much lesser than that of
the carboxylate ion functionalized CNT due to absence of any such linkage with the uranyl
ions. The mobility of uranyl ions in the solution was also observed to decrease with
increasing concentration of the uranyl ions or in the presence of COO" functional groups on
CNT, resulting into an increase in the magnitude of uranyl ion adsorption. Moreover, with
increase in the number of carboxylate ion functional groups on the CNT, the uranyl ion
structural arrangement becomes increasingly ordered, leading to higher and higher
adsorption.

Finally, Chapter 7 highlights the conclusions and important findings of the work

followed by the future scope in the related field of research.
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Chapter 1
1.1 Introduction

Understanding the structural and thermodynamic properties of salts in aqueous
solutions is the first step in optimizing many important industrial processes. This is the case
for separation processes based on liquid-liquid extraction, which are widely used in the
reprocessing of spent nuclear fuels in nuclear industry. For these procedures, a detailed
knowledge of the actinoid (An®") and lanthanoid (Ln3") properties in solution is required.
However, their radioactivity and the difficulty of performing controlled experiments at high
concentrations make experimental determination of these properties very difficult and time-
consuming. Therefore, a theoretical approach, coupled with existing experimental
observations, is well suited to describe these systems.! The studies on actinides and
lanthanides,?® combining both theory and experiments, have succeeded in clearly explaining
the structural properties and the nature of the ion-solvent and ion-ion interactions in these
solutions, in good agreement with previous experimental’*8 and theoretical works.!31%-32 A
fundamental understanding of interfacial transport phenomena is essential in developing high
fidelity process models for solvent extraction processes.*®

The well-known PUREX process®*% is used for the remediation of contaminated
water resulting from spent nuclear fuel. Uranium exists in aqueous solution as the linear
uranyl ion UO,%*. This ion possesses very stable uranium-oxygen double bonds, leaving the
oxygens largely unreactive.3” Thus, understanding the behavior of uranyl ions in solution is
crucial for the development of efficient nuclear waste management tools.® Experimental
results and molecular-level theories for the chemical speciation, the stability of the resulting
molecular complexes, the structure and binding modes of active ligands, and the driving
forces for partitioning at interfaces will aid the advancement of extraction technologies.

The radioactive actinide element uranium has always been of great interest to public

and science alike due to its key role in civil as well as military nuclear technology. There is a
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wide range of uranium containing species soluble in aqueous solution that can pollute rivers
and ground water, and detailed knowledge regarding these compounds is crucial to nuclear
waste management and the development of new methods to counteract the spread of pollution
resulting from accidents.>® During processes such as uranium mining, production of metallic
uranium, military usage of depleted uranium, production and manipulation of nuclear reactor
fuels, and manufacture of nuclear weapons, some contaminants are generated*®#? and mixed
with water; not just because water is used as a moderator and coolant in nuclear plants, but
because of uranium solvation waste.** All these highlight the importance of proper waste
disposal. The main chemical form in which uranium is present in water is the UO2%* ion;*#7
therefore, dissolution of uranium depends on the uranyl ion and its complexes. That is why it
is important to understand uranyl chemical behavior and properties such as transport,
reactivity, speciation, solvation, among others; uranium oxide particles dissolved in water can
be absorbed by plants when they percolate from the surface to groundwater.** The
understanding of uranyl chemical behavior in water is paramount for the development of
nuclear sensors.*®

Dense fluids at temperatures slightly above the vapour liquid critical temperature
(supercritical (SC) fluids) have attracted industrial interest*®® as solvents for separation
processes and as reaction media, and dilute SC solutions have received considerable recent
research attention.>* Supercritical fluids have played an important role in a wide variety of
applications over the past decade due to their high dissolving power combined with enhanced
mass transport.>>° It is well-known that the density of a SCF in the near critical region can
be varied continuously from gas-like to liquid-like values even with a small change in
pressure or temperature, causing corresponding changes in solute solvation and dynamics.

This feature makes SCFs attractive alternatives to liquid solvents for several uses.®
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Aqueous fluids under high-pressure, high-temperature conditions near and above the
critical point of water (P = 22.1 MPa and T = 647 K) are especially important in a variety of
geochemical processes. Due to the large compressibility of supercritical fluid, small changes
in pressure can produce very substantial changes in density, which, in turn, affect diffusivity,
viscosity, dielectric, and solvation properties, thus dramatically influencing the kinetics and
mechanisms of chemical reactions in water.%? Models of hydrothermal convection suggest
that the near-critical conditions provide an optimal convective behaviour due to unique
combination of thermodynamic and transport properties in this region of the phase diagram of
water.52% Directly measured temperatures of seafloor hydrothermal vents reach near-critical
values of 630-680 K, which greatly affects the speciation in these complex chemical
systems.®*®° From an engineering viewpoint, supercritical water has also attracted growing
attention in recent years as a promising chemical medium with a wide range of different
environment friendly technological applications.%¢-%®® From either geochemical or
technological perspective, a fundamental understanding of the complex properties of
supercritical aqueous systems and the ability to reliably predict them using physically
meaningful models is of primary importance.

Many techniques have been developed to treat radioactive wastes from facilities of
power reactors and reprocessing plants of spent nuclear fuels.%®"?> However, the treatment
methods for wastes containing uranium (so-called uranium wastes) have not been developed
sufficiently, despite a large amount of their wastes generated throughout the nuclear fuel
cycle. It is well known that metal oxides can be synthesized by treating metal salts in sub-
and supercritical water.”>"®> Smith et al. have studied the application of such a property of sub
and supercritical water to the separation of fission products from the high level liquid

wastes.’®’” The application of supercritical media to radioactive waste treatment is very
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attractive, because additional reagents for the separation are unnecessary and this leads to the
reduction in amounts of wastes.

Water at interfaces have markedly different properties and local structural
arrangements as compared to those of bulk water.”®® In case of interfacial water,
manifestation of different properties of water changes according to the length scale of the
interfaces.8%8! When confined in small spaces, fluid molecules can act differently compared
to under macroscopic conditions, due to the emergence of molecular discrete nature. A
special but realistic example is water confined in carbon nanotubes (CNTSs). The unique
geometrical characteristics endow the CNTs with various interesting properties that can be
used for engineering applications.®? The mechanical, electrical, and thermal properties of
CNTs have been extensively investigated so far, and interactions between other molecules
have started to attract attention.®® Carbon nanotubes (CNTs) have gained recognition as
prominent building blocks of nanomaterials; they are used in a variety of nanotechnology
applications due to their exceptional mechanical and electrical properties.®8 The transport of
molecules in these nanoporous media could also exhibit interesting characteristics, different
from the ones of transport in ordinary bulk media, since the interactions between the pore
wall and the molecules become rather strong when the dimensions of the pore approach the
size of the transported molecule.®® The hydrophobic interior of CNTSs is also considered as a
model for fundamental studies aimed at exploring the structural and phase behavior of water
molecules within one-dimensional (1-D) nanochannels,®-%! which has long been recognized
as the key for both theory and practice with various applications, such as gas storage,®>%
nanoelectronics,® molecular detection,®>% drug delivery,®”% and membrane separation.®®-1%
Many recent experimental and theoretical studies have focused specifically on the structural
and thermodynamic properties in the vicinity or interior of CNTs.29%-106 For example, despite

the hydrophobic nature of CNTs, Hummer et al.1% have reported that water molecules can
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spontaneously and continuously fill into a nonpolar carbon nanotube with a rather strong
hydrophobic character and a one-dimensionally ordered chain of water molecules will be
shaped inside the CNT. Studies of water transport through the simple idealized pores of
CNTs'® may help us to understand various aspects of molecular scale hydrodynamics and
serve as models for transport in biological transmembrane channels. While some
experimental work continues to focus on the structure and hydrogen-bond dynamics of bulk
water via 1H NMRS5 or X-ray diffraction,'%” other work has explored the modified properties
of water in nanoscopic domains.

Peter and Hummer!® have studied computationally the Na* ion transport through
narrow hydrophobic pores in model membranes formed of hexagonally packed armchair type
CNTs of chirality (10, 10), evidencing the fact that sub-nanometer pores pose a huge free-
energy barrier to ions. As promising candidates for water desalination by reverse osmosis,
CNT membranes have been simulated under hydrostatic pressure and equilibrium conditions
by Corry.%® While ions are not able to pass through narrow pores ((5, 5) and (6, 6)), due to
the formation of stable hydrogen bonds, water faces no such impediment. The considered
membranes thus allow under a hydrostatic pressure difference for high degrees of
desalination to be achieved. Beu studied the flow of aqueous NaCl and Nal solutions through
carbon nanotubes by extensive molecular dynamics simulations. The dependence of diverse
transport features on the solute specificity, the nanotube geometry, and the various atomic
models employed, including polarizability, is addressed in detail.'’° lon separation is an
essential process in chemical and biological analysis systems, which is conventionally
performed by capillary electrophoresis'! or by nanofiltration membranes.!*? The nanoscale
dimensions of CNTs produce a relatively large surface area-to-volume ratio, making their use
attractive in ion separation devices as well as for their desirable chemical stability and

electrical conductivity. The presence of electrical partial charges on CNTs has a significant
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effect on conduction and acceptance of charged molecules.*314 Majumder et al.1** placed
negatively charged functional groups at the CNT tips and found that this significantly
increases the flux of positive ions; although, this effect is reduced at higher ionic
concentrations. Similarly, Joseph et al.'*® showed that placing partial charges on the rim
atoms of a CNT significantly increases ion occupancy.

Due to enormous advancement in the development of supercomputing machines, the
theoretical modelling and simulation are proved to be extremely useful and essential to
interpret the experimental results and to get information at the atomistic level.}*® In fact,
theoretical modeling as well as simulation has emerged as a very powerful tool for
investigating structure and dynamics of bulk and interfacial water or aqueous solutions.
Theoretical modeling and simulation can yield information at the atomistic level and provide
detailed insight, which is sometimes beyond the scope of even modern, state-of-the-art
experimental techniques. Among the different available simulation techniques, molecular
dynamics (MD) simulation has the advantage of not only predicting the structure of the fluid
at the atomistic scale resolution, but providing information about the dynamical time history
and hence dynamics of the system as well.*® In fact, MD simulations not only validate
theoretical models and help explaining experimental results but direct new research by raising
many new questions as well. The present thesis is aimed at understanding the structure and
dynamics of water and aqueous solutions of uranyl ions in bulk and at interfaces such as
carbon nanotubes by using extensive atomistic molecular dynamics simulations. Moreover,
the characteristics of water and aqueous solutions of uranyl ions in bulk are analyzed under
ambient as well as under supercritical conditions to demonstrate the impact of different
physical conditions on the behavior of various species present. Also, an attempt has been
made to analyze the effect of change of uranyl ion concentration on the different properties

related to the structural and dynamical aspects of various species present in the aqueous
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solutions of uranyl ions. The nature and scope of the present thesis are discussed in details at
the end of this Chapter (see Section 1.6). For all the analysis, the tool of molecular dynamics
simulations is used which is described briefly in the following subsection. The MD
simulation provides us the detailed microscopic picture in terms of the trajectory (positions
and velocities of all the constituent particles) of the system. Statistical mechanics relations are
utilized to obtain average thermo-physical and dynamic properties of the system. Hence, a
brief description of the statistical mechanics theory pertaining to liquid structure and

dynamics is also presented in the following subsection.

1.2 Classical Molecular Dynamics

The technique of molecular dynamics (MD) simulation was introduced in 1957 by B.
J. Alder and T. E. Wainright where they used it to study phase transition of a system
consisting of hard spheres.**"118 Later in 1964, A. Rahman first used this powerful technique
to understand local structure and dynamics of a condensed phase system of argon atoms
interacting with each other with an effective interaction potential.*'® This work proved to be a
milestone as they introduced equilibrium auto correlation functions to estimate the transport
properties of a system of interacting particles. The introduction of high performance
supercomputing machines has helped in the prospects of using MD simulation technique in a
variety of fields such as Physics, Chemistry, Biology, Chemical Engineering, Material
Science, Mechanical Engineering etc. Classical MD simulation is a deterministic method
which follows the laws of classical mechanics to depict the time evolution of the phase space
of a set of interacting atoms or molecules. For example, by integrating Newton’s equations of
motion, this method generates a set of coordinates and momenta (velocities) of constituent
particles of the system as a function of time. For a simple atomic system, the force (F)

experienced by the system as per Newton’s second law of motion can be written as
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d’r
F=m— 1.1
dt? (1.1)

where m is the mass of the atom and r is the positional coordinate. By integrating the above
equation of motion, from a set of positions and velocities at a particular time step, the
consecutive positions and velocities of the next time frames separated by a small time interval
dt can be calculated. Various approximate solutions have been used to integrate the above
equation of motion. Among these methods, Verlet algorithm, velocity Verlet algorithm, leap-
frog algorithm to name a few. According to the velocity Verlet algorithm, the position r(t+dt)
and velocity v(t+dt) of each particle constituting the system at time (t+dt) can be obtained

from position r(t), velocity v(t) and force (F(t)) of the same at time t such that

r(t+dt)=r(t)+ v(t)dt + ';Lr;) dt? (1.2)
v(t+dt) = v(t)+ W dt (1.3)

The force acting on each constituent particle in the system can be calculated from the
negative gradient of the total potential energy of the system i.e.
F=—w(r") (1.4)
Hereby, V(rV) is the potential energy of the system which can be calculated from the position
of atoms by using an empirical force field corresponding to the simulation system defined by
the user. Thus, once empirical force field is defined, above set of equations can be solved
successively to obtain positions and velocities as a function of time, commonly known as
trajectory of the system.

In a classical MD simulation, the system characteristics are hidden in its potential
energy function, commonly known as force field. Depending on the bonding nature in a
molecule such a site-site interaction potential function consists of two distinct types of

interactions namely, (a) non-bonded interactions and (b) bonded interactions. By suitably
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choosing the potential functions for these two types of interactions, total potential energy of
the system can be calculated by considering various intra- and inter-molecular interactions
among different sites in the system. One of the functional forms for calculating energy of the
N-atom molecular system can be expressed as

12 6
V(rN): ZN:leN:m de; (%j - [ﬁj + 94, + ZbondsO'SKb(b — bo)2
i

i 47cs0rij

+3005K (0-0, P + > ST KD+ cos(e-8)]+ > K (o-o,f  (L5)

Hereby, the total potential V(M) is the function of coordinates of the N sites of the systems.
The first two terms of the right hand sides of the equation correspond to non-bonded
interactions and the rest of the terms are bonded parameters. For all nonbonding interactions,
a cut-off distance of 12.0 A in real space is used. The very first term of the equation captures
the van der Waals (VDW) interaction between two atoms i and j with interatomic distance ri.
The parameter €j; represents the depth of the potential well and oij represents the collision
diameter or the inter-atomic distance at which potential energy becomes zero. The second
term in the above equation is the non-bonded electrostatics interaction as given by the
Coulomb’s law due to point charges on different interaction sites of the system. The
interacting atoms are separated by distance ri; and pose partial charge gi and g;j respectively.
The third term of the equation is the potential energy for bond vibration or the bond energy
and is modeled by using harmonic potential; b represents the bond length at any instant of
time and bo is the equilibrium bond length and K is the force constant of the bond. In a
similar fashion, the 4™ term in the equation representing energy change during bending
motion of molecule is also modeled by using harmonic potential. Hereby, Ko represents the
force constant, and 0 and 6o are the angles formed by three consecutive atoms and its

equilibrium value, respectively. The 5 term provides the potential energy change due to
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dihedral or torsional motion (dihedral term). Actually, four consecutive atoms in a molecule
form a dihedral angle. The angle ¢ represents torsion angle, K, represents height of rotational
energy barrier, n is the multiplicity which illustrates the number of minimum points in the
function during a 360° rotation of a bond. The phase factor & decides where the torsion angle
goes through the minimum values. The cosine function in this term stands for the periodicity
of this function. The 6™ term in the equation demonstrates improper dihedral potential
involving improper torsion/dihedral angle w, its equilibrium value wo and force constant K.
The 5™ and 6" terms are absent if the number of atoms in the molecule is less than four which
is the case in systems considered in the present work and hence these two terms are
considered zero.

The parameters of a force field are mainly obtained from experimental or quantum
mechanical studies. In last 30 years, different types of force field have been developed which
are extensively used in simulations for many different systems of interests. In our work, we
have mostly adopted AMBER'® and OPLS*! force-field for solutes and SPC/E and TIP
series of models for water.'?>'?" The primary requirement of any MD simulation is the
modeling of the system by choosing appropriate length scale and force-field or model
potentials and subsequent creation of initial configuration for the same. Initial velocities of
each atom can be provided by using Maxwell-Boltzmann equation by taking care of the
average temperature of the system. Before starting the simulation, a suitable boundary
condition to mimic the system of interest should be employed. Periodic boundary condition is
one such condition which apart from maintaining the number of atoms/particles fixed in the
simulation box, creates bulk environment by removing the surface effects. In our simulations,
periodic boundary conditions and minimum image conventions are applied in all three
directions. Because of the long-ranged nature of the Coulomb potential, particle mesh Ewald

(PME) summation method is used to evaluate the charge-charge interaction correctly.'?8-131
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The equation of motion is generally integrated by applying finite difference methods. The
basic criteria of a reliable integrator are: it should be (a) accurate (follow the true trajectory)
(b) stable (energetically conserved) and (c) robust (allow larger time in propagation of system
in phase space). There are several algorithms proposed for the integrators in MD simulations.
Throughout this work, we have used velocity Verlet'*? algorithm for our simulation purposes.
One usual way of avoiding larger computational requirement is to avoid simulating very fast
motions like the one due to bond or angle vibration by constraining these bonds or angles to
its equilibrium value during the simulation. Here we have used SHAKE® for constraining
OH bond lengths and the HH distance of the water molecules.

In general, a trajectory obtained by solving the Newtonian equations of motion
corresponds to micro canonical or NVE ensemble. Special thermostating methods are to be
employed to simulate systems in any other ensemble. Different types of thermostats such as
Berendsen temperature coupling'®, Velocity rescaling'®, Nose-Hoover'*® temperature
coupling are used to maintain the temperature of the system and different barostats such as
Berendsen pressure coupling®®*, Parrinello-Rahman®®” method etc. are used to control the
pressure of the system. Some of the well-known ensembles used in this thesis work are
canonical or NVT ensemble in which the total number of particles, temperature and volume
of the system are fixed and isothermal-isobaric (NPT) ensemble in which the total number of
particles, temperature and pressure of the system are fixed.!3® There are some mathematical
relations relating a particular statistical ensemble and various thermodynamic properties of
the system. As outputs of the MD simulation we obtain phase-space trajectory of the system
which contains entire time history of the evolution of the system in terms of macroscopic
quantities. The extraction of the macroscopic properties of the system from this microscopic

description involves application of statistical mechanics.**® In the following sections, we shall
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describe various aspects of statistical mechanics associated with the static and dynamical

properties of a many-particle finite-temperature system.

1.3 Statistical Mechanical Ensembles and Averages

The aim of the equilibrium statistical mechanics is to calculate observable properties
of a many particle system from its microscopic description. Thermodynamic properties of a
system, with some exceptions, are expressible as average of certain functions of the
coordinates and/or momenta of the constituent particles of the system. In a state of
thermodynamic equilibrium, the average must be independent of time. Let us assume a
system consisting of N identical spherical particles and also assume the system is isolated
from its surroundings, in which case we know the Hamiltonian H is a constant of motion.
Given the initial positions and momenta, positions at any later time can in principle be
obtained from the solution of Newtonian equation of motion

mit =—vU,,(F") (1.6)
The above equation is a combination of Egs. (1.1) and (1.4).

In a conventional MD simulation, we generally deal with positions and momenta of
all the N particles of 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”. Let us use the abbreviation I"
for a particular point in phase space and I" corresponds to N coordinates and N-momenta. Let
us assume an instantaneous function A(I"), which corresponds to some macroscopic property
A of the system. As the system evolves I' changes and thus instantaneous value of the
property A(I') changes, and thus any observable A can be obtained as average of all the A(I")

i.e.
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A={alf,p") (1.7)

where the angular brackets denote average value.

1.3.1 Time Averaging (Method of Boltzmann)

In a MD simulation, as we solve Newtonian equation of motion, we generate phase
space point T as a function of time. It is therefore reasonable to assume that the
experimentally measured value of the property, A is actually the time average of A(I") taken

over a long time interval such that

Tobs

(4), = lim * [ AlF (). (1) (1.8)

Tobs™® T

The above concept of time averaging is due to Boltzmann. As in practice, we cannot
extend the integration up to infinity and we represent a discrete time in MD, it is therefore
convenient to express the above averaging procedure as a sum of Nt number of time steps of

discrete step length = tobs/ N, Viz.

A=(A), = Ni iﬂ(r(r)) (1.9)

t =1
where I'(t) is the phase-space point corresponding to a particular set of N positions and N

momenta (where N is number of particles in the system).

1.3.2 Ensemble Average

The same averaging of equation (1.8) can be carried out by averaging over ensemble
of systems, each of which is a replica of the original system of interest. This is known as the
method of Gibbs. An ensemble is an arbitrary large collection of imaginary systems, all of
which are replicas of the system of interest in so far as they are characterized by same

macroscopic parameter like N, V, T, P, W etc. The systems of ensemble differ from each other
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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. In Gibbs’ formulation of statistical mechanics the distribution of phase

N =N

points of the ensemble is described by a phase-space probability density f(N)(? P ,t); The
quantity f™drN,dp"is the probability that at time t, the actual physical system is in a
microscopic state represented by a phase point lying in the infinitesimal phase space
elementdr™,dp" . Given a complete knowledge of the probability density, it would be
possible to calculate average values of any functions of the coordinate and momenta. The

equilibrium ensemble average of a phase function ﬂ(FN pY ) is given by

(A), = [[ A, p" KV, p" b, dp" (1.10)

Where ™) is normalized such that
10 -3 a1
The definition of time averaging i.e. Eqg. (1.9) is correct when the system is “ergodic”

which means that after a suitable time of observation the phase trajectory of the system will

have passed equal number of times through every point in phase- space.

1.4 Equilibrium Particle Density Distribution Functions

For a system at equilibrium, the radial density distribution function, g(r) is very useful

quantity to understand the structure and thermodynamics of the liquid system, defined as:

g(r =20 (1.12)

0
where po is the average density of the system and p(r) is the density of the spherical shell at a

radial distance r from the central molecule given as:
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N() _ N(r)

= (1.13)
Venen (1) :TE[(I‘ +dr)’ - I’3]

N
=— and p(r) =
Po=Y/ p(r)

The distribution function measures the extent to which the structure of the fluid
deviates from complete randomness. The above equation is the simple formulation of g(r) in
terms of the position of the particles. This structural quantity is experimentally measurable
(radiation scattering experiment) and is often used to deduce various physical properties of
fluids. The definition of g(r) implies that on an average the number of particles lying within
the range r to (r + dr) from a reference particle is 4nr’pog(r)dr and the peaks in g(r) represent
“shells” of neighbors around the reference particle. Integration of 4nr?pog(r) up to the position
of the first minimum in the g(r) therefore provides an estimate of the number of first nearest-

neighbours, commonly known as “coordination number” i.e. [N(r)]
N(r) = 4npoj reg(r)dr (1.14)
0

Here, rc is the cutoff distance.

1.5 Time Correlation Functions and Transport Coefficients

Similar to structural properties, statistical mechanics also provides relation between
the time correlation function and dynamical properties.’*® Generally, the time correlation

function of a quantity A(t) normalized with respect to the time origins is described as

nom oy _ [ A(t).A(0)
Can (1) _<A(0).A(O)>O (1.15)

Here, the quantity A(t) is a component of positions and velocities of the particles. This
relation can be used to calculate time dependency of a function if the desired property is
being evaluated at two different time steps. The time integral of time correlation function is

often related with macroscopic transport properties.
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Transport coefficients are defined in terms of the response of a system to a
perturbation. In case of diffusion coefficient, it is related in between particle flux and
concentration gradient. Any transport coefficient is in general infinite time integral of an
equilibrium time correlation function of the form
y = [dt{A()A(0)) (1.16)
0
Hereby, v is the transport coefficient and A is the time derivative of A, the variable term
present in perturbation of the Hamiltonian. The above relation is known as Green-Kubo
relation. Similarly, one can integrate the right hand side of the above relation to obtain
another relation, known as Einstein relation which relates transport coefficient y with the

quantity A such that
2ty = ((A(t)- AQ))F) (1.17)

For example, the diffusion coefficient (D) of d dimensional fluid can be expressed by using

these equations i.e.
1 0
D= [dt{v,(thv,(0)) (1.18)
0
Where vi(t) is the centre of mass velocity of a single molecule. The corresponding Einstein
relation, valid at long times is

2
R L S o -rcr)
2d At 2dee At

(1.19)

ri(t)is the position vector of the molecule at time t.
The diffusion coefficient values obtained from MD simulations with periodic
boundary conditions (Drsc) have been reported to be system size dependent.!4:42 The system

size dependence of the calculated diffusivity (Dpec) can however be corrected by using the
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method adopted by Kerisit et al.'** and Yeh at al.}*?> The corrected system size independent
diffusivity (Do) is obtained using the equation

2.837297K,T

D, = Degc + 6L

0

(1.20)

where n and L are shear viscosity of water and simulation box length respectively.

The orientational dynamics of the water molecules are analyzed by calculating time
correlation function of various molecular vectors of water. Here, three different unit vectors
(ue) along three different molecular axes of water are considered, namely, (i) dipole moment
vector (U«=p) (ii) H-H vector (u«=HH) (iii) a cross vector (u.=CR) i.e. a vector perpendicular
to plane of water molecule. The time evolution of these three orientational vectors, uq, can be

defined in terms of autocorrelation functions of the form
(1) = (P.(u,(t)-u,(0)) (1.21)
where Py, is the Legendre polynomial of order n. The angular brackets in the above equation

represent average over time origins as well as the number of molecules. 143

1.6 Nature and Scope of the Present Work

In the present thesis, molecular dynamics (MD) simulation results on structure and
dynamics of water and aqueous solutions of uranyl ions in bulk, and at molecular and
nanoscopic interfaces are presented. The thesis consists of seven chapters where the relevant
introduction, conclusion and future prospects of related work are included in the respective
chapters. As discussed in the Introduction section, due to the importance of uranyl ions in the
nuclear fuel cycle and its radioactive nature, studying the characteristics of solutions of
uranyl ions using computational techniques may contribute significantly with respect to better
management of nuclear waste. In Chapter 1, the importance of studying the characteristics

of aqueous solutions of various ions is touched upon and the contribution of such studies in
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the development of various solvent extraction processes is highlighted. The significance of
actinyl ions specific to the nuclear fuel cycle is elaborated. The mention of the small amount
of literature available on the behaviour of actinyl ions in different systems is worth noticing.
Molecular dynamics simulations provide the time evolution of the phase-space in terms of
trajectories i.e. sets of positions and momenta of all the particles of the system. The various
structural, thermodynamic and dynamic properties of the system can be obtained from these
microscopic variables by the application of classical statistical mechanics. Finally, in the last
part of the Chapter 1, the nature and scope of the present thesis is discussed. In general,
Chapter 1 gives the general introduction to MD simulations, various mathematical equations
involved and methods adopted to solve these equations. It also explains the motivation for the
work carried out during the course of the thesis.

Before proceeding with the simulations of aqueous solutions of uranyl ions under
different conditions, bulk water system is simulated first to get acquainted with the tool of
MD simulations. Various properties and results related to bulk water reported in literature are
reproduced as a learning exercise. Some important results related to bulk water system are
included in Chapter 2 of the thesis. Moving further towards studying the behaviour of uranyl
ions in aqueous solutions, the pioneering work of Guilbaud and Wipff'¢14 on molecular
dynamics simulation studies of aqueous solution of uranyl ions helps us to understand various
aspects of uranyl hydration. In a series of investigations, Maginn and co-workers'4-14® have
developed and utilized the force fields for the different actinyl ions in their aqueous solutions
by taking into account the many-body solvation effects. We carried out MD simulations for
aqueous solutions of uranyl ions to analyze the structural and transport characteristics of
various species in the aqueous solutions as discussed in Chapter 2 of the thesis. The

structural quantities such as radial distribution functions and distributions of angles formed
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by various water and uranyl vectors, and translational diffusion and dynamics of various
water vectors are analyzed.

In the studies mentioned above and most of the other simulation studies, only one
uranyl ion in a box of water is considered. Presence of the multiple ions on the solution may
perturb the tetrahedral structure and thereby modify the structure and dynamics of the
aqueous uranyl solution. Therefore, the effect of concentration of uranyl ions as well as that
of the temperature of the system on its structural and dynamical characteristics is investigated
by simulating three different solutions with uranyl nitrate concentrations of 0.1 M (U1), 0.5
M (U5) and 1.0 M (U10) using atomistic molecular dynamics (MD) simulations and the
results are presented in Chapter 3 of the thesis.

Further, supercritical fluids are also of huge importance due to its applications in
extraction processes and nuclear industry. Various methods of separation of the actinyl ions
from the nuclear waste involving supercritical fluids have been proposed.’™™ Moreover,
supercritical water is proposed to be an efficient coolant for Generation IV nuclear reactors.*!
Thus, knowledge of hydration and transport properties of these actinyl ions in supercritical
water generates a lot of interest. Hence, the behaviour of aqueous solution of uranyl ions
under supercritical conditions for systems of varying water densities and uranyl ion
concentrations is reported in Chapter 4 along with the comparison with that of bulk
supercritical water.

Carbon nanotube (CNT) based membranes have shown great potential for
desalination of the sea water. These nanoporous membrane can also be used in the separation
of actinyl ions from their aqueous solutions. Hence, after analysing the bulk behaviour of
water and aqueous solutions of uranyl ions, the effect of presence of CNT in a box of water is
investigated. While studying the literature related to molecular dynamics studies of water in

different systems, we came across the flow characteristics of water through CNTs. The
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behaviour of water confined in a narrow pore such as carbon nanotube differs considerably
from that in bulk, as the characteristic dimensions of the confining medium are reduced to the
nanometer scale.’®*** The engineered water channels based on carbon nanotubes (CNTSs)
have attracted great attention since Hummer et al.**® reported water transmission through a
nonpolar (6,6) CNT. In spite of a large number of investigations on the behaviour of water in
and around carbon nanotubes, many pertinent questions remain unanswered. Hence in
Chapter 5, we analyzed whether the structural and dynamic properties of a non-polar fluid
resemble those of a polar, hydrogen-bonded fluid like water. Hence, molecular dynamic
simulations are carried out to check whether characteristics such as pulse-like transmission,
empty-filled transition and rapid diffusion can be observed even in case of non-hydrogen
bonded fluid when transported through the single-file CNT. The effect of nanotube diameter
on the various features of water-CNT system is also demonstrated by simulating water
molecules in the presence of nanotubes of varying diameter.

The variation in the characteristics of the fluids at interfaces as discussed above led us
to study the behavior of aqueous solutions of uranyl ions in the presence of CNT. Moreover,
CNTs can be functionalized with specific functional groups for specific purposes. Hence,
Chapter 6 deals with this topic where aqueous solutions of varying concentrations of uranyl
ions are simulated in the presence of CNTs functionalized with different functional groups
such as —COO™ and -OH. The modification in the adsorption capacity of bare and
functionalized CNT with respect to uranyl ions due to variation in type and number of
functional group, and uranyl ion concentration in the solution is analyzed.

These chapters are followed by Chapter 7 which highlights the conclusions and
important findings of the work. A brief summary of the work described so far has been
presented in this chapter. This chapter also describes how the present work can be extended

in the related field of research in near future.
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Chapter 2
2.1 Introduction

With more and more expansion of nuclear power as a source of energy, the
importance of radiotoxic actinyl ions is increasing. Understanding the behavior of radiotoxic
actinyl ions in aqueous solutions is of fundamental as well as technological importance due to
its direct relevance to the nuclear fuel cycle. As use of these ions in nuclear reactions gives
rise to the generation of radioactive waste, the attempts are being made first, to minimize the
waste by extracting the reusable material from it and then, to safely dispose the radioactive
waste. Knowledge of hydration and transport properties of these actinyl ions is essential for
designing advanced separation processes for recycling of the radiotoxic material in the waste.
Also, the storage of radioactive waste temporarily or the permanent waste disposal involves
geological matrices involving the groundwater system. Studying their behavior in aqueous
solutions will help in understanding the migration characteristics of these radionuclides in
hydrogeological conditions in geological structures. As the experimental investigations
involving actinyl ions are quite difficult to execute because of their highly radiotoxic nature,
molecular dynamics and other computational investigations have been shown to be a useful
alternative for understanding the structural, dynamic and thermodynamic behavior of these
ions.1-28

Theoretical studies involving actinyl ions in aqueous and other environments can be
classified into two broad categories. In one hand, one can use computationally expensive
quantum mechanical calculations and ab-initio molecular dynamics simulations#1625-27 to
understand the characteristics of uranyl ions in water clusters and bulk aqueous solutions.
Garcia-Hernandez et al?®® and Buhl et al?62" have not only investigated the effect of counter
ions on the stability of uranyl(VI) complexes but also predicted the free energy profile of the
dynamic solvent exchange between the bulk and the solvation shell. On the other hand, force-

field based classical molecular dynamics simulations, which provide a computationally

35



Chapter 2
inexpensive but accurate enough method to understand structure as well as dynamics of these
ions in different condensed phase environments, are extensively used now-a-days.1-6-9:12-13.19-
24 In a classic review, Buhl and Wipff?¢ have discussed the abilities of ab-initio MD
simulations in the framework of Car-Parrinello approach as well as force-field based classical
MD simulations to describe various aspects of coordination and solvation shell structures and
energetics of different actinyl ions in presence of different counter-ions.

Although many literature reports deal with the structural arrangement of water
molecules around the uranyl ions and the translational dynamics of various species in aqueous
solutions of uranyl ions, studies on the orientational distribution and dynamics of water
molecules in bulk water as well as in aqueous solutions of uranyl ions are rather few. For
instance, Clavaguera-Sarrio!’ has carried out modeling of uranyl cation-water system and
from the analysis of cation-water and water-water interactions it is shown that water
molecules are strongly oriented around the uranyl cation. Frick et al.!” have estimated the
distribution of the first shell water molecules around the uranyl ion in terms of tilt angle (i.e.
the angle between the plane defined by the three atoms of a water molecule and the straight
line that connects uranium and the oxygen atom of the respective water) and the ® angle (i.e.
the angle between the same straight line and the water dipole vector). The tilt and ® angles
show peaks at around 0° and 180° respectively. Later, they extended the same approach to
understand the orientational distribution of water molecules around uranyl (V) (UO.*")
cations.’® The angular distribution of Oy-U-Oy angle showed a peak at around 180° which
corresponds to a perfectly linear geometry with a tilt of not more than about 10°. The Ow-U-
Ow angle showed two main peaks, one at around 90° and the other one close to 180° which
corresponds to a square planar configuration.

In this Chapter, we will present the analysis of the structural and dynamical aspects of

aqueous solution of uranyl ions along with its comparison with those of bulk water. The
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structural characteristics of bulk water and aqueous solution of uranyl ions are presented in
terms of radial distribution functions. The orientational structure of water around a uranyl ion
has been thoroughly investigated by calculating different orientational probability
distributions corresponding to different molecular axes of water. Translational dynamics of
various species are studied in terms of mean squared displacement functions. Orientational

dynamics of water about different molecular axes of water have also been analyzed.

2.2 Models and Simulation Details

In the present investigation, we have prepared aqueous solutions of divalent uranyl
ions, UO2?*, by solvating one uranyl ion in a cubic box containing around 500 water
molecules with a bulk water density of around 0.98 g/cc. The electro-neutrality of the system
is maintained by introducing required number of negative ions (nitrate) in the system.
Simulations are performed in canonical (NVT) ensemble with molecular dynamics extended
system approach of Nose.?® All the simulations are carried out at a target temperature of 298
K using periodic boundary conditions and minimum image convention in all three directions.
We have used atomistic model with one uranium and two oxygen sites for the uranyl ion* and
one nitrogen and three oxygen sites for the nitrate ion.! Non-bonded site-site inter-molecular
interaction is modeled with Lennard—Jones (LJ) plus Coulomb interactions and intra-
molecular interaction for uranyl and nitrate ions consist of bond and angle terms. TIP3P
model has been used for water model. The potential energy of the system is given by Eq. 1.5
as given in Chapter 1, neglecting dihedral terms. The parameter sets for both inter- and intra-
molecular interactions are given in Table 2.1. The LJ parameters for solvated uranyl ion are
taken from the work of Rai et al.* whereas for water molecules, those reported by Jorgensen
et al.3° for TIP3P are taken. The parameters related to bonded interactions and the LJ

parameters for the nitrate ion are taken from the work of Guilbaud et al.* All cross parameters
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for the LJ potential were obtained by using Lorentz—Berthelot mixing rule. The equations of
motion are integrated with a time step of 1 fs. For all nonbonding interactions, a cut-off
distance of 12.0 A in real space is used. For each system, the production run was for 1 ns after

equilibration for 1 ns and the trajectories are saved at every 0.01 ps.

Table 2.1: Force Field Parameters

Non-bonded Parameters

Atom Type o (nm) ¢ (kJ) gle
U 0.335 0.1145 +2.500
Ou (Uranyl oxygen) 0.285 1.8328 -0.250
N 0.312 0.6694 +0.626
On (Nitrate oxygen) 0.294 0.6276 -0.542
Ow (TIP3P) 0.315 0.6364 -0.834
Hw (TIP3P) - - +0.417

Bonded Parameters

Bond Type leq (NM) Kr (kJ mol-t nm2)
U-Ou 0.180 418400
N-On 0.126 251040
Angle Type 0eq (9) Ke (kJ mol- rad-?)
Ou-U-Ou 180 1255.2
On-N-On 120 1255.2
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2.3 Results and Discussion

The structure and dynamics of aqueous solution of uranyl ions have been estimated
using MD simulations and compared with that of bulk water system. The structural aspects
are analyzed by calculating radial distribution functions (RDF) of water around different sites
of the uranyl ion in aqueous solutions and water around central water molecule in bulk water
system. Translational dynamics of different species including water molecules, uranyl and
nitrate ions has been investigated by analyzing mean squared displacement (MSD) of the
corresponding species in solution. The orientational dynamics of water is also investigated by
calculating orientational correlation functions around different molecular axes of the water
molecules. All these results pertaining to the aqueous uranyl solution are presented in the

following subsections.

2.3.1 Radial Distribution of Water Molecules around Uranyl lons in Aqueous

Solutions

In order to investigate the structural arrangements of water molecules around uranyl
ions in the aqueous solution, we have calculated RDFs of two different water sites (Ow and
Hw) with respect to two uranyl sites (U and Oy of uranyl ion) which are presented in Figure
2.1. First hydration shell of uranium atom of the uranyl ion as indicated by a sharp peak (see
Figure 2.1(a)) is observed to be at a distance of 2.44 A; whereas first peak of Hw RDF (see
Figure 2.1(b)) around U appears at 3.12 A. Thus, the Ow atom of water is closer to the
uranium of UO?* as compared to Hw atom of water. Around the oxygen atom of the uranyl
ion, Ow sites of water are distributed with first peak at around 3.0 A (see Figure 2.1(c));
whereas RDF for hydrogen (Hw) atoms of water shows a broad first peak with two small
humps at around 3.2 A and 3.7 A (see Figure 2.1(d)). It is surprising to notice that water

oxygen (Ow) comes closer to Oy of the uranyl ion than Hw of water. This is probably because
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of the fact that large positive charge (+2.5) on U site overcompensates the negatively charged
oxygen atoms leading to an overall positively charged environment around the uranyl ion as a
whole. Similar RDFs have been reported in many previous investigations on uranyl
ion.12416.17.19.20 The first minimum for distribution of Ow atoms around uranium and oxygen
atoms of uranyl ion comes at around 3.0 A and 4.1 A respectively and this value is used as the
radius of the first coordination shells around respective atoms of uranyl ion for calculating

coordination number and analyzing dynamical behavior of the solvation water (discussed in

Chapter 3).
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Figure 2.1: Radial distribution functions for (a) Ow around uranium, (b) Hw around
uranium (c) Ow around uranyl-oxygen (Ou) and (d) Hw around Ou in the aqueous

uranyl solution.

Similarly, the RDFs for bulk water are given in Figure 2.2 where the distribution of
oxygen (Ow) and hydrogen (Hw) atoms of water molecules with respect to the oxygen atom of
the central water molecule is demonstrated. In Ow-Ow RDF, a single peak is observed at a
radial distance of around 2.78 A followed by bulk behavior. However, two peaks (1.82 A and
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3.22 A) are present in case of Ow-Hw RDF corresponding to two hydrogen atoms of the water
molecule. Similar RDFs have been reported in literature related to structural distribution for

TIP3P water.31:32
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Figure 2.2: Radial distribution functions for (a) oxygen, Ow and (b) hydrogen, Hw

around the oxygen atom of the central water molecule in bulk water.

2.3.2 Orientational Distribution of Water Molecules in the Vicinity of Uranyl lons

We have calculated angular distributions of the water molecules around uranyl ion in
its first coordination shell (FCS) and second coordination shell in the aqueous solution of
uranyl ions. The first coordination or solvation shell boundary is defined by the position of
first minimum (3.0 A), whereas the lower and upper boundaries of the second coordination or
solvation shell are defined by the first minimum and second minimum (5.5 A) of the
respective radial distribution functions, g(r). We have considered four different angles (Figure
2.3), namely, angle formed between the line joining uranium atom of the uranyl ion and
oxygen atom of the solvation water molecule (i.e. U-Ow distance vector) and (i) water dipole

moment vector (0), (ii) a vector perpendicular to plane of water molecule (), (iii) O-H bond
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vector (y) and (iv) U-Ou bond vector (y), Ou being the oxygen atom of uranyl ion. The
distribution of these angles for the water molecules in the first and second coordination shells
of uranyl ions are shown in Figure 2.4 (a) and (b) respectively. In Figure 2.4 (a), the
distribution of 0 reveals a peak at around 0° with a spread in the distribution of around 22°
indicating that the dipole moment vectors of the FCS water molecules are directed along the
U-Ow vector as demonstrated earlier by Frick et al.1” Thus 6=0° reveals that H atoms of water

are away from the U of UO..

N 7, & 0.
I "’/ Hw I :."'.. / Hw

U _— Ow U ¢ Ow — Dipole moment
, \HW , \H“_ vector

Ov Ov

Vector 1 to water

plane
Ov Ou
v
I ....... > Hy I‘ ) 4 /H“
U — 0w U ———+ Ow
, \Hw l \H\\
Ov Oy

Figure 2.3: Schematic representation of various angles considered for orientational

distribution of the water molecules around uranyl ions.

As the water dipole moment vector and U-Ow vectors point in the same direction, it is
expected that the plane-perpendicular (CR) vector will be perpendicular to U-Ow vector and
in fact, the distributions for y shows a peak at around 90°. This result is consistent with the
tilt angle distribution given by Frick et al.1” The distribution of y has a peak at around 52.4°,
which is consistent with other orientations (Figure 2.4a); in particular the dipole orientation of
0°. The peak corresponding to 90° for angle y indicates that the U-Oy bond vector preferably

remains perpendicular to U-Ow vector. All these orientational distributions suggest that the
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water molecule stays in a plane perpendicular to Oy-U-Ouy line (UO2 being almost a linear
molecule) passing through the uranium atom of UO- (see Figure 2.5). The analysis of Figure
2.4 (b) shows that the water molecules within the second coordination shell of uranium atom
do not show such preferred orientations as evident from the comparison of the intensities of

different distributions in Figure 2.4(a) with the corresponding distributions in Figure 2.4(b).
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Figure 2.4: Distributions of various angles between U-Ow vector and different
molecular orientational vectors of a water molecule in the (a) first and (b) second

coordination shells of a uranyl ion.

s

Figure 2.5: Pictorial representation of water molecules in the first coordination shell of

a linear UO2 molecule.
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Figure 2.6: Distributions of angles between Ow-Ow vector and different molecular
orientational vectors of a water molecule in the (a) first and (b) second coordination
shells of a central water molecule in bulk water. The angles are defined in the same way

as in Figure 2.3 except that the UOzion is replaced by a water molecule.

For comparison, the angular distributions of water molecules around a central water
molecule have also been estimated for bulk water i.e. for a water molecule in the solvation
shell of another water molecule. Here, the angles are considered between OW-OW distance
vector and three molecular orientational vectors of the water molecules as mentioned above
within first and second coordination shells. A water molecule around a central water molecule
can act as a hydrogen bond acceptor or donor depending on whether it offers its oxygen or
hydrogen atom for the formation of hydrogen bond with the central molecule. Depending on
this, the OH bond vector can form two angles with the OW-OW vector; one at 00 and another
at 1800 and in fact we found (see Figure 2.6(a)) these two peaks in the distribution of angle y.
If a neighbor acts as a hydrogen donor, then the OH bond should point towards the central
OW and in that case the dipole moment vector should form an angle with the OW-OW vector

of around 1260; whereas for an acceptor, the angle should be around 540 and in fact, two
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peaks at 6 equals to 1260 and 540 are observed in this case. As expected, the angle y shows a
peak at 900 as it is a vector perpendicular to the plane of water molecules and hence to the
OW-OW vector. As in the case of aqueous solution of uranyl ions, the water molecules in the
second coordination shell of a central water molecule in bulk water also do not show much

preference to any particular orientation (see Figure 2.6(b)).

2.3.3 Translational Dynamics of Different Species in the Aqueous Uranyl Solution

For dynamical aspects, we analyze the dynamic behavior of different species in the
aqueous uranyl solution. The translational dynamics is analyzed in terms of MSD of uranium
atom of the uranyl, nitrogen atom of the nitrate ions and oxygen atom of water molecules as
shown in Figure 2.7. The mean squared displacements for different ions and water molecules

reveal considerable difference in diffusivities of these species.
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Figure 2.7: MSD for oxygen of water (blue line), uranium of uranyl (red line) and
nitrogen of nitrate (green line) in the aqueous solution of uranyl ion.
The sequence of decreasing diffusivities as observed from the slopes of the MSD

curves is oxygen (water) > nitrogen (nitrate) > uranium (uranyl) (see Figure 2.7). Water is the
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most mobile of all the species. It is not surprising that uranium being the heaviest atom in the
system has the lowest diffusivity. Nitrogen has diffusivity in between that of uranium and
water Ow. The estimation of diffusivity from the slope of MSD curves is discussed in the

following chapter i.e. Chapter 3.

2.3.4 Orientational Dynamics of Water Molecules in the Aqueous Uranyl Solution

The orientational dynamics of the water molecules are analyzed by calculating time
correlation functions of various molecular vectors of water as explained in Section 1.5, Eq.
1.21 of Chapter 1. The first (n=1) and second (n=2) order autocorrelation functions for the
above mentioned three unit vectors are given in Figure 2.8. As the figure suggests, there is a
little anisotropy in case of I'1. Similar anisotropy is also found to be present in the rotational

correlation function of bulk TIP3P water (Figure 2.9).

0.9 &\ (a) U1-system 1.0

0.0 0.1 0.2 0.3
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Figure 2.8: (a) First order and (b) second order angular dynamics of water molecules
with respect to water dipole moment vector (u; blue solid line), water H-H vector (HH;

red dashed line) and water cross vector (CR; green dotted line).

46



Chapter 2

The anisotropy is almost absent in case of I'2. The orientational correlation functions

for water vectors are found to be more or less the same, both for bulk water as well as
aqueous solution of uranyl ion. Similar observations have been reported by Praprotnik and
Janezic® while applying the new symplectic MD integrators to perform MD simulations of
bulk water. The faster relaxation in case of cross vector as obtained in present work as
compared to HH and dipole moment vector in this order is consistent with the trend reported
by them. This orientational anisotropy of water has also been confirmed by some of the
experimental studies.®#% Water is a hydrogen bonded network forming liquid and the
anisotropy in orientational relaxation may be a consequence of some preferred orientation to

maintain the tetrahedral local structure.

cccccccccccccccc

0.9 (b)

Figure 2.9: (a) First order and (b) second order angular dynamics of water molecules
with respect to water dipole moment vector (u; blue solid line), water H-H vector (HH;
red dashed line) and water cross vector (CR; green dotted line) in bulk water.

Visual inspection of the plots of the orientational correlation functions as shown in
Figure 2.8 insets, indicates that there are two timescales in the relaxation of these functions: a
very fast decay initially followed by a long-time relaxation. Therefore, in order to assess the

two timescales, we have used a double exponential function S(t) of the form
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S(t) = Aexp [— i} ; (1—A)exp(— ij, 2.1)

T 1,
to fit the orientational time correlation functions. In the above equation, t1 and t2 represents
respectively the time constants of longer and shorter time scales of the relaxation of S(t), with

A and (1-A) respectively being their relative contributions.®” The fitting of such a curve and

estimation of relaxation times is discussed further in Chapter 3.

2.4 Conclusions

In summary, behavior of aqueous solutions of uranyl ions is studied by analyzing both
structural and dynamical aspects. The arrangement of water molecules around uranyl ion in
the aqueous uranyl solution is demonstrated in terms of radial distribution of water around the
uranyl ion. A comparison of the diffusivities of uranyl ions, water and nitrate ions indicates
uranyl ions diffuse slower than nitrate ions as well as water. It is expected as the uranyl ion is
heavier than nitrate ion, which in turn is heavier than water. The angular distributions of
water within the first coordination shell of uranium atoms have demonstrated that dipole
moment vectors of water molecules are oriented along U-Ow distance vector and all other
orientational vectors show consistent orientations. Moreover, all these orientational
distributions suggest that the water molecule stays in a plane perpendicular to Oy-U-Ovy line
passing through the uranium atom of UO.. Similarly, the angular distributions of various
angles made by the different vectors of the water molecule with respect to the central water
molecule in bulk water system are presented. The rotational dynamics of water in terms of
orientational time correlation functions have also been estimated. The results showed a little
anisotropy among different vectors of water in terms of orientational dynamics. The above
results are presented for an aqueous solution containing a single uranyl ion. Water being a

hydrogen-bonded liquid with tetrahedral structure, it is very likely that presence of a large
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number of ions will modify the hydrogen-bonding and tetrahedral structure of water and
therefore it is expected that the dynamics of the solution will also be modified with increasing
concentration of the ions. Apart from that, many of the properties of the aqueous solution are
susceptible to change with the change in temperature. Hence, the effect of increasing uranyl
ion concentration as well as of the temperature of the system on the various structural and
dynamical features of aqueous solutions of uranyl ions is studied and analyzed in the next

chapter i.e. Chapter 3.
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Chapter 3
3.1 Introduction

The pioneering work of Guilbaud and Wipff 1 on molecular dynamics simulation
studies of aqueous solution of uranyl ions helps us to understand various aspects of uranyl
hydration. On one hand, they have studied the complexation and hydration behavior of uranyl
ions24° and on the other hand they have generated force field parameters for uranyl ions
from free energy calculations.® Wipff and coworkers'® have carried forward their work on the
behavior of uranyl and lanthanide ions in different solvation media. A detailed study on
structure and free energy of uranyl hydration has also been presented recently by Rai et al.!
and Kerisit et al.'> Based on the free energy calculation, they have proposed modified force-
fields for the uranyl-water system. These groups have also studied the bulk diffusion of
uranyl ions at infinite dilution.'®* Kerisit et al.*>!3 have also generated a modified force-field
of uranyl-water system based on free energy calculations to study in detail the structure,
diffusion and free energy of uranyl hydration.

In a series of investigations, Maginn and coworkers''* have developed force fields
for the different actinyl ions in their aqueous solution by taking into account the many-body
solvation effects. Using this force field, Rai et al.'* presented a detailed study on the radial
and three-dimensional arrangements of water molecules in the solvation shell of the uranyl
ions. In most of these studies structural arrangement of water molecules around the uranyl
ions and free energy aspect of uranyl hydration have been investigated. Very recently,
Maginn and coworkers®® have studied translational dynamics and residence time of water in
the solvation shell of different actinyl ions. There have been other researchers who have
studied the characteristics of uranyl ion using first principle calculations or molecular
dynamics simulations. For instance, Spencer et al.'® have studied the hydration of the actinyl
cations, uranyl (UO2?*) and plutonyl (PuO,%*), by performing Kohn-Sham Density Functional

Theory calculations. They have provided preliminary evidence that there will be no
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qualitative and very little quantitative difference between the uranium and plutonium species.
Various other groups have also used quantum mechanical methods to understand uranyl-
water interaction'’ and coordination environments.*® Frick et al.’®?° employed quantum
mechanical charge field molecular dynamics (QMCF-MD) framework for simulating the
behavior of uranyl (V1) (UO2%*) and uranyl (V) (UO2") ions in aqueous solution. Apart from
these investigations, several other investigations on structure and dynamics of the uranyl ion
and its different complexes at various solid-liquid and liquid-liquid interfaces have been
reported.?24

Most of the existing molecular dynamics based investigations involving aqueous
solution of uranyl ion have dealt with single uranyl ion in an aqueous solution. Presence of
the multiple ions in the solution may modify the properties of the aqueous uranyl solution. In
a recent study, it is shown that a neutral solute like urea does not really break the H-bonding
structure of water, but many of the tetrahedral oxygen sites of water get replaced by nitrogen
or oxygen site of urea.?> Uranyl ion being a doubly positive molecular ion, it has a greater
chance of modifying the structure and dynamics of its aqueous solution at high
concentrations. As far as we are aware of, the effect of concentration of the uranyl ions on
liquid structure and dynamics of different species in the solution has not been investigated in
detail. Not only that, not enough literature reports are available on the effect of temperature
on the structure and dynamics of the uranyl solution. Therefore, in the present study we
intend to investigate the effect of concentration of uranyl ions as well as the temperature of
the system on structural and dynamic characteristics of water as well as uranyl and other co-
ions present in the aqueous solution using atomistic molecular dynamics (MD) simulations.?®
Proper understanding of the structure and dynamics of the ionic solution can be achieved
from the knowledge of the behavior of water molecules in the solvation shells of ions.

Therefore, we use MD simulation here to understand the effect of concentration of the uranyl
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salt on the dynamics of solvation shell water too. The present study can be divided into two
parts. In the first part, we intend to analyze the effect of uranyl ion concentration on the
various characteristics of the aqueous solution using molecular dynamics (MD) simulations
and in part two, we have presented the results on the effect of temperature on the structural
and dynamical properties of these systems too. In order to get an idea about the effect of
concentration of uranyl ions on local structural arrangements of water molecules around the
uranyl ion, radial distribution functions of water molecules around the uranyl ion are
analyzed for aqueous uranyl solutions of various concentrations. The concentration effect on
translational dynamics has also been analyzed by calculating diffusion coefficients of various
species in solution from their respective mean squared displacements. Orientational dynamics
of water about different molecular axes of water have also been analyzed. All atom molecular
dynamics simulations have been employed to study orientational structure and dynamics of
aqueous solutions of uranyl ions of varying concentrations. The effect of temperature on the
translational and orientational characteristics of the aqueous uranyl solutions has also been

studied in detail.

3.2 Models and Simulation Details

In the present investigation, we have prepared aqueous solutions of divalent uranyl
ions, UO2%*, of different concentrations by solvating appropriate number of uranyl ions in a
cubic box containing around 500 water molecules with a bulk water density of around 0.98
g/cc. The electrical neutrality of the system is maintained by introducing required number of
negative ions (nitrate) in the system. Three different systems are considered: (i) one uranyl
ion (hereinafter we call it system U1), (ii) five uranyl ions (hereinafter we call it system U5)
and (iii) ten uranyl ions (hereinafter we call it system U10). Total number of molecules i.e.

water plus uranyl nitrate in the system are kept fixed at 513 molecules. The corresponding
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concentrations of the aqueous solutions of uranyl ions are 0.106 M for U1, 0.53 M for U5 and
1.06 M for U10 systems. The concentration range used here is relevant to the back end of the
nuclear fuel cycle during the reprocessing of the spent fuel from uranium based reactors.?’28
It is also of academic interest to investigate the effect of concentration and temperature on the
structural and dynamical aspects of the uranyl solution. Simulations are performed in
canonical (NVT) ensemble with molecular dynamics extended system approach of Nose.?

Table 3.1: Force Field Parameters

Non-bonded Parameters

Atom Type o (nm) & (kJ/mol) gle
U 0.295 0.5299 +2.500
Ou (Uranyl oxygen) 0.383 0.0567 -0.250
Ow (SPC/E) 0.317 0.6502 -0.8476
Hw (SPC/E) - - +0.4238
Bonded Parameters
Bond Type Feq (NM) Kr (kJ molt nm?)
U-Ou 0.176 622300
Angle Type 0cq (°) Ko (kJ mol- rad-?)
Ou-U-Ou 180 198

All the simulations are carried out at a target temperature of 298 K using periodic
boundary conditions and minimum image convention in all three directions. We have used
atomistic model with one uranium and two oxygen sites for the uranyl ion* and one nitrogen
and three oxygen sites for the nitrate ion.! Non-bonded site-site inter-molecular interaction is
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modeled with Lennard—Jones plus Coulomb interactions and intra-molecular interaction for
uranyl and nitrate ions consist of bond and angle terms. Although TIP3P model has been used
in most of the calculation presented here, for comparison we have also used SPC/E water
model and corresponding force filed parameters are taken from a recently published work*
and are given in Table 3.1. The LJ parameters and the bonded parameters for solvated uranyl
ion has been taken from the work of Pomogaev et al.'* The parameters related to bonded
interactions and the LJ parameters for the nitrate ion have been taken from the work of
Guilbaud et al.! The potential energy of the system is given by Eq. 1.5 as given in Chapter 1.
The parameter sets for both inter- and intra-molecular interactions for the atoms of water and
uranyl ion for TIP3P model are given in Table 2.1 of Chapter 2.242° All cross parameters for
the LJ potential are obtained by using Lorentz—Berthelot mixing rule.

A time step of 1 fs is used for integrating the equations of motion. For each system,
the production run is for 8 ns after equilibration for 1 ns and the trajectories were saved at
every 0.01 ps. For uncertainty in the calculated quantities, usual standard deviations are
obtained from block averaging of eight independent simulations of 1 ns each. All the results
on radial distribution functions and coordination numbers related to nitrate ions are obtained
from averaging over a 30 ns simulation trajectory. Most of the simulations are carried out at a
target temperature of 298 K. To study the effect of temperature, additional simulations are
carried out at temperatures of 240 K, 270 K, 330 K and 360 K. In these simulations, after an
equilibration period of 1 ns, trajectories are saved at every 0.01 ps during the next 1 ns

production run for post analyses.

3.3 Results and Discussion

The structure and dynamics of aqueous solution of uranyl ions have been estimated

using MD simulations. Our aim is to investigate the effect of uranyl ion concentration and
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temperature of the system on the structure and dynamics of water and different ions present
in the solution. The structural aspects are analyzed by calculating radial distribution functions
(RDF) of water around different sites of the uranyl ion. Translational dynamics of different
species including water has been investigated by analyzing mean squared displacement
(MSD) of the corresponding species in solution. Orientational dynamics of water in the
vicinity of uranyl ions is also investigated by calculating orientational time correlation
functions involving different molecular axes of the water molecules. The orientational
dynamics of the water molecules within the first coordination shell of uranyl ions is then
compared with those obtained for all the water molecules (hereafter we call these as overall
water molecules) in the aqueous solution. In order to investigate the effect of uranyl ion
concentration on various properties, we have compared results obtained from U1, U5 and
U10 systems. In order to get further insight, we have also analyzed the effect of uranyl
concentration on the dynamics of water in the solvation shells of uranyl ions. The effect of
uranyl ion concentration and that of temperature on the various characteristics is discussed in

Sections 3.1 and 3.2 respectively.

3.3.1 Effect of Uranyl lon Concentration on the Structural and Dynamic
Characteristics of Aqueous Uranyl Solutions
In this section, we will be elaborating on the implications of the change in uranyl ion
concentration on the behavior of various species present in the aqueous uranyl solution. The
various structural and angular distributions are presented along with the translational and

rotational transport properties of the constituents of the solution in the following subsections.
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3.3.1.1 Radial Distribution of Water Molecules around Uranyl lons in Aqueous
Solutions

In order to investigate the effect of increasing uranyl salt concentration on the

structural aspects of the solution, we have calculated RDFs of two different water sites (Ow

and Hw) with respect to two uranyl sites (U and Oy of uranyl ion) and are presented in Figure

3.1. The first minimum for distribution of Ow atoms around uranium atom of uranyl ion

comes at around 3.0 and this value is used as the radius of the first coordination shells around

respective atoms of uranyl ion for calculating coordination number and analyzing dynamical

1 " 1 " 1

5 6 7 T2 3 4 6 7

4 5
r(A) r(A)
Figure 3.1: Radial distribution functions for (a) Ow around uranium, (b) Hw around
uranium (c¢) Ow around uranyl-oxygen (Ou) and (d) Hw around Ou for different
concentrations of uranyl ions. In the insets of Figures 3.1(a) and (b) first peak of the
respective RDF is magnified.

behavior of the solvation water. It is interesting to note that with the change in uranyl
concentration, overall RDF and hence liquid structure does not change much, although there
is slight reduction in the peak of the RDF as we go from U1 to U10 system (see the insets of
Figure 3.1(a) and (b)). We have also calculated the coordination number as defined by the
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number of water molecules in the first solvation shell (defined by the position of the first

minimum in the RDF) around different species in the solution and tabulated in Table 3.2.

Table 3.2: Average number of water molecules in the first coordination shell.

Coordination number as
defined by number of
System Central atom
water molecules in the
first shell
Bulk-water (TIP3P) Water-oxygen 54
Bulk-water (SPC/E) Water-oxygen 4.4
Ul (TIP3P) Uranium 50
U5 (TIP3P) Uranium 4.7
U10 (TIP3P) Uranium 4.6
5
| —U1
— ) 5
4F —u10
3 =
> }
9 L
1k
o | |
0 3
r(A)

Figure 3.2: Running coordination number around U as a function of radial distance of

water from uranyl ion.
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The coordination number of water on an average was observed to be around 5.4 for

bulk TIP3P water whereas it is around 4.4 for bulk SPC/E water. In case of aqueous solution
of uranyl ions, the coordination number of uranium with respect to water molecules comes
out to be around 5 and is consistent with the reported value.1341014.16-19.22.23 There js a slight
reduction in the coordination number values as we move from Ul to U5 to U10, and this
slight reduction is due to decrease in the peak height of RDF as shown in insets of Figure 3.1.
The running coordination number N(r) defined by Eq. 1.14 is also calculated as a function of
radial distance from uranyl ions, and shown in Figure 3.2. It is obvious that running

coordination number N(r) decreases from U1 to U5 to U10 systems.

3.3.1.2 Radial Distribution of Counter lons (Nitrate lons) with Respect to Uranyl lons
As already mentioned, we have studied the distribution of counter ions (nitrate ions)
with respect to uranyl ions in U1, U5 and U10 systems by simulating each of the systems for
30 ns. The radial distribution functions of oxygen atoms of water molecules (solid blue line),
nitrogen atoms of nitrate ions (dashed red line) and oxygen atoms of nitrate ions (dotted
green line) with respect to uranium and oxygen atoms of the uranyl ion are given for U10
system in Figures 3.3 a and b respectively. Figure 3 shows that the oxygen of nitrate ion
(Ono3) occupies positions closer to Oy of uranyl ion as compared to positively charged
nitrogen (Nno3). However, positively charged U gets closer to negatively charged oxygen
atoms (Ow or Ono3) as compared to negatively charged Ou. It is interesting to observe that
the location of the first peak of g(r)s of Onos and Ow being almost at the same distance from
the central uranyl ion, one can conclude that both are in the solvation shell of the uranyl ion.
We have also calculated the coordinated numbers (CNs), defined as the number of these
atoms in the first solvation shell of uranyl ion, of Ow and Onos around the U (first solvation

shell radius 3.0 A) and Ou (first solvation shell radius 4.0 A) sites of the uranyl ions in U5
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and U10 systems (Table 3.3). For U1 system, the first peak of g(r) for Ono3z around uranyl ion
is not observed most of the time during the 30 ns trajectory analyzed here. It can be seen (see
Table 3.3) that as the concentration of uranyl ion is increased (U5 to U10), the CN of Ow is
reduced whereas that of Onos is increased. It is interesting to note that the oxygen atom of
water and that of nitrate ion compete with each other to occupy the first coordination shell of

the uranyl ion (blue solid and dotted green lines in Figure 3.3).

12
10

g(r)

PO N A OO

w

r(A)

Figure 3.3: Radial distribution functions of oxygen (Ow) atoms of water molecules,
nitrogen (Nnos) and oxygen (Onos) atoms of nitrate ions with respect to (a) uranium (U)
and (b) oxygen (Ou) atoms of uranyl ions for the U10 system.
Table 3.3: Coordination numbers (CN) of uranium and oxygen atoms of uranyl ions
with respect to oxygen atoms of water and nitrate for different uranyl ion

concentrations

System CN: Ow around CN: Onos around
U Ou U Ou
U5 4.70 9.50 0.32 0.84
Ul0 4.61 9.34 0.43 1.32
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3.3.1.3 Orientational Distribution of Water Molecules in the Vicinity of Uranyl lons
We have calculated angular distributions of the water molecules around uranyl ion in
its coordination shell for U1, U5 and U10 systems in the same way as explained in subsection
(i) of Section 2.3 of Chapter 2. The angular distribution remains more or less the same with

change in concentration of uranyl ions in the solution as given in Figure 2.4 of Chapter 2.

3.3.1.4 Translational Dynamics of Different Species in the Aqueous Uranyl Solution

The translational dynamics of various species in the solution is analyzed in terms of
their mean squared displacements (MSDs). The effect of increasing concentration of uranyl
ion on the dynamics of water i.e. both for all water molecules and solvation shell water

molecules, and uranyl ion is investigated in following subsections.

3.3.1.4.1 Translational Dynamics of Overall Water Molecules in the Aqueous Solution

Let us first analyze translational dynamics of all the water molecules present in the
aqueous uranyl solutions of different concentrations. The MSD profiles for water oxygen in
bulk water and in the aqueous solution of uranyl ions of different concentrations are
compared in Figure 3.4. In case of U1 system, diffusivity of water molecules does not deviate
much from that of the bulk water. In systems with higher uranyl concentrations i.e. in U5 and
U10 systems, there is a prominent variation of the MSD line from that of the bulk water,
indicating a considerable change in the dynamics of water. From the slopes of these MSD
lines it is evident that average diffusivity of the water molecules in the concentrated uranyl
solution decreases as compared to bulk water. It may be due to the fact that water molecules
in the solvation shells of uranyl ions are probably diffusing slowly along with the slower
moving uranyl ions. We shall try to get further insight into this aspect by analyzing the

dynamics of solvation water in the next subsection.
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Figure 3.4: MSD profiles for water molecules in bulk water (blue line), U1 system (cyan
line), U5 system (red line), and U10 system (green line). The dashed lines represent
MSD of only those water molecules that are outside the first coordination shell (FCS) of

uranium in U1, U5 and U10 systems.

Also, to confirm whether there is any long range effect of the uranyl ions on the water
dynamics, the MSD of water molecules outside the first coordination shell (FCS) of uranyl
ions is estimated for U1, U5 and U10 systems (dashed lines in Figure 3.4). Since there is not
much difference in the MSD of these water molecules (dashed lines) as compared to that
calculated by taking all the water molecules in the system (solid lines) for all the three
systems, it can be concluded that one of the reasons for the slowing down of the overall
translational mobility of water is the long range effects of the uranyl ions on the mobility of

water outside the solvation shell.

66



Chapter 3

3.3.1.4.2 Translational Dynamics of Uranyl lons in the Aqueous Solution
Now, we turn our attention to the effect of increasing concentration on the diffusivity
of uranyl ion. In Figure 3.5, we have shown the MSD of U atom of the uranyl ion in three
different systems with different uranyl ion concentrations. In this case also, the diffusivity of
the uranyl ion is found to be reducing with increasing concentration of uranyl ions in aqueous

solution (see Figure 3.5).
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Figure 3.5: MSD profiles for uranium atom in Ul (blue line), U5 (red line) and U10
(green line) systems.

The diffusion coefficients of various species in the solution are estimated from the
slope of respective MSD curves by using the Eqg. 1.19 given in section 1.5 of Chapter 1. The
diffusivity values along with the associated uncertainty (standard deviation) as estimated
from the slopes of the MSD lines obtained from different simulation runs are given in Table
3.4. The diffusivity values tabulated in Table 3.4 suggest that there is concentration
dependence of the diffusivity for all the three species namely, uranyl ions, nitrate ions and

water molecules. The value of diffusion coefficients for bulk water, water in U1 system and
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Table 3.4: Diffusion coefficient values for different systems (BW: bulk water)

> Atom/Group System Drec (10°%cm?s?) | Do (10°cm?s?)
No.
1 U of UO; (TIP3P water) Ul 1.37+£0.11 2.16+0.11
2 U of UO2 (TIP3P water) Us 1.09+0.05 1.88+0.05
3 U of UO; (TIP3P water) U10 0.87+0.02 1.66+0.02
4 U of UO; (SPC/E water) Ul 0.60+0.04 0.94+0.04
5 U of UO; (SPC/E water) U5 0.56+0.02 0.90+0.02
6 U of UO; (SPC/E water) U10 0.46+0.01 0.80+0.01
7 N of nitrate (TIP3P water) Ul 2.88+0.16 3.67+£0.16
8 N of nitrate (TIP3P water) U5 2.33+0.13 3.12+0.13
9 N of nitrate (TIP3P water) uU10 1.82+0.06 2.61+0.06
10 Ow (TIP3P water) BW 5.60+0.12 6.39+0.12
11 Ow (TIP3P water) Ul 5.28+0.02 6.07+0.02
12 Ow (TIP3P water) U5 450+ 0.02 5.29+0.02
13 Ow (TIP3P water) U10 3.58+0.02 4.37+0.02
14 Ow (SPC/E water) BW 2.76+0.08 3.1+0.08
15 Ow (SPC/E water) Ul 2.52+0.01 2.86+0.01
16 Ow (SPC/E water) Us 2.20+0.02 2.54+0.02
17 Ow (SPC/E water) u10 1.80+0.02 2.14+0.02

uranium atom of uranyl ion in U1 system are similar to those given by Tiwari et al. for TIP3P

model of water.® The self-diffusion coefficients for uranyl ion were observed to be lower for
SPC/E water as compared to those for TIP3P water. The diffusivity values obtained for water

molecules and uranyl ions in aqueous uranyl solution with SPC/E water model are in good
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agreement with those obtained earlier using molecular dynamic simulations.'® Using the
shear viscosity values for TIP3P* and SPC/E™® water models, the diffusion coefficient values
have been corrected for system size dependence (according to Eq. 1.20 as given in section 1.5
of Chapter 1) and are given in Table 3.4.

Table 3.5: Comparison of normalised diffusion coefficient values for uranyl ions in Ul

system with experimental and theoretical results available in literature

S. No. Source Duo2/D320
1. ¢Awakura et al., 19873 0.204
2. ®Kern and Orlemann, 19493 0.296
3. ®Brown et al., 19543 0.295
4, ®Marx and Bischoff, 1976% 0.330
5. 'Kerisit and Liu, 2010 0.333
6. Present study (TIP3P water), U1 system 0.338+0.018
7. Present study (SPC/E water), U1 system 0.303+0.015

a = pure water, e = experimental value, t = theoretical value

The un-normalized diffusivity of the uranyl ions for the concentration range of 0.1-0.5
M is in the range of (2.16-1.88) x 10° cm?s™ for TIP3P water, whereas for SPC/E water it is
in the range of (0.94-0.90) x 10° cm?s*. Higher diffusivity of the uranyl ions in TIP3P water
can be attributed to higher bulk water diffusivity (6.39 x 10° cm? s%) in this case. The
experimental values of un-normalized diffusivities as given by Awakura et al.’ are in the
range of (0.47-0.39) x 10 cm?s™ for similar concentration range (0.1 to 0.5 M). It is to note
that the experimental diffusivity value in 0.1 M uranyl solution as given by Awakura et al.*!
normalised with respect to water diffusivity’® (2.3 x 10°° cm? s1) is considerably lower as
compared to the same obtained from other experimental and simulation studies (see Table
3.5). The corrected, normalized diffusivity values of uranyl ions with respect to the respective
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bulk water diffusivities in Ul system are observed to be in overall good agreement with the
diffusivity ratios obtained experimentally®?-3* or theoretically!® (except the one given by

Awakura et al.?!) as shown in Table 3.5.

3.3.1.4.3 Translational Dynamics of Water in the Solvation Shell of Uranyl lons

In the earlier subsection, we have shown that the translational dynamics of water
(considering all the water molecules in the system) becomes slower with the increase in
uranyl concentration. The reduced diffusivity of water in the concentrated solution may be
due to solvation water. It is, therefore, important to look into the dynamics of those water
molecules residing in the first solvation shell of the uranium atom of the uranyl ion. In Figure
3.6, the MSD profiles of the water molecules in the solvation shell of the uranium atom in
three different systems namely U1, U5 and U10 systems are shown. The comparison of the
MSDs of the coordination shell (of uranyl ion) water molecules in the system with that of
bulk water as well as all water molecules in solution (see Figure 3.4) indicates a considerable
decrease in diffusivity of solvation shell water as compared to the bulk water. Probably, the
strong electrostatic interaction between the uranyl ion and water molecules in the solvation
shell is responsible for the lower diffusivity of solvation water as compared to that of bulk
water. The diffusivity values as estimated using MSD along with the size independent
diffusivities and their standard deviations for solvation water are given in Table 3.6. It may
appear at this point that the reduction (see Figure 3.4 and Table 3.4) in overall diffusivity of
water in the uranyl solution is due to these retarded solvation water. But, as the fraction of
solvation water (around 1 % in U1 system and around 9% in U10 system) is considerably
small, contribution of the retarded solvation water to the overall diffusivity is negligibly small
(see Figure 3.4). Thus, the reduction in overall water diffusivity is a consequence of the long

range effect (as shown in Figure 3.4) of the uranyl ions on the water beyond solvation shells.
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Figure 3.6: MSD profiles for water molecules within the first coordination shell of
uranium atom of uranyl ion for Ul (blue line), U5 (red line) and U10 (green line)

systems.

Table 3.6: Diffusion coefficient values for water molecules within the first coordination

shell of uranium atom of uranyl ions for different systems

S. No. | System Deec (105 cm?s?) Do (10°cm?s?)
1 Ul 1.86+0.11 2.65+0.11
2 us 1.35+0.01 2.26+0.01
3 ul0 1.20+0.02 1.99+0.02

3.3.1.5 Orientational Dynamics of Water Molecules in the Aqueous Uranyl Solution
The orientational dynamics of the water molecules are analyzed by calculating time
correlation function of various molecular vectors of water as explained in Section 1.5, Eq.
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1.21 of Chapter 1. Effect of concentration of the uranyl ions on the rotational dynamics of

water (all water molecules in solution) can be understood from plots in Figures 3.7 and 3.8.
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Figure 3.7: First order orientational correlation functions of water molecules with
respect to (a) dipole moment vector (u), (b) H-H vector (HH) and (c) a vector (CR)
perpendicular to the plane of the water molecule for different systems of varying uranyl
concentrations.

It is observed that for all the three different orientational correlation functions, the
effect of increase in concentration of uranyl ions in agqueous solutions leads to a slight
retardation of the rotational motion of water and this effect is more for the rotational motion
of dipole moment vector as compared to other orientational vectors of water. The values of
fitting parameters as discussed in subsection (iv) of Section 2.3 of Chapter 2 i.e. A, 11 and 12
for different systems as obtained from the fitting are given in Table 3.7. From the discussion
on translational dynamics, it is clear that the translational mobilities of solvation shell water
molecules get reduced significantly as compared to those of water molecules not residing in
the solvation shell. Therefore, it will be interesting to investigate whether similar slowdown

is observed in case of angular dynamics of the solvation water molecules.

72



Chapter 3
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Figure 3.8: Second order orientational correlation functions of water molecules with

respect to (a) water dipole moment vector (u), (b) water H-H vector (HH) and (c) water

cross vector (CR) for different systems of varying uranyl concentrations.

Table 3.7: Values of time constants (in picoseconds) of longer and shorter time scales of

the relaxation of S(t) (r1 and t2) and A for different systems.

Correlation
Bulk water Ul U5 u10
Function
I
A 0.83+0.004 0.75+0.01 0.57+0.008 0.54+0.004
T1 2.37+0.01 2.93+0.08 455+ 0.09 6.32+0.17
T2 0.20+0.01 0.4+0.04 0.82+0.02 0.91+0.006
T
A 0.86+0.02 0.861+ 0.003 0.85+0.004 0.83+0.006
Tl 1.75+0.02 1.85+0.02 2.02+0.02 2.28+0.03
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2 0.07+0.004 0.092 + 0.004 0.13+0.01 0.18+0.01
IR

A 0.835+0.001 0.82+0.004 0.8+ 0.007 0.76+0.008

T 1.31+0.004 1.42+0.01 1.61+0.02 1.88+0.04

T 0.07+0.004 0.09+0.004 0.13+0.006 0.19+0.01
Iy

A 0.703+0.001 0.67+0.005 0.50+0.01 0.33+0.004

T 0.869 + 0.008 1.0+ 0.009 1.57+0.05 3.14+0.09

© 0.036+0.008 | 0.057+0.002 0.17+0.01 0.32+0.004
"

A 0.697 +0.02 0.68+0.006 0.62+0.006 0.52+0.008

T 1.02+0.03 1.03+0.004 1.25+0.02 1.73+0.04

™ 0.037+0.003 | 0.045+0.001 0.08+0.006 0.15+0.006
IR

A 0.638+0.005 | 0.621+0.002 0.56+0.007 0.46+0.007

T 0.651+0.01 0.72+0.005 0.88+0.01 1.28+0.03

™ 0.03+0.001 | 0.034+0.0005 | 0.058+0.001 | 0.11+0.006

The first (n=1) and second (n=2) order autocorrelation functions for the above
mentioned three unit vectors as obtained by considering all the water molecules in the
system, and water molecules in the first coordination shell are given in Figures 3.9 and 3.10
respectively for U1 system. Similar curves are obtained for U5 and U10 systems too. For all
the three different orientational correlation functions, a slight slowing down of the rotational

motion of water is observed with increase in concentration of uranyl ions, this effect being
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Figure 3.9: First order orientational correlation functions of solvation shell (black
dashed line) and overall water molecules (red solid line) with respect to (a) water dipole
moment vector (u), (b) water H-H vector (HH) and (c) water cross vector (CR) for Ul

system.
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Figure 3.10: Second order orientational correlation functions of solvation shell (black
dashed line) and overall water molecules (red solid line) with respect to (a) water dipole

moment vector (u), (b) water H-H vector (HH) and (c) water cross vector (CR) for Ul

system.
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more prominent for the dipole moment vector. Figures 3.9 and 3.10 suggest that there is not
much difference between the autocorrelation functions calculated by considering all water
molecules (red solid lines) and only the coordination shell water molecules (black dashed

lines).
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Figure 3.11: First order orientational correlation functions of solvation shell water
molecules with respect to water dipole moment vector (u) for different trajectories
(solid lines). Red color dashed line shows the average first order orientational
correlation function of overall water molecules in the solution (a) U1, (b) U5, and (c)
U10 systems.

To confirm this, more simulations i.e. six simulations of 1 ns each were carried out
and it was observed that the variation in the orientational correlation functions as we go from
all water molecules to only solvation shell water molecules, is within the statistical
uncertainties for different trajectories. For instance, Figure 3.11 shows the first order dipole
moment orientational correlation functions of solvation shell water molecules (black dashed
lines) for different trajectories for all the three systems U1, U5 and U10 overlapped by the

corresponding orientational correlation function (red solid lines) for overall water molecules.

76



Chapter 3
It is clear from the Figure 3.11 that orientational dynamics of water molecules remains the
same whether they are inside or outside the solvation shell of uranyl ions. Thus, both the
orientational structure and dynamics of solvation water remain the same as that obtained for

all the water molecules in the system.

3.3.2 Effect of Temperature on the Structural and Dynamic Characteristics of

Aqueous Uranyl Solutions

To study the effect of temperature on the structural, translational and orientational
properties of overall water molecules as well as those within the solvation shell around uranyl
ions, the U1, U5 and U10 systems are simulated at different temperatures around 298 K i.e.
240 K, 270 K, 330 K and 360 K. As observed in the simulations discussed above,
translational dynamics show a considerable difference for overall water molecules and those
within the coordination shell of uranyl ions. Hence, the effect of temperature on the
translational dynamics will be discussed separately for overall water molecules and for those
in the vicinity of the uranyl ions. The effect of temperature on diffusivities of water and
uranyl ions, radial and orientational distribution, and orientational dynamics of the water

molecules are analyzed and the results are presented in the following sub-sections.

3.3.2.1 Effect of Temperature on the Radial Distribution of Water Molecules around
Uranyl lons
The radial distribution functions for the oxygen and hydrogen atoms of the water
molecules around the uranium atom of the uranyl ion are plotted at various temperatures
(Figure 3.12). It can be seen that there is slight lowering of the peak as the temperature of the

system is increased; however the area under the curve appears to remain the same.
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Figure 3.12: The radial distribution functions of (a) oxygen and (b) hydrogen atoms of

water molecules with respect to uranium atom at different temperatures.

3.3.2.2 Effect of Temperature on the Orientational Distribution of Water Molecules in
the Vicinity of Uranyl lons
The distributions of four angles discussed above i.e. 0, v, v and y between different
vectors of water molecules and uranyl ions are estimated at different temperatures and are
shown in Figure 3.13. In Figure 3.13, only peaks are shown rather than showing the whole
range of angles from 0° to 180° for better visual representation. It is observed that there is
slight reduction in the peak values with increase in temperature. However the angles,

corresponding to which the peaks in the distributions occur remain the same.
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Figure 3.13: Distributions of angles between U-Ow vector and different molecular
orientational vectors of a water molecule in the first coordination shell of a uranium

atom of the uranyl ion at different temperatures.

3.3.2.3 Effect of Temperature on the Orientational Dynamics of Water Molecules

The orientational dynamics of water molecules with respect to three vectors (i) dipole
moment vector (us.=p) (i) H-H vector (u«=HH) (iii) a cross vector (u«=CR) i.e. a vector
perpendicular to plane of water molecule are analyzed at different temperatures and results
are given in Figure 3.14. The Figure 3.14 shows the orientational correlation functions of
water molecules at different temperatures for these three vectors in case of U1 system. It can
be seen that with increase in temperature, the times of relaxation of these functions reduce i.e.
the relaxation becomes faster. In other words, the relaxation times of these functions reduce

with reduction in concentration of uranyl ions or with increase in temperature of the systems.
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(a) 240 K 270 K == 298 K
330 K 360 K

0.0 M | N | 1 :%

t (ps)
Figure 3.14: First order orientational correlation functions of water molecules with
respect to (a) dipole moment vector (), (b) H-H vector (HH) and (c) a vector (CR)
perpendicular to the plane of the water molecule for Ul system at different

temperatures.

3.3.2.4 Effect of Temperature on the Translational Dynamics

The mean squared displacements (MSDs) obtained by considering overall water
molecules in the solution as well as for water molecules within the coordination shell of
uranyl ions and of uranyl ions for Ul, U5 and U10 systems are analyzed at different

temperatures. Hence, the variation in diffusion coefficients with temperature is studied.

3.3.2.4.1 Overall water molecules in the solution
The variation of mean squared displacements (MSDs) of overall water molecules with
temperature for the U1, U5 and U10 systems are given in Figure 3.15. The slopes of the MSD

curve becomes higher and higher as the temperature of the system is increased. In other

80



Chapter 3
words, diffusivity of water molecules increases with increase in temperature. The diffusion

coefficients of overall water molecules at various temperatures are given in Table 3.8.
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Figure 3.15: MSD profiles of overall water molecules for Ul, U5 and U10 systems at

240 K
e 270 K

298 K

e 330 K
S 360 K

different temperatures.

Table 3.8: Diffusion coefficient values of overall water molecules at different

U1

t (ps)

temperatures for U1, U5 and U10 systems

Diffusion coefficients, Dpsc (10-° cm?s?) of overall water molecules
240 K 270 K 298 K 330 K 360 K
Ul 1.82 3.43 5.28 751 9.60
us 1.59 2.98 4.50 6.42 8.01
ul0 1.36 2.45 3.58 4.88 6.27

3.3.2.4.2 Water molecules within the first coordination shell of uranyl ions

The water molecules within the first coordination shell of uranyl ions also show an

enhanced diffusivity with increase in temperature from 240 K to 360 K, although the
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diffusivity values are lower for these as compared to those for the overall water molecules.
The MSD curves are shown in Figure 3.16 for U1, U5 and U10 systems and the diffusivity

values are given in Table 3.9.

u10

t(ps)

Figure 3.16: MSD profiles of water molecules within the first coordination shell of

uranyl ions for U1, U5 and U10 systems at different temperatures.

Table 3.9: Diffusion coefficient values of water molecules within first coordination shell

of uranyl ions at different temperatures for U1, U5 and U10 systems

Diffusion coefficients, Dpsc (10-° cm?s?) of coordination shell water molecules

240 K 270 K 298 K 330 K 360 K

Ul 0.56 0.93 1.86 2.19 2.94
U5 0.54 0.86 1.35 2.09 2.44
ul0 0.43 0.75 1.20 1.61 1.94
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3.3.2.4.3 Uranyl ions
The diffusivity values of uranyl ions show an increasing trend with the increase in
temperature from 240 K to 360 K, although the diffusivity values are smaller as compared to
those of water as uranyl ion is heavier than water. The MSD curves for uranyl ions are shown
in the Figure 3.17 for U1, U5 and U10 systems and the diffusivity values are given in Table

3.10.
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Figure 3.17: MSD profiles of the uranium atom of uranyl ions for U1, U5 and U10

systems at different temperatures.

Table 3.10: Diffusion coefficient values for uranium atom of uranyl ions at different

temperatures for U1, U5 and U10 systems

Diffusion coefficients, Dpgc (10° cm?s1) for uranium atom of uranyl ion
240 K 270 K 298 K 330 K 360 K
Ul 0.46 0.76 1.37 1.89 2.43
uUs 0.36 0.70 1.09 1.63 2.12
ul0 0.29 0.55 0.87 1.19 1.46
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The values of diffusion coefficients for overall water molecules in Ul system and
uranium atom of uranyl ion in U1 system are similar to those given by Tiwari et al. for TIP3P
model of water.'® Using the shear viscosity values for TIP3P water® at different temperatures,
the diffusion coefficient values are corrected for system size dependence and are given in
Table 3.11. As the shear viscosity values are not available at low temperatures (240 K and
270 K), an exponential function [A*exp(-xT)] is fitted to the shear viscosity data given for
temperature range 283 K to 363 K.3® From the fitted function, the shear viscosity of water is
generated at 240 K and 270 K which is used to estimate the corrected diffusion coefficients
(Table 3.11).
Table 3.11: Diffusion coefficient values of water molecules and uranyl ions corrected for

system size at different temperatures for U1, U5 and U10 systems

Corrected diffusion coefficients, Do (cm?s) of overall water molecules

240 K 210K 298 K 330K 360 K
Ul 2.25 4.01 6.07 8.59 10.98
U5 2.02 3.56 5.29 7.50 9.39
uU10 1.79 3.03 4.37 5.96 7.65

Corrected diffusion coefficients, Do (cm?s™) of coordination shell water molecules

Ul 0.99 151 2.65 3.27 4.32
U5 0.97 1.44 2.26 3.17 3.82
u10 0.86 1.33 1.99 2.69 3.32

Corrected diffusion ¢

oefficients, Do (cm?s?) of uranium atom of uranyl ions

Ul 0.89 1.34 2.16 2.97 3.81
U5 0.79 1.28 1.88 2.71 3.50
uU10 0.72 1.13 1.66 2.27 2.84
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3.4 Conclusions

In summary, behavior of agueous solutions of uranyl ions is studied by analyzing both
structural and dynamical aspects. In particular, we are interested in the effect of concentration
of the uranyl nitrate on the structural and dynamical properties of the system. The radial
distribution of water around the uranyl ion does not change appreciably with the
concentration of the salt. At very low concentrations, the presence of uranyl ions does not
affect much the diffusion characteristics of different species in solution. However, significant
changes in diffusivities of ions as well as water are observed at higher concentrations of
uranyl ions. The diffusivity of the uranyl ion in the solution decreases considerably (by about
23% in TIP3P water and around 15% in SPC/E water) with the increase in uranyl ion
concentration from 0.106 M to 1.06 M. The observed decrease in water diffusivity in
presence of uranyl ion/s may originate from (i) retardation of the solvation water and/or (ii)
long range effect of uranyl ion on the diffusion of water beyond FCS. We have therefore
examined in detail translational dynamics of water in the solvation shell as well as outside the
first coordination shell of the uranyl ion. The analyses of the MSDs for water molecules
within the first coordination shell of uranyl ions reveal that the motion of the water molecules
in the hydration shell of uranyl ion is considerably retarded. The analyses of the MSD of the
water molecules outside the FCS suggest (see Figure 3.4) that long range effect of the uranyl
ions on these water molecules also reduces water diffusivity. But, as the fraction of solvation
water (around 1 % in U1l system and around 9% in U10 system) is considerably small,
contribution of the retarded solvation water to the overall diffusivity is negligibly small.
Therefore, decrease in overall diffusivity of water in presence of uranyl ion is a consequence
of long range effect. The effect of finite concentration of the actinyl ions on the tetrahedral
structure3® of water is an interesting aspect to investigate and the work in this direction is in

progress. Orientational behavior of aqueous solutions of uranyl ions is studied with respect to
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the water molecules within first coordination of the uranyl ions. Also the effect of
concentration of uranyl ions on the orientational structure and dynamics of water molecules is
investigated. The angular distribution remains more or less the same with change in
concentration of uranyl ions in aqueous solution. From the positions of the first peaks of the
radial distribution functions of oxygen atom of the water and that of the nitrate ions with
respect to uranyl ion it transpires that the oxygen atoms of water and nitrate both are in the
first solvation shell of uranyl ions. From the coordinated numbers of water oxygen and
oxygen atom of the nitrate ion as a function of uranyl nitrate concentration it is evident that a
competition exists between the nitrate ion and the water molecules for occupying the first
solvation shell of the uranyl ion. The rotational dynamics of water in terms of orientational
time correlation functions have also been estimated and the results demonstrate that there is
only slight retardation of the orientational motion of water at high concentration of uranyl
ions in solution. We also investigated the orientational correlation functions of water
molecules within the solvation shell of uranyl ions. It is observed that the orientational
dynamics of the water molecules remains the same whether they are inside or outside the
solvation shell of uranyl ions. The effect of temperature is studied on the various structural,
translational and orientational features of the systems with varying uranyl ion concentrations.
As expected, the effect of increasing temperature enhances the translational and orientational
mobilities of water molecules. This chapter presents the analysis of the various properties of
aqueous solution of uranyl ions at ambient pressure for different temperatures, however, it
will be interesting to investigate on how these actinyl ions behave in supercritical conditions.
Moreover, Supercritical water is of huge importance due to its applications in extraction
processes and nuclear industry. Hence, it will be interesting to investigate fundamental
aspects of the behavior of these ions under extreme conditions of temperature and densities.

The results of present Chapter show interesting modifications in the structural and transport
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characteristics of aqueous solutions of uranyl ions as a response to changes in the
concentration of uranyl ions in the solutions. Hence, It will also be interesting to check
whether similar variations are observed under extreme conditions of temperature and
pressures i.e. when the solvent water is in supercritical state. We will be discussing such

systems in the following chapter i.e. Chapter 4.
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Chapter 4
4.1 Introduction

Supercritical fluids (SCF) are of immense importance due to their wide applications in
chemistry, physics and chemical engineering. The wide applicability of the SCF is due to its
high dissolving power, extraction efficiency and enhanced mass transport.t* High
compressibility and inherent density inhomogeneity leading to voids and clusters of the
supercritical fluid may have direct consequence on the manifestation of different properties of
the SCF. One of the most important aspects of the SCF is that the density can be fine-tuned
through small changes in the temperature or pressure. Another important aspect of the SCF is
the availability of a wide range of densities without changing the phase of the system. In order
to understand detailed microscopic origin of different properties of the supercritical solutions
and neat solvents, fundamental understanding of the solvation structure and dynamics, taking
both atomic correlations and density fluctuations into account, is essential.

Water is one of the most important fluids due to its unique properties®’ and universal
use as solvents in chemical and industrial processes. Supercritical water is also of huge
importance due to its applications in extraction processes and nuclear industry. Nuclear power
generation involves the use of actinide species in chain reactions. The actinides are present
both as the fuel as well as the waste during the course of nuclear reactions. Radiotoxic actinyl
ions find their importance in the nuclear fuel cycle, mostly because of their fissile nature and
long half-lives. The methods are being developed worldwide to recycle these actinides by
reprocessing of the spent fuel or by extraction of these from other species in the radioactive
waste. This practice has an additional advantage of reducing the quantity of waste which
needs to be disposed of safely. Various methods of separation of these actinyl ions from the
nuclear waste involving supercritical fluids have been proposed.*#-1* Moreover, supercritical
water is proposed to be an efficient coolant for Generation IV nuclear reactors.'? Supercritical

water is observed to have an important role in hydrothermal reactions involving actinyl
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ions.®® Thus, knowledge of hydration and transport properties of these actinyl ions becomes
essential for designing advanced separation processes for recycling of the radiotoxic material
in the waste. Moreover, it will be interesting to analyze how these ions behave under extreme
conditions of temperature and densities. The radiotoxic nature leads to the practical
difficulties in performing experiments involving actinyl ions. The computational investigation
based on molecular dynamics simulation has become a useful and creditable tool for
analyzing the behavior of these ions in various systems.

There has been a number of molecular dynamics simulation studies related to various
characteristics of supercritical water!42! as well as aqueous solutions®-?6 of ions under
supercritical conditions. For instance, Cummings et al.?! and Balbuena et al.?? studied the
structural features of bulk water and the aqueous solutions of various positive and negative
ions under supercritical conditions whereas Lee?® demonstrated the structural and dynamical
characteristics of hydroxide ion in supercritical water. Rasaiah and coworkers reported?32* the
structure and dynamics of the aqueous solutions of a number of positive and negative ions,
and neutral solutes at infinite dilution under supercritical conditions. Yui et al.?> estimated
and compared the thermodynamic properties of the aqueous solution of NaCl under normal
and supercritical conditions. As far as uranyl ions are considered, a number of studies related
to aqueous solutions of uranyl ions are available under ambient condition?’-32 where structural
and dynamical characteristics of various species in the solutions are analyzed. Moreover,
Chapter 3 of the present thesis also deals with the aqueous uranyl solution under normal
conditions of temperature and pressure where effect of uranyl ion concentration and
temperature on the various characteristics of the solution is analyzed. To the best of our
knowledge, studies on aqueous solutions of uranyl ions under supercritical conditions had not

been reported.
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The Results and Discussion section of this Chapter consists of two parts: Part A and

B. In Part A, we intend to study the behavior of aqueous solution of uranyl ions at infinite
dilution under supercritical conditions using molecular dynamics simulations. Moreover, we
aim to investigate the effect of density of water on hydration structure and dynamical
properties of different species present in bulk water as well as in aqueous solution of uranyl
ions. From Chapter 3 related to aqueous uranyl solution at ambient condition, it is observed
that the dynamical properties of the aqueous solution of the uranyl ions get modified
significantly with the change in uranyl ions concentrations. This led to our curiosity to
investigate the effect of increasing concentration of the uranyl ions on the dynamics of
aqueous solution of the uranyl ions at supercritical conditions and compare it with the effect
of changing the density of the solvent in Part B of the Results and Discussion section. All
atom molecular dynamics (MD) simulations of uranyl ions in supercritical water are used to
dissect the effects of concentration of uranyl ions and density of water on various structural
and dynamic properties of the solutions. The combined effect of water density and uranyl
concentration in the solution on the behavior of various species is also analyzed by simulating
systems of different densities. The hydration structure of ions and water molecules are
analyzed by calculating radial distribution functions and orientational probability distribution
functions. Orientational structures are obtained by calculating the distributions of different
molecular orientation vectors of water in the first solvation shells around a central water
molecule or an ionic species. Translational diffusivities of water and ionic species have also
been calculated from the slope of the mean squared displacements and the power spectra of
the collective vibrations of water molecules is used to corroborate the sequence of diffusion
coefficients for various densities and concentrations. Orientational mobility of water
molecules in pure water and in the uranyl solution has also been assessed by calculating the

time correlation functions of different molecular vectors of water. Some of the structural and
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dynamic properties of the aqueous solutions of uranyl ions obtained under supercritical

conditions are compared with those reported under normal conditions (Chapters 2 and 3).

4.2 Models and Simulation Details

In the present work, we considered both bulk water and aqueous solutions of uranyl
ion in supercritical states. A box of around 2400 water molecules with appropriate bulk
density is prepared using PACKMOL program.® In case of aqueous solutions of uranyl ion,
one uranyl ion is solvated in a cubic box of 2400 water molecules of appropriate density. We
considered here three different water densities viz., 0.38, 0.56 and 0.98 g cm? with
equilibrium box lengths and pressures as given in Table 4.1. In order to investigate the effect
of varying uranyl ion concentration in Part B, different systems of aqueous solutions of uranyl
ions are prepared using PACKMOL by solvating different number of uranyl ions in specified
number of water molecules within a cubical box with approximate dimensions 5.0 nm x 5.0
nm x 5.0 nm. Nine different sets of aqueous solutions of uranyl ions in supercritical water are
simulated for different water densities and uranyl ion concentrations as given in Table 4.2
along with their equilibrium box lengths and pressures. The Set No. 4 is same as S. No. 2 in
Table 4.1. The range of concentrations studied in this work are of the order of concentrations
encountered generally in the back end of the nuclear fuel cycle, especially during reprocessing
of uranium based spent fuel.343° The nitrate (negative) ions are introduced in the solution as
counter-ions to maintain the electrical neutrality of the aqueous uranyl system. Molecular
dynamics simulations are performed in isothermal-isobaric (NPT) ensemble, in which
temperature and pressure of the system are maintained by using extended system approach of
Nose, Andersen, Parrinello, and Rahman.36-4° The pressures for densities around 0.38 and

0.56 g cm™ are in good agreement with those reported in experimental*! and theoretical
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studies.*? The uncertainties in densities are estimated from the uncertainty in box lengths

during the NPT simulation.

Table 4.1: Density and box lengths of the systems simulated using Molecular Dynamics

Simulation at 683 K for Part A

Equilibrium Box Length
S. No. Density (g cm-?) Pressure (atm)
(nm)
1. 0.38 £ 0.008 315 5.715
2. 0.56 £+ 0.006 640 5.028
3. 0.98 £ 0.003 7100 4.183

Atomistic models are used for uranyl ion with one uranium and two oxygen sites, and
for the nitrate ion with one nitrogen and three oxygen sites®24% whereas SPC/E model** for
water was used in all simulations. Lennard—Jones and Coulomb (for charged sites) potentials
are considered for non-bonded site-site interactions and usual harmonic terms are used for
bonds and angles in the intra-molecular potential terms for uranyl and nitrate ions. The
potential energy of such a system is described by Eq. 1.5 given in Chapter 1 of this thesis. The
values of the potential parameters for both inter- and intra-molecular interactions for water
and uranyl ion with SPC/E water model are given in Table 2.1 of Chapter 2 and Table 3.1 of
Chapter 3.324344 The cross parameters for the LJ potential are estimated by using Lorentz—
Berthelot mixing rule.

For supercritical states, all the simulations were carried out at 683 K, a temperature
greater than the critical temperature of water (experimental value of 647 K and 638.6 K for
SPC/E water*®). A simulation of aqueous uranyl solution is also performed at 298 K and 1

atm pressure to generate some of the results for comparison wherever specified in the text.
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The equations of motion are integrated with a time step of 1 fs. The simulation for
equilibration is carried out for a period of 2 ns. The trajectories are saved at every 0.01 ps

during the next 2 ns production run, thereby ensuring the convergence of results.

Table 4.2: Various sets of systems with different uranyl concentrations and different

supercritical water densities considered in present study for Part B

Number of | Number of Box Length
Set Density water uranyl Concentration at
No. (g cm3) molecules in | ionsin the (M) equilibrium
the system system (nm)
1 0.38+£0.01 1600 1 0.013 + 0.0003 4.999
2 0.40+0.01 1596 5 0.070 £ 0.0017 4.924
3 0.41+0.01 1591 10 0.144 + 0.0036 4.843
4 | 0.56+0.006 2400 1 0.013 + 0.0002 5.028
5 0.57 £ 0.006 2400 5 0.066 + 0.0007 5.016
6 | 0.57+0.006 2400 10 0.132 + 0.0015 5.002
7 0.98 + 0.003 3920 1 0.014 + 0.00004 4.922
8 | 0.98+0.003 3916 5 0.069 + 0.0002 4.928
9 | 0.97+0.003 3911 10 0.138 + 0.0004 4.934

*Set 4 is same as serial No. 2 in Table 4.1
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4.3 Results and Discussion
Part A
Structure and Dynamics of Infinitely Dilute Aqueous Solution of Uranyl

lons

The structure and dynamics of infinitely dilute aqueous solution of uranyl ions in
supercritical water have been estimated using MD simulations. The motive is to understand
radial and orientational structure as well as translational and rotational dynamics of the
various species present in the solution and the effect of the water density on these properties.
Also, the aim is to check how the results under supercritical conditions compare with those
reported for normal conditions of temperature and pressure. The radial structure of water and
other species in the solution is studied by estimating the radial distribution functions (RDFs).
The angular distribution of water molecules around uranyl ions is studied in terms of the
distributions of various angles. These angular distributions of solvation shell water molecules
are compared with those obtained for water around a central water molecule in bulk
supercritical water. The mean squared displacement (MSD) of the different species including
water is analyzed to understand the translational dynamics of these species in the solution.
The results obtained for different densities i.e. 0.38, 0.56 and 0.98 g cm™ are compared to
quantify the impact of density on various properties. Structural characteristics of the water
molecules in the simulated systems of aqueous uranyl solutions are presented in Subsections
4.3.1 and 4.3.2. The translational and angular dynamics of the different species in the systems

are discussed in Subsections 4.3.3 and 4.3.4 respectively.

4.3.1 Radial Distribution Functions of the Aqueous Uranyl Solution
The structural distribution of water molecules is studied by estimating the radial

distribution functions of water molecules around uranyl ions or around central water
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molecule. For bulk supercritical water, distributions of oxygen (Ow) and hydrogen (Hw) atoms
of water molecules around the central water molecule (Ow) i.e. Ow-Ow and Ow-Hw RDFs are
given in Figure 4.1. Figure 4.1(a) has shown a peak of distribution of oxygen atoms of water
molecules around the oxygen atom of the central water molecule at around 2.8 A with first
minimum occurring at around 4.3 A. The distribution of hydrogen atoms of water molecules
show two small humps at around 1.9 A and 3.4 A radial distance from the central water
molecule (Figure 4.1b). Similar experimental as well as simulated radial distribution
functions have been reported in literature for bulk water under supercritical conditions.16:19:21

As expected, positively charged hydrogen atoms appear closer to negatively charged oxygen

atoms.
] (a) «=0.38 g cm”
_2F - 056gcm’
o } ... 0.98gcm”
o)
(=2}

r (A)

Figure 4.1: Radial distribution functions for (a) Ow and (b) Hw of water molecules
around the oxygen of central water molecule for bulk supercritical water at water
densities of 0.38 g cm3, 0.56 g cm3 and 0.98 g cm at 683 K.

The distributions of oxygen (Ow) and hydrogen (Hw) atoms of water molecules around
uranium (U) and oxygen (Ou) atoms of the uranyl ions for aqueous uranyl solution at

different densities are plotted in Figure 4.2. It is worth mentioning here that the RDFs are cut
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at a radial distance of 7.0 A for better clarity of peaks, otherwise all RDFs converge to 1.0 at
long distances i.e. bulk behavior. The first peak of the distribution of oxygen atoms of water
around uranium atom appears at around 2.46 A (Figure 4.2a) whereas for oxygen atom of
uranyl ion appears at around 2.96 A (Figure 4.2c) indicating that positively charged uranium
is closer to negatively charged oxygen atoms of water molecules as compared to negatively
charged oxygen atom of uranyl ions. The positively charged hydrogen atoms are directed
away from the overall positively charged uranyl ions as compared to negatively charged
oxygen atoms of the water molecules. It can be seen that the peak value of the radial
distribution increases with decrease in the density of the system, both for bulk water and

aqueous solution of uranyl ions.

(a) 4+ (b) - (0.38 g Cm-3
- 0.56gcm™
e <2098 gcm™

LA
et Py

ra
Figure 4.2: Radial distribution functions for (a) Ow around uranium, (b) Hw around
uranium (c) Ow around uranyl-oxygen (Ou) and (d) Hw around Ou at water densities of
0.38 g cm2 (blue solid line), 0.56 g cm (red dashed line) and 0.98 g cm-3 (green dotted
line) at 683 K.
To quantify this variation, coordination or hydration numbers of central water

molecule and, uranium and oxygen atoms of uranyl are estimated for densities varying from
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0.38 to 0.98 g cm3 (Table 4.3). It should be noted that the coordination numbers for uranium
and oxygen atoms of uranyl ion are calculated independently. Hence, there may be
overlapping of their coordination shells leading to some water molecules which will be
common to both. Here, coordination/hydration number of a central species is computed using
Eq. 1.14 as given in Chapter 1. The cutoff distance is chosen as the distance at which the first
trough appears in the corresponding RDF and these are 4.3 A, 3.3 A and 4.1 A for the central
species oxygen of water, uranium and oxygen atoms of the uranyl ion respectively. It is
important to note that although the height of the RDF peak reduces with increase in density,

the multiplication by bulk density (p,) leads to an increase in the coordination/hydration

number as reported earlier for alkali metal and halide ions by Rasaiah et al.?>?* The
coordination number of water at different densities are found to be in good agreement with
those reported earlier.*®2%22 The coordination number of water is observed to be higher at
supercritical conditions than under ambient conditions whereas that of uranium is observed to

be almost same (Chapter 3).

Table 4.3: Coordination/Hydration numbers of oxygen atoms of central water molecules

in bulk water and uranium and oxygen atoms of uranyl ions in aqueous uranyl solution.

Coordination/Hydration number
Density (g cm-?) Bulk water Aqueous uranyl solution
Ow U Ou
0.38 450+ 0.01 3.02+0.26 5.11+0.38
0.56 5.97 £ 0.003 3.73+0.40 6.38 + 0.50
0.98 10.33 +0.001 5.06 +0.17 9.89 +0.20
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4.3.2 Orientational Distribution of Water Molecules within the First
Coordination/hydration Shell of Uranyl lon or Central Water Molecule

Angular distributions of the water molecules around uranium atom of uranyl ion in its

first coordination/nydration shell (FCS) are estimated for different water densities varying

from 0.38 to 0.98 g cm3. The first minimum (3.3 A) of the respective g(r) is defined as the

first coordination/hydration shell boundary. Three different angles were considered, namely,

angle formed between the line joining uranium atom of the uranyl ion and oxygen atom of the

solvation water molecule (i.e. U-Ow distance vector) and (i) water dipole moment vector (0),

(if) a vector perpendicular to plane of water molecule (), and angle between U-Oy bond

vector and water dipole moment vector or U-Ow vector () (Figure 4.3).

Oy

(7]
)y U ' Ow -
@ \1\ DM vector
, Hw
Ov
Vector 1 to water
plane
Ov Ov
v
I oo - Hy I‘ ¥ /H\\
i U—— Oy (ii) U< Ow—————
\ \H DM vector
Hy l W
Oy Ov

Figure 4.3: Schematic representation of various angles considered for orientational
distribution of the water molecules around uranyl ions in the agueous uranyl nitrate
solution, DM vector means Dipole Moment vector.

The distributions of these angles for the water molecules in the first coordination shell
of uranium atom of uranyl ions for density of 0.98 g cm™ at ambient (Chapter 2) and
supercritical conditions are shown in Figure 4.4a. The distribution of angle y is generated by

carrying out a simulation at 298 K. In Figure 4.4a, a peak in the distribution of 6 is observed
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at around 0° which implies that the dipole moment vectors of the FCS water molecules are
directed along the U-Ow vector. Moreover, peak at 0=0° indicates that the H atoms of water
are directed away from the U of UO.. The similar results have been reported for uranyl

solution in water at normal temperature and pressure*® (Chapter 2).
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Figure 4.4: Distributions of various angles between U-Ow/U-Ou vector and different
molecular orientational vectors of a water molecule in the first coordination shell of a
uranyl ion in the aqueous uranyl nitrate solution (a) at a density of 0.98 g cm at 298 K
and 683 K, (b) at densities of 0.38 g cm2 and 0.98 g cm- at 683 K.

As the water dipole moment vector and U-Ow vectors point in the same direction,
accordingly the distributions of angle for orientation of plane perpendicular vector ()
showed a peak at around 90° as expected. This result is consistent with the corresponding
results for aqueous uranyl solution under normal conditions*® (Chapter 2). The preferred
distribution of U-Ou vector is observed to be at right angle to the water dipole moment vector
as indicated by the peak at around %=90°. All these angular distributions reveal that the
orientations of different water vectors with respect to uranyl ions remain the same whether
water is under normal or supercritical conditions (Chapter 2) however, the spread is observed

to be more and intensity of the peak is lower in case of supercritical water. Moreover, the
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angular distribution remains more or less the same with change in the density of the

supercritical water in the solution (Figure 4.3Db).
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Figure 4.5: Distributions of various angles between Ow-Ow vector and different
molecular orientational vectors of a water molecule in the first coordination shell of a
central water molecule in bulk water (a) at a density of 0.98 g cm- at 298 K and 683 K,
(b) at densities of 0.38 g cm and 0.98 g cm at 683 K.

For comparison, the angular distributions of water molecules around a central water
molecule have also been estimated for bulk supercritical water of same density (0.98 g cm).
Two angles are considered similar to angles (i) and (ii) in Figure 4.4 with U-Ow vector
replaced with Ow-Ow distance vector. In this case, the first minimum of the g(r) is at radius of
4.3 A. The angular distributions of the bulk water in supercritical state as shown in Figure 4.5
are observed to be similar as those for bulk water under normal conditions (Chapter 2), the
only difference being the lower intensities of the peaks of angular distribution in case of
supercritical water (Figure 4.5a). As observed in case of aqueous uranyl solution, the angular

distribution remains the same with change in the density of water (Figure 4.5b).
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4.3.3 Translational Dynamics of Water Molecules and Uranyl lons in Aqueous Uranyl
Solution

Translational diffusion of water molecules and uranyl ions is analyzed in terms of

mean squared displacement functions (MSD) as it is related to the self-diffusion coefficient

(D) of the fluid through the well-known Einstein relation as given by Eq. 1.19 in Chapter 1.

The MSD curves are obtained for solutions of different water densities (0.38, 0.56 and 0.98 g

cm?) to analyze the effect of solvent density on the translational motion of water molecules

and uranyl ions. The MSD curves of water molecules and uranyl ions in aqueous uranyl

solution are plotted for water densities varying from 0.38 to 0.98 g cm™3 in Figures 4.6 and 4.7

respectively.
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Figure 4.6: Mean squared displacement (MSD) as a function of time for water molecules
in the aqueous uranyl solution and in bulk water at densities of 0.38, 0.56 and 0.98 g cm-
3 at 683 K.
These figures show that the translational movement of these species slows down as
there is an increase in the water density. The MSD curves of water molecules for bulk water

as well as for aqueous uranyl solution of infinite dilution almost overlap, however there is

106



Chapter 4
slight slowing down of the movement in aqueous uranyl solution. Similar results were
obtained for bulk water and very dilute aqueous solution of uranyl ion under normal
conditions of temperature and pressure (Chapter 3). The diffusion coefficient as estimated
from the slopes of the straight line fittings to the MSD profiles for aqueous uranyl solutions
and bulk water with different water densities along with the corresponding uncertainties are
given in Table 4.4. It is observed that the water molecules diffuse slower and slower as the
solution becomes denser and denser, both in bulk water and in aqueous solutions of uranyl
ions (Figure 4.6). However for uranyl ion, the effect of density on diffusion coefficient is
negligible from 0.38 to 0.56 g cm as the diffusion coefficients are almost same considering
their uncertainty. However, for large density difference such as between 0.38 and 0.98 g cm3,

there is significant slowing down in translational transport of uranyl ions (Figure 4.7).
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Figure 4.7 Mean squared displacement (MSD) as a function of time for uranium atom of
uranyl ions in the aqueous uranyl solution at densities of 0.38, 0.56 and 0.98 g cm- at
683 K.

The diffusion coefficient values have been corrected for system size dependence as
per Eqg. 1.20 given in Chapter 1 and are also given in Table 4.4. The shear viscosity values for
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water under supercritical conditions at different densities are estimated by fitting an

exponential curve of the form 7 =axexp(bp)+7, to the viscosity data given by Lamb et

al.*1, p being the density of the system, a and b are the fitting parameters. We have compared
the water diffusion coefficient values with the earlier reported values for bulk supercritical
water from experiments** and simulations®® at 673 K. The diffusion coefficient values are
interpolated or extrapolated in case those are not available in these references for the exactly

same densities.

Table 4.4: Diffusion coefficient values for aqueous solutions of uranyl ions and bulk

supercritical water® for different water densities.

S. | Atom Drec (10°cm?s1) Do (10-5cm?s?) for different
No. for densities (g cm3) densities (g cm3)
0.38 0.56 0.98 0.38 0.56 0.98
1 U 121+33 | 121+20 | 6.6+1.1 | 171+33 | 16.2+2.0 | 9.0+x1.1
2 Ow | 76.0£05 | 551+03 | 247+0.2 | 81.0+£05 | 59.2+0.3 | 27.1+0.2
3 OwP | 78.4+05 | 56.1+0.3 | 249+0.2 | 83.4+0.5 | 60.2+0.3 | 27.3+0.2

The interpolation is done linearly as used by Marti et al.1® whereas the extrapolation is

carried out by fitting the reported data with a function of the form#!

D T -0.763 __ é
o =
Yol

(4.1)

Here, T is the temperature (K), A is a constant to be obtained from the fitting and p is the
density of the system (g cm3). For experimental data reported by Lamb et al.*!, the value of A
is given as2.24 x10°°. We have estimated the water diffusion coefficient for a density of 0.38

g cm™ as 83.4x10°cm? s which is comparable to the experimentally obtained value of
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91.9x10™° cm? st given by Lamb et al.** for the same density and close to the value of
75.5%x107° cm? st extrapolated (using Eq. 4.1) from the values reported by Marti et al.1®

Similarly, the diffusion coefficient value of 60.2 x107°cm? s estimated in present study for a

density of 0.56 g cm is found to be closer to the experimental*! (interpolated) value of

62.3x10°cm? st than the earlier simulated®® (interpolated) value of 55.3x107°. Similar
comparison for other densities is given in Table 4.5. It can be observed from Table 4.5 that
the diffusion coefficients obtained in present study compare fairly well with those reported in
literature from experimental*! and theoretical studies.®
Table 4.5: Comparison of corrected diffusion coefficient values for bulk water
molecules under supercritical conditions with experimental and theoretical results
available in literature (superscript * signifies interpolated value and # signifies

extrapolated value using the fitting of the function of the type as given in Eq. 4.1)

S. No. Density (g cm-®) Diffusion Coefficient (10> cm? s1)

Present Study | Experimental*! | Theoretical'®

1. 0.38 834+04 91.9+ 75.5%
2. 0.56 60.2 +0.3 62.3* 55.3*
3. 0.98 27.3+0.2 33.2% 30.0%

The diffusion coefficient values obtained for water molecules in aqueous uranyl
solutions are slightly lower than the corresponding values obtained for pure supercritical
water as was observed under ambient conditions too (Chapter 3). The comparison of the
diffusion coefficient of water molecules present in aqueous solution of uranyl ions in
supercritical water with those of water molecules in aqueous solution under normal

conditions (Chapter 3) of same density i.e. 0.98 g cm™ shows that the diffusion coefficient
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value for water molecules increases from 2.86x10° cm? s at 298 K (Chapter 3) to
27.1x107°cm? s at 683 K. Similarly for uranyl ions, the diffusion coefficient increases from

0.94x10° cm? s at 298 K (Chapter 3) to 9.0x10°cm? s at 683 K. In other words, the
translational mobility of uranyl ions as well as water molecules at a solvent density of 0.98 g
cm3, at 683 K becomes about 10 times faster as compared to the same under ambient

condition.
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Figure 4.8: Power spectra of water molecules for aqueous solutions of uranyl ions at
different densities at 683 K.

Further, the power spectrum is obtained for water molecules in the aqueous uranyl
solution for various densities by applying Fourier Transform*® on their velocity
autocorrelation functions (VCFs) and is given in Figure 4.8. The zero frequency limit of the
power spectrum is thus related to diffusion coefficient by the Green-Kube relation (Eg. 1.16
in Chapter 1).%° In the present case, the intensity at zero frequency is observed to
reduce with increase in the density of water and thus corroborates our previous observation

that the diffusion coefficient reduces as the density of the solution is increased.

110



Chapter 4

4.3.4 Orientational Dynamics of the Water Molecules in the Aqueous Uranyl Solution
The orientational dynamics of the water molecules are analyzed by calculating time
correlation function of various molecular vectors of water as explained in Section 1.5, Eqg.

1.21 of Chapter 1.

'0.00 0.02 0.04 0.06 0.08 0.10
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Figure 4.9: First order orientational correlation functions of water molecules with
respect to (a) water dipole moment vector, (b) water H-H vector and (c) water cross
vector at densities of 0.38, 0.56 and 0.98 g cm-2 of supercritical water at 683 K.

The effect of water density on the orientational dynamics is analyzed by generating
first and second order autocorrelation functions for aqueous solution at water densities
varying between 0.38 to 0.98 g cm™ (Figures 4.9 and 4.10 respectively). From these Figures,
it can be concluded that the orientational dynamics of water molecules gets slightly restricted
as the water becomes more and more dense, effect being more dominant in case of first order
correlation function (Figure 4.9) as compared to second order correlation function (Figure
4.10). From the comparison of orientational relaxations of water at a density of 0.98 g cm= in
supercritical and ambient states (Chapters 2 and 3) (see Figure 4.11), it is evident that the

orientational relaxation in supercritical state is much faster than that in ambient condition.
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Figure 4.10: Second order orientational correlation functions of water molecules with
respect to (a) water dipole moment vector, (b) water H-H vector and (c) water cross

vector at densities of 0.38, 0.56 and 0.98 g cm of supercritical water at 683 K.
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Figure 4.11: First order orientational correlation functions of water molecules under
normal conditions and under supercritical (SCW) conditions with respect to (a) water
dipole moment vector, (b) water H-H vector and (c) water cross vector at a density of

0.98 g cm3,
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Part B
Dissecting the Effect of Uranyl lon Concentration from that of Solvent

Density on the Characteristics of the Aqueous Solutions of Uranyl lons

The combined effect of variation in uranyl concentration and solvent density on the
distribution and transport behavior of aqueous solution of uranyl ions under supercritical
conditions have been studied using MD simulations. We tried to understand the effect of
uranyl ion concentration and/or that of the density of the system on the structure and transport
behavior of the different species present in the solutions. The results obtained for different
uranyl ion concentrations at different (solvent) densities varying from 0.38 to 0.98 g cm™ are
compared to quantify the impact of uranyl ion concentration and density (of the solvent) on
various properties. The distribution of water molecules radially outwards from uranyl ions
under different conditions of uranyl concentration and water density is discussed in
Subsection 4.3.5. The translational movement or in other words, the diffusion characteristics
of water molecules are explained in Subsection 4.3.6. Further, we have analyzed the
orientational characteristics of water molecules in aqueous solutions of different densities and

uranyl ion concentrations in Subsection 4.3.7.

4.3.5 Structural Features of the Aqueous Uranyl Solution

The radial distribution functions provide information about the local arrangement of
water molecules around the uranyl ions. Figure 4.12 provides the RDFs for water atoms (Ow
and Hw) with respect to uranium (U) and oxygen (Ou) atoms of the uranyl ions for aqueous
solutions in ambient and supercritical water with uranyl concentration of around 0.1 M at
water density of 0.98 g cm=. It can be seen that the peak heights are lower for solutions in
supercritical water (red dashed line) as compared to those in ambient water (blue solid line).
In order to quantify the change in radial structure of water molecules around the uranyl ion
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with variation in uranyl ion concentration, we have chosen set Nos. 4, 5 and 6 in each of
which water density is approximately 0.57 g cm but uranyl concentrations are different

(varying in the range 0.013 to 0.132 M).
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Figure 4.12: Radial distribution functions for (a) Ow around uranium, (b) Hw around
uranium (c) Ow around uranyl-oxygen (Ou) and (d) Hw around Ou for solutions in
ambient (blue solid line) and supercritical water (red dashed line).

The peak intensity values of the RDFs of oxygen and hydrogen atoms of water with
respect to uranium (U) and oxygen (Oy) atoms of the uranyl ions for aqueous solutions
corresponding to set Nos. 4-6 are given in Figure 4.13a. It is observed from this figure that the
peak intensity value reduces slightly with the increase in uranyl ion concentration; however,
the positions of the peaks remain more or less the same. The effect of density on the RDF of
water molecules is demonstrated by plotting the peak intensities of the RDF for a uranyl
concentration of 0.07 M at different densities (Set No. 2, 5 and 8) in Figure 4.13b. Here also,
the peak intensity is reduced when the solution becomes denser. The reduction is more in case

of density than that observed in case of concentration variation.
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Figure 4.13: Peak values of radial distribution functions for Ow around uranium, Hw
around uranium, Ow around uranyl-oxygen (Ou) and Hw around Ou as a function of (a)
concentration of uranyl ions at approximate water density of 0.57 g cm= and (b) density
of water at uranyl concentration of 0.07 M.

This variation in the radial distributions is quantified in terms of the water
coordination numbers (CNs) of different atoms (U and Ou) of uranyl ions and the estimated
values of CNs are given in Figures 4.14 and 4.15 respectively. Here, CN means the number of
water molecules within the first coordination shell (FCS) of uranium (3.3 A) and oxygen (4.1
A) atoms of uranyl ions. It can be seen that although the peak values show same downward
trend with increase in uranyl concentration (Figure 4.13a) and with increase in density (Figure
4.13b), but the CNs show an opposite trend (Figures 4.14 and 4.15). In other words, the CN
reduces if there is an increase in the uranyl ion concentration (Figures 4.14a and 4.15a) but it
increases when the solution is made denser (Figures 4.14b and 4.15b). The reduction in peak
height and coordination number with increase in uranyl ion concentration is consistent with
similar results reported under normal temperature and pressure (Chapter 3). The slight

deviation from this trend in case of density of 0.4 g cm™ is observed for number of water
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molecules around Oy when uranyl concentration is increased from 0.07 M to 0.144 M. This
may be due to greater uncertainty (see error bars corresponding to these points in Figure

4.15a) with respect to the absolute value in this case.
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Figure 4.14: Variation in number of water molecules in first solvation shell (FCS) of
uranium atom of uranyl ion with change in (a) concentration and (b) water density.
From Figures 4.14 and 4.15, it is observed that with increase in water density from
0.38 to 0.98 g cm3, the percentage reduction in coordination number with increase in uranyl
concentration reduces. Also, for water density of 0.98 g cm™ (Sets 7 to 9) where the
concentration increases from 0.01 to 0.1 M, the percentage reduction in coordination number
with increase in concentration is less as compared to that in case of similar systems at normal
temperature and pressure (Chapter 3). However, it is to be noted that the range of
concentration as reported in Chapter 3 is from 0.1 to 1.0 M. Also for the same uranyl
concentration of about 0.1 M and solvent density of 0.98 g cm™, the coordination number of
the uranyl ion with respect to water molecules is slightly lower under supercritical conditions
(U atom 4.8, Oy atom 9.6) as compared to that under ambient conditions (U atom 5.0, Oy

atom 9.9) (Chapter 3).
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Figure 4.15: Variation in the number of water molecules in the first solvation shell
(FCS) of oxygen atom (Ou) of uranyl ion with change in (a) concentration and (b) water
density.

The reduction in coordination number with increase in uranyl ion concentration is
because of the replacement of some of the water molecules in the solvation shell of uranyl
ions by nitrate ions (Chapter 3). In Chapter 3, it is reported that the oxygen atoms of water as
well as of nitrate ions compete for the space within the solvation shell of uranyl ions as
shown by peaks at same radial distances from the uranyl ions in the corresponding RDFs. The
number of nitrate oxygens within the first solvation shell of uranium (3.1 A) and oxygen (3.8
A) atoms of the uranyl ions are shown in Table 4.6. It is observed that the number of nitrate
oxygens in the solvation shell of uranyl ions keeps on increasing as the concentration of
uranyl ions is increased, confirming the reason for the reduction of number of water
molecules with increase in uranyl concentration. Moreover, as expected the number of nitrate
oxygen atoms within the solvation shell of uranyl ions reduces as the water density of the

system is increased.
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Table 4.6: Number of oxygen atoms of nitrate ion within first solvation shell of uranyl

ions and uranium-uranium coordination number for different uranyl ion

concentrations.

Number of Onos atoms in the Uranium-uranium coordination
>t solvation shell of uranyl ion number
U Ou
1 2.13 2.61 —
2 2.57 3.21 2.29
3 2.58 3.24 2.55
4 1.46 1.82 —
5 1.65 2.10 1.82
6 1.76 2.24 2.03
7 0.29 0.41
8 0.32 0.48 1.61
9 0.38 0.60 1.81

We have also estimated the U-U coordination number (first solvation shell till 7.4 A)

for systems where more than one uranyl ion is present (see Table 4.6). The U-U coordination

number is observed to increase with increase in uranyl ion concentration in the solution. More

the water density, more ordered is the hydration shell of the uranyl ion and therefore, lesser is

the probability of association of uranyl ions in the solution. The same is indicated by the

reducing U-U coordination number with increase in solvent density (cf. Table 4.6).
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4.3.6 Translational Dynamics of Water Molecules and Uranyl lons in Aqueous Uranyl
Solutions

The MSD functions are estimated for various systems with different water densities

and different uranyl ion concentrations to analyze their effect on the translational transport of
water molecules and uranyl ions. The MSD curves are fitted with straight lines and the slopes
of the lines are translated into the diffusion coefficients for systems with different water
densities and uranyl ion concentrations. The diffusion coefficient values have been corrected
for system size dependence (Eq. 1.20 of Chapter 1). The variation of diffusion coefficients of
water and uranyl ions with change in uranyl ion concentration and water density are plotted in
Figures 4.16 and 4.17 respectively. It is important to point out that the error bars are not
visible in Figure 4.16 as the uncertainty in diffusion coefficients values of water is much less
in comparison to the absolute values. Figures 4.16a and 4.17a demonstrate the effect of
variation in uranyl ion concentration on the translational transport of water molecules and
uranyl ions at a specified water density. It is observed that both the water molecules and
uranyl ions, in general diffuse slower as the uranyl ion concentration in the solution is
increased. This behavior in case of supercritical water is similar to what has been observed in
the case of water under normal conditions (Chapter 3). The effect of water density on the
movement of water and uranyl ions is demonstrated in Figures 4.16b and 4.17b respectively.
In general, the diffusion coefficients show a reducing trend as the concentration of uranyl ions
or the solvent density is increased. However, due to higher uncertainty in the diffusion
coefficient values of uranyl ions, the trend may not be observed all the time (For instance in
case when uranyl ion concentration is increased from 0.014 M to 0.069 M at water density of
0.98 g cm™). Moreover, it is concluded that the percentage change in diffusion coefficient of
any species with change in uranyl ion concentration shows a reducing trend as the density of

the solution becomes more and more.
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Figure 4.17: Variation of diffusion coefficients of uranium atom of uranyl ions with

change in (a) uranyl ion concentration and (b) water density.

To validate our results, the diffusion coefficients of water molecules in very dilute

solutions of different densities are compared with those reported for bulk supercritical water

by various experimental*! and simulation® studies at 673 K. The diffusion coefficients of

water molecules in very dilute solutions obtained here (Set Nos. 1, 4 and 7) are also compared
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with those given in Table 4.4 above for same densities but different number of water
molecules and box size as given in Table 4.7. Table 4.7 shows that the estimated diffusion
coefficient values match fairly well with those reported using experimental*! and theoretical

studies.*® Moreover, for a density of 0.98 g cm (Set 9) the diffusion coefficient of water

increases from 2.86x10™° cm? st at 298 K (Chapter 3) to 24.17 x10°cm? s at 683 K for a

uranyl concentration of the order of 0.1 M. Also, the diffusion coefficient of uranyl ions

increases from 0.94x107° cm? s at 298 K (Chapter 3) to 7.95x10°cm? s at 683 K. Also, it
is worth noticing that the percentage reduction in diffusion coefficient values with increase in
concentration (Sets 7 to 9) at supercritical conditions is much less as compared to that in case
of similar systems at normal temperature and pressure (Chapter 3), however the
concentrations involved in present case are lower (0.01 to 0.1 M in present case as compared
to 0.1 to 1.0 M in Chapter 3). This may be due to higher values of diffusion coefficients at
supercritical conditions which suppress the percentage impact of uranyl concentration on the
transport of various species in the aqueous solutions.

Table 4.7: Comparison of size corrected diffusion coefficients for supercritical water in

very dilute solutions (Set Nos. 1, 4 and 7) with those recorded in earlier experimental

and simulation studies

Diffusion Coefficient (10> cm? s1)
S. No. | Density (g cm-?) Present Simulation
Simulation!® | Experimental*!
Study (Table 4.4)
1. 0.38+£0.01 87.96+0.64 | 81.0+0.5 75.5# 91.9
2. 0.56+0.006 | 59.20+0.30% | 59.2+0.3% 55.3* 62.3*
3. 0.98 + 0.003 2487+0.11 | 27.1+£0.2 30.0* 33.2%

$As both are same systems
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The reduction in diffusion coefficients of water molecules as well as uranyl ions with
increase in concentration is further confirmed by analyzing the power spectra of these species
in solutions of different concentrations (Figure 4.18). Form Figures 4.18 (a) and (b) insets, it
is observed that the intensity at zero frequency reduces for both the water molecules as well
as for uranyl ions as the uranyl ion concentration is increased in the aqueous solution. This
again confirms the observation that the diffusion coefficients of these species reduce with

increase in uranyl ion concentration.
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Figure 4.18: Power spectra of (a) water molecules and (b) uranyl ions for different
concentrations of uranyl ions in the aqueous solutions at an approximate water density

of 0.57 g cm at 683 K, insets: Magnified curves around zero wave number.

4.3.7 Orientational Behaviour of the Water Molecules in the Aqueous Uranyl
Solutions
The orientational distribution of various angles and orientational dynamics of various
water vectors for the different systems under supercritical conditions as given in Table 4.2 are

analyzed. Our aim was to understand the effect of uranyl ion concentration or the density of
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the system on the orientational distribution and dynamics of the systems studied in present
work. The various angles considered for studying orientational distribution are as given in
Figure 4.3. The angular distributions of water molecules within the first hydration shell of
uranyl ions in aqueous solutions of different concentrations are observed to be same as given
in Figure 4.4. No marked impact of uranyl ion concentration is observed on these angular

distributions (Figure 4.19) as was reported for the same under ambient conditions (Chapter

2).
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Figure 4.19: Angular distributions for different angles between U-Ow or U-Ou vector
and water molecular vectors for different uranyl concentrations at a water density of

around 0.57 g cm2 at 683 K.

The orientational dynamics of various molecular vectors of water are studied in terms
of three unit vectors (us) along molecular axes of water as explained in Section 1.5, Eq. 1.21

of Chapter 1. The autocorrelation functions of 15t order (n=1) and 2" order (n=2) for the three
unit vectors of water for Set 4 is given in Figure 4.20. It is clear from the figure that there is a

little anisotropy in case of I'i. The anisotropy is almost absent in case of I'.. Similar
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observations have been reported by Praprotnik and Janezic*’ while applying the new

symplectic MD integrators to perform MD simulations of bulk water.

i p=0.57 glem’ — L

0.0 0.1 0.2 0.3 0.4 0.5
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Figure 4.20: First order and (b) second order orientational autocorrelation functions of
different molecular vectors of water i.e. dipole moment vector (u; blue solid line), H-H
vector (HH; red dashed line), cross vector (CR; green dotted line) and of uranyl ions
with respect to U-Ou vector of uranyl ion (dark yellow solid line) for Set 4 system.

The faster relaxation in case of cross vector as obtained in present work as compared
to HH and dipole moment vector in this order is consistent with the trend reported by them.
This orientational anisotropy of water has also been confirmed by some of the experimental
studies.*®%0 Water is a hydrogen bonded network forming liquid and the anisotropy in
orientational relaxation may be a consequence of some preferred orientation to maintain the
tetrahedral local structure. Moreover, the orientational relaxation of U-Ouy (dark yellow line)
vector is much slower as compared to that of different vectors of water molecule. The effect
of uranyl ion concentration on the rotational dynamics of water molecules in aqueous
solutions of uranyl ions is studied. It is observed for the entire density range considered in

present work that for the same water density, the increase in concentration of uranyl ions has
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no impact on the angular dynamics (first as well as second order autocorrelations) of the
water molecules. This observation shows a mis-match with the significant variation in
angular dynamics of water molecules with uranly ion concentration observed under ambient

conditions (Chapter 3).

4.4 Conclusions

In summary, structural and dynamical properties of aqueous solutions of uranyl ions in
supercritical water have been thoroughly investigated. In particular, effect of increasing water
density and uranyl ion concentration on the properties of different species present in the
medium has been studied. It is interesting to observe that the radial distribution function is
more ordered at low density than at higher densities. However, the coordination/hydration
number of uranyl ions (or central water molecule in case of bulk water) increases with
increase in the density of water. Moreover, an increase in the coordination/hydration number
of water is observed as we go from normal conditions to supercritical conditions. It is
observed that the peak value of the distributions and the coordination number of uranyl ions
reduces with increase in uranyl ion concentration whereas the location of the peaks remains
more or less the same. The angular distributions of water within the first
coordination/hydration shell of uranium atoms have been found to be similar to what is
observed under ambient conditions (Chapters 2 and 3), however, the spread is more and
intensity of the peaks is observed to be lower in case of supercritical water. Moreover, the
orientational structures of water in the first solvation shells around a central water molecule
or an ionic species remain almost invariant with increase in water density or uranyl ion
concentration. The diffusion coefficient of uranyl ions and water molecules are estimated
from the slopes of the mean squared displacements. The diffusion coefficients of water as

well as uranyl ions are found to be reducing as either the concentration of uranyl ions in the
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solution or the solvent density is increased, although the percentage reduction with the change
in uranyl ion concentration becomes lower as the solvent density becomes higher and higher.
Moreover, the effect of solvent density change at a particular concentration of the uranyl ion
is observed to be much higher as compared to that of change in uranyl ion concentration. The
same has been further corroborated by analyzing the zero frequency limits of the power
spectra obtained from velocity correlation functions of water at different densities. The
diffusion coefficient values estimated for water molecules in bulk supercritical water of
different densities compare fairly well with those reported in literature from theoretical'® as
well as experimental studies.** Orientational mobility of water molecules in pure water and in
the uranyl solution has also been assessed by calculating the time correlation functions of
different molecular vectors of water. Although the uranyl ion concentration is shown to have
negligible impact on the orientational dynamics of various orientational vectors of water
molecules, the effect of density of the solvent on the same is noticeable. Irrespective of the
orientational vector, orientational relaxation has been found to decrease with increasing
density of water both in pure water and in solutions. Comparison of the dynamical (both
translational and rotational) properties of the supercritical water or aqueous solution of uranyl
ions with those of ambient water (or aqueous solution) (Chapters 2 and 3) at water density
0.98 g cm™ reveals that the translational and rotational dynamics of the species becomes
much faster under supercritical conditions. As discussed in the Introduction Chapter 1, the
behavior of the fluids show marked changes when we move from the bulk to the interfacial
region. Moreover, carbon nanotubes (CNTs) have been reported as a strong potential
candidate for use in the purification/decontamination of aqueous solutions. In particular, this
type of nanomaterials can be used in the separation of actinyl ions from their aqueous

solutions. Efficiency of such a separation technique will depend on the behavior of water at
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the CNT-water interface. Hence, in the next chapter i.e. Chapter 5, we will be presenting our

investigations on the behaviour of water at the CNT-water interface.
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Chapter 5
5.1 Introduction
Transport of water through nanotubes is of fundamental as well as technological
importance due to its relevance in chemistry, biology, material science and nanoscience.'®
From the fundamental point of view, understanding behavior of water confined in nanoscale
channels and cavities is of prime importance as the nanoconfined water presents unusual
properties that differ from both the bulk liquid and gas phases. Nanochannel-water systems
find wide applications in nanofluidics including electrophoretic, and thermophoretic
channels, membranes, sensors, filters, and gating devices. As a molecular transporter, single
wall nanotubes can shuttle various cargoes across the cellular membrane, thus opening a new
route for drug delivery and giving rise to a novel mechanism for cancer therapy.” Central to
many of these applications is the capacity to store or convey fluids, and in particular aqueous
solutions, at nanoscale precision. In fact, water-filled and water-permeable pores are present
in biological cells, membranes, and surface of proteins® and in other relevant biological and
geological (e.g., zeolites®) systems.X® The interplay between confinement and hydrophobicity
induces modifications in both structural and dynamical properties of water. In recent years an
extensive effort has been dedicated to understand how the properties of a particular fluid
change upon nanoscale confinement and how these changes influence flow of a fluid through
a wide range of systems, e.g., biological channels and pores, organic and inorganic porous
media such as zeolites and cements, etc.
The engineered water channels based on carbon nanotubes (CNTs) have attracted
great attention since Hummer et al.!! reported water transmission through a nonpolar (6, 6)
CNT. Interest in this nanochannel has been further rejuvenated®*2-18 by the landmark findings
of Holt et al.'® and Majumder et al.,?® who observed extraordinarily enhanced transport of
water through carbon nanotube membranes. The behavior of water confined in a narrow pore

such as carbon nanotube differs considerably from that in bulk, as the characteristic
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dimensions of the confining medium are reduced to the nanometer scale.1.111516.19-22 The
results of exceptionally fast water transport through CNT as reported by Holt et al.*® as well
as by Majumder et al.?® however have been contended'®% recently. Thomas et al. have
shown® that the enhancement is much lower than that obtained from the previously
reported'®2® experimental results. It has also been shown!32324 that enhancement in flow
decreases with increase in diameter of the nanotube. The TEM measurements of Naguib et
al.?> not only showed the water filled ultrathin CNT channels, but also indicated that the fluid
mobility inside the CNT is greatly reduced. Similar conclusions, but for different confining
surfaces, are reached by Major et al.?® who observed a dramatic change in the mechanical
properties of water at the nanometer scale. In recent studies carried out by Farimani et al.?’,
the axial and radial diffusion coefficients of water molecules indicated significant
enhancement of diffusion rate near the CNT wall. They explained it on the basis of depletion
of hydrogen bonds, weak carbon-water interaction and water orientation near the surface.
Ohba et al.?® observed 3-5 times faster transport of water through narrow 1D channels as
compared to that through wide 1D channels. They attributed this rapid transportation to the
formation of fewer hydrogen bonds between water molecules adsorbed in the narrow 1D
channel. Su et al.?° studied the effect of nonochannel dimensions on the flow characteristics
of water. An exponentially decaying relation is observed between water flow and CNT
lengths at different pressures. Also for a given CNT length, a power law dependence of CNT
diameter on the flow of water has been observed. Rana et al.*° found that both the solvation
characteristics and hydrogen bond distributions can depend rather strongly on the strength of
the attractive part of the solute—water interaction potential. The thickness of the nanotube
wall, however, is found to have only minor effects on the density profiles, hydrogen bond
network and the wetting characteristics.

In spite of a large number of investigations on the behavior of water in and around

carbon nanotubes, many pertinent questions remain unanswered. Even various aspects of the
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pioneering work'%” of Hummer et al., who used molecular dynamics (MD) simulations to
show many characteristic features of the CNT-water systems such as pulse-like transmission
of water through the nanotube, empty-filled transitions inside the nanotube etc. have not been
fully explored. Although it has been posited!! that the observed transmission bursts are due to
the tight hydrogen bonding network of water inside the nanotube, which provides shield
against natural energetic fluctuations in bulk water, it still remains a question whether this
conduction burst is associated only with a hydrogen-bonded fluid like water. It is also not
clear whether the empty-filled transitions observed in the CNT-water system are specific to
water or these can be observed in case of nonpolar fluids as well.

The curiosity leading to the present study is to check whether structural and dynamic
properties of a non-polar fluid resemble those of a polar, hydrogen-bonded fluid like water. In
particular, it is to verify whether pulse-like transmission, empty-filled transition and rapid
diffusion can be observed even in case of non-hydrogen bonded fluid when transported
through the single-file CNT. To achieve this goal, a comparison of structure and dynamics of
a polar, hydrogen bonded fluid such as water with those of a non-polar (non-hydrogen
bonded) fluid like methane in and around the hydrophobic CNT with chirality (6, 6) as
obtained from extensive MD simulations is presented here. The structural properties in terms
of radial distribution functions and transport characteristics in terms of self-diffusion
coefficients and translocation events through the CNT are studied. The effect of change of
diameter of the CNT is also studied in case of water by taking (n, n) nanotubes of different
diameters, n being the chirality parameter. We also determined the probabilities for a particle
that newly entered the channel to exit on the same side (termed as returned particle), or to
pass through the channel and lead to a conduction event (termed as translocated particle),

respectively.t’
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5.2 Models and Simulation Details
In the present investigation, CNT-fluid systems with two different fluids, namely
water and methane are studied. The sp? carbon atoms of the CNT are modeled as uncharged
Lennard—Jones particles (Eq. 1.5 given in Chapter 1 of this thesis) with size and energy
parameters occ = 3.4 A and ecc = 0.3598 kJ mol! respectively. These values correspond to
the AMBER96 force-filed parameters.'* For water, Extended Simple Point Charge (SPC/E)3!
model and TIP3P model are employed and for methane Optimized Potentials for Liquid
Simulations-United Atom (OPLS-UA)%? model is used. The applicability of this simplified
model of methane to CNT-fluid system has been tested recently by comparing behavior of
united atom and all-atom models of methane inside the CNT and the results from united atom
model has been found to compare well with those of its all-atom counterpart.3® Not only that,
even experimental observation of filling-ejecting transition of methane in CNT as obtained
from electrical resistance, X-ray diffraction and NMR measurements has also been nicely
reproduced by molecular dynamics simulation using united atom model of methane.3* Recent
study on adsorption behavior of methane in CNT® has also used united atom model of
methane in the molecular dynamics and GCMC simulations. Since in the present work, the
intention is to compare the behavior of a nonpolar fluid with that of water, united atom
model, which cannot form intermolecular hydrogen bond and has no polarity, can serve as a
general model for nonpolar fluids encompassing methane as well as many other monoatomic
fluids like argon, krypton etc. In order to check whether the present result for methane is in
general true for other nonpolar fluids, an argon-CNT system is also simulated and the primary
results of the argon-CNT system have been compared with those obtained from the united
atom methane. For the water-CNT systems, the results presented in this Chapter are obtained
by using SPC/E model of water. The TIP3P model is used only to estimate and compare the

probability of translocation through the CNT with the already reported value!’ obtained using
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TIP3P water model. The non-bonded Lennard-Jones (LJ) parameters for SPC/E water
model®! are ooo = 3.17 A, g0o = 0.6502 kJ mol™ (corresponding fluid-CNT interaction
parameters are oco = 3.285 A and eco = 0.4837 kJ mol?), and those for TIP3P model! are
ooo = 3.15 A, £00 = 0.6364 k] mol (with oco = 3.275 A and eco = 0.4785 kJ mol?). In case
of united atom model of methane, the non-bonded Lennard-Jones (LJ) parameters used are
ocaca = 3.817 A, ecaca = 1.2324 kJ mol! (corresponding fluid-CNT interaction parameters are
occa = 3.6085 A and ecca = 0.6659 kJ mol?). The armchair (6, 6) CNT consisting of 144
carbon atoms corresponding to the tube diameter of 8.1 A and of length 13.4 A, is solvated in
the center of a periodic box of fluid molecules with the axis of the nanotube coincident with
the z-axis of the box. To analyze the effect of CNT diameter on the various characteristics,
CNTs of different diameters i.e. CNT(n,n), n = 8, 10 and 12 (corresponding to diameters of
10.8, 13.68 and 16.15 A respectively) but same length are also considered. The partial
charges on the oxygen and hydrogen atoms respectively are taken as —0-8476e and +0-4238e
(SPC/E model) and -0.8340e and +0.4170e (TIP3P model), where e is the magnitude of the

charge of an electron. Typical configurations for this system are shown in Figure 5.1 below.

Figure 5.1 Snapshots of the carbon nanotube immersed in the box of water molecules
The MD simulations are performed at a target temperature of 298 K and a target
pressure of 1 atm for water and at a target temperature of 136 K and at a bulk density po® =

0.72 (where o is the Lennard-Jones size parameter of united atom methane and p is the
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number density) corresponding to a density of 0.35 g cm™ for methane.®® Periodic boundary
conditions are applied in all three directions. For the CNT-water system, number of water
molecules inside the box is taken to be 978 and for the CNT-methane systems, number of
united atom methane molecules inside the box is taken to be 858. For integrating equations of
motion, a time step of 2 fs is used. For each system, the production run is for 50 ns after

equilibration for 1 ns.

5.3 Results and Discussion

This section is divided into two parts: the subsection 5.3.1 deals with the structural
and dynamical characteristics of water-CNT system in comparison to those of the methane-
CNT system and the subsection 5.3.2 brings out the effect of change of nanotube diameter on

these features.

5.3.1 Comparison of Structural and Dynamical Features of Water and Methane in the
Presence of CNT(6,6)

The structure and dynamics of fluid molecules in and around CNT(6,6) have been
estimated for different fluid-CNT systems. In Figure 5.2a, the radial density profiles of water
and methane molecules in and around (6, 6) nanotube are compared. Figures 5.2b and ¢ show
the symmetrical radial density profile around the centre of the nanotube within its diameter. In
the (6, 6) nanotube, due to smaller size of a water molecule as compared to the diameter of
the CNT, water molecules although cannot overtake but maintain a zig-zag orientation
leading to two possible positions inside the CNT so that the chain of water molecules can
have maximum number of H-bonds. Thus two small peaks around the center of the CNT

appear in the density profile (Figure 5.2b).
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Figure 5.2: (a) Normalized density profile, p(r)/po, of fluids as a function of radial
distance, r measured from the center of the nanotube. There is a break in the y-axis of
the CNT-methane curve so that both density profiles (CNT-water and CNT-methane)
are visible. Normalized density profiles, p(r)/po for (b) water and (c) methane within the
nanotube (—R<r<R R being the CNT radius). (d) Snapshots of straight chain
arrangement of methane (upper panel) and zig-zag orientation of water (lower panel)
inside CNT.

On the other hand, there is just enough space to accommodate only a single-molecular
chain of bigger methane molecules as indicated by one peak at the center as fluid molecules
inside the CNT cannot cross each other (Figure 5.2c). It is to note that the density peak in the
middle of the nanotube is observed to be much higher for CNT (6, 6)-methane system than
that for the CNT (6, 6)-water system. Due to comparable sizes of CNT interior and the
methane molecule, which exactly fits into the nanotube, all the methane molecules are
preferably occupying center of the nanotube showing a large single density peak in the
profile. In fact, the snapshots presented in Figure 5.2d show a straight-chain arrangement of

the methane molecules (see upper panel of Figure 5.2d) and a zig-zag orientation of the water
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chain (see lower panel) inside the CNT. The fluid structure outside the CNT as obtained from
the radial distribution shows two peaks irrespective of the nature of the fluids.

Despite its hydrophobic character, the nanotube channel gets rapidly filled with water.
The CNT remains occupied on an average with 5-6 water molecules (see Figure 5.3a, upper
panel) during the 20 ns simulation. This persistent presence of water molecules inside the
CNT is consistent with the previously reported theoretical'>® and experimental® results.
When CNT-water interaction is reduced, transitions between filled (around 5 molecules) and
empty (almost zero molecule) states are observed (see the bottom panel of Figure 5.3a). Like
water, OPLS-UA methane also occupies (see Figure 5.3b, upper panel) the CNT and on an
average 3-4 methane molecules are present within the CNT throughout the 20 ns simulation
time. Interestingly, number fluctuation in this case is much less as compared to that in case of
water (compare upper panel of Figure 5.3a with that of Figure 5.3b). Because of the larger
size of the methane molecule as compared to water, number of molecules inside the CNT is
less for methane than water. When fluid-CNT van der Waals interaction is reduced, no
empty-filled like transition (as seen in case of water) is observed, instead, we have found that
average number of methane molecules inside the CNT is gradually decreasing with the
decrease in fluid-CNT interaction parameter eccs (See three panels of Figure 5.3b). Also,
simulations are carried out at different temperatures for water (250 K, 275 K, 298 K, 325 K
and 350 K) and methane (120 K, 136 K, 150 K, 165 K and 180 K) to analyze the effect of
temperature on the average number of fluid molecules present inside the CNT at any time. It
is observed that within the range considered, with change in temperature, there is not much
change in the average number of fluid molecules inside the CNT in both the cases (Figure

5.4),
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Figure 5.3: Number of fluid molecules inside the nanotube as a function of time for

different carbon-fluid interactions for (a) CNT-water and (b) CNT-methane systems.
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Figure 5.4: Average number of fluid molecules inside the CNT (6, 6) at different

temperatures.

In order to estimate extent of positional ordering of fluid particles along the axis of

the nanotube (z-direction), we have calculated the pair correlation function for the fluid

molecules inside the nanotube using the relation'®
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9(2) = %IZN; ig&(z -Z; )> |

]

(5.1)
where zjj is the axial separation between the i and the j™ fluid molecules, N is the number of
fluid molecules inside the nanotube, and the angular brackets indicate an average over time.
The estimated pair correlation functions for methane and water in the nanotube are shown in
Figure 5.5. The distinct, well-separated peaks of g(z) suggest that there is solid-like ordering*®
of the fluid molecules inside the nanotube in both the cases. A closer look reveals that
methane has more solid-like structure as compared to water inside the nanotube. The nearest-
neighbor distance between two molecules for water and methane are estimated to be 2.5 A

and 3.8 A respectively.

3.5} = CNT(6,6)-water
= CNT(6,6)-methane
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0.0 : >
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Figure 5.5: Pair correlation functions for water and methane molecules inside the CNT
(6, 6).

Power spectra as obtained from the Fourier transform of the velocity auto correlation
function for collective vibrational motions are shown in Figure 5.6 for both CNT-water and
CNT-methane systems. The CNT-fluid systems exhibit prominent vibrations as shown by
sharp peaks in the power spectra similar to those obtained by Choudhury and Pettitt.*> As

seen in Figure 5.6, the intensity, I(w) and vibrational frequency, o (around 20 ps™) are higher
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in case of methane than in case of water (around 10 ps™). The frequency distributions in the
power spectrum are indicative of the relative population of the density of states of
independent oscillators corresponding to a particular frequency, related here to the local
motions of fluid molecules. The shift in the peak for methane toward higher frequency can be
attributed to a larger forces acting on the molecules imparted by the restrictive environment in

this state.

= CNT(6,6)-water
=== CNT(6,6)-methane

0.4

()

"0 20 40 60 80 100
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Figure 5.6: Power spectra for CNT (6, 6)-water and CNT (6, 6)-methane systems.

For dynamical behavior, we have calculated Mean Square Displacements (MSDs)
along the nanotube axis for water as well as methane inside the CNT. The diffusion
coefficient is estimated from the slope of the mean squared displacement curves by using Eqg.
1.19 given in Chapter 1 of this thesis. The diffusion constant along the axis of the CNT (i.e.
dimension, d=1) is obtained for each of the two fluids (water and methane) inside the
nanotube from the slope of a linear fit of the respective MSD data calculated from simulation
trajectory as a function of time. The steeper slope of linear portion of MSD curve for methane
indicates higher diffusivity in case of non-polar fluid (methane) than in case of polar fluid

(water) for the same CNT diameter (Figure 5.7). The radial MSD profiles for both CNT-water

143



Chapter 5

and CNT-methane systems are obtained to be non-linear and therefore calculation of

diffusivity from the radial MSD is not possible.
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Figure 5.7: Residence time correlation function and MSD for water (blue curves) and
methane (red curves) molecules inside the nanotube along the CNT axis (Residence time
- dotted line, MSD - full line). The scale of MSD is on the right axis.

The residence time correlation functions are estimated for both CNT-water and CNT-

methane systems using the relation:*®

N to+t
R(t) = ZHPi (tk)

=1 =t : (5.2)
where the summation is over all the water molecules and the angular brackets denote an
average over the time origin to. Pi(t) in the above equation is equal to 1 if the i"" molecule is
inside the nanotube at time t and zero otherwise. Also the function R(t) is normalized to unity
at t = 0 by dividing the function value at any time t by its value at t = 0. The function R(t)
gives the probability that a fluid molecule remains inside the nanotube for all times between
to and to+t, averaged over the initial time to. The residence time plots show the reverse trend,

that is, the residence time of a molecule inside nanotube is higher for water than that for a

methane molecule and this trend is consistent with that of MSD results (Figure 5.7). The
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higher diffusivity of methane as compared to water inside the CNT is somewhat contradictory
to the fact that methane is more ordered (see Figure 5.5) inside the CNT as compared to
water. Before analyzing the reason behind it, we have examined how these two fluids flow
through the CNT with an emphasis on the existence or nonexistence of conduction burst or
pulse-like transmission.

Fluid molecules penetrate into the CNT and are also conducted through it (Figure 5.8).
During the 50 ns simulation, the number of fluid molecules that entered the CNT from one
side and left from the other side (translocation events) are observed to be 342 and 658
respectively for CNT (6,6)-water (SPC/E) and CNT (6,6)-methane (OPLS-UA) which
correspond to an average of about 7 (for water) and 13 (for methane) molecules per
nanosecond respectively. The total numbers of exiting events are counted to be 3701 and
4048 for water and methane respectively. To overcome the ambiguity in definition of dividing
surfaces leading to correlated exit and entry events, especially on short time scales, an exit
event is registered if the particle that exits the CNT does not reenter within 5 ps.** Also, the
events are counted irrespective of the conduction direction and the individual conduction
events are smoothed with a 1-ns-wide triangular filter.!

Further Py, the return probability that a particle that enters into the channel through
one end exits from the same end, and Py = 1-P;, the transmission probability that a particle
passes through the entire channel (i.e. enters from one end and exits from the other end)
leading to a conduction event are determined.!” The probabilities for the occurrence of
translocation events (Py) are estimated to be 0.092 and 0.162 for SPC/E water and OPLS-UA
methane respectively. In order to check accuracy of the results, the probabilities for TIP3P
water are also calculated for which results are already reported. The Py value of 0.129
obtained for TIP3P-water system is close to the reported’ value of 0.137. If the gap time
required for reentry is increased from 5 to 10 ps, Py values are increased to 0.124 and 0.190

respectively for CNT (6,6)-water (SPC/E) and CNT (6,6)-methane (OPLS-UA) systems. The
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higher probability of translocation for methane is consistent with the fact that the diffusivity
of methane is higher than that of water. In Figure 5.8 we have shown rate of flow of the fluid
particles per nanosecond through the nanotube.*> We found that the conduction of water

occurred in pulses through the nanotube as reported earlier.1%7

30 - e CNT(6,6)-methane
25 |
20 |
15 |
10 J

ol . ] A ] . ] A ] .
30 = CNT(6,6)-water

Passage events (ns”)

0‘10‘20 30‘40l50
t (ns)
Figure 5.8: Number of translocation events of fluid molecules per nanosecond through
the CNT. Conduction bursts!t7 as shown by the peaks have been observed in both the
CNT-methane and the CNT-water systems.

The most interesting observation during the present study is that the pulse-like
transmission through the CNT or the so called conduction burst (Figure 5.8) is observed in
case of methane also. It contradicts the explanation given by Hummer et al.*! for the observed
pulse-like conduction of water molecules through the CNT. They attributed this conduction
burst of water to the tight hydrogen-bonding network inside the nanotube. If this is the case,
then such a pulsed transmission should not have been observed in case of methane-CNT
system. Hence, we conclude that the pulse-like conduction of fluid molecules does not have
any relation with the polarity or hydrogen bond forming ability of the fluid molecules. It may
be attributed to the single-file nature of the CNT-fluid system. From the results discussed

above, it is clear that diffusion as well as transport of methane molecules through CNT (6, 6)
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is faster as compared to that of water, though the methane molecules are having more ordered
structure inside the nanotube. Similar behavior is observed by Whitby et al.** when they
carried out experiments to understand the flow of water, ethanol and decane through carbon
nanopipes. They observed that the transport of non-polar, non-hydrogen bonded decane is
faster than that of water.

In order to get more insight into this behavior, the activation energies of diffusion for
both methane and water are calculated by analyzing the Arrhenius plot, in which logarithm of
diffusivity D is plotted as a function of inverse of absolute temperature. The Arrhenius

—E,/kgT

relationship as represented by D =D,e gives an estimate of the activation energy Ea for

diffusion of the fluid particles at a temperature T, where kg is the Boltzmann constant. For
this purpose, MD simulations are carried out at different temperatures for 2.0 ns each and the
diffusivities in cm? s are calculated from the MSD plots for both CNT-water and CNT-
methane systems at five different temperatures i.e. 250 K, 275 K, 298 K, 325 K and 350 K for
water and 120 K, 136 K, 150 K, 165 K and 180 K for methane (Figure 5.9). Arrhenius plots
of In(D) as a function of inverse of temperature (1/T) are drawn and activation energies for
the diffusion are estimated from the slopes of the straight lines* (Figure 5.10). The activation
energy values are found out to be 11.066 KJ mol* and 1.668 KJ mol* for CNT-water and
CNT-methane systems respectively. Lower activation energy for the diffusion of methane as
compared to that for water supports faster transport of methane molecules than that of water

molecules through the nanotube.
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Figure 5.9: Mean Square Displacements (MSDs) along the CNT axis for CNT-water and

CNT-methane systems at different temperatures.
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Figure 5.10: Arrhenius plots for diffusivities of water and methane molecules along the
nanotube axis at different temperatures. Dotted lines are the linear fits to the data
(symbols) obtained from MD simulations.

To confirm it, the average force experienced by a fluid particle inside the CNT only
due to the CNT atoms has also been calculated.*® The estimated values for square of

magnitude of force are 1.69 x 10?2 N2 and 1.19 x 10?8 N2 for CNT-water and CNT-methane
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systems respectively. Lower value of force due to CNT cage in case of methane molecules
again confirms that due to levitation effect***° the transport of methane molecules through
carbon nanotube is faster as compared to that of water molecules.

In order to check whether the results presented here for the nonpolar fluid is specific
to methane or it is general to any other nonpolar fluid, we have also investigated various
properties of another nonpolar fluid argon in and around the CNT. We have simulated liquid
argon in and around a CNT(6,6) with pa® = 0.72 (same as that of methane), ¢ and p being the
Lennard-Jones size parameter and number density respectively of argon, using oaar = 3.4 A
and earar [k = 120 K (i.e. earar = 0.9972 kJ mol2)*6 at a temperature of 155 K (greater than its
critical temperature of 150.7 K).*” The corresponding argon-CNT interaction parameters are
ocar = 3.4 A and ecar = 0.5990 kJ molt. The results for radial density profile, mean squared
displacement and flow of argon through the CNT are shown in comparison with those of

methane in the Figures 5.11-5.13 below.
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Figure 5.11: Normalized density profile, p(r)/po, of argon as a function of radial

distance, r measured from the center of the nanotube.
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Figure 5.12: MSD profiles for methane (red curve) and argon (green curve) molecules

inside the nanotube along the axial direction.
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Figure 5.13: Number of translocation events of fluid molecules per nanosecond through
the CNT. Conduction bursts as shown by the peaks have been observed in both the

CNT-methane and the CNT-argon systems.
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The behavior of argon in general resembles that of methane. The radial density profile
of argon as a function of radial distance from the CNT axis is very much similar to that of
methane with one single peak in the middle. Because of the smaller size of the argon as
compared to that of methane, the width of the peak in the middle (r=0) is broader and height
is smaller than the corresponding quantities for methane. The MSD and flow patterns are

almost similar for both argon and methane.

5.3.2 Effect of Nanotube Diameter on the Various Characteristics of CNT-water
Systems

The effect of nanotube diameter on the radial distribution of water molecules is
demonstrated in Figure 5.14. In the (6, 6) nanotube, there is just enough space for only a
single-molecular chain of fluid molecules (Figure 5.14a). For this reason, only one peak near
the centre is observed. The CNT (8,8) does not have any fluid molecules chain in the middle,
instead it contains a single cylindrical solvation shell such that all the water/methane
molecules have moved towards the walls of the nanotube as shown by a peak at around 2.0 A
(Figure 5.14b). As the diameter increases, it is possible to have a second layer of fluid
molecules, which gives rise to a second peak in the radial distribution. For instance, as in the
case of CNT(10,10)-water system, another peak appears at the centre in addition to the
cylindrical layer at around 3.4 A (Figure 5.14c). Similar results were obtained by Xiao-Yan et
al. for CNT-water systems.*® In case of CNT (12,12)-water system, it shows a cylindrical
shell near the CNT wall along with the water density similar to bulk near the centre of the
CNT (Figure 5.14d). The fluid structure outside the CNT is almost the same for all the
nanotubes with two peaks followed by a uniform density of one. The observations in Figure
5.14 are corroborated by estimating the distribution of water molecules along the axis of a
cylindrical shell around the centre of the box, of length extending up to the box size and of

diameter very small as compared to the CNT diameter.
151



Chapter 5

(d) CNT(12,12)-water,

P (c) CNT(10,10)-water
| S PRRE R T NN W TR
(b) CNT(8,8)-water

(a) CNT(6,6)-wat;er

0 4 8 12 16 20
r ()

p(r)lpg
O N BAO N PO=_2MNWO=_2NW

Figure 5.14: Normalized density profile, p(r)/po, of water as a function of radial

distance, r measured from the center of the nanotube for various water-CNT systems.
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Figure 5.15: Axial density distribution functions for various water-CNT systems.

A cylindrical shell of radius 0.8 A is considered for the same and the axial distribution
profiles are given in Figure 5.15 for the various CNT-water systems. It is obvious from the

axial profile that there are no water molecules at the middle for CNT(8,8)-water system
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whereas these are present in all other cases (Figure 5.15b). Also, Figure 5.15(d) confirmed
that the CNT (12,12)-water system shows bulk behavior at the middle.

The average number of water molecules as calculated from the simulation trajectories
inside various CNTs during the simulation are given in Figure 5.16. It is observed from
Figure 5.16 that in case of CNT (6,6), the number of water molecules inside CNT varies
between 4 and 6. In case of CNT (12, 12), the number of water molecules inside CNT varies
between 44 and 60. The average number of water molecules inside CNT is around 5, 17, 33

and 51 respectively for CNTs (6, 6), (8, 8), (10, 10) and (12, 12).
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Figure 5.16: Number of water molecules inside CNTSs of different diameters during the
period of simulation.

We have calculated velocity correlation functions (VCFs) for water molecules inside
different CNTs which are shown in Figure 5.17. It is observed that the VVCFs are different for
different CNTs (Figure 5.17). There are considerable changes in the short timescale behaviors
of different VCFs, indicating interesting changes in the collective vibrations of water in
various environments. Also, the VCFs of water molecules for CNT (6,6) are markedly

different from those for other CNTs (Figure 5.17a). In other words, the vibrational behavior

153



Chapter 5

of the water molecules are significantly different in presence of CNT(6,6) than with any other
CNT. These results are further analyzed by estimating the power spectra of molecules for

different CNTs as explained in the following paragraph.
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Figure 5.17: Velocity correlation functions (VCFs) for various water-CNT systems.

The power spectra obtained from the Fourier transform of the VCFs of water
molecules for CNTs of different diameters is given in Figure 5.18. It is observed from this
Figure that the frequency spectrum for the bulk water has a major peak around 9-10 ps,
attributed to many-body motions*® and a broad shoulder-like peak at around 40-45 ps™,
attributed to pairwise intermolecular oxygen-oxygen vibrations®%°! and is in good agreement
with a recent study®? on bulk water as well as that from early computer simulations of water.°
The CNT (6,6)-water system exhibits prominent vibrations at a frequency of around 10 ps™,
as shown by a sharp peak in the power spectra whereas the vibrational spectra of bigger CNTs
(although shown only for CNT(8,8)) tend towards that of the bulk water.® This confirms the
observation from VCF that the behavior of water molecules within CNT(6,6) deviate

significantly from bulk behavior, with trend converging to bulk behavior for higher CNTSs.
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Figure 5.18: Power spectra for bulk water and various water-CNT systems.
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Figure 5.19: Mean Square Displacement (MSD) for various water-CNT systems.

The dynamics of the water molecules under confinement due to the presence of CNTs
of various diameters is also studied in terms of mean squared displacement (MSD) functions

(Figures 5.19). As all other time correlation functions, MSD also has been calculated by
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averaging over only those water molecules that are in the confined region at the initial time
(i.e., time origin to). As the slope of MSD curves after sufficiently long time are related to the
self-diffusion of the fluid molecules in the system, it is concluded that the axial diffusivity of

water molecules is enhanced with increase in the diameter of the CNT (Figure 5.19).

5.4 Conclusions

In summary, the behavior of fluids inside the nanotubes largely depends on the extent
of confinements and polarity of the fluid under investigation. The extensive molecular
dynamics (MD) simulations are employed to make a comparative analysis of structure and
dynamics of polar, hydrogen-bonded water and nonpolar methane molecules inside the
carbon nanotube (CNT) with the intention to find out differences if any in structure, diffusion
and translocation of a polar and a non-polar fluid. It has been observed that methane is more
ordered inside the CNT as compared to water. This is probably because of larger size of a
methane molecule, which in the present case almost exactly fits into the inside diameter of the
CNT. On the other hand, due to smaller size of a water molecule as compared to the diameter
of the CNT, water molecules although cannot overtake but maintain a zig-zag orientation
suitable for intermolecular hydrogen bond formation and thus the density profile has two
small peaks around the center of the nanotube and the height of the density peak is smaller
than that of methane. One interesting difference between water and methane is that, in case of
water, empty-filled transitions are observed, whereas in case of methane, no such transitions
have been observed. The flow and the diffusion inside the CNT are faster for methane as
compared to the same for water. This is in accordance with the experimental result of Whitby
et al.*3, who showed nonpolar decane flows faster than water. The faster diffusion of methane
through the CNT has been rationalized by calculating activation energy (for diffusion), which

is smaller for methane as compared to water. This is further corroborated by smaller force
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acting on the methane molecules as compared to water molecules inside the CNT. It is also
shown that pulsed transmission or conduction burst of fluid through the CNT is not the sole
characteristic of water like hydrogen bonded fluid. This conduction burst is also observed in
case of a nonpolar fluid like methane, which cannot form intermolecular hydrogen bonds. It
may be attributed to the single-file arrangement of the fluid molecules inside the CNT.
Further it has been demonstrated considering argon as another nonpolar fluid that the results
presented here for nonpolar fluid are not specific to methane and in general applicable to any
other nonpolar, non-hydrogen bonded fluid. The effect of nanotube diameter on the various
features of water-CNT system is also demonstrated by simulating water molecules in the
presence of nanotubes of varying diameter. The distribution of water molecules inside the
CNT is observed to depend upon the size characteristics of the CNT i.e. the space available
for water molecules within the CNT. Moreover, considerable changes in the short timescale
behaviors of VCFs in case of different water-CNT systems were observed, indicating
interesting changes in the collective vibrations of water in various environments. The power
spectra as obtained from VCFs indicates that the behavior of water molecules within
CNT(6,6) deviate significantly from bulk behavior, with trend converging to bulk behavior
for higher diameter CNTs. The translational movement of water molecules along the axis of
the nanotube is observed to become faster and faster as the diameter of the nanotube is
increased. Although pristine CNTs can be effectively used for nano-fluidics, their use in
separation processes is expected to be limited. The CNT functionalized with suitable organic
functional groups will be more useful in capturing various ions such as uranyl ions from their
aqueous solution. The functional groups present on the CNT can induce specific binding of
the ions with the CNT. With the basic knowledge obtained in this analysis of fluids under
nano-confinement, in next chapter i.e. Chapter 6, we will move ahead with the simulation
studies of aqueous solutions of uranyl ions in the presence of bare and functionalized CNTs

to study the relative capacity of these CNTs in removal of ions from their aqueous solutions.
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Chapter 6
6.1 Introduction

Water is known to exhibit significantly different characteristics and local structural
arrangements at interfaces as compared to those in the bulk.!® It is well-known that the
manifestation of different properties of water depends on the length scales of the interfaces.3#
This has generated a lot of scientific interests to analyze and understand behavior of various
solvents and aqueous solutions at interfaces. Among various interfacial systems, water-carbon
nanotube (CNT) (Chapter 5) and water-fullerene®! interfaces are of recent interests due to
their unique physical and chemical properties. The unique geometrical characteristics and
exceptional mechanical and electrical properties of the CNTs have made them immensely
useful in a variety of bio-medical, nanotechnology and engineering applications.'?14 Recent
years have witnessed upsurge in interests in these carbonaceous nanomaterials owing to
possibilities of wide applications of such systems in various fields of science and
technology.'>?° Among numerous applications, CNT based systems have found utmost
applications in the field of water purification and decontamination.?*?* Das et al.?* have given
an overview of the molecular modeling and experimental aspects of CNT-membrane
fabrication and functionalization for desalination of saline water. Goh et al.?? described the
desalination applications of CNTs along with the hurdles and challenges in this field. Kar et
al.23 not only highlighted the opportunities provided by the CNT membrane systems in the
field of water purification but also pointed out the challenges presented by the alignment of
the CNTs. Nasrabadi et al.?* demonstrated the strength of charged CNTSs in separating ions
from their aqueous solutions. The transport of fluids through CNTs have been studied with
reference to many biological, geological and medical applications.?>%° The nanoscale
dimensions of the CNTs and a relatively large surface area-to-volume ratio modify
significantly the structural and dynamical aspects of fluids and ions surrounding these

nanomaterials. The higher adsorption capacity of CNTs with respect to various contaminants
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has given them an edge over the traditional activated carbon based removal systems. Yang et
al. have reported that plasma modified CNTs have salt adsorption capacity of two orders of
magnitude higher than state-of-the-art activated carbon-based water treatment systems.3!
Functionalization of CNT is often done for specific purposes to get better outcomes.®? The
presence of functional groups on the surface of the CNT has been found to improve the
performance of CNT based membranes for various types of liquid purification applications.®3
Mishra et al.3* have proposed functionalized graphene sheets as a much better option for
adsorbing inorganic species containing arsenic as well as sodium. The above discussion
suggests that the adsorption and transport capacity of CNTs has made them a useful system in
separation and purification processes and in nanofluidics.

Separation processes based on the liquid-liquid extraction have been utilized for many
years in the nuclear industry, especially for the reprocessing of the spent fuel.35-3 The actinyl
ions such as uranyl ions have direct relevance to the nuclear fuel cycle as uranium is utilized
as fuel in many types of nuclear reactors. Studying the characteristics of uranyl ions in
different systems may open new gateways of procedures for better management of the
radioactive waste generated in the nuclear fuel cycle.**! Nanomembrane based separation
may be one such option which can be thought of while analyzing the behavior of uranyl ions
in the presence of CNTs. A fundamental understanding of interfacial structure and transport
phenomena is essential in developing high fidelity process models for solvent extraction
processes.® The radioactive nature of uranyl ions and difficulty in performing controlled
experiments made the experimental determination of their properties very difficult and time-
consuming. Hence, a computational approach such as molecular dynamic (MD) simulations
coupled with existing experimental observations provide a useful alternative for

understanding the structural, dynamic and thermodynamic behavior of these ions.*?
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There has been a lot of modeling and simulation work related to understanding the
characteristics of aqueous solutions of uranyl ions in the recent times.*344 Many interesting
results are also reported in Chapters 2 to 4 in this thesis. These studies not only provide the
much needed potential parameters for the uranyl ions*34° but also give important prior
knowledge of the features and molecular level understanding of such systems. Many
researchers have reported the behavioral changes in the fluid molecules/ions when the carbon
nanotubes are modified by substitution with functional groups or varying the charge. For
instance, Huang et al.*¢ studied the temperature and helicity effects on the static properties of
water molecules confined in CNTs modified by carboxylic acid functional groups. Similarly,
Dezfoli et al.*”*% studied the ion (Zn?*, Cd?* etc.) adsorption on the charged carbon nanotubes
and also the effect of temperature, pH of the solution, mass of the nanotube and surface
modification of CNT on adsorption. They concluded that layers of water around CNT and the
interaction energies play important role in the adsorption process. Moreover, electrostatic
force controls the adsorption of ions on the CNT sidewall. Also, the modification of CNT
with hydroxyl and carboxyl functional groups led to increase in the rate of adsorption process.
Using molecular dynamics simulation, absorption of heavy metal ions (Cd?*, Cu?*, Pd?* and
Hg?*) from their aqueous solutions by functionalized single-walled CNTs has been
investigated.® Different functional groups such as -COO-, -OH, -CONH: anchored on the
side walls of the CNT have been tested for their relative ability to adsorb the bivalent heavy
metal ions. It is observed that the adsorption capacity increases with increase in metal ion
concentration or on surface modification using above mentioned functional groups, effect
being the strongest with -COO- group. Uranyl ion being a radiotoxic ion and used extensively
in nuclear industry, its separation from its aqueous solution using functionalized CNTs will
be an important step in nuclear fuel cycle as well as in water decontamination. This is a field

of research which has not been investigated thoroughly. Therefore, in the present study we
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intend to investigate the characteristics of aqueous solution of uranyl ions in the vicinity of
pristine/bare or functionalized CNT using atomistic MD simulations. Two different
functionalized nanotubes namely carboxylated (-COO") and hydroxilated (-OH) CNTs have
been studied here. In each of the functionalized CNTSs, two, four and six number of the carbon
atoms of the CNT have been functionalized using functional groups (either -COO" or —OH).
The impact of the nature and number of functional groups is analyzed on the various
properties of the aqueous solution such as the extent of uranyl ion adsorption on the CNT,
radial arrangement of uranyl ions with respect to the CNT etc. and these are compared with
the same for a bare CNT system. We have also investigated how the change in uranyl ion
concentration in the aqueous solution affects the adsorption behavior and other characteristics

of the species present in the solution.

6.2 Models and Simulation Details

In the present investigation, we have prepared aqueous solutions with different
concentrations of divalent uranyl ions, UO2%*, by solvating respectively 20, 30 and 40 uranyl
ions in a cubic box containing 2988 water molecules with a bulk water density of around 0.98
g/cc. The corresponding concentrations of the aqueous solutions of uranyl ions are 0.36 M,
0.55 M and 0.73 M respectively. Such concentrations of uranyl ion solutions may be
encountered during the reprocessing of the spent fuel from uranium fueled reactors.>152 The
electrical neutrality of the system was maintained by introducing required number of negative
ions (nitrate, NOg") in the system. A carbon nanotube (CNT) of length 25.8 A with chirality
(6,6) is prepared using Gabedit 2.4.8 software.>® Using the same software, two, four or six
number of the carbon atoms of the CNT are functionalized with different functional groups
such as carboxylate group (-COO") and hydroxyl group (-OH). In case of COO" group, the

negative charge on the functional group is balanced by introducing required number of
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positive sodium ions (Na*) in the aqueous solution of uranyl ions. The preparation of cubic
water box, and the solvation of ions (uranyl, nitrate, sodium) and the functionalized CNT into
the cubic box of water is carried out using PACKMOL program.>* The various systems
studied in present work along with their abbreviations are given in Table 6.1. Simulations
were performed in canonical (NVT) ensemble with molecular dynamics extended system
approach of Nose.>® All the simulations were carried out at a target temperature of 298 K
using periodic boundary conditions and minimum image convention in all three directions.
We have used atomistic model with one uranium and two oxygen sites for the uranyl ion and
one nitrogen and three oxygen sites for the nitrate ion whereas SPC/E model®® for water was
used in all the cases. Non-bonded site-site inter-molecular interaction is modeled with
Lennard-Jones plus Coulomb interactions and intra-molecular interaction for uranyl and
nitrate ions consist of bond and angle terms. The potential energy of such a system is
described by Eq. 1.5 given in Chapter 1 of this thesis.

Table 6.1: Details of the systems considered in present study

Number of
Functional System
S. No. functional
group abbreviation
groups

Uranyl concentration 0.36 M

1 bare B11

2 COO 2 CA21
3 COO- 4 CA41
4 COO 6 CA61
5 OH 2 HY21
6 OH 4 HY41
7 OH 6 HY61
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Uranyl concentration 0.55 M
8 bare B22
9 COOr 2 CA22
10 COOr 4 CA42
11 COOr 6 CA62
12 OH 2 HY?22
13 OH 4 HY42
14 OH 6 HY62

Uranyl concentration 0.73 M
15 bare B33
16 COOr 2 CA23
17 COO 4 CA43
18 COO 6 CA63
19 OH 2 HY23
20 OH 4 HY43
21 OH 6 HY63

Chapter 6

The values of the potential parameters for both inter- and intra-molecular interactions

are given in Table 6.2.43455657.58 The |J parameters and the bonded parameters reported by

Pomogaev et al.*® for solvated uranyl ion are used whereas those reported by Berendsen et

al.% for SPC/E water molecules are taken. The parameters related to bonded interactions and

the LJ parameters for the nitrate ion are taken as reported by Guilbaud et al.*> The LJ

parameters for CNT carbon atoms and the atoms of the functional groups are used from

AMBER96 force-field parameters®® and OPLS force-field as given by Jorgensen et al.%’

respectively. The cross parameters for the LJ potential are estimated by using Lorentz—
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Berthelot mixing rule. For each system, the production run was for 20 ns after equilibration
for 5 ns and the trajectories were saved at every 0.1 ps.
Table 6.2: Force Field Parameters

Non-bonded Parameters

Atom Type o (nm) ¢ (kJ/mol) gle
Uranyl ions
U 0.295 0.5299 +2.500
Ou (Uranyl oxygen) 0.383 0.0567 -0.250
Nitrate ions
N 0.312 0.6694 +0.626
On (Nitrate oxygen) 0.294 0.6276 -0.542
Water
Ow (SPCIE) 0.317 0.6502 -0.8476
Hw (SPC/E) - - +0.4238
Sodium ions
Na 0.216 1.4754 +1.000
CNT
C 0.340 0.3598 0.000
Carboxylate ion
C (CO0O) 0.375 0.4393 +0.700
O (CO0) 0.296 0.8786 -0.850
Hydroxyl group
O (OH) 0.307 0.7113 -0.585
H (OH) 0.000 0.000 +0.435

169



Chapter 6

Ct (CNT) 0.340 0.3598 +0.15

Cs = Functionalized carbon of CNT

Bonded Parameters

Bond Type Feq (NM) Kr (kJ mol-1 nm-2)
Uranyl ions
U-Ou 0.176 622300
Nitrate ions
N-On 0.126 251040
Angle Type 0eq (©) Ko (kJ mol-rad?)
Uranyl ions
Ou-U-Ou 180 198
Nitrate ions
On-N-On 120 1255.2

6.3 Results and Discussion

Molecular dynamics simulations are employed to study the structural features of
uranyl ions in aqueous solutions of varying concentrations in the presence of bare and
functionalized CNTs. The radial density distributions showing the arrangement of uranyl ions
with respect to the CNT axis are estimated and discussed in subsection 6.3.1. The number of
uranyl ions within the first coordination shell defined by a cylindrical region at a radial
distance equal to the first minimum of the RDFs around the CNT is calculated. This gives an
idea about the extent of adsorption of uranyl ions on the bare as well as functionalized CNT.
The trajectories of uranyl ions are followed to check the time elapsed before the ions come

within the adsorption distance around CNT in the presence of different types of functional
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groups. The phenomenon of adsorption is discussed in subsection 6.3.2. The transport
characteristics of the various species in terms of their diffusion coefficients estimated from

the mean squared displacement (MSD) functions are discussed in the subsection 6.3.3.

6.3.1 Radial Density Distribution Functions of Uranyl lons

The normalized density profiles of uranyl ions as a function of distance r from the axis
of the CNT with origin at its centre are estimated in order to analyze the distribution of uranyl
ions with respect to the CNT. Figure 6.1 shows the radial density distributions of uranyl ions
at different uranyl concentrations for bare CNT and CNT with two functional groups (either
both are carboxylate ions or —OH groups). From Figure 6.1, it is observed that in all the cases
presented here, the closest (radial) distance of approach of the uranyl ion from the nanotube
axis is more than or equal to around 7.8 A, signifying that the probability of entering the
uranyl ions inside the CNT (of radius 4.05 A) is practically nil. Moreover, the peaks of the
RDFs are much higher when the CNT is functionalized with -COO" ions as compared to those
in case of -OH groups or bare CNT. In other words, the distribution of uranyl ions is much
more structured/ordered around the carboxylate ion functionalized CNT. This is more so in
case of lower concentrations of uranyl ions (Figure 6.1a).

As the concentration of uranyl ions in the aqueous solution is increased, the peak
heights for bare and —OH functionalized CNT become higher than those at lower
concentration, whereas no such pattern is observed for —COO- functional group (Figure
6.1(b), (c)). Also, it is seen that for -COO" functionalized CNT, the broad peak consists of
two peaks at around 8.2 and 8.35 A such that the first peak is higher for uranyl concentrations
of 0.36 M and 0.73 M whereas second peak is higher for 0.55 M. Moreover, at higher uranyl
ion concentrations, although the peak height for -COO- functional group still remains higher,

the difference between peak heights for —.COO" and —OH functional groups reduces. The
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higher peak intensities in case of —COOQO" functionalized CNT as compared to bare and CNT
functionalized with —OH functional group at all the uranyl ion concentrations suggest greater
capability of —COO- functionalized CNT for adsorption of uranyl ions from the aqueous
solution. Similar observation was reported in an earlier investigation®® for common heavy
metal ions such as Cd?*, Cu?*, Pb?* and Hg?*. The peak heights for these heavy metal ions are

higher than those obtained here for the uranyl ion corresponding to similar concentrations.

15
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Figure 6.1: Normalized density profile, p(r)/po, of uranyl ions as a function of radial
distance, r measured from the axis of the nanotube functionalized at two carbon atoms
at a concentration (a) 0.36 M, (b) 0.55 M and (c) 0.73 M of uranyl ions.

Moreover, the increasing peak height and reducing peak width on moving from CNTs
with two to four to six number of functional groups indicates higher ordering of the structural
arrangement of uranyl ions with increase in the number of COO- functional groups (Figure
6.2). However, the increase in number of —OH functional groups (not shown) on the CNT

does not show much effect on the structural distribution of uranyl ions around CNT.
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Figure 6.2: Normalized density profile, p(r)/po, of uranyl ions as a function of radial
distance, r measured from the axis of the nanotube functionalized with carboxylate ions
at two (blue solid line), four (red dashed line) and six (green dotted line) carbon atoms

at a concentration (a) 0.36 M, (b) 0.55 M and (c) 0.73 M of uranyl ions.

6.3.2 Adsorption of Uranyl lons on the Functionalized CNT

The adsorption of uranyl ions from aqueous solutions by bare and CNTs
functionalized at two carbon atoms is quantified in terms of the quantity ge (in mmol)* of
uranyl ions adsorbed on the CNT per unit mass (in gm) of the CNT at various concentrations
of uranyl ions in the solution (Figure 6.3). The uranyl ion is considered as adsorbed when its
radial distance from the CNT axis is within 10.3 A i.e. within the first coordination shell
around CNT (as specified by the position of first trough in the density profile in Figure 6.1). It
is observed that the adsorption behavior of uranyl ions is similar for bare and —OH
functionalized CNTSs, however, it is markedly different for —COO- functionalized CNTSs.
Adsorption of uranyl ions is much more significant in the presence of carboxylate functional

group at all uranyl ion concentrations. Moreover, as the concentration of uranyl ions in the
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solution increases, the magnitude of adsorption on the CNT also increases in all cases

discussed here.
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Figure 6.3: Adsorption of uranyl ions per unit CNT mass for bare as well as

functionalized CNTs as a function of uranyl ion concentration.
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Figure 6.4: Number of uranyl ions adsorbed to nanotube functionalized at different

number of carbon atoms with (a) carboxylate ion and (b) hydroxyl group as a function

of uranyl ion concentration.
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Also, the extent of adsorption increases with increase in the number of carboxylate ion
functional groups present on the CNT at all concentrations of the uranyl ions studied here
(Figure 6.4). This is consistent with the earlier observation of more structured arrangement of
uranyl ions with increase in the number of carboxylate ion functional groups. Actually it is
seen in case of carboxylate ion functionalized CNT that due to the negative charge on the
functional group, the overall positively charged uranyl ion gets attracted towards it and gets
adsorbed/attached to it through uranium atom of the uranyl ion and the oxygen atom of the

carboxylate anion as shown in Figure 6.5.

Figure 6.5: Snapshot of bonding of uranyl ions to the carboxylate oxygen atom, here
blue ball = uranium of uranyl ion, red ball = oxygen, green ball = carbon of carboxylate
ion.

For getting further insight, we have analyzed the time profile of number of uranyl ions
adsorbed on the CNT functionalized at two positions with COO- for the three concentrations
of uranyl ions considered here (Figure 6.6). Figure 6.6 again confirms that the average
number of uranyl ions adsorbed on the functionalized CNT increases with increase in the

concentration of uranyl ions in the aqueous solution. Also, it is worth noticing that once the
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uranyl ion gets attached to the carboxylate functional group, it seems it remains attached to it
throughout the remaining simulation period. For instance in Figure 6.6a at 0.36 M uranyl ion
concentration, it can be seen that the minimum number of uranyl ions adsorbed during the
simulation period of 20 ns is one. It implies that one of the carboxylate ions have already been
linked to the uranyl ion during the equilibrium simulation of 5 ns. Moreover, after around 0.6
ns of production run, the number of adsorbed uranyl ions remain more than or equal to two. It
shows the linking of another uranyl ion to the second remaining carboxylate ion. Similarly,
for the uranyl ion concentration of 0.55 M, after around 6 ns of production run, both the
carboxylate ions on the CNT are linked to the uranyl ions as the minimum number of
adsorbed uranyl ions is two after that. For the concentration of 0.73 M, both the carboxylate
functional groups have already been linked to the uranyl ions in equilibrium simulation of 5

ns as the minimum number of adsorbed uranyl ions is two throughout the 20 ns production

TMF,& | ﬂw%zm WWW‘HM
§@WWWWWW“rnwlwh

t (ns)
Figure 6.6: Number of uranyl ions adsorbed on COO- functionalized CNT as a function

of simulation time for uranyl ion concentration of (a) 0.36 M, (b) 0.55 M and (c) 0.73 M.
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Figure 6.7: The minimum distance between uranyl ions and —-COO- functionalized
CNT-sidewall as a function of simulation time for uranyl ion concentration of (a) 0.36
M, (b) 0.55 M and (c) 0.73 M.

These conclusions are further supported by the plots of time evolution of minimum
distance between the linked uranyl ions and the CNT wall for the three concentrations (Figure
6.7). Careful observation of the plots at initial time in Figure 6.7 reveals that for uranyl ion
concentrations of 0.36 M and 0.55 M, there is only one uranyl ion (red line in Figure 6.7(a)
and blue line in Figure 6.7(b)) which has a distance of ~4 A and it remains so throughout the
simulation time of 20 ns. However, another uranyl ion gets attached to the other carboxylate
functional group of the CNT after around 0.6 ns and 6 ns of production run for uranyl
concentration of 0.36 M and 0.55 M (see blue line in Figure 6.7(a) and red line in Figure
6.7(0)) respectively as indicated by the constant distance of ~4 A between the second uranyl
ion and CNT sidewall after these time periods. Here it is interesting to note that for uranyl ion
concentration of 0.55 M, there is an exchange of uranyl ion linked to one of the carboxylate
functional group as shown by the increase in the distance of the CNT sidewall from the
initially attached uranyl ion (red line) and reduction in the distance with another uranyl ion

(green line) after around 11 ns of production run. On further analysis, it was observed that
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although the second uranyl ion comes within the adsorption distance of 10.3 A after 6 ns of
production run, but it does not get attached to the carboxylate ion. The actual linkage occurs
with other uranyl ion only after around 10.5 ns of the production run (shown by green line in
Figure 6.7b) and the uranyl ion continues to be attached to carboxylate ion of the CNT ever
after during the period of simulation. At the uranyl concentration of 0.73 M (see Figure
6.7(c)), at initial time (after equilibration) the number of uranyl ions already linked to the
carboxylate functional groups is two (red and blue lines in Figure 6.7(c)), and both these ions
maintain a constant minimum distance of ~4 A with the CNT sidewall throughout the

simulation period.
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Figure 6.8: The minimum distance between uranyl ions and —OH functionalized CNT-
sidewall as a function of simulation time for three uranyl ions in a solution with uranyl
ion concentration of 0.73 M.
The bonding between the uranyl ion and functional group is not observed in case of —
OH functionalized CNTs. Figure 6.8 represents the uranyl ion- CNT sidewall distances for
some of the uranyl ions in case of CNTs functionalized with two —OH groups (at 0.73 M

uranyl concentration). It can be seen that the uranyl ions closer to CNT-sidewall does not
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remain closer for too long and it is replaced by some other uranyl ion. Similar pattern is
observed in case of systems with —OH functionalized CNTs at other uranyl ion concentrations

too.

6.3.3 Diffusion characteristics of various species in the solution

The diffusion characteristics of various species in the solution are analyzed in terms of
their mean squared displacement (MSD) functions. The effect of the change in functional
group on the functionalized CNT and of the change in the uranyl ion concentration in the
solution on the diffusive behavior of various species is investigated. The self-diffusion
coefficient (D) of the fluid is related to the slope of the linear fitting to the MSD by Eq. 1.19
given in Chapter 1 of this thesis. The dependence of diffusion coefficient (Dpec) on the
system size is incorporated by estimating the system size corrected diffusion coefficient using

Eq. 1.20 of Chapter 1 where the shear viscosity value for SPC/E®® water is utilized.
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Figure 6.9: Diffusion constants of uranium atom of uranyl ions as a function of
concentration of uranyl ions in presence of bare and functionalized CNTs.
Figure 6.9 shows the corrected diffusion coefficients of uranyl ions in agqueous

solutions as a function of concentration of uranyl ions in the presence of CNT functionalized
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at two carbon atoms with different functional groups. It can be seen that the diffusivity of
uranyl ions in any of the systems reduces with increase in uranyl ion concentration. This
observation is consistent with the results of our earlier works (Chapter 3) related to aqueous
solutions of uranyl ions. Moreover, the diffusivity of uranyl ions is much reduced in the
presence of CNT functionalized with COO" functional group (blue open circles) as compared
to bare CNT (black open squares) or CNT functionalized with OH functional group (red
stars), however it is more or less the same for bare CNT and CNT functionalized with OH
functional group. This lowering of diffusivity of the uranyl ions in presence of COO"
functionalized CNT can be attributed to some of the almost static uranyl ions that are linked
directly to the COO- group of the CNT. These results on diffusivity are consistent with more
or less similar adsorption pattern for uranyl ions in the presence of bare and OH

functionalized CNT which was much lower than that in the presence of COO- functionalized

CNT.
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Figure 6.10: Diffusion constants of oxygen atom of water molecules as a function of
concentration of uranyl ions in presence of bare and functionalized CNTSs.
Similar pattern is observed in case of diffusion coefficients of oxygen atom of water

molecules as well as nitrogen atom of the nitrate ions in the various systems studied here
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(Figures 6.10 and 6.11). The order of diffusion coefficients i.e. water > nitrate > uranyl, is
also consistent with that reported in Chapter 2. The comparison of trend of diffusion
coefficients as discussed above and the absolute values of diffusion coefficients for SPC/E

model with the reported values in Chapter 3 validates the results of this study.
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Figure 6.11: Diffusion constants of nitrogen atom of nitrate ions as a function of

concentration of uranyl ions in presence of bare and functionalized CNTSs.

6.4 Conclusions

In summary, behavior of aqueous solutions of uranyl ions in the presence of bare and
functionalized CNTs is studied by analyzing both structural and dynamical aspects. The
motive is to analyze the effect of concentration of the uranyl nitrate, functionalization of
CNT, number and the nature of the functional group on the extent of adsorption of uranyl ions
on the CNT. The various structural and transport characteristics of the system are studied to
quantify the adsorption of uranyl ions on the CNT. The more structured arrangement of
uranyl ions in the presence of carboxylate ion functionalized CNT as shown by the radial

density distribution of uranyl ions around the CNT implies that the presence of carboxylate
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ions on CNT favors the uranyl ion adsorption process as compared to bare CNT and CNT
functionalized with hydroxyl group. The same was confirmed by calculating the amount of
adsorption of uranyl ions in terms of mmol of uranyl ion adsorbed per unit mass of the CNT.
The formation of a linkage between the negatively charged carboxylate ion and positively
charged uranyl ion is the basis for higher adsorption of uranyl ions on the CNT. The time
history of uranyl trajectories corroborate the existence of such linkage which once formed,
remains for the entire simulation time of 20 ns. No such linkage was observed in case of bare
CNT or CNT functionalized with hydroxyl group. Also, the adsorption of uranyl ions on CNT
is found to increase with increase in uranyl ion concentration in the solution or the number of
carboxylate functional groups on the CNT. The lower diffusion coefficients of uranyl ions in
the presence of carboxylate ion functionalized CNT further supports the greater extent of
adsorption of the uranyl ions and almost static configuration of some of the uranyl ions in this

case.
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7.1 Summary and Conclusions

The ever-growing expansion of nuclear power as a source of energy has generated a
lot of interest about radiotoxic actinyl ions in the scientific community. Although actinides
are very useful as fuel in the nuclear reactions, their presence in the generated waste becomes
a cause of concern due to their long half-lives. Procedures are being developed to minimize
the waste by extracting the reusable material from it and also to safely dispose the remaining
radioactive waste. Uranium makes the fuel of the majority of the nuclear reactors operating
all over the world due to fissile/fertile nature of its isotopes. During the course of this work,
we have utilized molecular dynamics (MD) simulations as a tool to analyze the structural and
transport characteristics of aqueous solutions of uranyl ions both at ambient and supercritical
conditions and these properties are compared with those of bulk water under the respective
conditions. After providing the necessary introduction to the topic and computational
methodology in Chapter 1, we have simulated bulk water system under ambient conditions to
get acquainted with the tool of MD simulations. Further, MD simulations are carried out for
aqueous solutions of uranyl ions and the structural and transport characteristics of various
species in the aqueous solutions are discussed in Chapter 2 of the thesis. A comparison of the
diffusivities of uranyl ions, water and nitrate ions indicates that uranyl ions diffuse slower
than nitrate ions as well as water in this order as per the sequence of their masses. The results
of analysis of orientational dynamics of water molecules about their different molecular axes
showed a little anisotropy among different vectors of water. Moreover, the angular
distributions of water within the first coordination shell of uranium atoms have demonstrated
that dipole moment vectors of water molecules are oriented along U-Oy distance vector and
water molecule stays in a plane perpendicular to Oy-U-Ovy line of UOx.

Most of the studies in literature related to the uranyl ions involve only one uranyl ion

in a box of water. The presence of large number of uranyl ions in aqueous solution may
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perturb the tetrahedral structure of water and in effect may modify the structure and dynamics
of the aqueous uranyl solution. Similarly, the temperature of the system may also affect the
characteristics of the aqueous solution. Therefore, the effect of concentration of uranyl ions
as well as of the temperature of the system on the structural and dynamical characteristics of
water as well as uranyl and other co-ions is investigated and the results are presented in
Chapter 3. With increase in uranyl ion concentration, a slight reduction in the coordination
number of uranyl ion with respect to water molecules is observed. The peaks of RDFs reduce
slightly with increase in temperature of the system, keeping area under the curve more or less
the same. Further, the distribution of nitrate ions (negative ions present in the aqueous
solution of uranyl nitrate) with respect to uranyl ions in aqueous solutions showed that the
oxygen atom of water and that of nitrate ion compete with each other to occupy the first
coordination shell of the uranyl ion. In case of solutions with very low uranyl ion
concentration, the diffusivity of water molecules remain more or less same as that in bulk
water. However, significant changes in diffusivities of ions as well as water are observed at
higher concentrations of uranyl ions. The absolute values of diffusivities of uranyl ions for
two different models of water (viz. TIP3P and SPC/E) were found to be quite different.
However, the diffusivity values normalized with respect to corresponding water diffusivities
compare fairly well with each other and with experimental as well as other theoretical results.
The comparison of diffusivities of water molecules within and outside the first coordination
shell of uranyl ions showed that the water within the solvation shell of uranyl ions is retarded
much more than that present outside the solvation shell. However, the fraction of solvation
water is too small to result in the reduction in the overall diffusivity. Thus it was concluded
that the reduction in overall water diffusivity is a consequence of the long range effect of the
uranyl ions on the water beyond solvation shells. Also, the rise in temperature of the system

resulted in the increase in the diffusivities of the various species present in the solution. The
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distributions of various angles between vectors of water and uranyl ions were observed to be
independent of uranyl ion concentration, however, a slight reduction in the peak intensity
values with increase in temperature is observed, angles corresponding to the peaks in the
distributions being the same. Orientational mobility of water molecules about different
molecular axes of water was observed to remain more or less the same whether all the water
molecules in the aqueous solution or only the solvation shell water molecules are considered.
However, an increase in temperature makes the relaxation of these vectors much faster.
Further, due to immense scope of supercritical fluids (SCF) for applications in the
various stages of the nuclear fuel cycle, knowledge of hydration and transport properties of
the actinyl ions in supercritical water generates a lot of interest. Not much literature is
available on aqueous solutions of uranyl ions under supercritical conditions. Hence, the
behavior of aqueous solution of uranyl ions under supercritical conditions is studied using
molecular dynamics simulations and the results are discussed in Chapter 4 of the thesis. The
results of this Chapter are divided into two parts: Part A and Part B. Part A deals with the
analysis of infinitely dilute aqueous solutions of uranyl ions in comparison to bulk water
under supercritical conditions. Part B includes the discussion on dissecting the effect of
uranyl ion concentration from that of solvent density on the characteristics of the aqueous
solutions of uranyl ions in supercritical water. Systems of three different water densities with
varying concentration of uranyl ions were studied to analyze and compare the hydration
structure and dynamical properties of different species present in aqueous solution of uranyl
ions with those of bulk water. The radial distribution function of water molecules around
central water molecule or the uranyl ion is found to be more ordered at low density than at
higher densities. However, the coordination number of uranyl ions (or central water molecule
in case of bulk water) increases with increase in the density of water or with reduction in the

uranyl ion concentration. The coordination/hydration number of water is found to be higher
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under supercritical conditions as compared to that under normal conditions. The angular
distributions of water within the first coordination/hydration shell of uranium atoms under
supercritical conditions are observed to be similar to those under ambient conditions and
more or less independent of uranyl ion concentration and water density. The diffusion
coefficients of uranyl ions and water molecules get reduced with the increase in density of
water or the uranyl ion concentration, the percentage reduction with concentration being less
for more dense solutions. The diffusion coefficient values estimated for water molecules in
bulk supercritical water of different densities compare fairly well with those reported in
literature from theoretical as well as experimental studies. The orientational relaxation of
water molecules is found to be slower as the density of water is increased, however it is
independent of change in uranyl ion concentration. The translational and rotational dynamics
of the species in the aqueous solution becomes much faster under supercritical conditions as
compared to those under normal conditions.

Water is known to exhibit interesting properties in the presence of interfaces. Many of
the interesting phenomena originate from the mysterious interfacial waters. Hence, our main
focus in this thesis was to understand the manifestation of various properties of bulk water or
aqueous solutions of uranyl ions in different systems, namely (i) bulk water and aqueous
solutions of uranyl ions under ambient conditions (Chapters 2 and 3) (ii) bulk water and
aqueous solutions of uranyl ions under supercritical conditions (Chapter 4), and (iii) water
and aqueous solutions of uranyl ions at nanoscopic interfaces. Hence, after analyzing the bulk
behavior of water and aqueous solutions of uranyl ions, the behaviour of water at interface
i.e. carbon nanotube (CNT) was investigated. While studying the literature related to
molecular dynamics studies of water in different systems, we understood that in spite of a
large number of investigations on the behavior of water in and around carbon nanotubes,

many pertinent questions remain unanswered. Hence, molecular dynamic simulations are
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carried out to check whether the features such as pulse-like transmission, empty-filled
transition and rapid diffusion are specific only to hydrogen bonded fluid or the non-hydrogen
bonded non-polar fluid can also exhibit similar properties when transported through the
single-file CNT. The structure and dynamics of a polar, hydrogen bonded fluid such as water
is compared with those of a non-polar (non-hydrogen bonded) fluid like methane in and
around the hydrophobic CNT with chirality (6,6) and the results are presented in Chapter 5.
The methane molecules were observed to form a linear chain at the centre of the CNT
whereas water molecules were arranged in a zig-zag manner around the nanotube centre.
With change in energy interaction parameter, the transitions between filled and empty states
were observed in case of water but not in case of methane. Methane molecules were found to
diffuse faster through the CNT as compared to water molecules. Higher probability of
translocation for methane, lower residence time inside CNT, lower activation energy for
diffusion through the nanotube and lower value of force imposed by the nanotube atoms on
methane molecules as compared to those of water molecules further supported their faster
transport. Interestingly, the pulse-like transmission (so called conduction burst) was observed
in case of methane too, indicating that the pulse-like conduction of fluid molecules does not
have any relation with the polarity or hydrogen bond forming ability of the fluid molecules.
The effect of nanotube diameter on the various features of water-CNT system is also
demonstrated by simulating water molecules in the presence of nanotubes of varying
diameter. The distribution of water molecules inside the CNT is observed to depend upon the
size characteristics of the CNT i.e. the space available for water molecules within the CNT.
Moreover, considerable changes in the short timescale behaviors of velocity autocorrelation
functions (VCFs) in case of different water-CNT systems were observed, indicating
interesting changes in the collective vibrations of water in various environments. The power

spectra as obtained from VCFs indicate that the behavior of water molecules within CNT(6,6)
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deviate significantly from bulk behavior, with trend converging to bulk behavior for higher
diameter CNTs. The translational movement of water molecules along the axis of the
nanotube is observed to become faster and faster as the diameter of the nanotube is increased.

The modifications in the properties of fluids under nano-confinement as discussed
above led us to study the behavior of aqueous solutions of uranyl ions in the presence of CNT
and the results are discussed in Chapter 6. We have also simulated aqueous solutions of
varying concentrations of uranyl ions in the presence of CNTs functionalized with different
types such as —COO" and -OH and different number (two, four or six) of functional groups,
which may find their utility for specific applications. It was observed that the adsorption
capacity of CNT gets enhanced in the presence of negatively charged carboxylate ion
functional group due to its linking to positively charged uranyl ion. Due to absence of any
such linkage with the uranyl ions, the adsorption capacity of bare and hydroxyl group
functionalized CNT was more or less the same and much lesser than that of the carboxylate
ion functionalized CNT. Moreover, the adsorption capacity shows an increasing trend with
increase in the uranyl ion concentration in the solution or with increase in number of

carboxylate ion functional groups on the CNT.

7.2 Future Scope

The work reported in this thesis provides the much needed basis related to the
characteristics of solutions of uranyl ions as not much literature is available for such
radioactive ions. Since the nuclear fuel cycle involves a lot of variation in system temperature
as well as uranyl ion concentration in various solutions, the results of this work will help in
better understanding of these systems and to use this knowledge for betterment of the various
processes involved in the nuclear fuel cycle. Also, the interesting variations in the behavior of

aqueous solutions of uranyl ions as we move from normal to supercritical conditions suggests
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that the tuning of the conditions of the aqueous solutions may help in better implementation
of new strategies in the nuclear industry. Moreover, the results related to behavior of water
and uranyl ions at interfaces will provide the opening for research related to advancement of
nanomembrane technologies for various applications. The key features which can be explored
further include: (i) the long range effect of change in uranyl ion concentration as concluded in
this thesis can be studied in detail to get an exact idea about the mechanism by which uranyl
ions affect the characteristics of water molecules present in the aqueous solution. (ii) More
specific experimental or computational work can be taken up to understand why the change
in uranyl ion concentration has significant affect on the transport characteristics of the
aqueous solutions, although structural features remain more or less un-affected. (iii) The
concentrations considered in this thesis are of higher order as these are related to the back end
of the nuclear fuel cycle, it will be interesting to study the characteristics of aqueous solutions
of uranyl ions at much lower concentrations encountered in the groundwater system. It will
help in better understanding of the migration mechanisms of uranyl ions along with
groundwater which may prove useful for better management of radioactive waste in
geological matrices. (iv) Due to the occurrence of pulse like transmission, both in case of
polar and non-polar fluids as reported in this thesis, it will be important to analyze the exact
reason of this conduction burst. (v) The thesis demonstrated the enhanced uranyl ion
adsorption capacity of CNTs functionalized with carboxylate ion functional group. This
observation may open a new field of studying CNTs functionalized with specific functional
groups for different actinyl ions which may ultimately find application in better management

of radioactive waste.

195



