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ABSTRACT

The treatment of used nuclear waste can be achieved through a strategy known as Partitioning and

Transmutation. Partitioning can be used to isolate certain elements like U and Pu so that they can be

recycled for their unused energy potential. Transmutation can be used to convert minor actinides into

shorter lived isotopes and has been primarily targeted towards minor actinides such as Np, Am, and Cm as

these have been shown to be the major contributors to radiotoxicity. However, before the bene�ts of

recycling or conversion to more tractable isotopes can be fully realized, the actinides must �rst be

separated from �ssion product lanthanides. The extraction of U and Pu have been e�ectively achieved at

the industrial scale via the well-known PUREX process but processes that aim to isolate the minor

actinides have yet to be developed well enough for industrial implementation. The Actinide Lanthanide

SEParation (ALSEP) was recently created to separate Am and Cm from lanthanides and has been a topic

of interest in recent years. ALSEP is a simpli�ed solvent extraction that uses the combination of two

organic ligands, 2-ethylhexylphosphonic acid mono-(2-ethylhexyl) ester (HEH[EHP]) and

N,N,N'N' -tetra(2-ethylhexyl)diglycolamide (T2EHDGA) in n-dodecane combined with an acidic aqueous

phase for extraction of trivalent lanthanides and actinides, or an actinide-selective aminopolycarboxylate

ligand, for selective stripping of the actinides. Although successful at isolating Am and Cm, many of the

molecular-level details such as complexes formed, the nature of the ligands' interactions, and the chemical

mechanism of mass transfer between phases remain poorly understood. Molecular dynamics simulations

were employed to help elucidate the underlying chemistries involved with HEH[EHP] and T2EHDGA in

the context of ALSEP to aid research in advancing the process for industrial adoption. Charge-modi�ed

Generalized Amber Force Fields were used to describe HEH[EHP] and T2EHDGA in n-dodecane, water, or

biphasic n-dodecane-water solvents. Fundamental studies were performed on ligand exclusive (HEH[EHP]

or T2EHDGA) systems in which Radial Distribution Functions (RDFs) we re used to ascertain chemical

interactions via coordination number (CN) analyses, vector angles wereused to evaluate interfacial

orientation, and self-di�usion coe�cients were also calculated. From these ligand exclusive studies,

expected amphiphilic behaviors were observed and the ligands wereprimarily oriented in parallel-like

fashion with respect to the interface. Biphasicn-dodecane-water solvent systems containing both

HEH[EHP] and T2EHDGA were also investigated by spatial distributions, CN analyses, interfacial

orientations, and interfacial conformations as a function of increasing nitric acid concentration. These

studies revealed that HEH[EHP] and T2EHDGA were unresponsive to the increase in aqueous acidity.

HEH[EHP] possessed a unique interfacial behavior while T2EDHGA remained to be more like its bulk
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counterparts. CN analyses also showed that T2EHDGA in the interfacial region, on average, sat relatively

further from the aqueous phase than HEH[EHP]. Finally, preliminary studies were performed to assess the

e�ects of charge distribution on the organophosphorus acid head group. Simulations of T2EHDGA

mixtures with either di-(2-ethylhexyl)phosphoric acid (HDEHP) or bis(2-ethylhexyl)phosphinic acid

(HD[EHP]) extractants in n-dodecane-water were scrutinized in the context of CNs, interfacial orientation,

and interfacial conformation. Organophosphorus derivatives were observed to behave similar to one

another while T2EHDGA's amide carbonyl oxygen favored a perpendicular conformation more when

HDEHP was present. These molecular observations of HEH[EHP] and/or T2EHDGA leaves impressions

that may help explain extraction and separation mechanisms within theALSEP process. Moreover,

T2EHDGA exclusive studies may also be helpful in aiding our understanding in future kinetic

investigations on T2EHDGA extraction systems.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

There are currently 442 operable nuclear power plants worldwide which account for ca. 11 % of the

world's electricity 1. Among those, six new power grid connections were made: one in South Korea, two in

China, and three belonged to Russia2. The year 2019 also marked the seventh year in which nuclear

generation rose1,2 . Moreover, nuclear-power growth is projected to continue to increase throughout the

world with global concern for climate change steadily escalating throughoutrecent years alongside growing

energy demands3,4 . Heeding to this rise and the increasing international adoption of nuclear power,

management of used nuclear fuel (UNF) has become ever more relevant. Current international consensus

points towards handling UNF via deep geological storage5{7 . However, most countries have yet to �nalize

plans for long-term handling of high-level waste8,9 , which is likely due to the di�culty and cost in ensuring

both environmental and public safety for eons of a time6,10 . In addition to these challenges, general public

view on deep geological storage of nuclear waste has been found to be negative with clear signs of anxiety

regarding storage reliability11,12 .

The alternative option for management of nuclear waste is to reduce the stress placed on the waste

repositories by mitigating levels of radioactivity through partitionin g and transmutation. The former has

been adopted by countries, such as France, the UK, Russia, and Japan, in which a twice-through nuclear

fuel cycle7 is implemented to isolate and recycle some plutonium and uranium in the form of mixed-oxide

(MOX) fuel 9,13 . Minor actinides (MAs) such as neptunium (Np), americium (Am), and curium (Cm) have

been shown to be major contributors to long lifetimes and radiotoxicity levels in the waste14{16 . As a

result, these nuclides have been targeted for transmutation to produce shorter lived and more tractable

isotopes. Lanthanide �ssion products also exist in UNF and must be separated from MAs to avoid

inhibition of transmutation since certain lanthanides have large neutron absoption cross-sections17,18 and

would act as neutron poisons. However, chemical similarities shared between MAs and lanthanides have

made this task one of the most challenging hydrometallurgical separations known19{21 .

Early pioneers of actinide separation primarily utilized precipitat ion techniques22,23 which remained as

the predominant separations method through the Manhattan Project of World War II. Eventually,

precipitation was replaced with solvent (liquid-liquid) extract ion processes owing to signi�cant

improvement in separation e�ciency 24,25 . Currently, an assortment of separation techniques have been

developed in hopes to contrive new processes that will improve modern industrial practices. Some
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extraction techniques that have been developed over the years have employed solid phase chromatography

(extraction chromatography) 26{28 , supercritical 
uids 29{31 , and ionic liquids32{34 . While each of these

concepts have potential to become the nuclear industry's preferred process for actinide separation, there

are still several drawbacks that must be overcome. Chromatography su�ers issues with long-term

reusability while radiation stabilities are still in question 35. Recovery of Am is currently poor in

supercritical 
uids (regardless of pH levels)31,36 and many properties of ionic liquids still need to be tuned

for applicable separation37{39 . Therfore, solvent extraction processes remains to be the most preferred

method for actinide separation. These processes, sometimes referred to as the aqueous options, have the

advantage of a long history of application which makes solvent extraction thepreferred process by the

current industry 40{42 . Even so, many considered processes have yet to come near the performance required

for separating desired nuclides. Fundamentally, much is left to be understood with various chemical

phenomena requiring deeper scienti�c elaboration43. It is undisputed that molecular mechanisms in these

separation techniques involve a multitude of factors such as synergistic coordination, counterions, solvents,

substituent groups, pH kinetics, or additional reagents to name a few13,44 . Therefore, the development of

optimal extraction systems requires the understanding of numerousmolecular mechanisms. So far, little is

known regarding relative microscopic mechanisms/dynamics that maygovern or a�ect these factors.

1.2 Actinide Lanthanide Separation (ALSEP)

The Actinide Lanthanide SEParation process (ALSEP)45{47 was recently developed to separate Am

and Cm with a primary objective of simplifying this separation after t he recovery of uranium (U) and

plutonium (Pu) from UNF via the well-known Plutonium Uranium Reduct ion Extraction (PUREX)

process48. Two processes were used in tandem for this separation. The TRansUranic EXtraction

(TRUEX) 49 process was �rst implemented to isolate mixtures of actinides and lanthanides. Subsequently,

through the Trivalent Actinide-Lanthanide Separation by Phosphorus-reagent Extraction from Aqueous

Komplexes (TALSPEAK) 50 process, the actindides and lantahanides were separated from one another.

The ALSEP process combines the functions of these two processes into one which improves economics and

signi�cantly streamlining the plant design. Speci�cally, this si mpli�ed liquid-liquid extraction process

operates in two acidic regimes: moderately acidic and low acidic. In the moderately acidic regime, a

combination of two organic ligands, 2-ethylhexylphosphonic acid mono-(2-ethylhexyl) ester (HEH[EHP])

and N,N,N'N' -tetra(2-ethylhexyl)diglycolamide (T2EHDGA), work together to extrac t both actinides and

lanthanides from the aqueous feed of a PUREX ra�nate into an aliphatic dilu ent such asn-dodecane.

Notably, T2EHDGA is expected to be the primary extractant at moderate acidity while HEH[EHP] has

been proposed as a phase modi�er. This loading stage in the process is followed by a scrubbing stage in

2



which the organic phase is contacted with a bu�ered aqueous solution to remove any minor impurities and

adjust the acidity of the organic phase. Finally, the scrubbed organic phase is contacted with a low acidic

aqueous solution in which actinides are selectively stripped intoa bu�ered solution containing an

actinide-selective aminopolycarboxylate ligand.

While the ALSEP process can separate actinide from lanthanide ions, it is known that the process has

kinetic limitations that require phase contact times of 60 s or more to achieve separation equilibrium51.

However, annular centrifugal contactors (ACCs), which have been seeing wider use on the engineering scale,

can reach phase separation within 3 - 5 s under typical operating conditions52,53 . The implementation of

the ALSEP process with current ACC would result in unsatisfactory throughput. Separation e�ciency can

be improved if modi�ed centrifugal contactors with lower 
ow rates or longer extended mixing zones were

used. Even so, this is not desirable since slower rates would result in a decreased throughput of the process,

which would a�ect cost-e�ectiveness54. Also, centrifugal contactors inherently have a threshold minimum


ow rate below which the immiscible phases may not be \cleanly" separated55. Therefore, it is desired to

improve the kinetics of ALSEP such that actinide separation is achieved at a practical rate. Consequently,

fundamental understanding of the chemistries involved in the process such as complexation mechanisms,

complex speciation, synergistic coordination, interfacial behaviors, and mass transfer mechanism needs to

be better understood. For example, the complex speciation of the loading stage of ALSEP, at equilibrium,

was initially thought to involve an extracted metal ion complexed with t hree T2EHDGA molecules54.

However, in 2020, �ndings reported by two separate studies by Hallet al.56 and Picayo et al.57

demonstrated that the extraction of metal ions involves a ternary complex of two T2EHDGA molecules

and one HEH[EHP] dimer. This illustrates the depth in which the fundamental knowledge on the

chemistries involved with the ALSEP can be further elaborated.

The separation process of ALSEP is like that of its predecessor, TALSPEAK.Comprehensive studies on

the extraction kinetics of the metal ion mass transfer by Danesiet al. have demonstrated that the rate of

metal partitioning in TALSPEAK is determined primarily by the rate of c hemical reactions at or very near

the interface58. Consequently, the kinetic \bottle-necks" observed in ALSEP are likely associated with the

interfacial region and, thus, it is of crucial importance to understand the chemistry of ALSEP at the

interface between the aqueous and organic phases. The unique interfacial region is generally challenging to

scrutinize experimentally but computational studies have becomeincreasingly pertinent in aiding the

description of the chemical phenomena observed within this region.
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1.3 Application of Theoretical Methods

Theoretical or computational techniques can be used to obtain informationwhere experimental data is

absent or to further understand observations acquired from experimental data. These techniques typically

involve either electronic or molecular scale studies. Electronic scale methods generally uses quantum

mechanical (QM) calculations (electrons' behaviors are described by the Hamiltonian of the Schrodinger's

equation)59 or Density Functional Theory (DFT) calculations (implements spatial ly dependent

functionals) 60. The electronic scale methods are advantageous as they can be used to elucidate questions

concerning the di�erence in ligand binding expressed between lanthanides and actinides61,62 , predict

spectroscopic data for complexes60, and describe complex stabilities63,64 .

Molecular scale calculations mainly concern classical mechanics and involve the implementation of

molecular dynamics (MD) and/or Monte Carlo (MC) simulations. In this cas e, the properties of molecular

systems are predicted by solving Newton's equations of motion65. These simulations require the input of

\initial state" and \potential energy functions", typically referred t o as force �eld parameters. Force �eld

parameters are often obtained through semi-empirical methods and describe the chemical/molecular

behaviors of every atom/molecule being simulated. These parameters are typically generated by either

experimental data or the results of high-accuracy calculations based on QM/DFT. It is important to note

that the validity of these functions dominantly decide whether a simulated system is of acceptable accuracy

or representation. The major advantages of using these classical methods are as follows: the ability to

simulate relatively large computational molecular systems, prediction of time-dependent properties, and

determination of interfacial behaviors in biphasic solvents. Owingto these advantages, the synergistic

application of theoretical techniques has become increasingly used todivulge chemical insights into the

events involved in actinide separation. The subsequent section will discuss the details of MD simulations

particularly geared toward heavy element liquid-liquid extracti on.

1.4 Application of Molecular Dynamics Simulation - Extractants Involved in Liquid-Liquid
Separation

In the context of heavy element separation, two major groups of extractants have been considered: (1)

organophosphorus, for their selectivity towards heavy metal cations, and (2) nitrogen-donor extractants,

for their selectivity towards actinides over lanthanides. Diglycolamides66{68 have also been considered for

application and, more recently, sulfur-donors69 have been considered for their exceptionally high preference

for actinides over lanthanides. The applications of MD simulations can be traced as far back as the late

1990s in which studies were focused on tri-n-butyl phosphate (TBP, Figure 1.1) 70,71 . Since then, MD

e�orts have been extended to investigate complex interactions and extractant interfacial behavior, such as
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the intermolecular orientation or intramolecular conformations of extractants. Signi�cant e�ort has been

made regarding simulating systems relevant to the conventional organophosphorus and nitrogen-donor

extractant groups. Conversely, only some MD have been performed on diglycolamide systems and even less

on sulfur-donors. In the following sections, a review of classical simulation studies that helped instigate the

work in this dissertation is discussed. Notably, the work on sulfur-donor extractants is discussed

elsewhere72.

1.4.1 Organophosphorus Extractants

Figure 1.1 Molecular structures of various organophosphorus ligands discussed or mentioned in Section
1.4.1 and 1.4.2.

Organophosphorus ligands are among the most investigated, partly due to their early applications when

separation techniques began shifting towards liquid-liquid extraction. TBP is arguably the most studied

ligand of the phosphorus based extractants. Initially reported in 1949, themost commonly used and most

investigated extraction process is PUREX13,73,74 . This process implements the liquid-liquid extraction

chemistry of TBP 48,75 . Structural investigations via MD simulations have shown that the T BP molecule

primarily self-aggregates through its head group de�ned by its phosphoryloxygen76,77 . Further elaborating
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on the dimer formation, radial distribution function (RDF) analyses su ggest that water can also participate

in the aggregate when extracted from the aqueous phase. Figure 1.2 (page 8) shows calculated RDFs for

TBP containing systems in which a clear di�erence was displayed between scrutinized systems of pure

n-dodecane and a biphasicn-dodecane-water system78. While TBP dimer formation has been known and

investigated for some time now79, its tendency to develop higher order aggregates is much less understood.

MD investigations of TBP in n-dodecane andn-octane diluent revealed that aggregates composed of three

or more extractants were observed starting at concentrations as low as 0.1 M, which is below the typical

concentration used for PUREX operation76. Speci�cally, MD simulated systems of TBP revealed the

extractant having tendencies to form trimers, tetramers, and even pentamers in aliphatic diluents76,80 . In

these systems, TBP formed trimeric aggregates most and their organizationwas identi�ed to be comprised

of linear and triangular conformations. To gain quantitative insight on TBP tr imerization, potential mean

force (PMF) 81 analyses have been performed on the observed conformations (linear and triangular) by Vo

et al.80. A trimer aggregate of TBP was explicitly de�ned and referenced such that one of the participating

TBP molecules was rotated about speci�ed coordinates (Figure 1.3, page 8). Incremental 5° angle rotations

were performed, and free energies were calculated for every augmentation allowing for quantitative analyses

of that TBP's varying position relative to the other two extractants of t he trimer. Calculated free energies

from this analysis were plotted on a contour map that showed global energy minimums at ca. 125° - 135°

angles while regions above 160° and below 100° were found to be the most unfavorable. From Figure 1.3, it

can then be determined that TBP trimer aggregates thermodynamically prefer the triangular conformation

over linear arrangement.

Expanding on the topic of aggregation, one concern with the application of TBP (as well as most other

organic extractants) is its tendency to form third phase during extraction. Third phase formation is a

phenomena that occurs during heavy metal/acid loading in which the organic phase separates into two

phases: a light phase that primarily consists of organic diluent and a heavy lower layer (third phase), rich

in complexed ligand/metal-ions and mineral acids82,83 . Third phase formation is particularly undesirable

as it may cause the failure of extraction processes and, in the case of PUREX, increase potential for

criticality as metal concentrations in this heavy organic layer is primarily composed of radioactive U and

Pu. To understand the molecular-level mechanism of third phase formation by TBP, many have performed

simulations involving TBP and its complexation with nitric acid and wat er in organic solution. Singhet al.

carried out simulations of TBP/water/acid in n-dodecane in which the concentration range of 0.5 - 2 M

TBP and 1 - 3 M nitric acid were investigated84. With 0.5 M TBP, no third phase formation was found

but instead \pockets" of reverse micelles were formed by TBP withhydrophilic centers composed of HNO3

and/or water. When TBP concentration was increased to 1 or 2 M, third phaseformation was observed in
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which \pockets" merged together to form a third phase. Considering the micelles that were formed in

simulation, it was found that clusters qualitatively formed spherical/ellipsoidal shapes through hydrogen

bonding. pH e�ects were discerned by simulating systems of 0.5 M TBP with varying nitric acid

concentrations. For these systems, it was found that 2 - 4 water molecules were present in the micelles at 1

M HNO 3 while at 3 M HNO 3, 19 - 46 water molecules were identi�ed. As the formation of TBP micelles

are believed to initiate third phase formation, the increase in micelle size, i.e. increase in third phase

formation, was observed to increase with acid concentration which is inagreement with previous

experimental reports82, albeit 19 - 46 water molecules seems rather high. Examination of aggregates inthe

light phase and heavy phase further points to the connection betweenmicelle size and third phase

formation. In comparison, simulations of TBP, H2O, and HNO3 in n-dodecane diluent showed light phases

consistently possessing smaller aggregates than the heavy phase85. In this study by Mu et al., the light

phase predominantly consisted of dimers (TBP-H2O or TBP-HNO 3) with substantially larger

concentrations of monomers than the third phase which primarily retained trimer aggregation. It is worth

noting that higher order clusters were also observed during these simulations with larger aggregates

consistently found in the third phase. The regular observation of largerclusters/micelles in the third phase

suggest that hydrogen bonding networks are more extensive and, thus, aidin the formation/retention of a

heavier organic layer. Other reports regarding the assessment of theconnectivity in TBP third phase

clusters (also inn-dodecane diluent) showed that TBP-HNO3 and TBP-HNO 3-HNO3 were predominantly

formed over any other interactions86,87 . The eminence in ligand-acid connectivity infers a stronger

association between TBP-HNO3 as opposed to TBP-H2O. Coordination numbers (Table 1.1, page 9)

calculated from RDF analyses have also been investigated between select atom pairs in both the light and

heavy phase of the dodecane diluent85. TBP's preference for HNO3 was again observed here as the

coordination numbers between TBP-HNO3 are larger than TBP-H2O in both phases. Discrepancies

between the coordination numbers of TBP-HNO3 and TBP-H 2O was also found to be larger when in the

third phase, suggesting that interaction strength between TBP and HNO3 is stronger in the heavy layer.

The preference towards HNO3 over H2O observed for TBP may help explain why increased acid

concentrations have been observed to increase the formation of a heavier organic layer. In addition, it is

possible that this predisposition may play a factor on why the third phase is not observed to solubilize into

the aqueous phase despite the increased number of hydrophilic substituents.
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Figure 1.2 Radial distribution functions of phosphoryl oxygen atoms in TBP. Neat n-dodecane solutions
are displayed with continuous lines and the corresponding water containing solutions are shown in dotted
lines. D2EHPA in this case is di-2-ethylhexyl phosphoric acid (HDEHP). Reproduced from Bapatet al.78.

Figure 1.3 Top: 2D PMF pro�le along reaction coordinates. Bottom: Reaction coordinates implemented
for PMF study in which � 1 angles were varied.� 1, � 2 are angles in degrees. Butyl tails are represented
using lines for clarity. Reproduced from Voet al.80.
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Table 1.1 Coordination numbers of atom species around a reference atom species. Reproduced from Muet
al.85.

coordination number
atomic pair light organic phase third phase rm (nm)

P (TBP){P (TBP) 0.97 � 0.03 0.95� 0.04 0.752
O= (TBP){H (HNO 3) 0.84 � 0.03 1.00� 0.02 0.245
O= (TBP){H (H 2O) 0.11 � 0.03 0.04� 0.02 0.244

N (HNO 3){N (HNO 3) 0.29 � 0.02 2.65� 0.05 0.596
O (H2O){O (H 2O) 0.04 � 0.01 0.04� 0.01 0.207

aErrors were estimated as standard deviations of the results from 10 blocks of data. bReference atom listed
before and after the dash followed molecular species. O= indicates the double bonded oxygen of TBP.

Arguably the most consequential region present in liquid-liquid extraction is that of the interface. The

�rst MD investigation involving the interfacial behavior of TBP was pe rformed on 1 TBP and 10 TBP

monomers at a chloroform-water biphasic boundary70. Various positions and orientation of TBP were

particularly examined in order to elucidate any con�gurational preferences and adsorption tendencies.

Single TBP systems were simulated in two cases where TBP was either oriented in a \normal" (phosphoryl

groups facing the aqueous phase) or \inversed" orientation (phosphoryl groups facing the oil phase) while

simulations involving 10 TBP molecules were performed under threedi�erent settings: (1) \normal"

mono-layered arrangement, (2) \inversed" mono-layered arrangement, and(3) \spherical" cluster

arrangement which sat partially in both phases. The �rst microscopic visualization of TBP at the interface

was provided by this investigation in which TBP was observed to possess strong adsorption behavior and

con�gurational preference. Speci�cally, all simulations performed in this case revealed TBP retaining its

position at or near the interface while extractant con�gurations were observed to converge in a manner

such that phosphoryl dipoles were pointed towards the aqueous phase. Baadenet al. sought to elucidate

microscopic mechanisms occurring at the interface by simulating pH neutral systems containing 30 or 60

TBP molecules in chloroform-water solution88. In the latter case, TBP made up 30 % of the solution

which corresponds to concentrations typically employed in the PUREX process73. Both systems were

observed to partition water into the organic phase with systems of 30 TBPdistinguishably found to form

1:1, 1:2, and 2:2 adducts near the interface. This is in agreement with experimental NMR studies89,90 .

Comparisons of the interfacial regions via corresponding density pro�les also provided insight regarding

surfactant concentration e�ects. Particularly, solvent mixing bet ween chloroform and water (Figure 1.4,

page 11) were enhanced when TBP concentrations were increased inferring that TBP presence \severely"

perturbs the interfacial region. Subsequent acid simulations also suggest that acidic molecules may also

contribute to solvent mixing. In consideration of acidic aqueous solutions, often present during extraction

processes, scrutinized TBP systems were supplemented withca. 1 M nitric acid. In this case, acid
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molecules were included in either its neutral protonic state or as respective NO3
- /H 3O+ dissociated ions.

Both simulations involving neutral HNO 3 or dissociated ions showed phase boundaries being loaded with

acid molecules and TBP extractants. However, only systems consisting neutral HNO3 were observed to

have acidic complexes partition into the oil phase. Extraction of nitric acid by TBP has been reported by

experimental literature and, thus, the absence of such partitioning involving dissociated ions illustrates

challenges faced in modeling the evolution of coordinated complexes for partitioning in classical MD. Even

so, comparison to simulated studies of neat acid/water-chloroform systems91 showed that added TBP

attracts H 3O+ /NO 3
- ions to the interface. Like e�ects of TBP concentration, this attracti on of acidic ions

towards the interface was also realized to induce additional interfacial \protuberances". The extraction of

water by TBP has also been investigated in the context ofn-dodecane oil phases instead of chloroform by

Ye et al.92. Simulations in this case assessed di�erent dipole moments of TBP andtheir respective e�ects

on interfacial structure. Di�erent models of TBP were scrutiniz ed by scaling partial charge distributions

originally based o� DFT calculations. When dipole moments were increased, interfacial \roughness" was

further enhanced, which is also in line with studies performed with chloroform diluent. Both Baaden et al.

and Ye et al. stressed the importance of these solvent heterogeneities as it is believed that these local

deformations of the interface are responsible for facilitating the phase transfer of extracted complexes91,92 .

More recently, Serviset al. sought to identify such phenomena through MD of a ternary

TBP/ n-hexane-water system93. Independent simulations at varying TBP concentrations showed thatat

lower concentrations, TBP formed (on average) two hydrogen bonds with water. When concentrations were

increased, the average number of hydrogen bonds was predominantly one. While, intuitively, these results

point towards an inhibited transport of water, investigation of hydrogen bonds and the distribution of

distances normal to the interface, showed di�erent conclusions. Speci�cally, these results implied that the

number of hydrogen bonds changed depending on the position of a given TBP.It was then postulated that

TBPs existing in troughs of the disrupted interface will have increased hydrogen bonds with local water

molecules93. In addition to encouraging hydrogen bonding between the surfactant andwater molecules,

surface roughness also caused a second indirect e�ect. Water-to-water hydrogen bonding increased for

water molecules not directly in contact with TBP which, in turn, ass ists in the weakening of hydrogen

bonds between the extracted (or soon to be extracted) water molecules interacting with TBP.
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Figure 1.4 Density pro�les of chloroform, water, and TBP taken from the last 100 ps of simulation. Top
corresponds to simulations of 30 TBP while Bottom corresponds to simulations of 60 TBP. Reproduced
Baaden et al.88.

Other phosphorus extractants that are currently under consideration includes

carbamoylmethylphosphine oxide (CMPO, Figure 1.5, page 13), di-2-ethylhexyl phosphoric acid (HDEHP,

Figure 1.1), and 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester(HEH[EHP], Figure 1.1). These

ligands are currently being studied as potential extractants for post-PUREX separations. Since PUREX

primarily targets U and Pu ions, the goal of these processes is to extractthe remaining

transuranic/transplutonium actinides from a PUREX ra�nate. CMPO (part icularly

octyl(phenyl)-N,N,diisobutyl-CMPO, Figure 1.5, page 13) is the principal extractant in the well-known

TRUEX process49. HDEHP is the major phase transfer reagent in another well-investigatedprocess known

as TALSPEAK 50. Investigations on free CMPO have been preliminarily investigatedin which the methyl

and phenyl substituted CMPO was observed to remain adsorbed at the interface of a water-chloroform

system, illustrating the extractant's behavior as a surfactant94. On the other hand, Pecheuret al. have
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investigated the synergistic behaviors between HDEHP and trioctylphosphine oxide (TOPO, Figure 1.1)95.

Aggregative behaviors of HDEHP with TOPO were analyzed by simulating the ligands in n-heptane

diluent without water. Average aggregation numbers in this case were foundto be predominantly dimers

and trimers. The MD study on TBP by Bapat et al. (vide supra, Figure 1.2) also investigated the

aggregation behavior of HDEHP78. In these simulations, HDEHP predominantly self-aggregated as dimers

in both n-dodecane andn-dodecane-water solution. In comparison, dimer complexes were signi�cantly

lower when the organic phase was saturated with water. Accompanied by NMR analyses, the decreased

dimer fraction was found to be due to the formation of hydrogen-bridged clusters. Preliminary studies have

also been reported in which HDEHP surface activity was assessed in thecontext of a water/cyclohexane

solution97. Simulated water-in-oil solutions revealed predominantly surfaceinactive behavior as only 1/6 of

the HDEHP ligands were observed to adsorb onto the surface of water micelles which was also supported by

accompanied EXAFS spectra. Though HDEHP is typically thought of as a surface-active molecule98 and

this discrepancy calls for additional simulation studies to con�rm or deny whether this was just an artifact

observed in this particular study. Even so, such observations may becritical in understanding extraction

mechanisms as it has been learned that the interface is much more disordered than the \
at" conventional

depiction. The phosphonic acid extractant, HEH[EHP], although not a novel ligand98, is one of the two

organic ligands utilized in the recently proposed ALSEP process46. Owing to its modern application, not

much simulated work has been done for the ligand before the work presented in this dissertation.

1.4.2 Heavy Metal Complexes of Organophosphorus Extractants

Classical computational investigations of complexed organophosphorus extractants were initially

reported for europium nitrate complexes of TBP, CMPO, and triphenylphosphine oxide (TPPO, Figure

1.1)71. Stoichiometric ratios between the metal nitrate and the ligands had already been determined

experimentally to be 1:3 for TBP99{101 and TPPO 102, while 1:2 and 1:3 stoichiometries were observed for

CMPO 103,104 . To gain insight on the coordination sphere of the metal cations, MD simulations were

performed in two scenarios: (1) in vacuum and (2) in water solution. Simulations in vacuum were utilized

to test whether the experimental stoichiometries would be observed by way of a saturation test. Various

Eu(NO3)3-Lm complexes were simulated such that the number of ligands were increased until one

dissociated. Saturation limits were observed to be m = 5 for TBP, and m= 4 for both CMPO and TPPO.

While these limits may not be the experimentally observed stoichiometries, in vacuum simulations showed

that such complexes can be observed spontaneously by computational simulation. Simulations with an

explicit aqueous water phase were performed to further gain insight into the complex structure of the metal

cation. In this case, nitrate ions were either constrained to coordinate to europium in bidentate fashion or
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allowed to be free in motion during simulation. Stoichiometries of 1:1,1:2, and 1:3 were observed for

simulations of ligand complexes in solution. However, it is worth notingthat the 1:3 stoichiometry was

observed only when nitrate was constrained. PMF analyses were also utilized to determine the interaction

energies between the metal cation and water for these complexes (Table1.2). Scrutiny of these energies

showed that as the number of the coordinated ligands increased, the less favorable (i.e., more repulsive) the

interaction became between europium(III) and water. These energies further explain the mechanisms

behind metal extraction as such repulsive energies indicate the likelihood of the metal cation to partition

into the organic phase. Moreover, in solution MD simulations also indicated that the partitioned complexes

are likely to have nitrate ions coordinating to europium ions in a bidentate fashion.

Figure 1.5 Molecular structures of carbamoylmethylphosphine (CMPO) and CMPO derivatives.
3-dimensional structure of CMPO-calix[4]arene with metal cation complexed as modelled by Troxleret
al.96 is shown in the top right.
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Table 1.2 Interaction energies of Eu3+ and water for Eu(NO3)3Lm complexes in water for stoichiometries of
1:1, 1:2, and 1:3. Reproduced from Beudaertet al.71.

Eu(NO3)3Lm interaction energy (kcal/mol)
L m Eu3+ to Water

1 -186� 42
TBP 2 -68 � 32

3 110� 23
1 -142� 22

TPPO 2 -11 � 21
3 113� 21
1 -194� 23

CMPOa 2 19 � 25
3 140� 20

aEnergies reported for CMPO complexes that are relative to a monodentate binding order with Eu3+ .

In the context of TBP, investigations have primarily focused attent ion toward uranyl (UO 2
2+ )

extraction with reports initially investigated by Baaden et al.105. Simulated solutions of chloroform and

water containing neutral, united UO 2(NO3)2 molecules were studied in two settings: (1) a \dilute" case

consisting of 30 TBP molecules and (2) a \concentrated" scenario of 60 TBP molecules. The

UO2(NO3)2:TBP complexes were formed at 1:1 and 1:2 ratios under both concentrationswith 1:1

structures found to only adsorb at the interface and remain there for the rest of the simulation. In the

dilute scenario, 1:2 complexes were found to behave similarly while, in the concentrated simulations, these

structures became immersed by TBP/oil mixtures. Such observations are in agreement with the generally

accepted mechanism of uranyl extraction by TBP, which shows the extraction product to be

UO2(NO3)2�2TBP 106. To further understand the e�ects of uranyl complexation, phase separation between

the oil and aqueous solvents was also investigated through a series of MD simulations of demixing

\homogenous" water-chloroform mixtures107. In the dilute simulations, clear interfacial regions were

formed with uranyl complexes adsorbing onto the interface while no well-de�ned interface was observed for

concentrated simulations; instead, a kind of microemulsion was formed. These microemulsions were

comprised of water \bubbles" surrounded by TBP/chloroform and uranyl complexes. The di�erence in

phase separation between the dilute and concentrated scenarios can alsobe seen in Figure 1.6 (page 16)105.

Following Le Chatelier's principle, the larger proportions of the 1:2 complexes can also be interpreted as

increased uranyl extraction alongside increased TBP concentrations. The increased extraction and

observed interfacial deformations found in the concentrated system further suggests that solvent

heterogeneities facilitate extraction. It should be noted that the implementation of a united UO2(NO3)2

complex, while more favorable in the organic phase due to its neutral state, may neglect crucial complex

formation mechanisms occurring at the interface. Investigation intothis particular facet has been studied
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by Ye et al.. In that study, dissolved ions of uranyl and nitrate (instead of neutral UO2(NO3)2) were

simulated in n-dodecane-water solution108. Simulated uranyl ions (originally in the aqueous phase) were

initially observed to be predominantly hydrated in a �ve-fold coord ination. Such coordination has also

been observed in experimental studies on uranyl ions in the aqueous phase109. Eventually hydrated uranyl

complexes partitioned toward the interface where water molecules were replaced by NO3
- ions and TBP.

The displacement of the water molecules corresponds to the presence of the hydrophobic oil phase reducing

the screening power of the solvent to the charged species. Strikingly, the �ve-fold symmetry observed in the

bulk aqueous phase was generally preserved when uranyl coordinated with nitrate and TBP at the

interface. However, water was still present in the complexes formed at the interface, which was identi�ed to

be UO2(NO3)2�2TBP�H2O. Recalling that extraction product has been shown to be

UO2(NO3)2�2TBP 106,110 it is then believed that this interfacial structure rearranges itself such that water

breaks free upon organic extraction. To elucidate the exact molecular process involved in the migration of

the uranyl complex, Ye et al. further simulated the preceding systems with additional electrostatic

potentials (calculated from DFT) to help describe interactions between uranyl, TBP, and nitrate 111.

Speci�cally, these simulations were found to have two UO2(NO3)2�2TBP�H2O complexes partition to the

interface. By 13.36 ns into the MD simulations, both complexes were observed to migrate into the organic

phase: one complex shed its water in substitution with TBP (UO2(NO3)2�3TBP) while the other

partitioned into the organic as its original structure. After further e volution of the simulation (up to 33.77

ns total simulation time), each complex retained their relative structure, leading authors to con�rm the

stability of the observed stoichiometry. Previous IR spectra of UO2(NO3)2 have suggested that, in aqueous

solution, nitrates chelate the uranyl predominantly in monodentate fashion112,113 while, in a dry

environment, a bidentate binding mode is adopted114. Based o� this information, it is then postulated that

both structures observed herein originally possess monodentate binding components and is likely to

undergo rearrangement such that one additional chelation is assumed by nitrate 111. Unfortunately, neither

RDF nor SDF (spatial distribution function) analyses, which might con �rm the true nature of nitrate

binding observed in the organic phase, was reported in this study. Moreover, the lack of hydration in

experimental reports leads to the question whether the complexesobserved by Yeet al. are metastable or

thermodynamically stable. Although longer simulations might evolve into dissociated water molecules, this

is unlikely as the systems are already equilibrated. Simulations inpure n-dodecane in which the

coordinates of the extracted structures are used may further helpprovide insight.
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Figure 1.6 Demixing index, � , for chloroform/water mixtures of 30 TBP (left) and 60 TBP (right) with
corresponding snapshots (top) taken at 5 ns. Uranyl ions are representedherein with spheres while TBP
structures are bolded. Snapshots are shown in the absence of water molecules for clarity. Reproduced from
Baaden et al.105.

CMPO extractants can bear di�erent substitutions at the nitrogen and p hosphorus atoms and, to no

surprise, several combinations of substituents have been investigated and assessed regarding heavy metal

separation115,116 . MD based investigations initially involved uranyl complexes (1:1 and1:2, uranyl:CMPO)

in which phenyl substituted CMPO was reported to have greater cation interaction than methyl

substituted extractants by Guilbaud et al.94. One proposed derivative that has piqued interests is that of

calix[4]arene-CMPO (Figure 1.5) in which four CMPO-like moieties areattached to the wide rim of

calix[4]arene. Such molecules have been shown to possess signi�cantly enhanced extraction of minor

actinides over the classical CMPO117,118 . Speci�cally, lanthanide selectivity, interfacial phenomena, and

the role of the calixarene platform were investigated by Troxleret al.96. Simulations of

CMPO-calix[4]arene complexes with La3+ , Eu3+ , and Yb3+ were performed in water, methanol and

water-methanol solution. Free energy perturbation (FEP) analyses of simulated systems utilizing nitrate as

counter ions found that the complexation of all three cations by CMPO-calix[4]arene was favored in which

the binding selectivity decreased in the order from smallest cation (Yb3+ > Eu3+ > La3+ ) in all solutions

(Table 1.3). It is worth noting that the FEP analyses in the biphasic solvent were calculated using energies

of the complexes found at the interface. Therefore, the observed binding selectivity herein further suggests

a�nity of the CMPO-calix[4]arene extractant towards smaller cations. R egarding interfacial behavior of

these complexes, three independent simulations of one Eu(NO3)3CMPO-calix[4]arene in water-chloroform

solution were examined with respect to surface activity and speci�c orientation 96. Notably, these systems
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only di�ered in initial con�guration of the metal-complex such that each system represented di�erent

stages of the metal cation extraction (Figure 1.7, page 18). Partitioning into the bulk organic phase was

not observed for any of the examined systems. Instead, complexes either adsorbed or returned (from the

organic side) to the interface where the metal-extractant complex exhibited either a \perpendicular" or

more \parallel" orientation (Figure 1.7, page 18). These observations suggest that there is no preferred

unique con�guration of these complexes at the interface. In support of previously reported

experimental119,120 and computational studies107, the retained interfacial adsorbance also suggests that

metal ion capture is likely to take place at the interface. Subsequently, Troxler et al. also assessed the role

of the calixarene platform by simulating Eu(NO3)3(CMPO) 4 and free (CMPO)4 in water-chloroform

solvent96. The Eu(NO3)3(CMPO) 4 complex was originally placed at the interface (equally shared between

the water and oil phase) and was observed to \rapidly" translate towards the aqueous side of the interface

and remained there until the end of the simulation, suggesting an a�nity for the aqueous phase. Relating

to the interfacial behavior exhibited by CMPO-calix[4]arene complexes (primarily residing on the organic

side), it is then inferred that the calixarene platform increases CMPO's lipophilicity. On the other hand,

free (CMPO)4 simulations involving initially compact arrangements of the ligands at the interface showed

that the extractant oscillated between the organic and aqueous phases aboutthe interface.

Table 1.3 Energy results calculated from free energy perturbation simulations on M3+ complexes in water,
chloroform, and water-chloroform solvent where L = CMPO-calix[4]arene. Reproduced from Troxler et
al.96.

free energy (44 G kcal=mol)
conformation solvent La3+ ! Eu3+ Eu3+ ! Yb3+

water -12.5 -10.3
LM 3+ chloroform -7.7 -7.3

water-chloroform -18.7a -17.7a

LM(NO 2)3 -9.0b -7.9b

aEnergies were calculated from complexes in which two nitrate ions were directly coordinated to M3+

bEnergies were calculated from complexes in which one nitrate ion was directly coordinated to M3+

MD based investigations (in the context of actinide separation) involving HDEHP and HEH[EHP]

heavy metal complexes are scant. Some research has examined the complex structure of HDEHP with

various lanthanides in the context of electronic waste, however, simulations of HEH[EHP] complexes are

yet to be reported. HDEHP complexes containing Nd3+ or Dy3+ in vacuum, water, and n-heptane were

recently examined by Dwadasiet al.121. Notably, experimental reports have shown that the

dialkylphosphoric acid is selective towards heavier lanthanide ions122,123 . Therefore, to further elucidate

the driving forces behind this selectivity, as well as structural characteristics of metal complexes, 1:6

(Ln 3+ :HDEHP) complexes were studied where three of the six HDEHP molecules were deprotonated.
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Preliminary thermodynamic integration (TI) analysis of the two compl exes further supported experimental

results as the Dy-complex (-54.96 kcal=mol) was found to be more favorable than Nd-complex (-48.91

kcal=mol). Comparative RDF analyses of the two metal complexes showed generally similar coordination

in all phases. Speci�cally, deprotonated ligands were observed to coordinate in bidentate fashion (through

the =O and O atoms) while neutral forms were found to bind in monodentate fashion (through the =O

atom). First peak positions taken from the preceding RDF analyses as shown in Table 1.4 demonstrate

that the �rst coordination sphere of the metal cation to be consistently larger for Nd3+ . Considering the

larger coordination sphere and ionic radii of Nd3+ , authors herein hypothesized that HDEHP's stronger

a�nity towards Dy 3+ is due to reduced shielding of cationic charge which would directlyresult in lower

stability in the oil phase. This hypothesis may also help explain the selectivity trend observed by Troxler et

al.96 regarding CMPO-calix[4]arene. Furthermore, the binding modes observed by Dwadasiet al. may

further discern the driving force behind HDEHP's cation exchange extraction mechanism, when the ligand

loses a proton it is able to attain a two-fold chelation, resulting in stronger coordination and, hence,

facilitate extraction.

Figure 1.7 Initial (left) and �nal (right) snapshots of starting position s of Eu(NO3)3CMPO-calix[4]arene.
Top (a) represents initial metal cation coordination, Middle (b) repr esents the start of metal partitioning
into the organic phase, and Bottom (c) represents complete partitioning into the oil phase. Reproduced
from Troxler et al.96
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Table 1.4 First peak positions obtained from RDF analyses of Nd3+ -HDEHP and Dy 3+ -HDEHP complexes
in vacuum, aqueous, and organic phase. Note: \OMe1" and \OMe 2" pertains to the phosphoethers of
HDEHP. Reproduced from Dwadasiet al.121.

medium
system atom pairs vacuum (�A) water ( �A) heptane (�A)

Nd-complex Nd3+ |O= (neutral) 2.45 2.45 2.43
Nd3+ |O= (anion) 2.43 2.41 2.41

Nd3+ |OH/O - 2.39 2.39 2.41
Nd3+ |OMe 1 4.28 4.28 4.30
Nd3+ |OMe 2 4.28 4.33 4.28

Dy-complex Dy3+ |O= (neutral) 2.33 2.31 2.33
Dy3+ |O= (anion) 2.29 2.29 2.29

Dy3+ |OH/O - 2.27 2.27 2.25
Dy3+ |OMe 1 4.18 4.18 4.18
Dy3+ |OMe 2 4.13 4.13 4.13

1.4.3 Nitrogen-Donor Extractants

Application of soft donor ligands (as de�ned by Pearson's \hard soft acid base" (HSAB) theory) 124

have also been explored to enhance actinide/lanthanide group separations. Speci�cally, soft donors bases

(S, Cl, or N) have been shown to favor binding with actinides over lanthanides possibly due to the more

radially available 5f orbitals in the actinide elements69,125,126 . Among the many soft donors available,

ligands containing nitrogen atoms have been speci�cally scrutinizedfor actinide partitioning as molecules

of this nature follow the \CHON Principle" (ligands that only contain C, H, O, and/or N atoms), allowing

for complete incineration and, thus, assisting in minimized secondary waste. The pyridine based ligand,

2,2':6',2"-terpyridine (TERPY, originally synthesized in 1930s 127,128 , Figure 1.8) was the �rst extractant of

this nature to be introduced in the 1970s129. TERPY, however, su�ers solubility issues and signi�cantly

hindered metal separation at low pH levels130,131 . It was hypothesized that TERPY's a�nity for protons is

the main culprit for these drawbacks. Therefore, to accomplish separation at higher acidity levels, ligand

design was shifted to exploring extractants possessing relativelylow basicity. One approach taken to

achieve lower basicity was to replace the inner ring of the terpyridine with a triazine - this was the basis of

design for 2,4,6-tris(2-pryidyl)-1,3,5-triazine (TPTZ, Figure 1.8) 132. Although basicity was improved,

TPTZ (as well as TERPY) requires a synergist (typically a lipophili c anion like � -bromodecanoic acid) for

successful actinide extraction which was later improved upon through the introduction of

2,6-bis-(1,2,4-triazine-3-yl)pyridines (BTPs, Figure 1.8)133. To date, the BTP ligand has received

considerable attention as a candidate for process-scale actinide partitioning with at least seventy-�ve

derivatives prepared and investigated42,134 . As a result, most MD research on N-donor extractants have

been focused on BTP class ligands.
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Figure 1.8 Molecular structures of various nitrogen-donor ligands mentioned or discussed in Section 1.4.3
and 1.4.4. Note bolded N atoms on iPr-BTP, CyMe4BTP, and CyMe4BTBP are where protonation occurs
in studies reported by Benayet al.135,136 .

MD simulations on BTPs, 2,6-bis(5,6-diisopropyl-1,2,4-triazin-3-yl)pyridine (iPr-BTP, Figure 1.8) and

2,6-bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-benzo[1,2,4]triazine-3-yl)pyridine (CyMe 4BTP, Figure 1.8),

have been performed in which behaviors between a neutral ligand (BTP) and a protonated ligand were

compared135. Interfacial ligand con�gurations were assessed by initially placing single ligand molecules at

the interface of a biphasic water-n-hexane/octanol solution. Both neutral iPr-BTP and CyMe 4BTP were

observed to oscillate between parallel and amphiphilic orientation such that their N-pyridine atom (Npyr)

lone pair pointed towards the aqueous phase. In this case, orientations ofthe ligand were de�ned by the

angle of the Npyr lone pair and the interface. The con�guration in which the ligands point their Npyr

towards the aqueous phase is believed to be suitable orientations for cation extraction from the aqueous

phase. When BTPs were protonated, it was observed that iPr-BTPH+ oscillated between a parallel and

inversed amphiphilic orientation, orienting itself such that NH + was pointed towards the organic phase.

CyMe4BTPH + was observed to be similar, however, with parallel con�guration beingexpressed even less

than iPr-BTP. To assess the surface activity of these ligands, simulations of concentrated CyMe4BTP were

performed in which solvent phases were principally randomized and then equilibrated (through subsequent

demixing/mixing simulations 107). Comparison between CyMe4BTP and CyMe4BTPH + showed that
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CyMe4BTPH + were much more surface active than their neutral analogue simulations, which showed only

13 % interfacial adsorption while protonated simulations showed 100 % adsorption (Figure 1.9) 135.

Additional free energy calculations of the neutral and protonated ligands inwater and oil phases also

support the observed increased surface activity of BTPH+ 135 . It has been shown in the past that increased

aqueous acidity improves the extraction by BTP, however, the ligandstill su�ers from slow extraction

kinetics137. While such phenomena cannot be fully explained without the scrutiny of involved metal

cations, the features observed by the MD studies discussed herein may provide some insight. The increased

extraction at higher acidity levels can be elucidated by the increased surface activity observed for the

protonated ligands. On the other hand, the slow kinetics may be contributed to the expressed \inversed

orientation" since the Npyr lone pair would be pointed away from cations in the aqueous phase.

Furthermore, electrostatic repulsions may also promote slow kinetics as the protonated ligands would be

extracting positively charged metal ions.

Figure 1.9 Density curves of BTP (red), oil phase (green), and water (blue). Herein, oil is composed of
n-hexane/octanol, top corresponds to CyMe4BTP while bottom corresponds to CyMe4BTPH + .
Reproduced from Benayet al.135.

Preliminary MD investigations have also provided insight regarding intramolecular behavior of

iPr-BTP. The iPr-BTP molecule is capable of three di�erent conform ations (cis-cis, cis-trans, and

trans-trans) by torsion of the two triazine rings around connecting carbon-carbon bonds (Figure 1.10).

Previous QM calculations have suggested that iPr-BTP changes from a cis-cis conformation to a

trans-trans conformation when going from implicit solvation of high dielectric constants (� ca. 80) to low
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dielectric constants (� ca. 10)138,139 . That is, iPr-BTP is predicted to retain more of a cis-cis con�gurati on

in polar solvents while a trans-trans con�guration is likely adopted in nonpolar solutions. To further

discern the driving force behind the predicted conformational change with change in polarity, Trumm et al.

performed MD simulations on a single iPr-BTP extractant in various methanol/water solutions 139. Note,

that as the relative amount of methanol increases, dielectric constantswill decrease. Coordination between

the solvent molecules and iPr-BTP was found to predominantly occur in two regions: (1) the N2,N1,N2 '

cavity (Figure 1.11) and (2) the isopropyl side chains of the extractant. In the context of the

N2,N1,N2 'cavity, Trumm et al. predicted that a hydrogen bonded network is formed when water is present

such that the N2 and N2
' atoms of iPr-BTP are connected and, thus, attaining a cis-cis con�guration

(Figure 1.11). On the other hand, simulations showed mainly methanol atomspreferring the isopropyl

subgroups through van-der Waals interaction via its methyl group. Subsequent 3D spatial distribution

function (SDF 140) analyses on the oxygen atoms of the solvent molecules and nitrogen atoms of iPr-BTP

further supported these claims. Speci�cally, analyses of a 50:50 MeOH:H2O solution showed relatively high

oxygen densities in the N2,N1,N2 'cavity (cis-cis iPr-BTP conformer) which became more dispersed around

the ligand in comparison to analyses of a 90:10 solution with iPr-BTP trans-trans conformation. However,

it is worth noting that SDF analyses performed in this study were not well described. Seemingly, only the

cis-cis conformation was analyzed for the 50:50 solution while trans-trans was exclusively used for the 90:10

solution. Such factors merit further analyses and perhaps additional MDto elucidate the stability of the

di�erent conformers.

Figure 1.10 Di�erent conformations exhibited by BTP extractants (lef t) and BTBP extractants (right) as
discussed by Trummet al.139 and Benay et al.136.
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Figure 1.11 Water complexation within the N2,N1,N2 ' cavity of BTP in the cis-cis conformation.
Reproduced from Trumm et al.139.

Corresponding to MD investigations of N-donor extractants discussed thus far, it is apparent that not

only protonation e�ects may impact microscopic extraction behaviors but speci�c intramolecular

orientations when di�erent conformations are available may also be important. In this aspect, Benay et al.

sought to determine such e�ects for the bistriazinylbipyridine (BTBP, Figure 1.10) analogue of BTP136.

Speci�cally, CyMe4BTBP (Figure 1.8) was investigated in n-hexane/octanol-water solution with

simulations examining neutral (BTBP) and protonated extractants (BTB PH+ , protonation herein

occurred at the Npyr atom). The additional pyridine moiety of the extrac tant provides conformational


exibility such that the extractant can adopt a cis-cis-cis (c-c-c), cis-trans-cis (c-t-c), or trans-trans-trans

(t-t-t) form depending on the angles between the pyridine and triazinyl rings (see Figure 1.10). Under the

dilute conditions (1 or 2 extractants in solution), MD simulations of BT BP revealed that the c-c-c

conformer was either parallel to the interface or pointed the Npyr awayfrom the aqueous phase. Study of

c-t-c and t-t-t forms showed that these conformers slightly di�used towards the organic phase, further

supporting the fact that c-c-c forms are likely the con�guration involv ed with complexation141. Component

energy analysis also revealed that the c-t-c and t-t-t forms were lessattracted to water than the c-c-c form.

When the extractant was protonated (BTBPH + ), it was observed that the c-c-c conformer was parallel to

the interface or pointed NH+ away from the aqueous phase (similar to observed behaviors of BTPH+ )

while c-t-c and t-t-t forms primarily oriented themselves parallel to the interface. Regardless, it is worth

noting that, for all conformations, protonated extractants were observed to interact more with water than

their neutral counterparts. Simulations of concentrated CyMe4BTBP solutions allowed examination of

extractant distribution at the interface, which revealed that only 23 % of the free neutral extractant sat at

the interface. In contrast, protonated extractants were found to primarily adsorb onto the interface with

ca. 97 % of the ligand concentrated at the biphasic boundary. The extractionkinetics of BTBP have also

been reported to be slow regarding heavy metal partitioning138,142 . Such kinetics can be explained by the
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BTBP's low a�nity for the interface when in its neutral state. When considering protonated BTBPH+ ,

contributions to slower complexation are analogous to BTP in the sense that the NH+ of the c-c-c form is

pointed away from the aqueous phase which may hinder complexation despite enhanced surface activity.

Substituent e�ects on the partitioning and interfacial behavior of N- donor ligands have also been

elucidated upon in the context of substituted bistriazinyl-phenanthroline (X 4BTPhen, Figure 1.12, page

25)143. Simulations involving octanol-water solutions were performed for three di�erent ligands, L 4
- (X =

PhSO3
-), L 4

+ (X = CH 2N(CH2CH3)+ ), and L0 (X = CyMe 4). In this case, it was found that the

water-soluble ligands (L4
-/+ ) quickly partitioned from the bulk water to the interface and, thus , were

considered to be surface active. Surface activity for L0, on the other hand, was observed to be dependent

on conformational arrangement. The chemical structure of L0 is known to be labile as it exhibits an

endo-endo conformer when complexed while exo-exo arrangements are expressed for free ligands

(Figure 1.12, page 25)21. PMF analyses involving the translation of L0 from oil to water phase showed that

the endo-endo arrangement did not have an a�nity for the interface or oil phase with a di�erence in free

energy of the two regions being close to 0 kcal/mol. When the endo-exo arrangement was considered, it

was found that there was a slight minimum in energy at the interface with a di�erence of 3.5 kcal=mol

favoring the interface. The higher a�nity displayed by the endo-e xo arrangement suggests that such

conformations participate in initial ion capture. In addition, similar t o iPr-BTP and CyMe 4BTP, it was

found that the protonation of L 0 enhanced surface activity as well.

1.4.4 Heavy Metal Complexes of Nitrogen-Donor Extractants

The �rst MD simulations that considered both N-donor extractants and heavy metal cations were

reported by Guilbaud in which TERPY and BTP were considered144. Speci�cally, the simulations

investigated complexes of La3+ , Eu3+ , and Lu3+ with the inclusion of nitrate (BTP systems) and/or

� -bromo-caproate (TERPY systems) anions in vacuum and in aqueous solution.Similar to behaviors

observed for HDEHP as discussed in Section 1.4.2, in vacuum FEP analyses illustrated that both

extractants possessed selectivity toward heavier lanthanides with Lu 3+ interactions being favored the most

(see Table 1.5). Simulations in water solution revealed Ln3+ complexes dissociating for BTP systems while

TERPY was observed to retain coordination with La3+ and Eu3+ which was credited to additional

interactions with � -bromo-caproate anions. Considering the lipophilic nature of TERPY and BTP it would

be interesting to perform these analyses involving an organic diluent. Such analyses may help provide

insight into solvent and polarity e�ects on metal interaction exhibit ed by the extractants.
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Figure 1.12 Structures of BTPhen investigated by Benayet al.143.

Table 1.5 Energy results from free energy perturbation simulations invacuum. Reproduced from
Guilbaud 144.

free energy (44 G kcal=mol)
conformation La3+ ! Eu3+ Eu3+ ! Lu3+

Ln3+ /TERPY -18.6 -21.6
Ln3+ /BTP -15.5 -18.0

The metal complexes of BTP derivatives/analogues (CyMe4BTP, iPr-BTP, CyMe 4BTBP, and

BTPhen), have all been studied by Benayet al.135,136,143 . In the case of CyMe4BTP and iPr-BTP, three

complexes of [Eu(BTP)3]3+ were simulated such that one metal complex was initially juxtaposed inthe oil

phase, water phase, and at the interface of a ternaryn-hexane/octanol-water solution135. The

[Eu(CyMe4BTP) 3]3+ complex in the water phase was observed to quickly di�use towards the interface

while the complex originally placed at the biphasic boundary remained there for the entire simulation.

These complexes were also observed to lie on the aqueous side suggesting a higher a�nity towards water.

On the other hand, the charged metal complex originally in the organic phasewas found to remain in the

bulk n-hexane/octanol phase. Notably, the retained organic phase residence was believed to be a
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metastable position as the \total solvation energy" (calculated by Particle Mesh Ewald, PME,

approximation 145) was found to be signi�cantly more favored at the interface (-470 kcal=mol) than the

organic phase (-225 kcal=mol). It should be noted that the reported energies seem relatively high

considering a carbon-carbon covalent bond are at most 230 kcal=mol146. Furthermore, it is not clear how

authors de�ned \total solvation energy" which would help discern why th e reported energies were so high.

Similar behaviors were also observed for the [Eu(iPr-BTP)3]3+ complexes. Considering the case of

CyMe4BTBP, 1:1 complexes of neutral Eu(NO3)3CyMe4BTBP in n-hexane/octanol-water solution were

scrutinized in two systems: (1) where complexes were initiallyplaced in the oil phase and (2) where initial

positions were shared between the interface and oil phase136. In both systems, one complex was observed

to partition into the oil phase while the rest of the complexes remained adsorbed at the interface. As the

extraction mechanism by BTP or its derivatives have yet to be completely de�ned. The simulations

discussed herein suggest that there is strong possibility that thecomplexation occurs right at the interface

as proposed by experimental studies137. Moreover, the stronger a�nity for water displayed by studied

CyMe4BTP/iPr-BTP complexes (likely stemming from the overall +3 charge ) and the observed organic

partitioning of the neutral CyMe 4BTBP complex illustrates the key feature in which charge neutralization

must be achieved in order for partitioning to occur. Complexation of Eu3+ with the various substituted

BTPhen extractants, L 4
+ , L4

- , and L0, (as discussed in Section 1.4.3) was also investigated143. Speci�cally,

1:1 and 1:2 (Eu(NO3)3L where L = L 4
+ , L4

- , or L0) complexes were simulated in octanol-water solutions

which revealed each complex partitioning similarly to their corresponding free ligand. That is, the L4
+ and

L4
- complexed structures were found to be surface active while L0 displayed no clear a�nity between the

bulk octanol and interface. As the L4
+ and L4

- ligands are water-soluble ligands, it is expected that their

respective complexes should "dilute in water". However, the observed surface activity suggests otherwise

which merits further attention on these e�ects or even possible participation in extraction mechanisms.

1.4.5 Diglycolamide Extractants with and without Heavy Metal

Pressure to use completely incinerable CHON extractants, also ledresearchers to look toward tridentate

diglycolamides (DGAs). First reported in the 1990s66,67,147,148 , it was observed that these DGAs possessed

the same extraction performance as some conventional organophosphorus and even nitrogen-based

extractants 149 which has sparked many to investigate the new extractant chemistry made possible. MD

simulations on DGAs are few and far between with Hirataet al. being the �rst to classically simulate DGA

extractants in the context of heavy metal separation150. Simulations were performed on tetramethyl

diglycolamide (TMDGA, Figure 1.13, page 29) complexes of Ln3+ ions and UO2
2+ . In vacuum, distances

between the cation and amidic oxygen (Oc) of TDMGA were scrutinized for complexes of Ln3+ (La3+ ,
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Eu3+ , Lu3+ ) and UO2
2+ , with and without nitrate ions. It was observed that the O c-Ln3+ distances

decreased with increasing Ln3+ atomic number (i.e., decreasing ionic radii), which is in line with previously

reported lanthanide selectivity of DGAs67,152 . The distance between Oc-UO2
2+ was found to be larger

than those involving lanthanide ions. Structural stabilities were also compared between

Eu(NO3)2(TMDGA) 2 and UO2(NO3)2(TMDGA) 2 in water and methanol. Both complexes dissociated in

water while, in methanol, only the europium complex was observed to bestable. Collectively, the distances

between the amide carbonyl oxygen and the stability comparison indicate that TMDGA is selective for

Eu3+ over UO2
2+ . MD studies on DGAs would not be reported till nearly a decade after in which

Charbonnel et al. described the stability of unary, binary, and ternary complexes of the aqueous soluble,

tetraethyl diglycolamide (TEDGA, Figure 1.13, page 29), with varying lanthan ides153. Like works of

Hirata et al., the stability of the complexes with La, Nd, Eu, and Dy were evaluated via distances between

the metal cation and the amidic oxygen of TEDGA but in water solvent. It w as shown that lighter

lanthanides favored [LnTEDGA]3+ stoichiometries while [Ln(TEDGA) 3]3+ was preferred by heavier ones.

Furthermore, coordination number analyses were used to investigatethe interactions of TEDGA, and it

was observed that only water and metal cations participated in the complexinner sphere. More recently,

MD simulations of DGAs with varying chain length from hexyl to dodecyl groups (e.g., THDGA, TODGA,

TDDGA, and TDdDGA, Figure 1.13, page 29) were also used to aid in experimentalobservations made

from Dynamic Light Scattering (DLS) studies on the extraction of nitric acid in various n-para�n

diluents154. Di�erent n-para�n diluents were investigated to understand the e�ects of radi olytic

degradation on DGA extraction. DLS studies showed that the limiting concentration of nitric acid to reach

third phase formation was lower for longer chain diluents since DGA-HNO3-H2O aggregates were observed

to increase in size as the chain length of the organic diluent increased. MD simulations were subsequently

performed to gain more insight into these observations, and, via RDF analyses, it was observed that the

interactions between DGAs and water/HNO3 grew stronger as diluents increased in chain length from

n-octane to n-tetradecane. Such �ndings also allude to the proposition that third phases are caused by

increased interactions between water/HNO3 with DGAs.

N,N,N',N' -tetraoctyl diglycolamide (TODGA, Figure 1.13, page 29) has been the most investigated of

all DGAs by MD simulations. Comparative studies were initially perfor med in which the extraction of Cd2+

was assessed inn-dodecane-water solvent at varying nitric acid concentrations155. The local structures of

TODGA complexes were considered via RDF and it was revealed that competitive coordination occurred

between TODGA, water, and NO3
- for coordination with the cadmium ion. When nitric acid concentration

was increased, coordination numbers with cadmium for TODGA decreased while those for water and

nitrate ions increased, suggesting that the extraction of cadmium may be less e�cient at lower pH levels.
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Speci�cally, classical simulations have provided signi�cant improvements towards understanding the local

structure of TODGA metal complexes regarding both inner sphere and outer sphere coordination. In the

absence of heavy metals, aggregation and structural studies on TODGA/HNO3/water in n-dodecane were

performed to further understand the extraction of HNO3 by the DGA 156. Comparisons of aggregates via

cluster number analyses for systems relevant to 1.12 M, 2.0 M, and 3.5 M aqueous acid concentrations (i.e.,

0.033 M, 0.055 M, and 0.132 M HNO3 in n-dodecane, respectively) showed that the smallest clusters were

observed at 1.12 M. As acid concentrations increased the cluster size increased from three to eight TODGA

molecules with nitric acid molecules (either dissociated or in molecular form) and water present in the

aggregate core. These clusters are also in agreement with previously reported experimental aggregate

dimensions157. Scrutiny of the interactions present in the reverse micelle of TODGA also showed that

nitric acid molecules or nitrate ions were not directly coordinating with TODGA and instead complexation

always occurred through hydrogen bonding through either the H atom of HNO3 or a bridging hydronium

ion. Such observations led to two hypotheses following the extraction of molecular nitric acid: (1) nitric

acid dissociates in the local aqueous environment of the TODGA reverse micelle or (2) nitric acid remains

in its molecular forms156. While both scenarios are possible, it was noted that the former is more likely,

provided the presence of an aqueous pool and nitric acid's strong acidity. When heavy metal cations were

included, simulated TODGA extraction studies have been reported in support of experimental observations

made on the outer sphere counter anion coordination of extracted complexes. Brigham et al. performed

Extended X-ray Absorption Fine Structure (EXAFS) studies on the solvent extraction of Nd3+ by

TODGA which was consistent with symmetrical coordination of counter ions (either Cl- or NO3
-) to the

[Nd(TODGA) 3]3+ complex158. In tandem with DFT calculations, RDF analyses from MD simulations

further con�rmed this �nding and showed that the outer sphere ion c lusters formed a trefoil shape

collectively with the extracted complex. Soon after, work by Baldwin et al. also reported similar trefoil

shape �ndings in which Ln(TODGA) 3(NO3)3 complexes (Ln = La, Gd, and Yb) were investigated159. In

line with lanthanide selectivity trends of TODGA, distances between the metal cation and TODGA's

amidic carbonyl oxygen, evaluated through RDFs, decreased as atomic radiidecreased (i.e., increasing

atomic number). Conversely, the distances between the Ln3+ and nitrate oxygen atoms were observed to

increase as the atomic radii of the lanthanide ions decreased. This trend was attributed to the increased

steric hinderance of the alkyl chains due to tighter interactions within the inner-sphere of the

[Ln(TODGA) 3]3+ complex. Coordination number analyses also found that water was co-extracted with

nitrate ions in the outer sphere and conformed in \snake-like" chains around the nitrate ions.
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Figure 1.13 Molecular structures of various diglycolamide ligands mentioned or discussed in section 1.4.5.
Work done by Suneeshet al.151 investigated T2EHDGA, TODGA, TDDGA, TDdDGA, and N,N,-dioctly
N',N' -di(2-ethylhexyl)diglycolamide.

It has been shown that di�erent alkyl chain lengths and degree of branching can also impact the

extraction of heavy metals by DGAs160 and MD simulations have also been used to understand these

impacts on the molecular level. Suneeshet al. initially performed simulations of various DGAs in vacuum

in which their �ndings were correlated to the extraction of Am 3+ ion151. Five total DGA derivatives

(identi�ed in Figure 1.13) were investigated in which the DGAs either di�ered by increasing alkyl chain

length or branching degree. When correlating to experimental distribution ratios of Am 3+ (DAm ) reported

by others152,161{163 , RDF analyses were used to determine the distance between amide carbonyl oxygens

within each DGA when complexed with metal-nitrate (simulated by Eu(NO3)3 complex as a surrogate for

Am3+ ). The authors found that an \optimal" distance of 4.2 to 5 �A correlated to the largest DAm .

Assessment and comparison of dihedral angles of the DGAs when alone or complexed with Eu(NO 3)3

revealed further that as alkyl chains increased in length or possesseda higher degree of branching,

conformational strain was increased in order for the DGA to complex with the metal-nitrate. Overall, it

was found that longer or more branching alkyl chains were correlated to less e�cient extraction of Am 3+ .

However, the correlations made in this study is somewhat speculativeas the DAm used for correlations

came from di�erent reports which may entail di�erent extraction con ditions (e.g., implementation of a

phase modi�er or di�erences in purity levels). Ideally comparisons would be made in which the DAm came

from one source under one set of conditions but, even so, this work further supports the impact that alkyl

chains may have on the extraction performed of DGAs.
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1.5 Chapter Synopsis

The purpose of this dissertation is to investigate the complex chemistries involved in the ALSEP

process to aid research in understanding the process and, ultimately, improve its relatively slow kinetics.

Speci�cally, the organic ligands proposed for the ALSEP process, HEH[EHP] and T2EHDGA, were

scrutinized under ALSEP loading conditions. The review of simulatedinvestigations on extractants

relevant to heavy metal separation helps demonstrate the capabilities of MD simulation as a powerful tool

in supporting experimental observations and uncovering behaviorsthat may otherwise be di�cult to

characterize through traditional techniques. Reminiscent of the previous works on various molecular

behaviors, interactions involving extractants (via RDFs and coordination number analyses), ligand

orientation with respect to the interface (via angle analyses), and extractant conformations have been

consistently identi�ed to impact the kinetics and chemistries involved in liquid-liquid extraction. Therefore,

MD simulations will be the principal computational approach used to study the interfacial behaviors of

HEH[EHP] and T2EHDGA with respect to the properties mentioned.

Given that MD simulations of HEH[EHP] had yet to be reported at the initi ation of this dissertation,

Chapter 2 describes an investigation on HEH[EHP] inn-dodecane, water, andn-dodecane-water

solvents164. Pure n-dodecane and water solvent studies were performed to fundamentally con�rm and

understand the behaviors of the phosphonic acid ligand. RDF analyses, solvation energies, and

self-di�usion coe�cients were analyzed which also helped verify the parameters and protocol that were

used to describe the organic ligand. Biphasicn-dodecane-water solvent was studied to understand

HEH[EHP]'s molecular behavior at the interface which led to important i nsights on the ligand's interfacial

orientation, interfacial interactions, and the impact of interfacial sat uration levels. Chapter 3 summarizes

simulation of systems comprised ofn-dodecane, water, orn-dodecane-water solvent, only the surfactant

investigated is now T2EHDGA. As with HEH[EHP], previous studies on T2EHDGA exclusive systems are

scant and, thus, this research served as one of the few to molecularly describe the diglycolamide's behavior

with respect to solvent extraction using computations. RDF analyseswere performed, di�usion coe�cients

were calculated, and interfacial orientations were assessed in similar fashion as the preceding chapter.

Moreover, these investigations were further expanded to simulateadditional water and n-dodecane-water

solvent containing 3.0 M HNO3 in systems of either HEH[EHP] or T2EHDGA to gain insight on how

acidic aqueous solvents may impact the extractants' properties.

The ALSEP loading stage involves the presence of both HEH[EHP] and T2EHDGA simultaneously

which is the primary focus of Chapter 4165. MD systems with ratios of HEH[EHP] and T2EHDGA

relevant to ALSEP concentrations were scrutinized with respect toaqueous nitric acid concentrations
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ranging from 0.0 { 6.0 M HNO3. The e�ects of aqueous acidity on the organic ligands in these simulations

are described in this chapter. To gain a complete molecular depiction, ligands were studied via spatial

distribution, coordination number analyses, interfacial orientation, and extractant conformation. Chapter 5

describes preliminary work in which the interfacial behaviors evaluated in Chapter 4 are compared to those

found for systems where the organophosphorus extractant is replaced with HEH[EHP] derivatives. MD

simulation were performed on mixtures of T2EHDGA and either di-(2-ethylhexyl)phosphoric acid

(HDEHP) or di-(2-ethylhexyl)phosphinic acid (HD[EHP]) extractants i n n-dodecane-water solvent. In this

case only acidic systems of 0.0 M and 3.0 M HNO3 were assessed in terms of chemical interactions and

interfacial orientation/conformation. Chapter 6 will summarize major di scoveries on the molecular

behaviors of HEH[EHP] and T2EHDGA at the interfacial region found in systems relevant to the ALSEP

process and the inference that these results may have on relativechemistries. The e�orts presented

throughout this dissertation showcase the dynamic behavior of HEH[EHP] and T2EHDGA with respect to

solvent extraction and such work has been done to enourage our advancement ofthe ALSEP process.
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CHAPTER 2

SOLVATION DYNAMICS OF HEH[EHP] LIGAND AT THE LIQUID-LIQUID INTERFACE

Modi�ed with permission from the Journal of Physical Chemistry B

An T. Ta 1;2, Govind A. Hegde2, Brian D. Etz 2, Anna G. Baldwin 2, Yuan Yang2, Jenifer C. Shafer2, Mark

P. Jensen2,3 , C. Mark Maupin 2, Shubham Vyas2,4

2.1 Abstract

Actinide-Lanthanide Separation (ALSEP) has been a topic of interest in recent years as it has been

shown to selectively extract problematic metals from spent nuclear fuel. However, the process su�ers from

slow kinetics, prohibiting it from being applied to nuclear facilities. In e�ort to improve the process, many

fundamental studies have been performed, but the majority have only focused on the thermodynamics of

separation. Therefore, to understand the mechanism behind the ALSEPprocess, molecular dynamics

(MD) simulations were utilized to obtain the dynamics and solvation characteristics for an organic phase

modi�er and extractant, 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEH[EHP]). Simulations

were conducted with both pure and biphasic solvent systems to evaluate the complex solvent interactions

occuring in the ALSEP extraction method. The MD simulations revealed solvation and dynamical

behaviors that are consistent with experimentally observed chemical properties of HEH[EHP] for the pure

solvent systems (e.g. hydrophobic/hydrophilic behaviors of the polarhead group and alkyl chains and

dimer formation between the ligands within an organic solvent). When present in a biphasic,

n-dodecane-water solvent system, interfacial behaviors of the ligandrevealed that, at low concentrations,

the alkyl side chains of HEH[EHP] were parallel to the interfacial plane. Upon increasing the concentration

to 0.75 M, tendency for the parallel orientation decreased and a more perpendicular orientation was

observed. Analysis of ligand solvation energies in di�erent solvents through the thermodynamic integration

method demonstrated favorability towards n-dodecane and biphasic solvents, which is in agreement with

the previous experimental �ndings.

2.2 Introduction

One of the major challenges faced by nuclear facilities is the management of spent nuclear fuel.

Approximately 2,500 tons of spent fuel is generated in the United States each year and, if left untreated,

1Primary researcher and author
2Department of Chemistry, Colorado School of Mines, Golden, Colorado 80401, USA
3Nuclear Science and Enginneering Program, Colorado School of Mines, Golden, Colorado 80401, USA
4Author for correspondence

32



the long-term radiotoxicity will pose a threat to the environment 16,166{168 . Of the many isotopes present

within nuclear waste, transuranic actinides fosters major concern due to their large radiotoxicities. Such

elements are primary contributors to long-term toxicity and, contri bute signi�cant strain on waste

repositories16,166,167 . To simplify repository design and siting, recent e�orts have beendedicated to

minimizing the transuranic content within spent nuclear fuel 46,168 .

Although separation processes such as PUREX have been successfully implemented at the industrial

scale169,170 for the extraction of plutonium and uranium, recovery of other prominent actinides, such as

americium (Am) and curium (Cm), remains di�cult due to the presen ce of �ssion product lanthanides.

The separation of Am and Cm is crucial because the lanthanides possess highneutron capture cross

sections, which may inhibit the transmutation of the actinides in advanced nuclear reactors74. Di�erent

separation processes have been developed to address this issue but solvent (liquid-liquid) extractions are

most commonly used168. This method utilizes two immiscible solvents to partition the actinides from the

lanthanides in solution. Some solvent extraction separations that have shown to be capable of selectively

separating Am and Cm are SANEX, GANEX, advanced TALSPEAK, and ALSEP (acronyms are de�ned

in Supporting Information) 46,168,171 . However, implementation of these processes often su�ers from slow

kinetics resulting in unsatisfactory throughput when implemented at the industrial scale.

The ALSEP process displays a fast solvent loading step where trivalent lanthanides and actinides are

extracted from molar concentrations of nitric acid but the selective stripping step where actinides and

lanthanides are actually separated from each other is too slow to implement with conventional centrifugal

contractors46,55 . The separation step in the ALSEP process is very similar to that of thereverse

TALSPEAK and advanced TALSPEAK processes, in which an organic extractant isused to extract both

trivalent actinide and lanthanide cations into the organic phase. In the case of TALSPEAK

di-(2-ethylhexyl)phosphoric acid (HDEHP) is the primary extractant while in ALSEP N,N,N',N' -tetra(2

ethylhexyl)diglycolamide (T2EHDGA) acts as the extractant in the presence of a 2-ethylhexylphosphonic

acid mono-2-ethylhexyl ester (HEH[EHP]) phase modi�er. In both separation processes, the actinides are

then selectively stripped from the complexed organophosphorus ligandwith aqueous

diethylenetriaminepentaacetic acid (DTPA) or

N -(2-[bis(carboxymethyl)amino]ethyl)- N -(2-hydroxyethyl)glycine (HEDTA) 46,47,50 . Although conceptually

simple, a detailed and quantitative understanding of the chemical process behind ALSEP have yet to be

uncovered.

Currently, most fundamental research of the ALSEP process has only considered thermodynamics and

little attention has been directed towards understanding mechanisms that drive the kinetics of separation.

Nevertheless, previous studies of extraction kinetics on TALSPEAK have demonstrated that the rate of
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partitioning is dependent on chemical reactions at or near the interface of the system58,172,173 . Due to the

chemical similarities between the processes, it is believed that such rate dependence will also be the same

for the ALSEP method. Therefore, understanding the various phenomena occurring at the interface and

identi�cation of important interfacial reactions are essential to determining the origin of the kinetic barriers

in ALSEP. Once the critical interfacial reactions are identi�ed, and t heir kinetics barriers are evaluated,

the rate limiting steps can be identi�ed and possible improvements can be proposed. In an e�ort to deepen

our understanding of the events occurring at the interface, computational modeling through ab initio

calculations and molecular dynamics (MD) simulations were used to analyze dynamics and solvation

behaviors of HEH[EHP] (Figure 2.1) in n-dodecane, water, and a biphasicn-dodecane-water solvents.

Figure 2.1 Structure of HEH[EHP]. Oxygen atoms are depicted in red, phosphorous in orange, carbon in
grey, and hydrogen in white colored spheres. The labeling scheme is asfollows: ester oxygen (O1), hydroxy
oxygen (O2), phosphoryl oxygen (O3), ethyl carbon (E1/2), and hexyl carbon (H1/2).

In this study, new atomic charge force �eld parameters were developedfor HEH[EHP] through ab initio

calculations and were used within MD simulations to model the ligand dynamics within di�erent solvents.

These simulations were analyzed to determine solvation spheres, cluster formations, interfacial orientations,

and solvation energies in two scenarios (single-ligand and concentrated 0.75 M HEH[EHP] systems).

Investigations of these scenarios probed the impact of ligand concentration on HEH[EHP] behavior within

di�erent solvents and provided molecular insights that are useful to developing a mechanistic

understanding of the ALSEP process.
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2.3 Experimental Methods

2.3.1 Ab Initio Calculations

Ab initio calculations were performed using the Gaussian09 software package174. Geometry

optimizations of HEH[EHP], HDEHP and n-dodecane were carried out using the Minnesota global hybrid

functional, M06-2X 175, with the CBSB7 basis sets (i.e., 6-311g(2d,d,p))176. The nature of the stationary

state was con�rmed to be a minimum by the absence of imaginary frequencies. Single point calculation on

the previously obtained geometries using M� ller-Plesset second order perturbation theory (MP2)177 and

the cc-PVTZ basis sets178 were subsequently utilized with the restrained electrostaticpotential (RESP)

method to obtain the classical point charges179. These charges and the optimized geometry coordinates are

reported in Table 2.5, Table 2.6, and Table 2.7 in the Supporting Informationat the end of this chapter.

Similar to previously published work180, charge calculations were employed in conjunction with the General

Amber Force Field (GAFF) 181 using the antechamber program182 within the Amber14 software package183

to generate charge modi�ed GAFF parameter sets. These modi�ed GAFF parameter sets were then used

in subsequent MD simulations within n-dodecane, water, and biphasic (n-dodecane-water) solvent systems.

2.3.2 Molecular Dynamics Simulation

Classical MD simulations were performed using the Amber14 package183 while analyses were conducted

with AmberTools15 184, Visual Molecular Dynamics (VMD) 185, and in-house programs, which are detailed

in the respective results sections. Simulations within three di�erent solvents were conducted under two

di�erent scenarios, as shown in Table 2.1 (page 36). Single-ligand systems represent one molecule of

HEH[EHP] in a box of solvent and concentrated systems contain a HEH[EHP] concentration of 0.75 M,

which was chosen to study the behavior of HEH[EHP] at typical ALSEP concentrations46,47 . Water was

modeled using the SPC/Fw186 
exible water model whereas HEH[EHP] and n-dodecane were described by

the charge modi�ed GAFF parameters obtained through ab initio calculations. The Packmol program187

was utilized to produce initial coordinates for all systems, whichconsisted of a random distribution of the

molecules across the simulation box unless otherwise noted.

MD systems were initially minimized for 2500 steps using the steepest descent algorithm, followed by

2500 steps using the conjugate gradient algorithm. After minimization, an isobaric-isothermal ensemble

(NPT) simulation was performed at 298 K and 1 atm for 1 ns to ensure that the densities of the systems

had converged. To ascertain the accuracy of the force �eld and su�ciencyof the NPT simulation lengths,

the density of a pure HEH[EHP] system (500 molecules) was calculated to be of 0.941� 0.001 g/cm3,

which is in good agreement with the experimental value, 0.958 g/cm3. All simulations in this study were

performed using the Langevin thermostat188,189 and Berendsen barostat190 (when applicable) and utilized
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a 1 fs timestep. NPT simulations speci�cally used a collision frequency of 5.0 ps for the thermostat and a

relaxation time of 1.0 ps for the barostat. This was then followed by a production run using the canonical

ensemble (NVT) at 298 K for 20 ns (with a collision frequency of 2.0 ps) and a microcanonical ensemble

(NVE) simulation for 50 ns. The NVE simulations were then used to calculatedi�usion coe�cients

through an in-house program.

Table 2.1 Summary of various HEH[EHP] systems explored within this investigation. HEH[EHP]
concentration in single-ligand systems is ca. 6-9 mM and in concentratedsystems is 0.75 M.

number of number of number of
system solvent HEH[EHP] n-dodecane water

n-dodecane 1 500 -
single-ligand systems water 1 - 2000

n-dodecane-water 1 500 2000
n-dodecane 10 59 -

concentrated systems water 10 - 740
n-dodecane- water 10 59 740

2.3.3 Solvation Energy Calculations

Solvation energies of HEH[EHP] in di�erent solvents were calculated using Thermodynamic Integration

(TI) as implemented in the AMBER14 software package191. The TI procedure involves de�ning a

thermodynamic cycle to probe the free energy di�erence betweentwo states and running a separate

simulation to represent each discrete segment in the thermodynamic cycle. In this case, the cycle involves a

pathway with an initial state corresponding to the ligand having no interactions with the solvent (� = 0)

and a �nal state corresponding to the ligand having complete interactions with the solvent (� = 1), which

represents the fully solvated state of the ligand. The free energy iscalculated using:

� E =
Z 1

0
d�

�
@U
@�

�
(2.1)

where � E is the free energy di�erence of solvation,U is the potential energy of the system, and� is a

parameter that varies the potential from the initial state where � = 0 to the �nal state where � = 1.

Solvation free energy was obtained with simulations ran at discrete values of � from the initial to �nal state

at intervals of 0.1 and numerical integration of Equation 2.1 by an in-house program. The procedure used

in this study utilizes the new and more e�cient implementation of T I in AMBER 191, wherein the

transformation of both the charges and the van der Waals parameters from the initial state to the �nal

state are done in the same step. Earlier implementations of TI required the electrostatic and van der Waals

transformations to be done separately in two separate simulations. Furthermore, the new implementation

allows for the calculation of free energies at both the initial and �nal states, which reduces error compared
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to previous implementations wherein the potential energy calculation became unstable at values of� close

to the initial and �nal states.

2.3.4 NMR Measurements

The average di�usion coe�cient of a 0.2 M sample of HDEHP in n-dodecane was measured with a 500

MHz JEOL NMR spectrometer at 21� C by implementing a pulsed �eld gradient stimulated echo

experiment as described in previous works of Tanner192 and Baldwin et al.193 To achieve 90 % attenuation

(or greater) of the HDEHP peak at 4 ppm, 16 gradients of 16 scans at a magnetic �eld gradient strength of

270 mT=m was utilized. A gradient pulse width of 2 ms and a di�usion time of 200 mswas used in

conjunction with a 5 s relaxation delay. The self-di�usion coe�cie nt was then calculated from the

Stejskal-Tanner equation that relates decay of NMR signal intensity with increasing applied magnetic �eld

gradient strength to the displacement of NMR-active nuclei. These results were used to compare with and

validate the accuracy of the computational protocol used to �nd self-di� usion coe�cients for HEH[EHP].

2.4 Results and Discussion

2.4.1 Solvation of 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEH[EHP])

Interactions of HEH[EHP] in solution were investigated by computing radial distribution functions

(RDFs, resolution of 0.15�A and a maximum distance of 20�A) for seven atoms (labelled in Figure 2.1) with

respect to solvent molecules and each other (when applicable) from the NVT simulation. To examine the

�rst solvation sphere around the ligand, coordination numbers (CNs) were calculated by integrating the

�rst peak of the respective atom's RDF. Analyses in which a distinct peak was absent were interpreted as

the atom having an asymptotic relationship with the solvent and the CN was deemed to be zero. Speci�c

values of the cuto� distances for all RDFs are reported in Table 2.2.

Integration under the �rst peak of Figure 2.2 (page 39) RDFs of HEH[EHP] in n-dodecane revealed

CNs in agreement with expected amphiphilic behavior as the alkyl chains had a CN of at least 2.4 and the

oxygen atoms exhibiting CN = 0.0 with n-dodecane. Although ethyl carbons are hydrophobic and should

also favor interactions with n-dodecane, their CN was found to be 0.0. This is attributed to the relatively

large size of the solvent molecules and the solute's polar head group, which restricts interactions between

the chains and solvent. CN with n-dodecane solvent molecules were observed to decrease when multiple

ligands were present due to increased ligand-ligand interaction that were not possible in the single-ligand

system. RDF analysis of the head group (represented by the phosphorousatom) and alkyl chains

(represented by the terminal hexyl-carbons) with respect to oneanother revealed that clusters were formed

primarily between head groups, which is in agreement with experimentally observed dimer formation of
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phosphorous head groups98,194 . Formation of these clusters cause the ligand to be more sterically hindered

and have a lower CN with n-dodecane. In pure water solvent, alkyl chain CNs were observed to decrease

with increased ligand presence (Figure 2.3, page 39). In contrast to pure organic diluent, ligand-ligand

interactions were found to be dominant between alkyl chains in the aqueous solvent due to repulsive

interaction with water molecules, explaining why the coordination of oxygen atoms did not signi�cantly

change between the single-ligand and concentrated systems. Such behavior is in agreement with

experimental studies, which have shown thatn-alkane phosphonic acids tend to form micelles when placed

in a polar environment195. Additionally, it was observed that the peaks of the alkyl chains were broader

than those of the oxygen atoms, which indicates a more disordered solvation shell. This is expected as the

chains are hydrophobic and are being placed in an unfavorable aqueous solvent system. It is worth noting

that the carbon atoms of the single-ligand system were observed to have alarger CN than their oxygen

counterparts, which can be attributed to the cuto� distances for the carbon atoms being larger than that

of the oxygen atoms, resulting in a larger volume splice and increased CN.

Table 2.2 Cut o� distances (�A) used for RDF analyses on HEH[EHP] to various solvent molcules in
single-ligand and concentrated systems (0.75 M HEH[EHP]). Biphasic denotesn-dodecane-water solvent
while pure n-dodecane and pure water solvents are referenced to in the �rst and second column,
respectively.

atoms n-dodecane water n-dodecane (biphasic) water (biphasic)
O1 - - - 5.675
O2 - 3.325 - 3.225

single-ligand O3 - 3.225 - 3.225
system E1 6.925 5.575 7.425 -

E2 6.925 5.575 7.425 -
H1 7.275 5.575 7.425 -
H2 6.925 5.575 7.425 -
O1 - - - 5.475
O2 - 3.425 - 3.175

concentrated O3 - 3.225 - 3.325
system E1 6.725 5.325 6.875 -

E2 7.025 5.375 7.075 -
H1 7.175 5.425 7.125 -
H2 7.125 5.375 7.125 -

HEH[EHP] aggregation observed in MD simulations was also quanti�ed via cluster analyses on

n-dodecane and water solvents. It is well known that HEH[EHP], when coordinating with a metal cation,

forms dimer clusters between the head groups in an organic phase196{201 . Therefore, to investigate whether

the MD simulations can reproduce the same behavior, cluster analysis was conducted in the absence of

metal cations. A cluster was considered to be formed if phosphorous atomsof HEH[EHP] molecules came

within a cut-o� distance of 4.9 �A. This distance was selected based on the ligand-ligand RDF from
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Figure 2.2C. The presence of clusters was determined throughout the entire simulation using an in-house

hierarchical clustering algorithm. The distribution of various mult imeric complexes is reported in Table 2.3.

While various multimeric clusters were observed inn-dodecane solvent, dimers were primarily present

throughout the simulation at ca. 54 %. This illustrates HEH[EHP]'s tendency to form dimers, however, the

presence of higher order complexes (e.g. trimers, tetramers, pentamers, and even hexamers) demonstrates

a more aggregative behavior in the absence of cations. Such behavior was suggested previously for HDEHP

based on isopiestic measurements202 and hints at the impact of the metal cation acting as a driver for

dimer formation. Based o� the criteria used, ligand clustering in water solvent was observed to result

primarily in monomers (ca. 96 %) with little dimer formation. This is i n agreement with the RDF analyses

of the aqueous solution, which showed that the polar P(=O)OH group of HEH[EHP] primarily hydrogen

bonds to water molecules with ligand-ligand interactions mainly occurring between alkyl chains.

Figure 2.2 Radial distribution functions analyzed for pure n-dodecane systems in the context of interactions
between ligand and solvent molecules for (A) single-ligand HEH[EHP], (B) concentrated HEH[EHP] (0.75
M) systems and (C) interactions between ligand-ligand molecules for concentrated HEH[EHP] systems.
Note: \H" represents the head group and \T" represents the alkyl chains of the ligand.

Figure 2.3 Radial distribution functions analyzed for water systems inthe context of interactions between
ligand and solvent molecules for (A) single-ligand HEH[EHP], (B) concentrated HEH[EHP] (0.75 M)
systems and (C) interactions between ligand-ligand molecules for concentrated HEH[EHP] systems. Note
"H" represents the head group and "T" represents the alkyl chains of the ligand.
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Table 2.3 Cluster distribution of HEH[EHP] (0.75 M) within n-dodecane, water, andn-dodecane-water
solvent.

average percent present %
number of ligands in cluster n-dodecane water n-dodecane-water

1 8.822505 99.60788 99.26833
2 53.6231 0.392119 0.73167
3 37.34413 0 0
4 0.109943 0 0
5 0.09391 0 0
6 0.006413 0 0
7 0 0 0
8 0 0 0
9 0 0 0
10 0 0 0

In biphasic, n-dodecane-water solvent simulations, HEH[EHP] was observed to be at theinterfacial

surface throughout the entire production run and, therefore, analyses of these systems can be correlated to

the interfacial behaviors of the phosphonic ligand. RDF assessment of HEH[EHP] in n-dodecane-water

solvent (Figure 2.4) revealed mostly similar trends as pure solvent systems (e.g., decreasing solvent

interaction from single-ligand to concentrated systems). In contrastto pure solvent systems, HEH[EHP]'s

ester oxygen (O1) was found to have a relatively large CN to water whichsuggest that the orientation of

the ester side chain is parallel to the interface in order for the ligand to form these interactions. In the

single-ligand system, the ethyl (E1/2) and hexyl carbons (H1/2) had little interaction with n-dodecane

molecules while, at 0.75 M HEH[EHP], CNs increased to ca. 2. This observed CN di�erence for the

terminal carbons with n-dodecane implies further that HEH[EHP] has a more paralleled orientation at low

concentrations. At ALSEP concentration levels, coordination with n-dodecane was observed to be only

with alkyl chains (Figure 2.5) which infers that the alkyl chains are better positioned to interact with the

organic phase, likely through a more perpendicular arrangment with respect to the interface as

conventional thought would suggest196,197 . Cluster analyses (Table 2.3) also support the notion of a more

perpendicular alignment with monomers being primarily present since higher ordered structures, formed

between polar head groups, would likely induce a more parallel orientation.
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Figure 2.4 Radial distribution functions analyzed for n-dodecane-water systems in the context of
interactions between ligand andn-dodecane molecules for (A) single-ligand HEH[EHP], (B) concentrated
HEH[EHP], and interactions between ligand and water molecules for (C) single-ligand HEH[EHP], and (D)
concentrated HEH[EHP].

Figure 2.5 Radial distribution function observed for ligand-ligand interactions in n-dodecane-water system.
Note: "H" represents the head group and "T" represents the alkyl chains of the ligand.
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2.4.2 Self-Di�usion of 2-ethylhexylphosphonic acid mono-2-ethylhexy l ester (HEH[EHP])

The translation behavior of HEH[EHP] was investigated in various solvation environments via

calculated self-di�usion coe�cients from NVE simulations using Ei nstein's relationship between the mean

square displacement and di�usion coe�cient as shown in equation 2.2,

D =
@hr 2 i
6@t

(2.2)

where D is the di�usion coe�cient, < r2> is the mean squared displacement, andt is time. The accuracy of

this di�usivity protocol was evaluated by comparing experimental val ues available for the 0.2 M HDEHP in

n-dodecane to values found from the MD simulations. The MD simulationson HDEHP were performed

with the same procedure as described for HEH[EHP] simulations. The self-di�usion coe�cient for the steric

bulk of HDEHP (alkyl side chain) was 0.22 x 10-5 � 0.07 cm2/s as determined from NMR measurements,

while the MD simulations yielded 0.09 x 10-5 � 0.02 cm2/s. Considering experimental and theoretical error,

these values are of acceptable agreement and demonstrate that the protocolused to capture di�usivity in

solution is of reasonable accuracy. The only structural di�erence between HDEHP and HEH[EHP] is that

HEH[EHP] contains one less ester oxygen than HDEHP. Separately calculated di�usivities of the alkyl

chains in HEH[EHP] revealed that the ester oxygen has little e�ect on the di�usion of the steric bulk with

a value of 0.04� 0.04 x 10-5 cm2/s and 0.04 � 0.02 x 10-5 cm2/s for ester and aliphatic chains,

respectively. Therefore, it is believed that the one ester oxygen di�erence will have little impact on the

observed self-di�usion coe�cients and the di�usion of HEH[EHP] is cap tured accurately within this study.

Self-di�usion coe�cients for HEH[EHP]'s polar head group (represented by the phosphorous atom),

alkyl chains (represented by the average of the two hexyl-terminalcarbons), and its entire molecular

structure were calculated at 25� C and reported in Table 2.4. For the single-ligand systems, it was observed

that the di�usion of the head group was lower in water solvent than in n-dodecane while the opposite was

observed for the alkyl chain. This may be attributed to favorable interactions between polar water

molecules interacting with HEH[EHP]'s polar head group, causing the �rst solvation sphere to be tightly

bound. When such spheres are formed, the e�ective size will become larger, and a slower di�usivity is

observed. It is worth noting, that the overall self-di�usion was found to be lower in n-dodecane than water

which is expected as HEH[EHP] is soluble in organic diluents98,194 . The presence of bothn-dodecane and

water molecules allows for the polar head group and alkyl chains to achieve favorable interactions at the

interface and, thus, all di�usion coe�cients calculated from the bi phasic, n-dodecane-water solvent was

observed to be smaller than that of pure solvent single-ligand systems. On the contrary, self-di�usion

coe�cients calculated for 0.75 M HEH[EHP] systems were observed to be smaller in pure solvents than in
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n-dodecane-water. In pure solvents, aggregate formation and coordination between ligands assists in

favorable hydrophobic/hydrophilic interactions that were not possible when only one ligand was present.

HEH[EHP] molecules in n-dodecane-water solvent reside at the interface, which preventsthe formations of

higher ordered structures and, thus, a relatively larger di�usion constant is observed. Notably, di�usion

coe�cients in the biphasic solvent were observed to be similar between single-ligand and concentrated

systems, further illustrating that higher ordered structures are not being formed at the interface. The

impact of aggregate formation on di�usivity can be additionally observed when comparing the pure solvent

systems. Betweenn-dodecane and water solvents, the alkyl chains were observed to di�use faster in water

solvent (0.07 x 10-5 cm2/s) than in n-dodecane (0.02 x 10-5 cm2/s). This was not observed for single-ligand

systems and is presumably a result of unfavorable and favorable interactions occurring between the ligand

alkyl chains. On one hand, while it is known that n-alkane phosphonic acids will likely form micellular

structures in an aqueous solvent195, CN analyses of HEH[EHP] show that ester oxygen atoms are

interacting with water which suggest that the alkyl chains are not completely sequestered from the polar

solvent. On the other hand, the increased hydrophilic interactionsfrom HEH[EHP] aggregates helps

contribute to favorable interactions and, thus, a slower di�usion is observed in the pure organic diluent.

Table 2.4 Self-di�usion coe�cients calculated for two di�erent su bunits of HEH[EHP] and overall structure
in single-ligand and concentrated (0.75 M HEH[EHP]) systems of di�erent solvents.

di�usion coe�cient (x 10 -5 cm2/s)
system subunit n-dodecane water n-dodecane-water

head group 0.20� 0.08 0.11� 0.09 0.10� 0.03
single-ligand alkyl chains 0.15� 0.01 0.16� 0.09 0.13� 0.05

overall structure 0.14 � 0.07 0.17� 0.09 0.10� 0.03
head group 0.02� 0.01 0.02� 0.02 0.10� 0.01

concentrated alkyl chains 0.02� 0.01 0.07� 0.02 0.09� 0.02
overall structure 0.02 � 0.01 0.03� 0.02 0.10� 0.01

2.4.3 Interfacial Analysis of 2-ethylhexylphosphonic acid mono-2-ethyl hexyl ester
(HEH[EHP])

The interfacial orientation of HEH[EHP]'s overall structure was invest igated via an independent set of

NVT simulations (performed under the same parameters described in the experimental) wheren-dodecane

and water molecules were initially juxtaposed such that solvent phases were separated in which ligands

were placed at the biphasic boundary of the system. Such initial placements assist in the establishment of

a well-de�ned interfacial plane. Overall orientations of n-dodecane molecules and HEH[EHP]'s alkyl chains

were scrutinized via an in-house code, in which vectors were de�ned as the starting atom to the terminal

carbon of the relevant chain. For example, the vector describing the ester chain of HEH[EHP] was de�ned
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as the starting oxygen atom (O1, Figure 1) to the terminal hexyl-carbon (H2, Figure 1). Vectors with an

angle of 0° - 20° with respect to the interfacial plane were considered to be parallel while those with an

angle of 70° - 90° were deemed to be perpendicular.

As previously mentioned, it has been hypothesized that immisciblesolvent molecules are parallel to the

interface near biphasic boundaries and, as a result, orientations of any solute near or at the interface is

driven to also be parallel98. Testing this hypothesis, orientation angles ofn-dodecane molecules were

analyzed as a function of the simulation box distance (Figure 2.6). Both single-ligand and concentrated

systems supported the hypothesis made by Vandegriftet al.98 with the angles of the organic solvent being

< 15° at the interface. In addition, it was observed that the n-dodecane molecules exhibited much larger

angles (ca. 30° to ca. 48°) at increased distances from the interface, which represents a random orientation

and, hence, a bulk organic phase. This indicates a distinct connection between the parallel con�guration

and proximity to the interfacial plane. Noticeably, the highest angle observed within the multi-ligand

system was not of the expected bulk distribution with an angle ca. 30° and not 45°. This can be attributed

to the smaller box size preventing the solvent molecules from attaining bulk con�guration. Analysis of the

HEH[EHP] alkyl chains revealed that parallelization was present regardless of concentration (Figure 2.7A)

with the steric bulk primarily possessing an orientation that is 10° with respect to the interface. Moreover,

such con�guration was observed to be more prominent within the alkyl chain containing the ester oxygen.

These results support the �ndings from RDF analyses shown earlier in Figure 2.4 with the ester oxygen of

HEH[EHP] coordinating more with the aqueous phase than the other oxygen.

Figure 2.6 Average interfacial orientation of n-dodecane molecules in biphasicn-dodecane-water molecules
for (A) single-ligand and (B) concentrated 0.75 M HEH[EHP] systems. Blue regions represent the aqueous
phase, orange regions represent the organic phase, and dashed lines represents the interface.
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Due to steric hindrance, not all ligand molecules were able to be initially placed at the interface for

concentrated HEH[EHP] systems. Visual tracking by VMD revealed that ligands began to partition to the

interface and did not completely reside at the binary boundary till lat er timeframes in the NVT simulation.

Hence, to quanti�ably monitor the e�ects of interfacial ligand concentr ation, time resolved analyses were

also performed in the context of alkyl chain orientation with respect to the interface. From Figure 2.7B

and 2.7C, it was observed that ligand-ligand interactions caused steric bulk orientations to shift towards

larger angles. Most notably, results from the 15 - 20 ns timeframe revealedthat angles � 50° were

signi�cantly more present than at earlier times. This escalation in the relative occurrence of larger angles

suggest that increasing the concentration instigates ligand con�guration to shift towards a more

perpendicular orientation presumably due to the increased dispersion interaction of the alkyl chains, which

is supported by the previous RDF analyses. For the single-ligand system, the majority of the interfacial

plane is occupied byn-dodecane molecules, which helps facilitate the parallel alignmentof HEH[EHP]'s

steric bulk. On the contrary, in the 0.75 M HEH[EHP] system, dispersion interactions between the alkyl

chains of HEH[EHP] facilitate an increase in perpendicular arrangement, despite the parallel alignment of

the solvent molecules. This also indicates the critical role of ligandconcentration in the separation

mechanism. It is hypothesized that the stripping stage of ALSEP involves a ternary metal complex of

HEHEHP dimers (formed by ligand's head group coordinating with metal cation46,47,55 ). Such stripping

would be greatly hindered if the ligand was parallel to the interface, limiting aqueous participation of the

hydroxyl and phosphoryl oxygen.

Figure 2.7 Relative frequency of di�erent interfacial angles analyzed(A) statistically for alkyl chains of
single-ligand/concentrated, 0.75 M HEH[EHP] systems and with respect totime for (B) the C-chain of the
concentrated system and (C) the O-chain of the concentrated system with n-dodecane-water solvent. Note:
O-chain and C-chain represent the alkyl chain with and without the ester oxygen, respectively.
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2.4.4 Solvation Energy of 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester
(HEH[EHP])

The TI method as implemented in AMBER14 software package was used to obtain the free energies of

HEH[EHP] in 0.75 M HEH[EHP] systems containing n-dodecane, water andn-dodecane-water solvents.

The presence of the ligand is gradually removed in solution, and the energetics of the nonphysical

disappearance is monitored. Therefore, to account for ligand-ligand interactions in solution, the method

was implemented such that only one ligand was disappearing within the solvent. Normalizing to the water

solution, the relative free energies ofn-dodecane and biphasicn-dodecane-water solvents were found to be

favored with a value of -9 � 5 kcal=mol and -8.6 � 0.6 kcal=mol. In addition, it was observed that the free

energies betweenn-dodecane and biphasicn-dodecane-water solvent were similar (di�erence of 0.4

kcal=mol) which was expected as it is well known that HEH[EHP] is soluble in both solvent

systems98,195{198,203 . As the experimental observations of favorable and unfavorable interactions between

HEH[EHP] and the organic/aqueous molecules are re
ected, it is believed that the energies calculated

through TI are quantitatively representative of the HEH[EHP] ligand.

2.5 Conclusion

Solvation analyses, cluster analysis, and di�usion comparisons for HDEHP systems carried out in this

study shows that the protocol used to generate charge modi�ed GAFF parameters is of reasonable

accuracy and, thus, can be used for future parameterization of extractantligands. The solvation behavior

of HEH[EHP] demonstrated expected amphiphilic behavior of the ligand inthe pure organic and aqueous

phases. Inn-dodecane, ligand-ligand interactions were found to be primarily between the head groups

while such interactions were primarily between alkyl chains in water and n-dodecane-water solvents.

Cluster analyses showed that the ligand exhibited higher ordered structures in n-dodecane, with dimers

mostly present, while monomers were primarily observed in water andn-dodecane solvent. The calculated

self-di�usivities were in good agreement with the experimentaldata. Calculated self-di�usion coe�cients of

HEH[EHP] in di�erent solvents for single-ligand and concentrated HEH[EHP] systems showed non-covalent

interactions were favored and were found to primarily dictate the di�usivity observed for the single-ligand

system while aggregate formation was observed to be the major in
uence forthe concentrated system. It is

worth noting that the alkyl chains of the concentrated HEH[EHP] system exhibited larger di�usivity in

water than n-dodecane presumably due to the mono-ester functional group prohibiting a complete

micellular structure.

Interfacial alignment analyses showedn-dodecane and HEH[EHP] molecules possessing a parallel

orientation at the interface, which con�rms the hypothesis of Vandegrift et al.98. Moreover, it was observed
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that increased concentration of the ligand instigated a more perpendicular orientation at the interface,

indicating the critical role of concentration in the separation mechanism of HEH[EHP]. Solvation energies

obtained by the TI method were observed to describe expected solution behavior of HEH[EHP] by

demonstrating relative favorability towards n-dodecane and biphasic solvent when compared to water.

Therefore, it is believed that the TI method is a viable approach, which will be used for future solvation

analyses of HEH[EHP] and other ligands involved within the ALSEP process.
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2.7 Supporting Information

2.7.1 Solvent Extraction Acronyms

PUREX: Plutonium Uranium Redox Extraction

GANEX: Group ActiNide EXtraction

SANEX: Selective ActiNide EXtraction

TALSPEAK: Trivalent Actinide Lanthanide Separation with Phosphorus-Reage nt Extraction from

Aqueous Komplexes

ALSEP: Actinide Lanthanide SEParation
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2.7.2 Optimized Geometry Coordinated and Charge Values Used for Molecul ar Dynamics
Simulations

Table 2.5 Calculated relativistic charges and coordinates of the optimized structure of
2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEH[EHP]).

coordinates
atom charge (a.u) x y z
C11 -0.0813 3.54 1.42 0
H21 0.016691 3.606 0.395 -0.378
H22 0.016691 4.462 1.938 -0.271
H23 0.016691 3.493 1.368 1.091
C10 0.022483 2.311 2.128 -0.564
H19 0.00437 2.389 2.191 -1.654
H20 0.00437 2.278 3.16 -0.197
C9 -0.01935 1.006 1.425 -0.193
H17 0.018764 0.95 1.35 0.899
H18 0.018764 1.028 0.397 -0.575
C6 -0.07575 -0.225 2.145 -0.742
H10 0.027514 -0.086 2.303 -1.818
H11 0.027514 -0.288 3.141 -0.29
C5 0.042852 -1.552 1.402 -0.537
H9 0.024663 -1.427 0.381 -0.916
C7 -0.04038 -2.681 2.044 -1.362
H12 0.013925 -3.573 1.414 -1.302
H13 0.013925 -2.365 2.029 -2.411
C8 -0.04456 -3.045 3.475 -0.968
H14 0.00329 -2.196 4.155 -1.07
H15 0.00329 -3.843 3.851 -1.614
H16 0.00329 -3.411 3.524 0.06
C4 -0.01086 -1.868 1.286 0.966
H7 0.044024 -1.943 2.275 1.432
H8 0.044024 -1.069 0.752 1.486
P1 0.643896 -3.373 0.412 1.402
O1 -0.64169 -3.432 -0.208 2.728
O2 -0.62882 -3.608 -0.672 0.23
H1 0.468976 -3.645 -1.56 0.599
O3 -0.11037 -4.467 1.517 1.081
C1 -0.07576 -5.87 1.221 1.154
H2 0.097184 -6.144 1.065 2.203
H3 0.097184 -6.063 0.303 0.593
C2 0.001493 -6.622 2.405 0.561
H4 0.061929 -6.22 2.561 -0.449
C12 0.002838 -6.366 3.672 1.386
H24 0.003663 -6.974 3.626 2.298
H25 0.003663 -5.321 3.682 1.706
C13 -0.07722 -6.662 4.959 0.619
H26 0.017649 -6.482 5.837 1.241
H27 0.017649 -6.019 5.034 -0.26
H28 0.017649 -7.7 5.004 0.279
C3 -0.0722 -8.119 2.086 0.458
H5 0.030282 -8.664 3.015 0.268
H6 0.030282 -8.472 1.723 1.432
C14 -0.00254 -8.492 1.08 -0.63
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Table 2.5 Continued.

coordinates
atom charge (a.u) x y z
H29 0.005332 -8.007 0.115 -0.448
H30 0.005332 -8.115 1.438 -1.597
C15 0.042838 -10.001 0.857 -0.729
H31 -0.00326 -10.493 1.817 -0.918
H32 -0.00326 -10.376 0.503 0.237
C16 -0.0607 -10.376 -0.138 -1.824
H33 0.011012 -9.914 -1.112 -1.64
H34 0.011012 -11.456 -0.285 -1.88
H35 0.011012 -10.032 0.212 -2.801

Table 2.6 Calculated relativistic charges and coordinates of the optimized structure of n-dodecane.

coordinates
atom charge (a.u) x y z
C1 -0.07963 3.54 1.42 0
H1 0.014073 4.179 1.496 0.888
H2 0.014073 2.851 2.272 0
H3 0.014073 4.179 1.496 -0.888
C2 0.048092 2.771 0.081 0
H4 -0.00641 2.12 0.031 -0.883
H5 -0.00641 2.12 0.031 0.883
C3 0.011797 3.718 -1.138 0
H6 -0.00067 4.369 -1.089 0.884
H7 -0.00067 4.369 -1.089 -0.884
C4 0.006365 2.962 -2.486 0
H8 -0.00847 2.311 -2.534 -0.884
H9 -0.00847 2.311 -2.534 0.884
C5 0.020682 3.911 -3.704 0
H10 -0.01203 4.562 -3.655 0.884
H11 -0.01203 4.562 -3.655 -0.884
C6 0.024298 3.154 -5.051 0
H12 -0.00933 2.504 -5.1 -0.884
H13 -0.00933 2.504 -5.1 0.884
C7 0.024298 4.104 -6.269 0
H14 -0.00933 4.754 -6.22 0.884
H15 -0.00933 4.754 -6.22 -0.884
C8 0.020682 3.347 -7.616 0
H16 -0.01203 2.696 -7.665 -0.884
H17 -0.01203 2.696 -7.665 0.884
C9 0.006365 4.296 -8.834 0
H18 -0.00847 4.947 -8.786 0.884
H19 -0.00847 4.947 -8.786 -0.884
C10 0.011797 3.54 -10.181 0
H20 -0.00067 2.889 -10.23 -0.884
H21 -0.00067 2.889 -10.23 0.884
C11 0.048092 4.487 -11.4 0
H22 -0.00641 5.138 -11.35 0.883
H23 -0.00641 5.138 -11.35 -0.883
C12 -0.07963 3.718 -12.739 0
H24 0.014073 3.079 -12.815 -0.888
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Table 2.6 Continued.

coordinates
atom charge (a.u) x y z
H25 0.014073 4.407 -13.591 0
H26 0.014073 3.079 -12.815 0.888

Table 2.7 Calculated relativistic charges and coordinates of the optimized structure of
di-(2-ethylhexyl)phosphoric acid (HDEHP).

coordinates
atom charge (a.u) x y z
C10 -0.06592 3.54 1.42 0
H19 0.010008 4.154 0.516 -0.023
H20 0.010008 2.494 1.117 -0.067
H21 0.010008 3.779 2.006 -0.892
C9 0.052294 3.813 2.226 1.267
H17 -0.00898 3.166 3.11 1.29
H18 -0.00898 3.551 1.627 2.147
C8 0.011847 5.272 2.665 1.376
H15 0.008592 5.922 1.786 1.335
H16 0.008592 5.529 3.281 0.505
C7 -0.05781 5.545 3.464 2.652
H13 0.023463 4.823 4.289 2.699
H14 0.023463 5.34 2.831 3.524
C3 0.033279 6.958 4.057 2.769
H6 0.039418 7.265 4.418 1.78
C5 -0.04943 6.996 5.258 3.729
H8 0.012446 8.001 5.693 3.717
H9 0.012446 6.323 6.025 3.335
C6 -0.02992 6.6 4.935 5.172
H10 0.012485 5.595 4.513 5.224
H11 0.012485 7.287 4.222 5.632
H12 0.012485 6.611 5.839 5.783
C1 0.026793 7.996 3.033 3.201
H2 0.086986 7.686 2.506 4.108
H3 0.086986 8.962 3.515 3.379
O3 -0.44041 8.17 2.058 2.152
P1 1.165253 9.103 0.814 2.422
O1 -0.66061 8.862 0.012 3.609
O2 -0.574 8.95 0.003 1.067
H1 0.40406 9.04 0.556 0.283
O4 -0.44041 10.538 1.498 2.363
C2 0.026793 11.683 0.763 2.841
H4 0.086986 11.903 -0.043 2.129
H5 0.086986 11.424 0.322 3.804
C4 0.033279 12.862 1.717 2.941
H7 0.039418 12.549 2.547 3.59
C11 -0.04943 14.055 1.005 3.594
H22 0.012446 14.929 1.658 3.524
H23 0.012446 14.296 0.11 3.007
C12 -0.02992 13.845 0.625 5.06
H24 0.012485 13.556 1.5 5.648
H25 0.012485 13.069 -0.131 5.186
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Table 2.7 Continued.

coordinates
atom charge (a.u) x y z
H26 0.012485 14.764 0.223 5.49
C13 -0.05781 13.215 2.281 1.56
H27 0.023463 12.289 2.535 1.037
H28 0.023463 13.703 1.491 0.972
C14 0.011847 14.109 3.519 1.594
H29 0.008592 15.051 3.302 2.108
H30 0.008592 13.611 4.304 2.177
C15 0.052294 14.423 4.055 0.198
H31 -0.00898 13.485 4.272 -0.323
H32 -0.00898 14.926 3.274 -0.381
C16 -0.06592 15.294 5.309 0.234
H33 0.010008 16.246 5.107 0.731
H34 0.010008 15.511 5.676 -0.77
H35 0.010008 14.796 6.112 0.784
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CHAPTER 3

DYNAMIC AND SOLVATION BEHAVIORS OF T2EHDGA AND HEH[EHP]: A MOLECULAR

DYNAMICS PERSPECTIVE

An T. Ta 1,2 , Mark P. Jensen2,3 , Shubham Vyas2,4

3.1 Abstract

The Actinide-Lanthanide Separation Process (ALSEP) is a solvent extraction approach for separating

trivalent minor actinides (i.e., americium and curium) from used nuclear fuel. While the ALSEP process is

able to separate actinide from lanthanide ions, molecular-level details of ALSEP such as the complexes

formed, the nature of the interactions bteween extractants, and the chemical mechanism underlying mass

transfer between the phases remain poorly understood. As an extension to our previous study on one of

the proposed organic ligands, 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEH[EHP]), we

studied the solvation and dynamic behaviors of HEH[EHP]'s extraction partner,

N,N,N',N' -tetra(2-ethylhexyl)diglycolamide (T2EHDGA), through molecular dynam ics (MD) simulations.

These simulations investigated the molecular behavior of T2EHDGA in single-ligand and 0.05 M

concentration systems in three solvents (n-dodecane, water, andn-dodecane-water). The e�ects of nitric

acid concentration on the behavior of T2EHDGA and HEH[EHP] were also investigated. Solvation

analyses of T2EHDGA in n-dodecane systems illustrated the in
uence of structural 
exibility as

T2EHDGA did not possess any measurable coordination with the organic diluent, as opposed to

HEH[EHP]. In n-dodecane-water systems, T2EHDGA expressed parallel-like con�gurations relative to the

interfacial plane at both extractant concentrations investigated. At ALSE P concentrations (0.75 M

HEH[EHP] or 0.05 M T2EHDGA), the presence of nitric acid encouraged a shift inHEH[EHP]'s alignment

while T2EHDGA remained una�ected. Calculated self-di�usion constants also showed varying responses

between the two extractants.

3.2 Introduction

Nuclear power is a promising source of energy to limit carbon emissions3. However, management of

used nuclear fuel remains a major challenge16,204,205 . One strategy currently being considered to mitigate

strain on future nuclear waste repositories is to recycle speci�c actinide elements (e.g., uranium and

1Primary researcher and author
2Department of Chemistry, Colorado School of Mines, Golden, Colorado 80401, USA
3Nuclear Science and Enginneering Program, Colorado School of Mines, Golden, Colorado 80401, USA
4Author for correspondence
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plutonium) for unused energy potential and to transmute minor actinide elements with moderately long

half-lives, such as americium and curium, into shorter half-life radionuclides46,168,205 . Removal of

transuranic actinides from the waste greatly reduces the long-term heat load and radiotoxicity of the

residual radioactive material that would be sent to high-level waste repositories74,167,168 .

Solvent extraction processes for separating plutonium and uranium have been extensively researched,

developed, and implemented at the industrial scale169,170 . However, the partitioning and transmutation of

the americium and curium in used nuclear fuel remains a di�cult task due to the chemical and physical

similarities between trivalent actinide and lanthanide ions. Trivalent lanthanides are abundant in used

nuclear fuel, and particular lanthanide nuclides interfere with the nuclear processes necessary to transmute

the actinides206,207 . Therefore, a simple and e�ective industrial-scale extraction process is desired to

separate americium and curium from lanthanide �ssion products following the removal of uranium and

plutonium from dissolved used fuel. Several solvent extraction processes have been developed to target this

di�cult separation including the SANEX, GANEX, and advanced TALSPEAK proces ses (acronyms are

de�ned in in Supporting Information), as well as the recently developed Actinide-Lanthanide Separation

Process (ALSEP)46,164,168,169 . However, each of these processes have drawbacks at the industrialscale.

The ALSEP process was developed to simplify the older TALSPEAK and advanced TALSPEAK 46,47 ,

processes. In ALSEP, trivalent americium, curium, and lanthanidesdissolved in 3 { 4 M nitric acid, are

extracted by a mixture of N,N,N',N' -tetra(2-ethylhexyl)diglycolamide (T2EHDGA, Figure 3.1) and

2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEH[EHP], Figure 3.1) dissolved in an aliphatic

diluent such asn-dodecane. The americium and curium are then isolated from the lanthanides by selective

stripping of the actinides from the organic phase at a higher pH with an aminopolycarboxylate ligand.

Unfortunately, the kinetics of actinide stripping can be too slow to achieve full thermodynamic separation

at a reasonable rate55,208 . Since the stripping chemistry of ALSEP is directly derived from that of the

TALSPEAK process, its chemistry is expected to be similar and, hence, the kinetics of the ALSEP process

are believed to be controlled by the rates of chemical reactions occurring at or near the interface between

the aqueous and organic phases as was previously observed for the TALSPEAK process58,172,173 .
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Figure 3.1 Structure of (A) HEH[EHP] and (B) T2EHDGA. Oxygen atoms are depicted in red,
phosphorous in orange, carbon in green, nitrogen in blue, and hydrogen in white spheres. Note that
hydrogens bonded to carbon were removed for simplicity. Labelling scheme for structures: (A) ester oxygen
(O1), hydroxy oxygen (O2), phosphoryl oxygen (O3), ethyl carbon (E1/2), and hexyl carbon (H1/2); (B)
ether oxygen (O1), amide oxygen (O2/3), amide nitrogen (N1/2), ethyl carbon (E1/2/3/4) and hexyl
carbon (H1/2/3/4).

To improve the kinetics of the actinide/lanthanide separation step in ALSEP, it is essential to

understand the process at a fundamental level. Several investigations have examined the speciation and

interactions of ligands in the organic phase, the actinide complexes formed, and the e�ects of impurities on

the ALSEP process209{211 . However, the behaviors of the ligands and metals at the liquid-liquid interface,

which governs the kinetics of the pase transfer reactions, is far fromcomplete. Previously, we reported on

the dynamics of HEH[EHP] at the n-dodecane-water interface in the absence of nitric acid using molecular

dynamics (MD) simulations 164. We showed that the orientation of the ethylhexyl substituents as well as

coordination around the ester oxygen are important factors for understanding the interfacial behavior of

HEH[EHP]. However, our previous work did not evaluate the impact of acid on the HEH[EHP]'s interfacial

behavior and, therefore, the results were not directly connectedto the ALSEP process where the aqueous

phase always contains some concentration of protons. Herein, MD simulations were performed on systems

containing either HEH[EHP] or T2EHDGA to understand their relative mole cular behaviors at the

interface and how the presence of acid impacts these behaviors. Analyses were performed on T2EHDGA

containing systems with water, n-dodecane, andn-dodecane-water solvents. In addition, systems

containing water (water and n-dodecane-water) were additionally simulated with a 3.0 M nitric acid

concentration in the aqueous phase to gauge acid e�ects on the molecular behaviors of HEH[EHP] and
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T2EHDGA. By investigating the impact of ligand concentration (for T2EHDGA sy stems) and the

introduction of nitric acid (for HEH[EHP] or T2EHDGA systems), this work aims to provide molecular

insight on the chemical mechanisms underlying ALSEP chemistry at the aqueous-organic interface.

3.3 Computational Methods

3.3.1 Molecular Dynamics Force Fields

Geometry optimizations and charge modi�ed Generalized Amber Force Fields (GAFF) parameters for

HEH[EHP] and n-dodecane were taken from earlier work164. Structural information for T2EHDGA was

obtained through optimized geometry calculations carried out via the Gaussian09 software package174.

Similar to previous ab initio protocols164,180 , optimizations were carried out using the same level of theory

(M06-2X//6-311G(2d,d,p)) while partial atomic charges were obtained using the restrained electrostatic

potential (RESP) method at MP2/cc-PVTZ//M06-2X/6-311G(2d,d,p) level of theory ( Table 3.10

Supporting Information). In this study, nitric acid was only present in the aqueous phase and, therefore,

was considered to be completely dissociated. Hydronium ions were implemented using parameters obtained

from Jang et al.212 while nitrate ions were represented with charge modi�ed GAFF parameters that were

generated via the same protocols used for T2EHDGA (Table 3.11, Supporting Information). Water was

modeled using the SPC/Fw186 
exible water model.

3.3.2 Molecular Dynamics Simulations

Classical MD simulations were performed using the Amber14 software package183 while analyses were

conducted with AmberTools15184, visual molecular dynamics (VMD) 185, and in-house programs fully

described elsewhere164. Independent simulations were conducted for each ligand in two di�erent scenarios:

(1) a single-ligand system containing only one molecule of ligand and (2) a system containing the bulk

concentration of either organic extractant proposed for the ALSEP process (0.05 M for T2EHDGA and

0.75 M for HEH[EHP]), referred to as concentrated systems. T2EHDGA simulations were performed in

n-dodecane, water, water + 3.0 M nitric acid, n-dodecane-water, andn-dodecane-water + 3.0 M nitric

acid. HEH[EHP] simulations were only carried out in water + 3.0 M nitric aci d and n-dodecane-water +

3.0 M nitric acid because the other relevant systems had already been simulated and were previously

reported164. The molecular composition of each MD simulation is reported in Table 3.1.

Simulated systems were initially packed using the PACKMOL program187, which consisted of a random

distribution of constituents unless otherwise noted. All systemswere initially minimized for 5000 steps

using the steepest descent algorithm, followed by another 5000 steps using the conjugate gradient

algorithm. After minimization, an isobaric-isothermal ensemble (NPT) simulation was performed at 298 K
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and 1 atm for 5 ns or until densities, volume, and total energy were converged. All simulations in this

study were performed using the Langevin thermostat188,189 and Berendsen barostat190 (when applicable)

and utilized a 1 fs timestep. NPT ensembles speci�cally used a collision frequency of 5.0 ps for the

thermostat and a relaxation time of 1.0 ps for the barostat. These simulations were followed by a canonical

ensemble (NVT) at 298 K for 20 ns with a collision frequency of 2.0 ps. NVT simulations were utilized for

most post-trajectory analyses except for di�usion coe�cients. Di� usion coe�cients were calculated using

an in-house program from subsequent microcanonical ensemble (NVE) simulations which were performed

for 50 ns.

Table 3.1 Molecular compositions of various MD simulations containing T2EHDGA or HEH[EHP]. All
single-ligand systems contained one ligand while concentrated systems (0.05 M T2EHDGA or 0.75 M
HEH[EHP]) contained 10 HEH[EHP]/T2EHDGA molecules. Note: Biphasic solvent denotes
n-dodecane-water solvent.

T2EHDGA
single-ligand system concentrated system

n-dodecane water HNO3 n-dodecane water HNO3

[HNO3] solvent molecules molecules ions molecules molecules ions
n-dodecane 500 - - 881 - -

0.0 M water - 2000 - - 11099 -
biphasic 500 2000 - 881 11099 -

3.0 M
water - 2000 108 - 11099 600

biphasic 500 2000 108 881 11099 600

HEH[EHP]

3.0 M
water - 2000 108 - 740 40

biphasic 500 2000 108 59 740 40

3.4 Results and Discussion

3.4.1 Solvation Environment of T2EHDGA

To investigate the solvation environment surrounding T2EHDGA, radial di stribution functions (RDFs)

of the diglycolamide's polar atoms and terminal carbon atoms (Figure 3.1) were calculated with respect to

solvent molecules. The coordination number (CN) relative to the �rst solvation sphere was investigated by

integrating the initial peak for each respective atom's RDF. In the case of indistinct peaks or those that

did not exceed the pair-wise correlation function value of unity (g(r) = 1), the CN was considered to be

zero. CNs found in various solvent systems are reported in Table 3.2, all cut-o� distances used for the CNs

determined from RDFs can be found in Table 3.12 and Table 3.13 while RDF plots are shown in Figure 3.6

and Figure 3.7 of the Supporting Information.

In a hypothetical pure water solvent, RDF and CN analyses for T2EHDGA atoms revealed expected

amphiphilic properties. Due to the amphiphilic nature of T2EHDGA, in teractions with water molecules are
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only favorable between its polar atoms (oxygen and nitrogen) while such interactions are unfavorable for

carbon atoms that constitutes its 2-ethylhexyl chains. The favorable and unfavorable interactive behaviors

were observed when comparing the single-ligand systems to concentrated systems. Speci�cally, the relative

size of the �rst solvation sphere surrounding oxygen atoms remained unchanged between the single-ligand

and the 0.05 M systems. Meanwhile, the relative number of carbon atoms possessing a CN with water

molecules decreased. These trends also further support our expectations as the amphiphilic T2EHDGA

molecules sequester their hydrophobic alkyl chains by forming a micellar-like cluster in high-polarity

solvents213. First coordination shell interactions were interestingly not observed for any T2EHDGA atoms

in pure n-dodecane solvent in both single-ligand and concentrated systems. From our previous study

involving HEH[EHP] 164, the phosphonic ligand was observed to coordinate withn-dodecane molecules

regardless of concentration levels. Although such coordination is generally expected for the T2EHDGA

ligand, it is important to remember that CNs are a�ected by the 
exibil ity of the referenced molecular

structure. Previously Feng et al. showed that aliphatic carbon molecules (up to seven carbons) consistently

decreased in solvent CN as carbon chains increased in size, which was primarily attributed to molecular


exibility 214. Moreover, molecular motion (i.e., structural entropy) has also beenshown to be a major

factor in terms of coordination environments as studies have shown that at increased temperatures,

observed CNs for referenced molecule/species also decreased214,215 . Therefore, it is believed that the lack

of T2EHDGA coordination is due to an intramolecular e�ect resulting from the relatively high structural

entropy of the diglycolamide (Figure 3.1). For concentrated systems of T2EHDGA, RDF analyses were

also performed in the context of ligand-to-ligand interactions. In agreement with previously reported

aggregative behaviors of diglycolamides (DGAs)216{218 , T2EHDGA was also observed to coordinate with

itself in n-dodecane solvent. It was observed that the diglycolamide coordinatedwith itself primarily

through the polar amide carbonyl oxygens and, to a lesser extent, throughthe 2-ethylhexyl chains

(Figure 3.2). As a result, the lack of CN to n-dodecane molecules at 0.05 M concentration may also be

attributed to intermolecular e�ects since ligand aggregation is expected to reduce T2EHDGA's overall

structural entropy as well as the accessibility of the ligands by solvent molecules.

In simulations containing n-dodecane-water solvent, T2EHDGA molecules rapidly migrated to the

interface and remained there for the entire NVT production run. Thus, the results discussed for these

systems are correlated to the interfacial behaviors of the digycolamide. From Table 3.2, a shift was

observed between the number of coordinating atoms occurring with the aqueous versus organic phase when

comparing single-ligand to concentrated systems. In single-ligand systems, most of T2EHDGA's atoms

were found to coordinate with the aqueous phase (ca. 69 % of atoms from Table 3.2). At 0.5 M

concentration, CNs with the aqueous phase components were observed to decrease such that only amide
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carbonyl oxygen atoms O2 and O3 possessed a CN of 0.5 and 0.6 with water, respectively. Regarding the

organic phase, CNs withn-dodecane in single-ligand systems was scarce with only H2 carbon participating

in interactions that were discernable while ca. 62 % of the scrutinized carbon atoms coordinated with

n-dodecane at 0.05 M. Polar oxygen and nitrogen atoms did not possess any measurable coordination

interactions with the organic phase at either concentration levels. The relatively larger aqueous

coordination shell observed for T2EHDGA in single-ligand systems and larger organic coordination in 0.05

M systems suggests that the diglycolamide extractant, on average, sits further away from the interface

when concentrations increase from single-ligand to 0.05 M. Similar to the reported steric behavior of

HEH[EHP] 164, T2EHDGA CNs in the single-ligand system also suggest that the diglycolamide exhibits an

orientation that is primarily parallel to the interface at low concentr ations. Even so, the observed increase

in coordination shells between the 2-ethylhexyl carbon atoms and the organic phase at 0.05 M T2EHDGA

does not suggest that the T2EHDGA aliphatic chains are oriented more perpendicular to the interface, as

opposed to HEH[EHP]164. The orientations relative to the interfacial plane were con�rmed via vector angle

analyses of interfacial T2EHDGA alkyl chains as discussed in Section 3.4.3.Instead, the increase in

T2EHDGA-to-dodecane interactions at higher T2EHDGA concentrations appear to be due to increased

penetration of T2EHDGA into the bulk organic phase as the concentration increases. The exact

contribution of aggregation and cooperative migration to the behavior of T2EHDGA in the

n-dodecane-water system is worthy of future study.

Table 3.2 Coordination numbers calculated for T2EHDGA atoms from radial distribution function plots for
single-ligand and 0.05 M (concentrated) systems containingn-dodecane, water, orn-dodecane-water
(biphasic) solvent.

single-ligand system concentrated system
n-dodecane water biphasic solvent n-dodecane water biphasic solvent

atom solvent solvent to n-dodecane to water solvent solvent ton-dodecane to water
O1 0 0 0 3.8 0 0 0 0
O2 0 0.5 0 0.6 0 0.6 0 0.5
O3 0 0.7 0 0.7 0 0.7 0 0.6
N1 0 0 0 1.3 0 0 0 0
N2 0 0 0 1.3 0 0 0 0
E1 0 5.2 0 0 0 0 1.5 0
E2 0 5.2 0 1.5 0 4.7 0 0
E3 0 5 0 0 0 0 2.1 0
E4 0 5.8 0 1.4 0 0 0 0
H1 0 4.5 0 1.3 0 4.6 2.7 0
H2 0 6.4 2.7 0 0 5.4 2.4 0
H3 0 6.3 0 1.3 0 4.9 1.7 0
H4 0 0 0 0 0 0 2.1 0
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For concentrated systems, ligand-to-ligand interactions were also investigated to understand the

interactions between polar head groups, 2-ethylhexyl carbon chains, andpolar head groups to 2-ethylhexyl

carbon chains. The T2EHDGA head group (H) was speci�cally considered to be amide carbonyl oxygens

since these atoms are suspected to be the primary participants for dimer complexation in solution219{221 .

The tail group (T) of T2EHDGA was represented by its terminal hexyl carb on atoms. From Figure 3.2,

dimer complexes were found in all solvents. Notably, in water andn-dodecane-water solvents, a water

bridge was formed that facilitated the dimer aggregates through hydrogen-bonding (H -bonding, Figure 3.3,

left panel, page 61) This is also supported by the ligand-to-solvent CNs reported in Table 3.2. Moreover, in

n-dodecane it was observed that T2EHDGA partially exhibited aggregative behaviors that included

higher-order clusters such as trimers (CN = 1.3 for H-to-H) which is in line with previously reported

aggregation behaviors of tetraalkyl DGAs157,217 . Since no water bridges can be formed in the absence of

water, T2EHDGA's H-to-H in the n-dodecane solvent system stems exclusively from close approach

interactions (Figure 3.3, right panel, page 61).H -bonding interactions observed in systems containing

aqueous solvent are not surprising as such behaviors have been previously reported in literature on water

extraction by T2EHDGA 156,218 and other tetraalkyl DGAs 216,222 . T-to-T interactions also showed

expected behavior such that water solvent systems contained the largest intermolecular CN between the

2-ethylhexyl chains, which is another indication of T2EHDGA's tendency to form a micelle when

completely surrounded by polar solvents213.

Figure 3.2 Radial distribution function plots and coordination numbers found for ligand-to-ligand
interactions between T2EHDGA molecules in concentrated systems containing (A) water, (B) n-dodecane,
or (C) n-dodecane-water solvent. CNs are reported with respect to T2EHDGA's head group, H, and alkyl
chains, T, which are represented by amide carbonyl oxygen O1/O2 and terminal carbon atoms, respectively.

In contrast to pure water, pair-wise correlation functions associatedwith H-to-H interactions revealed a

shoulder peak forming at ca. 3�A in n-dodecane andn-dodecane-water solvents. This shoulder indicates

that there is likely another, less ordered interaction convoluted with the dominant, narrower, peak
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attening at ca. 6 �A. Due to the criteria used for our RDF analyses (considering O2 and O3

simultaneously) and the capabilities of AMBERTools15, compounded RDFs cannot be produced to further

examine the shoulder observed for H-to-H peaks. Even so, qualitative interpretations can still be made

such that the observed shoulder peak likely indicates that there aretwo modes of H-to-H coordination

occurring in n-dodecane andn-dodecane-water solvents. Inn-dodecane solvent, the two modes of

coordination are believed to originate from close approach interactions. From Figure 3.3 (right panel),

T2EHDGA dimers can be formed in either the conventional fashion (close approach A, Figure 3.3) where

both amide carbonyl pairs are coordinating or such that only one pair is coordinated while the opposing

side of each diglycolamide rotates freely (close approach B, Figure 3.3). These putative modes of

coordination are based on previously reported binding modes and aggregationbehaviors of T2EHDGA and

other DGAs 154,217,219{224 . The wider half-width of the shoulder peak in the n-dodecane solvent suggests

that a more labile interaction like close approach B (Figure 3.3, right panel) may be occurring since such

interactions involves the dynamic rotational displacement of one of the carbonyl oxygen pairs. Meanwhile,

the narrower peak is likely due to the more conventional close approach A(Figure 3.3, right panel), more

similar to what has been observed when there areH -bond assisted dimers and is supported by Figure 3.5

in Supporting Information which shows the maxima of this peak occurring at ca. 5.5 �A in all three

solvents. From Table 3.2,H -bonding interactions are present inn-dodecane-water solvent and the shoulder

peak observed in the biphasic solvent suggests that close approach B interactions (Figure 3.3, right panel)

also occurs simultaneously.

Quantitatively, the amplitude of the pair-wise correlation function peaks can be interpreted as the

probability for observing the speci�c interactions scrutinized. Comparisons of the solvent systems revealed

amplitudes increasing in the order of water< n-dodecane< n-dodecane-water solvents (i.e., the highest

probability of dimer formation was observed in the biphasic solvent). The observed trend can be explained

through the intermolecular interactions involving ligand-to-ligand and ligand-to-solvent. In water solvent,

H -bonding assists in dimer formation, however, T2EHDGA is surroundedby an unfavorable solvent which

causes the diglycolamide to simultaneously strain itself in attemptto sequester its alkyl chains. In

n-dodecane, the extractant is now present in a favorable diluent but only close approach interactions are

possible between the dimer clusters. Inn-dodecane-water solvent,H -bonding interactions, now possible

because of the presence of water, assist in dimer formation and the presence of the organic solvent

eliminates the need for intramolecular strain to form micellular-like structures.
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Figure 3.3 Coordination modes for T2EHDGA dimers. The left shows hydrogen-bond (H -bond)
interactions when water bridges are present while the right shows close approach interactions when water
bridges are not present. For close approach, two modes of binding are illustrated where close approach A is
more like H -bond interactions while close approach B has only one coordination due to T2EHDGA's
intramolecular motion. Note: 2-ethylhexyl chains of T2EHDGA are not speci� ed for clarity.

Collating ligand-to-ligand interactions found for T2EHDGA and those previously reported for

HEH[EHP] 164 reveals the impact ofH -bonding and structural entropy. HEH[EHP] was only observed to

form dimers (between its head group) inn-dodecane solvent and comparisons show H-to-H interactions for

HEH[EHP] retaining a slightly smaller half-width (ca. 0.4 �A) 164 than that observed for T2EHDGA (ca.

0.8 �A). From Figure 3.1, HEH[EHP] can possessH -bonds through the hydrogen atom of its hydroxyl

substituent without the need of water and its relatively smaller half-width suggests that such interactions

can assist in a less labile head group dimer. Notably, the larger half-width observed for T2EHDGA can

also be attributed to a relatively large range of intramolecular motion allowed by its structure. For systems

containing water, the lack of dimeric clusters for HEH[EHP] and the observed dimer formation for

T2EHDGA further emphasizes the impact of structural 
exibility. I n water, T-to-T interactions were

observed to have a CN of 4.1 for HEH[EHP]164 while T2EHDGA had a CN of 1.6. For both extractants,

such interactions are driven by the need to sequester the ethylhexyl chains from the unfavorable water

solvent. In the case of T2EHDGA, this need can still be met while retaining a dimer simultaneously.

However, dimerization of HEH[EHP]'s more restrained structure unlikely allows for su�cient isolation of its
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aliphatic chains and, therefore, the phosphonic ligand was observed to form a micellular-like cluster rather

than a dimer. In n-dodecane-water, the di�erence in observing formed dimers by T2EHDGA and none for

HEH[EHP] 164, however, cannot be con�dently evaluated due to the di�erence in interfacial saturation

between HEH[EHP] (0.75 M) and T2EHDGA (0.05 M) studied systems.

3.4.2 Self-Di�usion of T2EHDGA

The rate of extraction can also be a�ected by the amount of time it takes for a ligand to conform and

align correctly for complexes to form. Therefore, to further understand the dynamic behavior of

T2EHDGA, self-di�usion coe�cients were investigated in the contex t of NVE simulations. While NVT or

NPT conditions may seem more ideal to represent an experimental environment, the microcanonical

ensemble was used as the production run for di�usion analyses since the absence of a thermostat and/or

barostat correction allows for a more accurate depiction of molecular di�usivity. Table 3.3 reports di�usion

constants calculated for the overall diglycolamide structure, whichwere calculated following the previously

reported procedure164. The largest di�usion coe�cient was observed in the single-ligand system containing

pure water and the most signi�cant decrease was also observed in this solvent when comparing

single-ligand to concentrated systems. The large di�usion coe�cient can be attributed to unfavorable,

repulsive interactions occurring between T2EHDGA and water molecules. This was not unexpected as the

Stokes-Einstein equation136,225,226 shows that self-di�usion is inversely related to the radius of theparticle

in motion. In contrast, comparison of systems inn-dodecane andn-dodecane-water solvents showed

di�usion coe�cients increasing when going from single-ligand systems to 0.05 M T2EHDGA systems. CN

analyses as well as compounded di�usion constants, reveal that such peculiar behavior may be attributed

to the dominant in
uence of T2EHDGA's polar atoms. Recalling the CNs for ligand-to-solvent interactions

in biphasic systems reported in Table 3.2, the increase in CN for carbonatoms to the organic phase

suggests that the di�usivity of the diglycolamide should decrease. From the perspective of the polar atoms,

however, the decrease in interactions with the aqueous phase implies that T2EHDGA, on average, sits

further from the interface and is more prone to di�usion. Regarding n-dodecane solvent, Table 3.2 is not

helpful since there were no observed changes in CNs. Supplementalself-di�usion constants were also

calculated for each atom considered in Table 3.2 to further decipher this trend (Table 3.15 in the

Supplemental Information). It was observed that the self-di�usivi ty of the terminal carbon atoms of the

ethyl and hexyl branches of T2EHDGA's steric bulk primarily remained the same between the

single-ligand and 0.05 M systems. Focusing on the polar atoms though, the self-di�usion of these atoms

was found to signi�cantly increase when comparing single-ligand with concentrated systems. Considering

these observed trends as well as the changes in CNs for then-dodecane-water systems, it is believed that
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the interactions involving T2EHDGA's polar atoms possess a dominant in
uence on the overall ligand's

di�usion at conditions past in�nite dilution and, in turn, explain th e increasing trend observed.

Table 3.3 Overall self-di�usion coe�cients of T2EHDGA in single-ligan d and 0.05 M concentrated systems
containing water, n-dodecane, orn-dodecane-water solvent.

self-di�usion coe�cient (x 10 -5 cm2/s)
solvent single-ligand system concentrated system
water 0.7 � 0.2 0.10� 0.03

n-dodecane 0.06� 0.01 0.112� 0.008
n-dodecane-water 0.05� 0.02 0.10� 0.02

3.4.3 Interfacial Orientations of T2EHDGA

To quantify T2EHDGA's orientation at the interface, unique MD simulati ons were performed in which

a clear interfacial plane was ensured via initial packing ofn-dodecane and water molecules such that the

phases were separate from one another. T2EHDGA molecules were also initially placed about the

interfacial boundary. In this case, all minimization and simulation (NP T and NVT) protocols were

followed as described in Section 3.3.2. Vector angle analyses were performed using an inhouse code as

reported previously164 in which vectors herein were de�ned as amide nitrogen atoms and the respective

hexyl terminal carbons of each chain (4 total, Figure 3.12 in Supporting Information). Table 3.4 reports

the relative frequency distribution of various angles observed throughout the NVT simulation. To provide

more meaningful comparisons, only the average frequencies over all fourvectors (i.e., alkyl chains) are

reported and the complete data set can be found in Table 3.16 in Supporting Information. In both

single-ligand and 0.05 M concentrated systems, the T2EHDGA alkyl chains were observed to

predominantly express orientation angles of 10° - 30° which implies that a more parallel, spread out

conformation is principally expressed by the diglycolamide about the interface. Notably, interfacial

alignments were similar in single-ligand and concentrated systems, though, it was observed that alignments

were more constrained in the 0.05 M T2EHDGA system, which suggest that ligand-to-ligand interactions

causes the extractant's orientation to be less labile than at single-ligand concentrations. T2EHDGA's

predominantly parallel interfacial alignment is counter to the observations reported previously for

HEH[EHP] 164. Regarding HEH[EHP], our previous report suggest that an intramolecular conformation

change occurs such that the ethylhexyl chains align more perpendicularly to the interface 164. The

observations for T2EHDGA suggest that when concentrations were increasedfrom the single-ligand

system, the increase in CNs between relative alkyl chains and the organic phase are achieved via di�erent

mechanisms for each extractant. CN analyses from Table 3.2 and vector anglesobserved in Table 3.4

suggests that the increased carbon-to-n-dodecane CNs are directly correlated to T2EHDGA sitting, on
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average, further from the interface.

Table 3.4 Average relative frequency of angles exhibited by T2EHDGA alkylchains at the interface in
single-ligand and 0.05 M (concentrated) systems ofn-dodecane-water solvent.

relative frequency (%)
angle to interface (� ) single-ligand system concentrated system

0 0 ± 0 0 ± 0
10 21± 11 19± 2
20 18± 8 17 ± 2
30 13± 4 15 ± 1
40 10± 3 13 ± 1
50 10± 4 12 ± 1
60 10± 5 10 ± 1
70 9 ± 6 8 ± 1
80 7 ± 7 5.1 ± 0.6
90 3 ± 3 1.6 ± 0.3

3.4.4 E�ects of Nitric Acid on HEH[EHP] and T2EHDGA

Nitric acid is a major component in ALSEP as changes in the aqueous acidity areused to drive the

extraction and stripping of transuranic ions. During the extraction stage of ALSEP, trivalent lanthanide

and actinide cations are partitioned from ca. 3 M HNO3 aqueous solution by a mixture of HEH[EHP] and

T2EHDGA in the organic phase. Therefore, to provide some comprehensionregarding the impact of nitric

acid on the interfacial behavior of these extractants, single-ligand andconcentrated systems were also

simulated in systems with aqueous solvent containing 3.0 M HNO3. The system compositions for these

simulations are reported in Table 3.1.

Table 3.5 and Table 3.6 reports the CNs found for T2EHDGA's and HEH[EHP]'s �rst coordination

shell in these acidic systems, respectively. The cut-o� distances used for these calculations are reported in

Table 3.12 and Table 3.14 and their respective RDF plots can be found in Figure 3.8 to Figure 3.11 in the

Supporting Information. Comparing Table 3.2 and 3.5 in water solvent, CNs surrounding T2EHDGA

molecule(s) were largely una�ected by the introduction of nitric acid at both single-ligand and 0.05 M

concentration levels. From Table 3.6, HEH[EHP] also showed a similar response in which CNs principally

remained the same for both the single-ligand and 0.75 M concentration systems. The CNs of carbon atoms,

in the single-ligand systems for both extractants and in concentrated systems for T2EHDGA, were

observed to decrease relative to the acid-free systems when 3.0 M HNO3 was present. This is presumably

due to the enhanced need for the extractants to sequester their alkyl chains from the relatively more polar

aqueous solvent. Notably, water interactions involving carbon atoms of HEH[EHP] at 0.75 M concentration

did not change since the formation of a more micellar-like structure already sequestered its carbon chains
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well enough such that coordination with water was avoided.

Table 3.5 Coordination numbers calculated for T2EHDGA atoms from radial distribution function plots for
single-ligand and 0.05 M T2EHDGA (concentrated) systems containing wateror n-dodecane-water
(biphasic) solvent with 3.0 M HNO3.

single-ligand system concentrated system

atom
water solvent biphasic solvent water solvent biphasic solvent

to n-dodecane to water ton-dodecane to water
O1 0.0 0.0 3.2 0.0 0.0 0.0
O2 0.4 0.0 0.4 0.4 0.0 0.5
O3 0.6 0.0 0.4 0.5 0.0 0.6
N1 0.0 0.0 0.8 0.0 0.0 0.0
N2 0.0 0.0 1.8 0.0 0.0 0.0
E1 3.3 0.0 1.3 0.0 0.0 0.0
E2 3.4 0.0 1.4 0.0 0.0 0.0
E3 0.0 0.0 0.0 0.0 1.5 0.0
E4 0.0 0.0 1.2 0.0 0.0 0.0
H1 0.0 2.4 0.0 0.0 1.8 0.0
H2 0.0 0.0 0.0 0.0 2.4 0.0
H3 0.0 0.0 0.0 0.0 1.4 0.0
H4 0.0 0.0 0.0 0.0 1.6 0.0

Table 3.6 Coordination numbers calculated for HEH[EHP] atoms from radial distribution function plots for
single-ligand and 0.75 M (concentrated) systems containing water orn-dodecane-water (biphasic) solvent
with 0.0 M and 3.0 M HNO3. Data reported for systems with 0.0 M HNO3 were taken from previous
work 164.

0.0 M HNO3 systems
single-ligand system concentrated system

atom water solvent
biphasic solvent

water solvent
biphasic solvent

to n-dodecane to water ton-dodecane to water
O1 0.0 0.0 2.3 0.0 0.0 2.3
O2 0.8 0.0 0.7 0.7 0.0 0.6
O3 0.8 0.0 0.8 0.9 0.0 0.8
E1 5.8 0.7 0.0 0.0 1.5 0.0
E2 6.2 2.4 0.0 0.0 2.2 0.0
H1 5.9 0.0 0.0 0.0 1.7 0.0
H2 6.3 2.9 0.0 0.0 2.0 0.0

3.0 M HNO3 systems
O1 0.0 0.0 1.8 0.0 0.0 1.7
O2 0.5 0.0 0.4 0.4 0.0 0.3
O3 0.8 0.0 0.7 0.7 0.0 0.7
E1 4.3 0.0 0.0 0.0 1.6 0.0
E2 4.5 0.0 0.0 0.0 2.2 0.0
H1 4.4 0.0 0.0 0.0 1.6 0.0
H2 4.8 0.0 0.0 0.0 1.8 0.0

In the n-dodecane-water solvent system, T2EHDGA and HEH[EHP] responded to theacid introduction

di�erently from one another. T2EHDGA showed little response to 3.0 M HNO3 at both single-ligand and
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0.05 M concentration levels while this insensitivity was only observed in concentrated systems of

HEH[EHP]. In the single HEH[EHP] molecule system, CNs between HEH[EHP]'spolar atoms remained

similar but interactions between carbon atoms andn-dodecane were noticeably lessened. Such trends

suggest that the HEH[EHP] molecule may be aligned to be more parallel to theinterface at single-ligand

concentration in the presence of an acidic aqueous phase boundary - this was later con�rmed by vector

angle analyses (vide infra ).

With reference to the NVE ensemble, the e�ects of HNO3 on self-di�usion coe�cients were also

assessed and the overall constants are reported in Table 3.7. T2EHDGA and HEH[EHP] had distinctly

di�erent responses to 3.0 M HNO3. Comparing Table 3.3 and Table 3.7, T2EHDGA's self-di�usion was

observed to primarily decrease at both single-ligand and 0.05 M concentration levels which was expected

given the favorable interactions between T2EHDGA's polar atoms and the nitric acid ions. Notably, only

the single-ligand n-dodecane-water solvent system did not show a signi�cant change in di�usion.

Furthermore, interactions between the polar atoms and nitric acid ionsare expected to be the most

apparent in the single-ligand water solvent system and the largest decrease in the diglycolamide's

di�usivity was also observed for this system, further illustrati ng the major in
uence of T2EHDGA's polar

atoms on its self-di�usion. In contrast, HEH[EHP] was observed to have little change to its self-di�usion

when 3.0 M HNO3 was present.

Table 3.7 Overall self-di�usion coe�cients of T2EHDGA and HEH[EHP] in pu re water and
n-dodecane-water solvents containing 3.0 M HNO3 at single-ligand and 0.05 M T2EHDGA or 0.75 M
HEH[EHP] concentration levels. Note that coe�cients for HEH[EHP] in syste ms without HNO 3 are also
reported for comparison and were taken from previous work164.

self-di�usion coe�cient (x 10 -5 cm2/s)
T2EHDGA

solvent single-ligand system concentrated system
water + 3.0 M HNO 3 0.047� 0.010 0.048� 0.009

n-dodecane-water + 3.0 M HNO3 0.037� 0.011 0.045� 0.008
HEH[EHP]

water 0.17 � 0.09 0.03� 0.02
n-dodecane-water 0.10� 0.03 0.10� 0.01

water + 3.0 M HNO 3 0.10 � 0.02 0.011� 0.006
n-dodecane-water + 3.0 M HNO3 0.2 � 0.1 0.06� 0.03

To further assess the impact of acidic conditions, unique simulations of intially separated phases

containing 3.0 M HNO3 were also performed, and vector angle analyses were calculated as described in

Section 3.4.3 for systems containing T2EHDGA and HEH[EHP], respectively. Table 3.8 reports the average

relative frequency distribution of various angles throughout simulations containing T2EHDGA. At both

the single-ligand and 0.05 M concentration levels, the diglycolamide was observed to display similar
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behavior as before such that the orientations were predominantly parallel to the interface. When compared

to Table 3.4, it was also observed that the acidic aqueous phase had little to no impact on T2EHDGA's

interfacial orientation.

Table 3.8 Average relative frequency of angles exhibited by alkyl chainsof interfacial T2EHDGA under
single-ligand and 0.05 M (concentrated) concentration levels for systems of n-dodecane-water + 3.0 M
HNO3 solvent.

relative frequency (%)
angle to interface (� ) single-ligand system concentrated system

0 0 ± 0 0 ± 0
10 33± 13 26± 5
20 24± 8 21 ± 3
30 15± 2 15.9± 1.4
40 10± 3 12 ± 2
50 6 ± 6 9 ± 2
60 5 ± 5 7 ± 2
70 4 ± 4 5 ± 2
80 3 ± 3 3.0 ± 1.3
90 1.0± 1.0 1.0± 0.5

Table 3.9 reports the vectors found for HEH[EHP] in n-dodecane-water solvent with and without 3.0 M

HNO3. Unlike T2EHDGA, HEH[EHP] showed a distinct change in its orientation upon the introduction of

acid. In the single-ligand system, both of HEH[EHP]'s ethylhexyl chains were observed to express

parallel-like orientations more as the relative frequency for angles of 10° - 30° consistently increased. At

0.75 M concentration, the phosphonic extractant exhibited a peculiar behavior. On one hand, the ester

oxygen containing ethylhexyl chain (ester chain) showed an increase in smaller interfacial angles (10° - 30°)

while the opposing aliphatic chain (alkyl chain) displayed a decrease in angles of the same magnitude. In

fact, relatively larger angles (> 30°), except for 90°, were observed to increase which indicates a shift within

HEH[EHP]'s overall orientation. This shift can be attributed to favorab le H -bonding interactions between

the ester oxygen (P-O-C) and the molecules in the aqueous phase, which causes the extractant to rotate its

alignment about the interface in the concentrated systems. To illustrate this shift in vector angle

distribution, Figure 3.4 shows a histogram of HEH[EHP]'s relative frequency at 0.75 M concentration

levels.
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Table 3.9 Relative frequency of angles exhibited by ethylhexyl chains of interfacial HEH[EHP] in
single-ligand and 0.75 M (concentrated) systems containingn-dodecane-water solvent with 3.0 M HNO3.
Note that "alkyl chain" refers to the aliphatic side chain while \ester c hain" refers to the opposing chain
containing ester oxygen. Distributions found for systems without HNO3 are also reported for comparison
and were taken from previous work164.

relative frequency (%)
single-ligand system

0.0 M HNO3 3.0 M HNO3

angle to interface (� ) alkyl chain ester chain alkyl chain ester chain
0 0.0 0.0 0.0 0.0
10 25.8 31.0 63.7 46.0
20 19.1 24.3 23.5 37.3
30 13.0 14.1 6.3 12.0
40 10.0 8.7 2.6 2.3
50 9.8 6.5 1.8 1.0
60 9.3 5.6 1.3 1.0
70 7.4 4.8 0.6 0.4
80 4.2 3.5 0.1 0.1
90 1.4 1.5 0.0 0.0

concentration system
0 0.0 0.0 0.0 0.0
10 22.8 29.6 9.1 34.6
20 19.2 22.1 9.7 28.0
30 14.6 15.0 12.0 20.5
40 11.7 10.8 16.0 11.5
50 10.2 8.4 20.1 4.1
60 8.7 6.3 15.6 1.0
70 6.7 4.3 10.6 0.2
80 4.5 2.5 5.2 0.01
90 1.6 0.9 0.0 0.0

Figure 3.4 Relative frequency distribution of interfacial vector angles analyzed for concentrated (0.75 M)
systems of HEH[EHP]. Note that "alkyl chain" refers to the aliphatic side chain while \ester chain" refers
to the opposing chain containing ester oxygen. Distributions found for systems with 3.0 M HNO3 are
shown in dashed bars (denoted by \AS" in legend) while those found in systems without HNO3 are
represented by solid bars and were taken from previous work164.
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3.5 Conclusion

In this study, MD simulations were performed on systems exclusively containing T2EHDGA as an

extension to our previous work164, which investigated its phase modi�er, HEH[EHP], for the ALSEP

process. CN analyses on T2EHDGA inn-dodecane solvent systems revealed the impact of structural

entropy. Unlike HEH[EHP], T2EHDGA was observed to have no ordered �st solvation shells with the

organic diluent which can be attributed to its superior molecular 
ex ibility. In n-dodecane-water system,

T2EHDGA interactions between the aqueous and organic phases suggest that, onaverage, the

diglycolamide sits further away from the interface when ligand concentrations increased from single-ligand

to 0.05 M. This suggests that the kinetic rates for T2EHDGA extraction systems may be observed to

decrease as concentrations increase from in�nite dilution to 0.05 M. Moreover, scrutiny on the dimeric

aggregates formed inn-dodecane andn-dodecane-water solvent systems at 0.05 M T2EHDGA, showed

that two types of interactions are likely present and infers that there may be two unique separation

mechanisms performed by T2EHDGA.

Self-di�usion analyses showed that T2EHDGA's polar atoms had a dominant in
uence on its overall

di�usivity. These observations further emphasize the importanceof T2EHDGA's amide carbonyl oxygen

and provides insight on the e�ects of their intermolecular interactions regarding separation kinetics that

may be di�usion controlled. The diglycolamide was also observed to retain a parallel-like orientation with

respect to the interfacial plane in both the single-ligand and respective ALSEP concentration (0.05 M)

systems. The retainment of a more parallel orientation suggests that thediglycolamide's extraction

mechanism likely involves the amide carbonyl oxygen atoms penetrating the aqueous phase through an

intramolecular conformation change while the diglycolamide remains aligned with the interfacial surface.

To further gain insight on the chemistry involved with the proposed ALSEP extractants, simulations of

water and n-dodecane-water solvent were also performed in the presence of 3.0 MHNO3. Regarding

interfacial alignment, T2EHDGA showed no particular response to the presence of nitric acid, while

HEH[EHP] displayed changes both in the single-ligand and its respective concentrated system when nitric

acid was introduced into the aqueous phase. When present in the single-ligand system, HEH[EHP] was

found to retain a more parallel like orientation relative to the interf acial plane, while an orientational shift

occurred at 0.75 M HEH[EHP] to maximize favorable interactions between the acidic aqueous phase and

its ester oxygen. The shift in HEH[EHP]'s orientation illustrates th e e�ects of possessing ester chains,

which suggests that these chains will exhibit more parallel alignments relative to an aliphatic chain.

These MD simulations provides molecular insight into the chemistry of the ALSEP process in the

context of the proposed organic ligands, T2EHDGA and HEH[EHP], respectively. Even so, improvements
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on the setup of the model systems and computational approach are possible in several areas. It is vital to

recall that the ALSEP process involves metal extraction by a joint e�ort from both ligands. Therefore,

studies dedicated towards the inclusion of both extractants simultaneously will be important. Such

investigations are underway. Furthermore, one major component lacking in this study is the presence of

f-element ions. MD simulations of systems containing Eu3+ and/or uranyl have been performed in the

past105,108,135,136,227 , yet the force�eld parameters for these ions have yet to be tested under ALSEP

conditions. We hope to build o� these parameters in the appropriate context and plan to implement such

parameters in future simulations to assess changes, if any, to the behaviors reported herein. Even so, it is

believed that the information obtained in this study will be useful for identifying and describing

partitioning mechanisms involved in the ALSEP process.
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SANEX: Selective ActiNide EXtraction
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Aqueous Komplexes
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3.7.2 Optimized Geometry and Charge Values Used for Molecular Dynamics S imulations

Table 3.10 Calculated relativisitc charges and coordinates forN,N,N',N' -tetra(2-ethylhexyl)diglycolamide
(T2EHDGA).

coordinates
atom charge (a.u.) x y z
C25 -0.11514 3.54 1.42 0
H41 0.01959 2.65 1.902 0.414
H42 0.01959 4.282 2.199 -0.191
H43 0.01959 3.264 0.977 -0.961
C24 0.06448 4.075 0.353 0.949
H39 0.001589 4.385 0.82 1.892
H40 0.001589 4.97 -0.11 0.517
C23 0.01 3.049 -0.744 1.232
H37 0.022046 2.155 -0.288 1.675
H38 0.022046 2.756 -1.192 0.279
C22 -0.14933 3.605 -1.821 2.165
H35 0.043134 3.741 -1.389 3.164
H36 0.043134 4.61 -2.098 1.818
C21 0.005191 2.783 -3.109 2.314
H34 0.026521 3.29 -3.699 3.086
C26 -0.02212 1.344 -2.881 2.82
H44 0.011074 1.02 -3.78 3.356
H45 0.011074 1.366 -2.078 3.564
C27 -0.02042 0.286 -2.562 1.759
H46 0.006533 0.122 -3.407 1.087
H47 0.006533 -0.671 -2.345 2.24
H48 0.006533 0.552 -1.7 1.146
C16 -0.12845 2.782 -3.954 1.033
H25 0.08807 2.365 -3.39 0.199
H26 0.08807 2.155 -4.838 1.181
N2 -0.01864 4.112 -4.409 0.63
C15 -0.12845 4.655 -5.573 1.33
H23 0.08807 4.672 -5.345 2.399
H24 0.08807 5.695 -5.715 1.037
C17 0.005191 3.878 -6.88 1.091
H27 0.026521 2.914 -6.823 1.615
C18 -0.14933 4.658 -8.055 1.695
H28 0.043134 4.056 -8.964 1.592
H29 0.043134 5.571 -8.217 1.106
C19 0.01 5.033 -7.895 3.17
H30 0.022046 4.148 -7.586 3.741
H31 0.022046 5.778 -7.101 3.288
C20 0.06448 5.595 -9.183 3.771
H32 0.001589 4.851 -9.98 3.673
H33 0.001589 6.467 -9.496 3.188
C30 -0.11514 5.988 -9.022 5.235
H55 0.01959 5.125 -8.731 5.841
H56 0.01959 6.387 -9.951 5.648
H57 0.01959 6.752 -8.249 5.352
C31 -0.02212 3.596 -7.09 -0.4
H58 0.011074 3.055 -6.22 -0.784
H59 0.011074 4.552 -7.123 -0.939
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Table 3.10 Continued.

coordinates
atom charge (a.u.) x y z
C32 -0.02042 2.793 -8.352 -0.711
H60 0.006533 1.877 -8.387 -0.113
H61 0.006533 2.503 -8.376 -1.764
H62 0.006533 3.362 -9.262 -0.506
C4 0.35669 4.746 -3.741 -0.367
O3 -0.54874 4.269 -2.77 -0.932
C2 0.292553 6.113 -4.253 -0.813
H3 -0.00753 6.054 -5.302 -1.137
H4 -0.00753 6.403 -3.639 -1.671
O1 -0.33643 7.048 -4.12 0.239
C1 0.04234 8.341 -4.513 -0.177
H1 0.057013 8.769 -3.771 -0.859
H2 0.057013 8.29 -5.475 -0.696
C3 0.351036 9.195 -4.781 1.054
O2 -0.5395 9.388 -5.95 1.357
N1 0.059241 9.726 -3.758 1.776
C6 0.022182 9.436 -2.304 1.688
H7 0.077587 10.238 -1.873 2.29
C11 -0.0519 8.131 -1.95 2.412
H15 -0.02083 7.273 -2.197 1.78
H16 -0.02083 8.058 -2.59 3.299
C12 0.035412 8.078 -0.49 2.857
H17 -0.00869 8.955 -0.267 3.478
H18 -0.00869 8.137 0.177 1.991
C13 0.018394 6.808 -0.176 3.645
H19 0.004332 6.784 -0.791 4.554
H20 0.004332 5.938 -0.472 3.05
C14 0.018817 6.673 1.297 4.026
H21 -0.00132 7.557 1.609 4.593
H22 -0.00132 6.66 1.903 3.113
C28 -0.06593 5.414 1.572 4.843
H49 0.011248 5.423 1.004 5.776
H50 0.011248 5.322 2.631 5.096
H51 0.011248 4.517 1.283 4.288
C35 -0.06508 9.612 -1.662 0.287
H68 0.010038 10.244 -2.321 -0.312
H69 0.010038 10.202 -0.751 0.428
C36 -0.03285 8.347 -1.267 -0.487
H70 0.028479 8.603 -1.039 -1.525
H71 0.028479 7.579 -2.036 -0.483
H72 0.028479 7.893 -0.368 -0.068
C5 -0.10518 10.472 -4.186 2.971
H5 0.05295 10.531 -3.334 3.655
H6 0.05295 9.911 -4.98 3.469
C7 0.089532 11.882 -4.695 2.644
H8 0.021721 11.756 -5.538 1.959
C33 0.020358 12.527 -5.221 3.931
H63 -0.00559 12.599 -4.398 4.653
H64 -0.00559 11.863 -5.969 4.374
C34 -0.06309 13.908 -5.838 3.728
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Table 3.10 Continued.

coordinates
atom charge (a.u.) x y z
H65 0.015212 13.867 -6.655 3.004
H66 0.015212 14.63 -5.102 3.364
H67 0.015212 14.296 -6.241 4.667
C8 -0.04853 12.736 -3.617 1.946
H9 -0.01745 12.093 -2.814 1.572
H10 -0.01745 13.414 -3.153 2.674
C9 0.046245 13.54 -4.145 0.758
H11 -0.01029 12.839 -4.536 0.009
H12 -0.01029 14.158 -4.996 1.068
C10 0.045356 14.426 -3.083 0.114
H13 -0.00681 13.805 -2.231 -0.186
H14 -0.00681 15.132 -2.702 0.861
C29 -0.06381 15.194 -3.609 -1.094
H52 0.007955 15.825 -2.836 -1.54
H53 0.007955 15.839 -4.445 -0.812
H54 0.007955 14.509 -3.967 -1.867

Table 3.11 Calculated relativistic charges and coordination of nitrate ion.

atom coordinates charges (a.u)
x y z

O1 3.54 1.42 0 -0.66515
N1 3.54 0.797 1.079 0.995449
O3 3.54 1.42 2.158 -0.66515
O2 3.54 -0.449 1.079 -0.66515

3.7.3 Radial Distribution Function

Figure 3.5 Overlay of radial distribution function plots of H-to-H inter action found between T2EHDGA
molecules inn-dodecane, water, andn-dodecane-water solvents at 0.05 M concentration. The maxima of
the peaks are denoted by the red bar which occurs at ca. 5.5�A.
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Table 3.12 Cut-o� distances (�A) obtained from radial distribution functions used for coordination num ber
analyses involving T2EHDGA in single-ligand and 0.05 M (concentrated) systems containing n-dodecane,
water, or n-dodecane-water solvent without HNO3. Cut-o� distances ( �A) are also reported for water and
n-dodecane water solvents with 3.0 M HNO3. Biphasic denotesn-dodecane-water solvent.

0.0 M HNO3

single-ligand system concentrated system

n-dodecane water
biphasic

n-dodecane water
biphasic

atom to n-dodecane to water ton-dodecane to water
O1 - - - 6.07 - - - -
O2 - 3.22 - 3.37 - 3.37 - 3.37
O3 - 3.22 - 3.37 - 3.37 - 3.22
N1 - - - 5.32 - - - -
N2 - - - 5.32 - - - -
E1 - 5.47 - - - - 6.82 -
E2 - 5.47 - 5.32 - 5.47 - -
E3 - 5.47 - - - - 7.12 -
E4 - 5.62 - 5.47 - - - -
H1 - 5.47 - 5.47 - 5.47 7.27 -
H2 - 5.62 7.27 - - 5.62 7.27 -
H3 - 5.62 - 5.47 - 5.47 7.12 -
H4 - - - - - - 7.12 -

3.0 M HNO3

O1 n/a - - 6.22 n/a - - -
O2 n/a 3.37 - 3.37 n/a 3.37 - 3.37
O3 n/a 3.22 - 3.22 n/a 3.37 - 3.22
N1 n/a - - 5.32 n/a - - -
N2 n/a - - 5.47 n/a - - -
E1 n/a 5.47 - 5.47 n/a - - -
E2 n/a 5.62 - 5.47 n/a - - -
E3 n/a - - - n/a - 6.82 -
E4 n/a - - 5.47 n/a - - -
H1 n/a - 7.12 - n/a - 6.97 -
H2 n/a - - - n/a - 7.12 -
H3 n/a - - - n/a - 6.82 -
H4 n/a - - - n/a - 6.82 -

Table 3.13 Cut-o� distances (�A) obtained from radial distribution functions used for coordination num ber
analyses involving T2EHDGA-to-T2EHDGA in n-dodecane, water, andn-dodecane-water solvents at 0.05
M concentration. Note that \H" denotes the head group and \T" denotes the tail grou p as described in the
manuscript. Also, biphasic denotesn-dodecane-water solvent.

group n-dodecane solvent water solvent biphasic solvent
H-H 6.97 6.97 7.72
H-T - - -
T-T 7.27 7.57 7.57
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Table 3.14 Cut o� distances (�A) obtained from radial distribution functions used for coordination num ber
analyses involving HEH[EHP] in single-ligand and 0.75 M (concentrated) systems containing water or
n-dodecane-water solvent with 3.0 M HNO3. Note that biphasic denotesn-dodecane-water solvent.

single-ligand system concentrated system
water solvent biphasic solvent water solvent biphasic solvent

atom to n-dodecane to water ton-dodecane to water
O1 - - 5.625 - - 5.625
O2 3.15 - 3.225 3.15 - 3.175
O3 3.25 - 3.225 3.15 - 3.175
E1 5.45 - - - 6.925 -
E2 5.55 - - - 7.125 -
H1 5.55 - - - 7.025 -
H2 5.65 - - - 7.075 -

Figure 3.6 Radial distribution function plots used for coordination analyses of T2EHDGA (A) to water in
water, (B) to n-dodecane inn-dodecane, (C) to water in n-dodecane water, and (D) ton-dodecane in
n-dodecane-water solvents of single-ligand systems.
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Figure 3.7 Radial distribution function plots used for coordination analyses of T2EHDGA (A) to water in
water, (B) to n-dodecane inn-dodecane, (C) to water in n-dodecane water, and (D) ton-dodecane in
n-dodecane-water solvents at 0.05 M T2EHDGA concentration (concentrated system).

Figure 3.8 Radial distribution function plots used for coordination analyses of T2EHDGA to water in
single-ligand (left) and 0.05 M (concentrated) systems containing water + 3.0 M HNO 3 solvent.
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Figure 3.9 Radial distribution function plots used for coordination analyses of HEH[EHP] to water in
single-ligand (left) and 0.75 M (right) systems containing water + 3.0 M HNO3 solvent.

Figure 3.10 Radial distribution function plots for T2EHDGA coordination anal yses to water (left) and
n-dodecane (right) in single-ligand (top) and 0.05 M (bottom) systems containing n-dodecane-water + 3.0
M HNO 3 solvent.
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Figure 3.11 Radial distribution function plots for HEH[EHP] coordination anal yses to water (left) and
n-dodecane (right) in single-ligand (top) and 0.75 M (bottom) systems containing n-dodecane-water + 3.0
M HNO 3 solvent.

3.7.4 Self-Di�usion Coe�cient

Table 3.15 Supplemental self-di�usion coe�cients for di�erent atom s of T2EHDGA in single-ligand and
0.05 M (concentrated) systems containingn-dodecane, water, orn-dodecane-water solvent. Biphasic
denotesn-dodecane-water solvent.

di�usion coe�cient (x 10 -5 cm2/s)
single-ligand system concentrated system

atom n-dodecane water biphasic n-dodecane water biphasic
O1 0.05� 0.02 0.82� 0.05 0.046� 0.013 0.113� 0.012 0.11� 0.02 0.10� 0.02
O2 0.063� 0.012 0.7� 0.3 0.050� 0.019 0.093� 0.011 0.12� 0.02 0.09� 0.02
O3 0.049� 0.014 0.7� 0.4 0.042� 0.006 0.090� 0.011 0.11� 0.02 0.10� 0.02
E1 0.07 � 0.02 0.7� 0.2 0.05� 0.02 0.090� 0.004 0.115� 0.015 0.10� 0.03
E2 0.07 � 0.02 0.7� 0.3 0.05� 0.03 0.091� 0.008 0.12� 0.02 0.09� 0.03
E3 0.06 � 0.02 0.7� 0.3 0.040� 0.014 0.097� 0.019 0.10� 0.02 0.098� 0.013
E4 0.06 � 0.02 0.7� 0.3 0.052� 0.010 0.101� 0.013 0.11� 0.02 0.096± 0.012
H1 0.08 � 0.05 0.7� 0.3 0.055� 0.013 0.087� 0.008 0.08� 0.02 0.087� 0.013
H2 0.10 � 0.04 0.76� 0.15 0.049� 0.012 0.089� 0.008 0.12� 0.02 0.09� 0.03
H3 0.06 � 0.01 0.8� 0.4 0.048� 0.015 0.09� 0.02 0.11� 0.02 0.099� 0.014
H4 0.041� 0.003 0.6� 0.4 0.08� 0.02 0.10� 0.02 0.12� 0.02 0.101� 0.008
N1 0.06 � 0.02 0.7� 0.3 0.05� 0.02 0.090� 0.004 0.12� 0.02 0.09� 0.02
N2 0.047� 0.015 0.7� 0.4 0.042� 0.009 0.096� 0.012 0.11� 0.02 0.096� 0.014

78



3.7.5 Interfacial Vector Angles

Figure 3.12 Vector angles de�ned and used in interfacial orientation analyses of T2EHDGA. Starting and
ending atoms that de�nes each respective vector are labelled in blackwhile vectors are labelled in red (for
subsequent tables in this document).

Table 3.16 Relative frequency (%) of vector angles exhibited by T2EHDGA's four 2-ethylhexyl chains with
respect to the interface in single-ligand and 0.05 M (concentrated) systems containingn-dodecane-water
solvent with and without 3.0 M HNO 3. Note that each 2-ethylhexyl chain vector is reported as denoted in
Figure 3.12.

0.0 M HNO3

single ligand system concentrated system
angle (� ) chain A1 chain A2 chain B1 chain B2 chain A1 chain A2 chain B1 chain B2

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 17.2 35.7 17.4 12.5 16.2 21.6 33.1 17.0
20 16.0 29.2 15.0 10.7 15.3 19.3 25.1 16.1
30 12.1 18.7 12.7 8.8 13.5 15.2 16.0 15.5
40 11.7 9.1 13.7 7.1 12.6 11.9 9.9 14.6
50 11.9 4.4 13.8 8.7 13.1 9.9 6.4 12.7
60 11.3 2.2 13.1 12.7 11.8 8.4 4.4 10.1
70 10.2 0.6 8.0 16.4 9.6 6.9 3.1 7.6
80 7.2 0.1 5.0 16.2 6.0 4.9 1.6 4.9
90 2.5 0.0 1.2 6.9 2.0 1.8 0.4 1.5

3.0 M HNO3

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 16.3 30.8 42.1 43.3 20.8 23.8 33.1 25.4
20 13.0 21.9 29.4 31.2 17.6 21.3 25.1 21.1
30 13.9 13.9 16.7 16.5 14.4 17.7 16.0 15.3
40 15.3 8.4 8.3 6.6 12.3 14.3 9.9 11.3
50 14.4 5.9 2.9 2.2 11.5 10.0 6.4 9.2
60 13.0 6.1 0.6 0.3 9.8 6.3 4.4 7.3
70 8.1 6.0 0.1 0.0 7.6 3.8 3.1 5.5
80 4.8 5.0 0.0 0.0 4.5 2.1 1.6 3.7
90 1.3 2.0 0.0 0.0 1.6 0.7 0.4 1.2
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CHAPTER 4

BEHAVIORS OF ALSEP ORGANIC LIGANDS: AN ATOMIC PERSPECTIVE DERIVED FROM

MOLECULAR DYNAMICS SIMULATION

Accepted to Solvent Extraction and Ion Exchange

An T. Ta 1,2 , Julian V. A. Golzwarden2, Mark P. Jensen2,3 , Shubham Vyas2,4

4.1 Abstract

Molecular dynamics simulation were performed on mixtures of

N,N,N',N' -tetra(2-ethylhexyl)diglycolamide (T2EHDGA) and 2-ethylhexylphosp honic acid

mono-2-(ethylhexyl) ester (HEH[EHP]) in a n-dodecane-water system in order to understand their

organization and interfacial behavior in the Actinide-Lanthanide Separation (ALSEP) process. The

dynamic behavior and coordination environments of these ligands near the interface were investigated as a

function of aqueous nitric acid concentration from 0.0 { 6.0 M HNO3. To gain a complete molecular

picture on ligand interfacial behaviors, the e�ects of varying acidity were scrutinized in the context of

spatial distributions of the ligands within a given phase, chemical interactions, interfacial orientation and

ligand conformation. While the composition of the interfacial solvent mixing region changed with

increasing acidity, the behavior of both ligands exhibited very little response to the varying acid levels but

in their own distinct manner. HEH[EHP] was found to express a speci�c interfacial behavior marked by a

stronger a�nity for the interface, with the polar POOH head group being or iented toward the interface

and the alkyl chains residing in a constrained conformation. The larger and more 
exible extractant,

T2EHDGA, is less strongly associated with the interfacial region, on average resides deeper into the

organic phase, and displays orientations and conformations that are more likethose of bulk organic phase

T2EHDGA molecules than the ordered HEH[EHP] molecules.

4.2 Introduction

Many countries have yet to �nalize plans for long-term handling of high-level nuclear waste7,8 and the

management of used nuclear fuel. One strategy to reduce the burden of high-level radioactive waste is

partitioning and transmutation where minor actinides such as neptunium, americium, and curium are

separated from the used fuel and converted to shorter-lived isotopesin advanced nuclear reactors. However,

1Primary researcher and author
2Department of Chemistry, Colorado School of Mines, Golden, Colorado 80401, USA
3Nuclear Science and Enginneering Program, Colorado School of Mines, Golden, Colorado 80401, USA
4Author for correspondence
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e�cient transmutation of minor actinides in these reactors requires the separation of the minor actinides

from �ssion product lanthanide elements, a herculean task that has challenged the hydrometallurgy

community for decades and spurred research into a variety of separationsystems206,228{231 .

The Actinide-Lanthanide SEParation (ALSEP) process was recently developed to separate americium

and curium from lanthanides46. It is a simpli�ed liquid-liquid extraction process that uses a combination of

two organic ligands, 2-ethylhexylphosphonic acid mono-(2-ethylhexyl)ester (HEH[EHP]) and

N,N,N',N' -tetra(2-ethylhexyl)diglycolamide (T2EHDGA) in n-dodecane combined with an aqueous phase

containing either nitric acid, for extraction of the trivalent lanthan ides and actinides, or an

actinide-selective aminopolycarboxylate ligand, for selective stripping of the actinides. While the ALSEP

process is able to separate actinide and lanthanide ions, molecular-level details, such as the complexes

formed, the nature of the interactions between various used ligands, and the chemical mechanism of mass

transfer between the phases, remain poorly understood and present a barrier to improving the extraction

kinetics of the process.

Mass transfer between the aqueous and organic phases is essential to liquid-liquid extraction and

requires solutes to cross the boundary between the two immiscible phases. The interfacial region, or solvent

mixing zone, between the bulk aqueous and organic phases displays a chemical environment that is distinct

from either phase232. A key property of the interfacial region is that surface active extractant molecules

tend to concentrate in this hybrid chemical environment, a�ectin g the rates of mass transfer between

phases. The importance of such hybrid chemical environments is borne from computational studies of the

PUREX process, which uses tri-n-butyl phosphate (TBP) as the extractant. Those studies have shown

that solvent heterogeneity stemming from solvent mixing likely plays an important role in the phase

transfer of aqueous species into the organic phase88,92,93 . Such mixing also has been shown to be a�ected

by the concentration of the surfactant in a liquid-liquid extraction system233{235 . In short, the interfacial

region of a biphasic system often dictates the kinetics of liquid-liquid extraction 98,232,236,237 . From a

molecular perspective, it is then vital to understand the interfacial alignment of relevant surfactants to

acquire crucial intuition for improving extraction kinetics. Howe ver, little has been done to model the

e�ects of polar aqueous solutes, such as nitric acid, on ligand behavior inthe interfacial region88,238 .

Aqueous nitric acid is the aqueous solvent of choice in the extraction stages of the ALSEP process, and the

interfacial chemistry of the ALSEP extraction system presents a particularly interesting case to study

because it also contains two distinctly di�erent surface active ligands.

Molecular dynamics (MD) simulations have emerged as important tools forunderstanding fundamental

molecular-level behavior in liquid-liquid extraction systems, especially the species present in the interfacial

region84,85,87,97,136,139,239 . MD simulations have already been used to understand the interfacial behavior of
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the extractant HEH[EHP] in biphasic water-HEH[EHP]/ n-dodecane systems164. However, the ALSEP

organic phase is also comprised of T2EHDGA, and experiments indicate that T2EHDGA and HEH[EHP]

act synergistically in the extraction stages of the ALSEP process57,240 . The work presented here seeks to

discern the molecular-level behavior of the mixture of HEH[EHP] and T2EHDGA in the interfacial region

of the biphasic ALSEP system. MD simulations on biphasic aqueous-organic systems, containing

HEH[EHP] (0.75 M) and T2EHDGA (0.05 M) in n-dodecane, were performed to understand the behaviors

of the extractants at the interface between solvent phases. Independent simulations were performed to

investigate the ligands' interfacial behavior as the aqueous phase changes across a range of acidities relevant

to the extraction step of the ALSEP process. Explicitly, interacti ons of HEH[EHP] and T2EHDGA were

scrutinized to probe changes in coordination properties. Furthermore, the orientations of HEH[EHP] and

T2EHDGA in the interfacial region were investigated as well as each ligands' internal conformation in

order to create a complete molecular level picture of ALSEP extractant behavior in the interfacial region.

4.3 Simulation Methods

4.3.1 Molecular Dynamics Force Fields

Optimized geometries and charge modi�ed Generalized Amber Force Fields (GAFF) parameters for

HEH[EHP] were taken from earlier work164. Structural information for T2EHDGA was also obtained in a

similar fashion and was taken from previous work discussed in Chapter 3. The organic solvent of the

simulated systems was composed ofn-dodecane molecules. Adjusted van-der Waals and charge parameters

for n-dodecane, previously optimized by Voet al.80, were used instead of charge-modi�ed GAFF

parameters in order to avoid overprediction of the attraction betweencarbon atoms and, ultimately, the

unrealistic transition of the organic solution to a gel phase76,241 . In the aqueous phase, water was

represented by the 
exible SPC/Fw 186 model while nitric acid molecules were accounted for with neutral

HNO3, H3O+ ions, and NO3
- ions. Force �eld parameters and geometries for the acid molecules were taken

from Baaden et al.88,96 .

4.3.2 Simulated Systems

Classical MD simulations were performed using Amber14183 and analyzed with AmberTools15184.

Visualizations were performed using Visual Molecular Dynamics (VMD)185. Independent simulations of

0.75 M HEH[EHP]/0.05 M T2EHDGA solutions were performed at four nitric acid concentrations: 0.0 M,

1.0 M, 3.0 M, and 6.0 M. The ratios between neutral HNO3 and its dissociated ions were derived for each

total nitric acid concentration from literature values of the activity c oe�cients and the thermodynamic

equilibrium constant for nitric acid dissociation 242. Overall compositions for each of the MD simulations
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are reported in Table 4.1. For comparison, bulk phase simulations in whichthe extractants were separately

placed in single phasen-dodecane were also carried out. For these simulations, the systemswere comprised

of ten extractant molecules in 500n-dodecane molecules (box dimensions 58.6�A x 58.6 �A x 58.6 �A).

Table 4.1 Molecular dynamics composition of systems investigated. All systems contained 10 T2EHDGA
and 150 HEH[EHP] molecules.

system solvent molecules box dimensions
n-dodecane water HNO3 H3O+ NO3

- X * Y * Z �A
0.0 M HNO3 881 14150 - - - 74.9 x 74.9 x 149.8
1.0 M HNO3 881 13815 5 250 250 75.0 x 75.0 x 149.9
3.0 M HNO3 881 12379 31 734 734 74.5 x 74.5 x 149.0
6.0 M HNO3 881 10607 337 1193 1193 74.3 x 74.3 x 148.6

The simulated systems were initially packed using PACKMOL187 with biphasic juxtaposed solvents.

Constituents were randomly placed in their respective phases (i.e., extractants in the oil phase and acid

molecules in the aqueous phase) with periodic boundaries. All systems were initially minimized for 40,000

steps (30,000 using the steepest descent algorithm and 10,000 steps usingthe conjugate gradient

algorithm). To ensure that systems minimized equally, all minimizations were performed until the �nal

root-mean square (RMS) of the force vectors reached a magnitude of 10-2 . Additional minimization steps

were performed as required while ensuring the last 10,000 steps werealways done with the conjugate

algorithm. Once minimized, systems were equilibrated with an isobaric-isothermal ensemble (NPT)

simulation at 298 K and 1 atm for 20 ns or until the density, volume, and total energy had converged.

Unless otherwise noted, simulations were performed using the Langevin thermostat 188,189 and Berendsen

barostat190 and a 1 fs timestep. NPT ensembles speci�cally used an isotropic pressure coupling method

and a collision frequency of 5.0 ps for the thermostat alongside a relaxationtime of 1.0 ps for the barostat

(this relaxation time was also used for all MDs).

Following the NPT equilibration run, simulated canonical ensembles(NVT) were performed for

computational mixing/demixing and production runs with a collision fr equency of 2.0 ps. As described

previously88,135,243 , phase mixing began at the end of the NPT simulation under an increased temperature

of 500 K with scaled down coulombic interactions (by a factor of 100) for 2 ns. Inthis study, coulombic

interactions were scaled down directly by scaling the partial charges of the respective atoms by 0.1 of their

original value. Demixing was performed by returning coulombic interactions to the original dielectric

constant and temperatures to 298 K for 25 ns. Attainment of interfacial equilibrium after demixing was

based on four criteria: (1) all constituents had returned to their appropriate phase (e.g. extractants in the

organic phase or in the interfacial region on the organic side of the interface), (2) the interaction energies of

HEH[EHP] and T2EHDGA with all other respective constituents had converged (Figure 4.10
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to Figure 4.13 in Supporting Information), (3) the solvent mixing region, as de�ned by density curves

(Section 4.3.3), had converged to� 0.1 % of the total solvent densities, and (4) interfacial surface tension

was converged to ca.� 2 mN/m or less. Notably, interfacial tensions were assessed via the capillary


uctuations method 244,245 in which density pro�les were �tted to obtain tension values. For mor e

information regarding the speci�c protocol utilized, please see Section 4.7.3 in Supporting Information. All

systems required further simulation to meet all four criteria. First, 15 ns (at 298 K) of dynamics was

performed, followed by an intermittent heating run at 367 K which used the Berendsen thermostat190

(time constant of 2.5 ps) to encourage di�usion. This was repeated untilall constituents were found to be

in their respective regions, at which point 15 ns runs (at 298 K) were carried out until the solvent mixing

region had converged. All subsequent simulations were independent ofone another. Despite these e�orts,

simulations of the 6.0 M nitric acid system displayed one HEH[EHP] ligandthat remained in the aqueous

phase and di�usion of the ligand to a distance closer than 7�A from the interface was never observed

(Figure 4.8 in Supporting Information). This HEH[EHP] molecule was omitt ed from the analyses. For bulk

phase systems containing ten ligand molecules, NPT runs were followed by one 10 ns NVT simulation at

298 K. Analyses reported in this study were taken from the last 10 ns of eachconverged system.

4.3.3 Density Pro�le Analysis

For all systems, the principal Z-axis was de�ned to be perpendicular to the interface. The densities of

the solvent and solute molecules were calculated as a function of the Z-coordinate with a resolution of �Z

= 0.2 �A. The interfaces (Gibbs dividing surfaces246,247 ) of the MD boxes were de�ned to be the point of

intersection between the density pro�les of then-dodecane and aqueous solvent molecules, which included

water and nitric acid as applicable. The amount of solvent participating in the mixing region was

calculated by integrating the area under the curve using the boundaries de�ned by the intersecting point

and the Z-coordinate at which the density of that respective solventreached zero (Figure 4.1, page 85).

Notably, the mixing region de�ned by the density of the aqueous solventwas unrealistically large (e.g.,�

20 �A) for systems with 3.0 M and 6.0 M nitric acid due to the partitioning of p olar molecules. In these

cases, the boundary was de�ned as the �rst local minimum from the cross-over point (Figure 4.14

and Figure 4.15 Supporting Information).

4.3.4 Vector/Dihedral Angle and Coordination Analyses

To understand the orientation of the extractants in the interfacial region, only extractants within 7 �A

from the Gibbs dividing surface between the aqueous and organic phaseswere scrutinized. The alignment

of HEH[EHP] and T2EHDGA were characterized by the vector angle,� z , between the principal Z-axis and
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the vector de�ned by pairs of speci�c atoms of each surfactant. As illustrated in Figure 4.2, � z equal to 90°

would indicate completely parallel orientations to the interfacial surface (i.e., XY-plane). The evolution of

� z was followed with respect to time and the angle values reported herein are averages that was taken over

all molecules of each respective species in the interfacial region. The consideration and normalization of the

two interfaces resulting from the use of periodic boundaries mustbe emphasized as the extractant

orientations provided non-representative averages and distributions when the entire MD box was assessed

as a whole (see Figure 4.9 Supporting Information). Intramolecular con�guration of extractants have also

been shown to be critical for complexation mechanisms and extraction138,139,141 . Therefore, analyses of the

conformations of HEH[EHP] and T2EHDGA molecules were also probed by surveying the dihedral angles of

the extractants as a function of time. The same de�nition of the interfacial region mentioned above (� 7 �A

from the Gibbs dividing surface) was also used for both extractants. Being an isotropic liquid, extractants

in bulk phase simulations are expected to not prefer a particular orientation, and the standard deviations

observed in these bulk simulations should be the largest possible. Thus, the standard deviation of the

orientations of the bulk phase simulations were considered the benchmark for comparisons with surfactants

found near the interface to assess the extent in which distinguished interfacial behaviors were expressed.

Figure 4.1 Solvent density pro�les of 0.0 M nitric acid system. Red points denote the intersecting points
(Gibbs dividing surface) and the zero points to de�ne boundaries for integration. Blue line - Aqueous
solvent. Green line - Organic solvent. Highlighted area is consideredto be the solvent mixing region.
Density pro�les presented are labelled for clarity.
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Figure 4.2 Vectors de�ned for angle analyses exhibited by HEH[EHP] and T2EHDGA with respect to the
principal Z-axis. Labelled atoms were also considered for radial distribution function and dihedral angle
analyses. Carbon herein is shown in green, oxygen in red, nitrogen in blue, phosphorus in orange, and
hydrogen atoms are shown in white. Any hydrogen atoms bonded to carbon are not shown for clarity.

Coordination numbers of speci�c atoms (Figure 4.2) were calculated from the radial distribution

functions (RDFs) with a resolution of 0.15 �A and a maximum distance of 20�A. To remain consistent,

cuto� values for the polar and carbon atoms of both extractants were determined systematically in

reference to the 0.0 M HNO3 simulation. When determining cuto� distances, only interactions of polar

atoms (e.g., O and/or P) to water and carbon atoms to n-dodecane were assessed. The minimum distance

in each timeframe was tracked throughout the last 10 ns of the production run and the distances less than

7 �A were subsequently averaged over the evolution of time and atoms of either extractant molecule. The

averages were then used as the cuto� distances for all analyses involving the determination of coordination

numbers (Table 4.6 Suppporting Information).

4.4 Results and Discussion

4.4.1 Extractant Distribution and Coordination with Solvent Molecules

Density pro�les from the MD simulations were used to monitor the extent of solvent mixing in the

interfacial region and the equilibrium distributions of the solutes between the phases as the aqueous nitric
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acid concentration was varied. The percentage of solvent and extractant molecules found in the solvent

mixing region relative to the total number of each molecule in the simulation box are reported in Table 4.2.

Similar to literature reports on the e�ect of nitric acid concentrati on88,238 , the extent of solvent mixing (as

de�ned in Section 4.3.3) in the interfacial region generally increases when more nitric acid is present in the

system, with the largest changes occurring between 3.0 M and 6.0 M HNO3. Notably, 1.0 M HNO 3 had a

larger percentage of solventn-dodecane molecules present in the mixing region. Even so, this isbelieved to

be due to the partitioning of surfactant aggregates that had extracted one nitric acid molecule. Due to the

�nite size e�ects, the displacement of these aggregates causes the organic molecules to be pushed more

towards the interfacial region which can be observed in Figure 4.3 (page 89). While schematic

representations of the aqueous-organic interface often depict a featureless interfacial plane, \interfacial

roughness" previously described in other extraction systems88,92,93 was also observed in this study

(Figure 4.19 in Supporting Information). In contrast to those studies, which monitored solvent

heterogeneities as a function of explicit or implicit change in surfactant concentration, varying nitric acid

concentrations in the ALSEP system had a smaller in
uence on the surface perturbances. Clear changes

were observed when the aqueous acidity was increased from 0.0 M to 1.0 M HNO3, but variations in

roughness (e.g., protrusions) became indistinguishable at higher acidities.

Table 4.2 Proportion of solution components present in the solvent mixing region at di�erent acid
concentrations for equilibrated systems. Participating moleculesare reported as a percentage of the total
mass corresponding to the respective constituent(s). The species \aqueous" refers to both water and nitric
acid molecules when applicable.

molecular species 0.0 M HNO3 1.0 M HNO3 3.0 M HNO3 6.0 M HNO3

n-dodecane 0.29 % 0.71 % 0.46 % 1.21 %
aqueous 0.10 % 0.27 % 0.25 % 0.45 %

HEH[EHP] 89.49 % 93.91 % 91.91 % 79.30 %
T2EHDGA 77.18 % 70.07 % 59.84 % 35.31 %

In the MD simulations, most of the organic extractants were found in the interfacial region regardless of

the aqueous acidity (Table 4.2). This was expected given the previously reported surface activities of

HEH[EHP] 98,248,249 and T2EHDGA 233,250 . The proportion of HEH[EHP] molecules in the interfacial

region remained at ca. 90 % as acid concentrations increased from 0.0 to 3.0 M, dropping modestly when

the aqueous acidity was increased from 3.0 M to 6.0 M HNO3. In contrast, the fraction of all T2EHDGA

molecules observed in the interfacial region decreased consistently from ca. 77 % to ca. 40 % as the

concentration of nitric acid increased from 0.0 to 6.0 M. However, the observed decrease in the fraction of

T2EHDGA and HEH[EHP] molecules in the interfacial region likely is not due to acid-driven changes in

the interfacial behavior of the extractants or the increasing polarity of the interfacial region caused by the
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increasing concentrations of H3O+ and NO3
- ions. Rather, it appears to arise from the initial localization

of most of the extractants in the simulated system at the interface (Figure 4.3, page 89, and Table 4.2),

which is caused by the limited number of extractant molecules in the simulation, and the increasing

extraction of water and nitric acid into the organic phase at higher acidities. The extracted water and acid

is associated with extractant, as is apparent in Figure 4.2 and from experimental results which show the

primary extraction equilibrium to be 57,218,251

H + + NO �
3 + T2EHDGA $ T2EHDGA (HNO 3)3 (4.1)

where the overbars indicate species present in the organic phase. In Equation 4.1, the observed partitioning

of nitric acid by the diglycolamide will increase as the acidity of the aqueous phase increases. Because of

the low concentrations of extractant in the simulated bulk organic phase, extractants must leave the

interface to stabilize the extracted water and acid. T2EHDGA, with lower surface activity than

HEH[EHP], readily leaves the interfacial region to participate in the water- and acid-containing reverse

micellar aggregates. HEH[EHP], on the other hand, is only observed to leave the interface at the highest

acidity, consistent with its substantially higher surface activit y. It is worth noting that the depletion of the

bulk phase concentration is an artifact of �nite size e�ects and, as a result, the systems investigated are

relatively lower in concentration of HEH[EHP] and T2EHDGA when compared to an experimental system.

Even so, this does not impact the work herein as interfacial behavior is the main focus of this study.

From experimental observation, it is known that T2EHDGA readily inter acts with proton-nitrate ion

pairs while HEH[EHP] is an acidic extractant that can exchange its acidic hydrogen for a metal cation or,

in the aqueous phase, simply dissociate to yield EH[EHP]- anions when the acidity is low enough (pKa =

2.4252,253 ). However, this is not the case in the bulk organic phase or at the interface. In the organic phase,

the high partition coe�cient of HEH[EHP] and its propensity to dimeriz e greatly diminishes the e�ective

acid dissociation constant254 of HEH[EHP] in actual biphasic systems (e�ective pKa > 6.3 in the

HEH[EHP]/kerosene { H 2O/NaClO 4 system252). At the interface, interfacial tension measurements are

clear that the pKa values of acidic surfactants such as carboxylic or organophosphorus acids at the

organic-aqueous interface are 2 { 4 log units higher than the pKa of the samemolecule in water248,255,256 .

Therefore, anionic EH[EHP]- would not be present in either the bulk ALSEP system or at the interface

under metal extracting conditions (> 1 M HNO3) and we were able to model the system as containing only

HEH[EHP]. In fact, with a maximum of 14,150 water molecules, our simulations would have to be at least

40 times larger to properly simulate the hydronium ion concentrations present under metal stripping

conditions (pH ca. 4) where anionic EH[EHP]- could be a minor interfacial species.
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Figure 4.3 Density pro�le curves of all MD systems investigated. Water's density pro�le is shaded in blue,
n-dodecane's density pro�le is shaded in green, and H3O+ pro�les are shaded with `X' for more clarity.

Changes in the interaction of extractants with the organic and aqueous phases were investigated by

calculating the coordination numbers of the oxygen and carbon atoms identi�ed in Figure 4.2. Only the

carbon atoms that de�ned the start and end of the steric bulk for HEH[EHP] (C 1, C4, C16 and C11) and

T2EHDGA (C5, C6, C15, C16, C28, C29, C25, and C30) were considered while only the exterior oxygen

atoms, O1/O2 for HEH[EHP] and O2/O3 for T2EHDGA, were analyzed. To compare the total i nteraction

of the extractant species to the organic and aqueous phase, RDFs (Figure 4.20 to Figure 4.23 in

Supporting Information) were calculated between each respective atom and the organic solvent

(n-dodecane) molecules or the aqueous molecules (water and nitric acid molecules as applicable). To gain

statistical insight, the average coordination numbers from all oxygen and carbon atoms with each solvent

were taken, respectively, and these values and their standard deviations are reported in Table 4.3.

As seen in Table 4.3, the number of contacts between the solvent molecules and both the polar and

non-polar portions of the T2EHDGA molecules in the interfacial region changed little with varying nitric

acid concentration. Most statistical di�erences were observed between 0.0 M and 1.0 M systems where the
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number of interactions decreased with respect to the aqueous solvent and increased with the organic

solvent for T2EHDGA's oxygen atoms. For systems containing nitric acid, the only case of a statistically

signi�cant di�erence in the coordination numbers was observed for 6.0M HNO 3 where the small number of

interactions between the oxygen of the diglycolamide andn-dodecane molecules increased by ca. 50 %

compared to the lower acidities. In contrast, no statistically signi�cant trends in the coordination numbers

were observed for interactions involving HEH[EHP] molecules in the interfacial region.

Table 4.3 Average coordination number of interfacial T2EHDGA and HEH[EHP] with respect to the
organic and aqueous phase at various nitric acid concentrations.

T2EHDGA HEH[EHP]
[HNO3] oxygen carbon oxygen carbon oxygen carbon oxygen carbon

to aq. to aq. to org. to org. to aq. to aq. to org. to org.
0.0 M 8.0 � 3.0 � 0.059� 0.5 � 10 � 4 � 0.05 � 0.4 �

0.6 0.9 0.002 0.3 1 2 0.02 0.3
1.0 M 5.7 � 2.3 � 0.15 � 0.6 � 10.2 � 4 � 0.04 � 0.4 �

1.0 0.9 0.09 0.3 0.9 2 0.04 0.3
3.0 M 6.9 � 2.4 � 0.141� 0.6 � 10.2 � 4 � 2 0.05� 0.4 �

0.8 0.9 0.003 0.3 0.9 2 0.04 0.3
6.0 M 6.6 � 2.6 � 0.24 � 0.6 � 10.5 � 4 � 0.06 � 0.4 �

0.6 0.6 0.02 0.3 0.4 2 0.05 0.3

Comparing the coordination numbers for the two extractants given in Table 4.3 reveals interesting

di�erences in their interfacial behaviors. The substantially larger oxygen-aqueous coordination numbers for

HEH[EHP] suggest that the oxygen atoms of the HEH[EHP] molecules sit closer, onaverage, to the Gibbs

dividing surface than the T2EHDGA oxygen. This is in line with the l iterature, which has shown that the

phosphonic acid is more surface active than the diglycolamide233,250 . The coordination numbers of the

non-polar carbon atoms are also evident of this behavior. The T2EHDGA carbon atoms' interactions with

the n-dodecane molecules are slightly larger than for HEH[EHP] while interactions with the aqueous

solvent was slightly smaller, especially for systems that contained nitric acid. This suggests that the

T2EHDGA 2-ethylhexyl groups also are better positioned to interact with n-dodecane molecules compared

to HEH[EHP] and that, on average, T2EHDGA molecules sit farther from the aqueous phase than the

HEH[EHP] molecules in the interfacial region.

4.4.2 Interfacial Orientation

The interfacial region is often critical to the kinetics of liquid- liquid extraction, and the orientation and

alignment of the interfacial surfactants is thought to play an important r ole98,232,236,237 . The orientation of

the extractants was investigated by vector angle analyses on the extractants within 7 �A of the Gibbs

dividing surfaces. The vectores are de�ned in Figure 4.2. As illustrated in Figure 4.9 in the Supporting

Information, periodic boundary conditions creates two interfcial regions of interest for these analyses. In
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this case, Side A refers to the biphasic boundary in which the principal Z-vector is pointing toward the

aqueous phase while Side B has a boundary in which the principal vectorpoints away from the aqueous

region. Due to this fact, vector angles from Side B were normalized (180 -� Z ) with respect to Side A to

perserve the de�nitions provided in Section 4.3.4 and Figure 4.2.

Examining the vector angles,� Z , of the HEH[EHP] species (Table 4.4), it was observed that the

-P(=O)OH head group is primarily oriented perpendicular to the int erfacial surface while the steric bulk of

the HEH[EHP] alkyl chains was relatively more parallel to the XY-plane of the MD box. The

\parallel-like" orientations expressed by the tail ends of the dialkylphosphonic acid is also in accord with

the behavior reported for HEH[EHP] at a non-saturated interface164. Moreover, the ester chain (alkyl

chain with oxygen, O3, ChainO3) is relatively more parallel to the interface than the opposing alkyl chain

(Table 4.4). Presumably, this is due to the increased favorable interactions of the chain with the aqueous

phase stemming from the presence of the oxygen atom, O3. The constancy ofthe average angles, and small

standard deviations, indicate that HEH[EHP]'s orientation relative to th e biphasic interface is relatively

�xed and shows little dependence on the acidity.

Table 4.4 Vector angles,� Z , found for HEH[EHP] and T2EHDGA in the interfacial region. Values reported
are in degrees relative to the Z-axis of the MD box and angles reported forSide B were normalized to
remain consistent to Figure 4.2.

HEH[EHP]
vector 0.0 M HNO3 1.0 M HNO3 3.0 M HNO3 6.0 M HNO3

Side A
Phosphoryl O1 53� 3 52 � 3 54 � 3 53 � 3
Hydroxyl O2 73 � 3 70 � 3 71 � 3 66 � 3

ChainC4 122� 3 123� 3 126� 3 116� 3
ChainO3 117� 4 117� 3 116� 2 126� 4
Side B

Phosphoryl O1 50� 2 53 � 3 55 � 4 59 � 2
Hydroxyl O2 72 � 3 71 � 3 70 � 4 66 � 3

ChainC4 124� 4 121� 4 123� 3 126� 3
ChainO3 116� 3 118� 3 117� 3 118� 4
Side A T2EHDGA

Carbonyl O2 71 � 10 80� 16 101� 16 65� 16
Carbonyl O3 68 � 8 63 � 11 63� 12 57� 13

N1-C28 136� 8 109� 16 127� 15 121� 19
N1-C29 112� 10 126� 14 132� 12 94� 13
N2-C25 119� 9 101� 14 121� 14 90� 13
N2-C30 114� 12 127� 13 108� 11 107� 13
Side B

Carbonyl O2 62 � 17 78� 12 57� 13 72� 11
Carbonyl O3 64 � 13 64� 10 60� 10 108� 13

N1-C28 109� 14 120� 9 128� 9 87 � 8
N1-C29 130� 12 108� 9 116� 18 114� 11
N2-C25 109� 17 99� 10 103� 7 126� 13
N2-C30 127� 12 120� 9 114� 10 105� 11
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Angle analyses of the T2EHDGA molecules in the interfacial regions are also summarized in Table 4.4.

Compared to HEH[EHP], variations within the expressed vector angles were much larger. This can be

attributed partly to the larger degrees of motion allowed by the structure of T2EHDGA relative to

HEH[EHP]. Moreover, the average orientations expressed by the di�erent fragments of T2EHDGA also

were found to be more random than those of HEH[EHP], although they were generally more parallel to the

interface. These vector angles also showed little to no trend regarding the increase in aqueous acidity.

To quantitatively distinguish interfacial behavior in the vector an alyses from that of bulk phase

extractants, analyses of puren-dodecane systems containing ten extractants, representative of bulk phase

extractants, were also carried out for comparison. Speci�cally, the most frequent standard deviation

observed from the bulk phase extractants (Table 4.8 and Table 4.9 in Supporting Information) was chosen

for the comparison of vector angle distribution with those found for four individual interfacial extractants

of each species. The interfacial HEH[EHP] and T2EHDGA molecules used for comparisons herein were

chosen randomly from the sample pool used for previous angle analyses (Table 4.4) at each nitric acid

concentration. Table 4.5 reports the number of individual extractants found to have bulk-like behavior.

The calculated vector angles with standard deviation can be found in Table4.10 of the Supporting

Information. In the context of the individual extractants, it was obser ved that only 39.1 % of the vectors

expressed by the interfacial HEH[EHP] molecules were similar to bulk behavior. T2EHDGA's vectors were

found to display bulk like behaviors more frequently when compared to HEH[EHP], with 43.7 % of the

measured alignments of the interfacial T2EHDGA molecules having distributions similar to the bulk phase

single T2EHDGA system. The 
exibility and hydrophobic nature of the d iglycolamide's steric bulk was

also observed as the primary bulk phase behaviors arose from the alkyl chain vectors while carbonyl

oxygens were less labile, which can be attributed to their attraction to the aqueous phase.

Table 4.5 Number of individual interfacial HEH[EHP] and T2EHDGA molecules (maximum 4) that have
standard deviations, in measured vectored angles, equal to or greater thanextractants in pure n-dodecane.

HEH[EHP]
vector 0.0 M HNO3 1.0 M HNO3 3.0 M HNO3 6.0 M HNO3

Phosphoryl O1 0 / 4 1 / 4 2 / 4 3 / 4
Hydroxyl O2 0 / 4 3 / 4 1 / 4 3 / 4

Chain C4 3 / 4 3 / 4 3 / 4 3 / 4
Chain O3 0 / 4 0 / 4 0 / 4 0 / 4

T2EHDGA
Carbonyl O2 3 / 4 3 / 4 3 / 4 3 / 4
Carbonyl O3 1 / 4 0 / 4 0 / 4 0 / 4

N1-C28 1 / 4 1 / 4 1 / 4 2 / 4
N1-C29 2 / 4 2 / 4 2 / 4 0 / 4
N1-C25 3 / 4 0 / 4 1 / 4 1 / 4
N2-C30 4 / 4 3 / 4 3 / 4 3 / 4
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4.4.3 Extractant Conformations in the Interfacial Region

Aside from the intermolecular orientation of the extractants, the intr amolecular conformations were

also measured to discern each surfactant species' preferred conformation in the interfacial region. Alluding

to Figure 4.2, two combinations of vector planes were de�ned for the HEH[EHP] extractant: P1-O3-C1-C2

and P1-C4-C5-C6. These two dihedrals were speci�cally chosen to understand the conformation near the

biphasic boundary and their distribution, with respect to time, w ere investigated. From Figure 4.4,

HEH[EHP]'s ester chain (P1-O3 alkyl chain) was observed to predominantly express a dihedral angle of ca.

180° and -180°, while the aliphatic chain (P1-C4 alkyl chain, Figure 4.2) primarily di splayed dihedrals of

� 170° and � 70°. This behavior was observed at all nitric acid concentrations. To avoidredundancy,

Figure 4.24 in Supporting Information provides distributions for 1.0 M and 3.0 M nitric acid concentrations.

Notably, the aliphatic chain displayed a wider distribution of angles than the opposing ester chain whose

distribution varied less as the nitric acid concentrations increased. These observations are fully consistent

with the vector angle analysis and suggests a mixed conformation with the ester chain extending somewhat

parallel to the interfacial plane and the aliphatic chain adopting a somewhat perpendicular orientation. In

accordance with observed vector angles and dihedral angles, Figure 4.5 provides a representative depiction

of the average orientation and conformation of the organophosphorus extractants in the interfacial region.

Figure 4.4 Relative frequency distributions of HEH[EHP]'s (Top) P1-C4-C5-C6 and (Bottom)
P1-O3-C1-C2 dihedrals in 0.0 M and 6.0 M nitric acid concentratedn-dodecane-water solvents.
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Figure 4.5 Representative depiction of HEH[EHP] at the interface with scaled vector angles,� z , as well as
dihedral angles of 170° for the ester chain and 110° for the alkyl chain. Note, dihedrals represented here are
averages of dihedral angles observed. Ethyl chains and hydrogen atoms are omitted for clarity. Carbon
herein are depicted in green, oxygen in red and phosphorus is shown in orange.

Dihedral angles of interfacial T2EHDGA molecules were also examined for four combinations of vector

planes: (1) O1-C1-C3-O2, (2) O1-C2-C4-O3, (3) O1-C1-C3-N1, and (4) O1-C2-C4-N2 (Figure 4.2). In this

case, the distribution of dihedral angles was combined into two sets asthe diglycolamide has a symmetrical

plane about its ether oxygen. Speci�cally, dihedrals containing amide nitrogen atoms (O1-C1-C3-N1 and

O1-C2-C4-N2) are reported as one set while the opposing dihedral containingcarbonyl amide oxygen

atoms make up the other (O1-C1-C3-O2 and O1-C2-C4-O3). Like HEH[EHP], Figure 4.6(page 95)

revealed that the overall distribution of dihedral angles in interfacial T2EHDGA molecules exhibited no

discernable response to the increase in aqueous acidity (distributions for 1.0 M and 3.0 M acid

concentratios are reported in Figure 4.25 Supporting Information). In contrast to HEH[EHP], however, the

diglycolamide displayed a much wider range of distributions and more rapid variations in angle. Due to

this randomness, representative depictions of the average conformations were not generated for T2EHDGA.

Compared to extractant molecules in the bulk solvent (Figure 4.7), analysis of the HEH[EHP] dihedral

angles showed that the ester chain of the interfacial extractants expressed a more �xed orientation about

the interface while the opposing alkyl chain was found to more closelyresemble distributions of the bulk

phase extractants. This can be attributed to the ester oxygen of the interfacial HEH[EHP] molecules, O3,

having favorable interactions with the polar aqueous phase that constrain the ester alkyl chain in the

parallel-like orientation, depicted in Figure 4.5, whereas the esterchain of bulk organic phase HEH[EHP]

has no such constraint. Similar to the results obtained from the vector angle analysis of the extractant

orientation, the conformation distribution of interfacial T2EHDGA molecu les were less a�ected by being in

the interfacial region compared to HEH[EHP] and were found to be even lessdistinguishable from its bulk

94



phase counterparts.

Figure 4.6 Relative frequency distributions of T2EHDGA's combined (Top) amide nitrogen containing
(O1-C1-C3-N1 and O1-C2-C4-N2) and (Bottom) carbonyl amide oxygen (O1-C1-C3-O2 andO1-C2-C4-O3)
containing dihedrals in 0.0 M and 6.0 M nitric acid concentrated n-dodecane-water solvents.

Figure 4.7 Relative frequency distributions taken from bulk phase simulations of HEH[EHP]'s (A)
P1-C4-C5-C6 and (B) P1-O3-C1-C2 dihedrals as well as T2EHDGA's combined (C)amide nitrogen
containing and (D) carbonyl oxygen containing dihedrals.
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4.5 Conclusion

The MD simulations of the mixture organic ligands in n-dodecane proposed for the ALSEP process

reveal distinctly di�erent behaviors for HEH[EHP] and T2EHDGA in the i nterfacial region. HEH[EHP]

displayed a stronger a�nity for the interfacial region than T2EHDGA, as re
 ected by the coordination

numbers and the relative populations of each extractant localized near the Gibbs dividing surface. In

addition, the polar head group of the organophosphorus extractants was oriented perpendicularly to the

interface while its ester chain presented a constrained and more parallel-like con�guration. However, the

dihedral angles of the HEH[EHP] P-C alkyl chain indicate that it tends to b e oriented away from the

interface and exhibits higher degrees of intramolecular motion than theester chain. On the other hand,

T2EHDGA had a weaker a�nity for the interfacial region. The average T2EHDGA m olecule sits farther

into the organic phase than the average HEH[EHP] molecule and more readily left the interfacial region to

interact with extracted water and nitric acid. Such �ndings also inf er that HEH[EHP] may act as a

phase-transfer catalyst during the extraction stage of ALSEP. Despite this, T2EHDGA appears to adopt a


exible, generally spread-out conformation that would occupy a large interfacial footprint compared to

HEH[EHP]. While in the interfacial region, neither extractant showed a strong response to variations in the

aqueous acidity at the interface despite known changes in the interfacial tension, enhanced interfacial

roughness, and changes in the polarity of the interface caused by increased concentrations of water and

nitric acid in the solvent mixing region at high acidity. HEH[EHP] retain ed a relatively �xed orientation,

while T2EHDGA demonstrated more poorly de�ned orientations and conformations in the simulated

systems containing 0.0 M, 1.0 M, 3.0 M, and 6.0 M nitric acid. Notably, recent studies on liquid-liquid

extraction systems have pointed to the critical role of solvent heterogeneities and the phase transfer of

polar molecules88,92,93 . As the results reported in this study point towards the interfacial behavior of the

extractants changing little with aqueous acidity, the aforementionede�ect of nitric acid on the interfacial

roughness and composition of the solvent mixing region would be interesting to assess in the context of

experimental mass transfer rates.

These MD simulations provide important insight into the chemistr y of the ALSEP process, but

improvements in the setup of the model system and the computationalapproach are possible in several

areas. First, the equilibrium concentrations of extractants used inour investigation do not re
ect a bulk

concentration of 0.75 M HEH[EHP] and 0.05 M T2EHDGA, which would be more representative of

experimental conditions, because of the �nite size of the box and thelocalization of extractants in the

interfacial region. New computational and experimental studies are underway in which the surface

occupancy of the extractants at a saturated aqueous-organic interface containing appropriate ratios of each
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extractant is being assessed. Once this information is obtained, MD simulations with the appropriate

compositions and concentration gradients more representative of experimental conditions will be carried

out to examine the changes in surface activity and extractant behavior with respect to increasing acidity.

A second way the model could be improved for modeling low acidity systems in the future would be to

account for proton exchange reactions and allow deprotonation of the interfacial HEH[EHP] molecules.

Given the nature of the computational methodology used in this study (Classical MD), bond breaking and

formation for metal-proton exchange or deprotonation of the interfacial HEH[EHP] molecules is not

possible in the present simulations even though HEH[EHP] is a cation-exchange extractant, with an acidic

P-OH group46,257 . Modeling such deprotonation and metal exchange events would be better met through

other approaches such as ReaxFF98 and would require an investigation of systems with substantially more

molecules, though some of the properties of low acidity systems might be captured by introducing a

representative �xed ratio of protonated:deprotonated HEH[EHP] at the int erface for a given acidity.

The third major component lacking in this study is the presence of heavy metal ions. MD simulations

of systems containing Eu3+ and/or uranyl have been performed in the past, yet, these studies implemented

classical energy parameters to represent the metal ions105,108,135,136,227 . Since actinides are of central

importance in the ALSEP process and selective binding to these cations is related to the degree of

covalence in the actinide-ligand bonds258, such classical representations are likely not robust enough to

model the selectivity involved in extraction 259,260 . Recently, parameters for Cm3+ and Am3+ have been

developed by R�eal et al.261 and Marjolin et al.262 in which the polarization of the molecular forces was

explicitly considered. We plan to incorporate these polarizable force �elds in future simulations in hopes of

further understanding the molecular-level mechanisms involvedin the mass transfer of actinides within the

ALSEP process. Thus far, simulations that were performed in this study implemented classical force �elds

which would not necessarily account for requisite charge-transfer interactions. Polarizable force �elds will

also be required for HEH[EHP] and T2EHDGA in order to model extractant behavior and heavy metal

complexation in the near future.
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4.7 Supporting Information

Table 4.6 Cuto� distances used to evaluate coordination numbers in this study.

extractant distance to n-dodecane (�A) distance to aqueous molecules (�A)
T2EHDGA 5.78 5.63
HEH[EHP] 5.78 5.49

Figure 4.8 Snapshot (taken at the last time frame) of 6.0 M HNO3 simulation in which one HEH[EHP]
ligand was found stuck in the aqueous phase. Ligand is shown with vdW setting from VMD. Aqueous
molecules are represented with red surface and the blue surface corresponds ton-dodecane.
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Figure 4.9 Illustration of the two Gibbs dividing surfaces that must be considered due to periodic
boundary. Blue molecules represent then-dodecane while the red molecules represent the aqueous phase.
The axes shown here are the principal axes of the MD box.

4.7.1 Interaction Energies of MD Simulations

Figure 4.10 to Figure 4.13 shows the interaction energies that was calculated for all systems studied

within this report. Speci�cally, energies were calculated usingthe pairwise function of AMBERTools15. It

is worth noting that exact values may be non-representative as the pairwise function of AMBERTools15

does not account for periodic boundary conditions. Even so, the purposeof these analyses is to con�rm

whether MD simulations were converged or not. Only the demixing simulation and the last 30 ns of total

simulation times were analyzed to show that systems had converged following mixing.
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Figure 4.10 Interaction energies of HEH[EHP] and T2EHDGA in the 0.0 M HNO3 system for the demixing
run (left) and the last 30 ns of total simulation (right) which includes the production run.

Figure 4.11 Interaction energies of HEH[EHP] and T2EHDGA in the 1.0 M HNO3 system for the demixing
run (left) and the last 30 ns of total simulation (right) which includes the production run.
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Figure 4.12 Interaction energies of HEH[EHP] and T2EHDGA in the 3.0 M HNO3 system for the demixing
run (left) and the last 30 ns of total simulation (right) which includes the production run.

Figure 4.13 Interaction energies of HEH[EHP] and T2EHDGA in the 6.0 M HNO3 system for the demixing
run (left) and the last 30 ns of total simulation (right) which includes the production run
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4.7.2 Solvent Mixing Region for 3.0 M and 6.0 M HNO 3 Systems

The following Figure 4.14 and Figure 4.15 provides a depiction on how solvent mixing regions were

de�ned when the �rst minimum had to be used due to zero points being unusually far from the GDS

resulting from polar solvent extraction into the organic phase.

Figure 4.14 Solvent density pro�les of 3.0 M nitric acid system. Red points denote the intersecting points
(Gibbs dividing surface) and zero/minimum points used to de�ne the boundaries for integration. Blue line
- Aqueous solvent. Green line - Organic solvent. Highlighted area is considered to be the solvent mixing
region.

Figure 4.15 Solvent density pro�les of 6.0 M nitric acid system. Red points denote the intersecting points
(Gibbs dividing surface) and zero/minimum points used to de�ne the boundaries for integration. Blue line
- Aqueous solvent. Green line - Organic solvent. Highlighted area is considered to be the solvent mixing
region.
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4.7.3 Computational Modeling for Calculating Interfacial Tension for All Systems Studied

Each systems' interfacial tension was determined via proceduresof applying the \capillary 
uctuation

method" 244,245 in which the density pro�le of the organic phase (� org ) and aqueous (� aq) phases were �tted

to Eqs. (4.2) and (4.3)

� dec = 0 :5� bulk � 0:5� bulk � erf (
z � z0p

2wc
) (4.2)

� inc = 0 :5� bulk + 0 :5� bulk � erf (
z � z0p

2wc
) (4.3)

where z0 represents the Gibbs dividing surface (GDS) between each density pro�le, wc is the width due to

thermal 
uctuations, and � dec and � inc are decreasing and increasing density pro�les at each GDS

respectively. Due to implementation of periodic boundary conditions, each system produced two GDSs

and, thus interfacial tensions were taken as an average of each interface considered. Figure 4.16 provides a

representation on how each systems' density pro�le was �tted.

Figure 4.16 Representative depiction of the �ts performed at each interface resulting from periodic
boundary conditions. In this scheme, process is shown only for interface B. For interface A, organic density
pro�le will use the decreasing error function, Eq. (4.2), while aqueous density pro�le would use the
increasing error function, Eq. (4.3).

Density pro�les for each respective phase were considered to be the sum of its constituents' density (e.g.,

organic phase density is composed ofn-dodecane + HEH[EHP] + T2EHDGA pro�les while aqueous phase

density is composed of water + HNO3 components when applicable) to ensure a \sharp" interface for �tting

to Eqs (4.2) and (4.3)244,245 . The bulk density values were calculated from preliminary MD simulations of

a pure organic system (contains 0.75 M HEH[EHP] and 0.05 M T2EHDGA) and four aqueous systems, one
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for each nitric acid concentration in this study. These simulations followed similar minimization protocol as

described in Section 4.3.2 (ensuring a �nal RMS of the force vectors to be a magnitude of 10-2) and then a

5 ns NPT run was performed or until densities, volumes, and total energies were found to be converged. To

ensure consistency, NVT ensembles were subsequently simulatedsuch that 10 ns was used as the

production run to calculate the average total density of each phase system. Simulation parameters

(temperature, pressure, thermostat/barostat models, collision frequency, etc.) were also kept the same as

was detailed in Section 4.3.2 throughout each ensemble. The following relationship between capillary


uctuations, wc, and the interfacial tension, 
 , can then be used to determine the surface tension244,263 :

w2
c =

K B T
2�


ln
L xy

lb
(4.4)

where K B is Boltzmann's constant, T is temperature, L xy is the length along the x or y dimension of the

simulated box, and lb is the bulk correlation length (on the order of molecular length). Estimation of lb was

achieved semi-empirically via density pro�les of a simulated pure n-dodecane-water solvent and

experimentally reported interfacial surface tension (52.55 mN=m) of n-dodecane-water solvent at 25� C264.

All parameters used and found through these �ts are reported in Table 4.7. It is worth mentioning that the

estimation of lb based on a puren-dodecane-water solvent system likely results in erroneous interfacial

tension values. However, convergence is of the main concern and, therefore, such estimations and errors in

absolute values were considered to be acceptable. All interfacial tensions were found to converge by ca.� 2

mN=m or less.

Table 4.7 Bulk densities, bulk correlation lengths, 
uctuation widt h, GDS positions (interface A, B), and
interfacial surface tensions found through the calculations of the thermal width. GDS and interfacial
tension reported are only for the �nal production run.

system � org;bulk (kg=m3) � aq;bulk (kg=m3) lb (�A) wc (�A) z0 (�A) 
 (mN=m)
0.0 M 788.89 1030.12 14.3 1.6 38.3, 111.3 48.2
1.0 M 788.89 1073.90 14.3 2.2 52.7, 126.5 22.42
3.0 M 788.89 1172.84 14.3 1.9 42.7, 115.3 29.9
6.0 M 788.89 1289.46 14.3 2.5 44.3, 117.5 18.8

4.7.4 Consideration of Both Interfaces versus Each Interface Separately with Normalization

Figure 4.17 illustrates the need for separate analyses of each interface when using periodic boundaries.

The �gure shows only the vector angle analyses but dihedral angles analyses were also equally a�ected.

From Figure 4.17, when both interfaces were considered at once, distribution of vector angles were found to

be smeared by results from both interfacial planes. Furthermore, Figure 4.18 conveys the need to normalize

one interface with respect to the other (From Figure 4.2, Side B would need to be normalized in this case)

as the average angles taken without normalization will result in unrepresentative values.
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Figure 4.17 Contour maps showing the distribution of vector angles of HEH[EHP] when the whole box is considered (top), interface of side A
(middle), and interface of side B (bottom) for 0.0 M nitric acid MD syst em.
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Figure 4.18 Average angles of HEH[EHP] vectors found when considering both interfaces of the 0.0 M
nitric acid MD box without normalizing Side B.

4.7.5 Observed Interfacial Roughness

Figure 4.19 Interfacial roughness of MD systems with the interfacial region highlighted in the boxed area.
Snapshots were taken from the last time frame of each production run andonly aqueous molecules are
shown for clarity.
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4.7.6 Radial Distribution Function Plots

Figure 4.20 Radial distribution function used for coordination number analyses for 1.0 M HNO3. Note,
RDFs for T2EHDGA are shown on the left while HEH[EHP] RDFs are shown on theright.
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Figure 4.21 Radial distribution function used for coordination number analyses for 3.0 M HNO3. Note,
RDFs for T2EHDGA are shown on the left while HEH[EHP] RDFs are shown on theright.
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Figure 4.22 Radial distribution function used for coordination number analyses for 6.0 M HNO3. Note,
RDFs for T2EHDGA are shown on the left while HEH[EHP] RDFs are shown on theright.
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Figure 4.23 Radial distribution function used for coordination number analyses for 0.0 M HNO3. Note,
RDFs for T2EHDGA are shown on the left while HEH[EHP] RDFs are shown on theright.

4.7.7 Vector Angle Analyses in Bulk-Phase Simulation

Table 4.8 Vector angles in degrees found for all ten HEH[EHP] extractants inn-dodecane during bulk
phase simulations. Averages and standard deviation were taken with respect to time.

phosphoryl O1 hydroxyl O2 chain C4 chain O3
100 � 40 90� 30 100� 40 80� 40
50 � 30 70� 30 110� 30 100� 40
130 � 30 90� 30 90� 40 80� 30
80 � 20 120� 40 50� 30 80� 30
110 � 30 40� 20 100� 40 90� 40
60 � 30 120� 30 90� 30 70� 30
110 � 30 100� 30 90� 40 50� 20
80 � 30 70� 50 100� 40 110� 30
80 � 40 80� 40 110� 30 90� 40
80 � 30 100� 30 70� 30 100� 40

Table 4.9 Vector angles in degrees found for all ten T2EHDGA extractants inn-dodecane during bulk
phase simulations. Averages and standard deviation were taken with respect to time.

carbonyl O2 carbonyl O3 N1-C28 N1-C29 N2-C25 N2-C30
80 � 30 90� 40 70� 40 60� 30 80� 40 90� 40
80 � 40 110� 40 120� 30 90� 40 120� 40 70� 40
80 � 20 70� 30 100� 20 140� 20 60� 30 100� 30
110 � 20 70� 40 50� 40 90� 40 70� 30 90� 30
120 � 20 60� 30 80� 30 80� 30 50� 20 120� 20
90 � 30 110� 40 110� 20 110� 30 120� 20 60� 20
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Table 4.9 Continued.

carbonyl O2 carbonyl O3 N1-C28 N1-C29 N2-C25 N2-C30
80 � 20 110� 30 130� 20 90� 50 130� 30 60� 20
90 � 30 80� 30 120� 30 60� 20 100� 30 100� 30
70 � 40 110� 20 80� 40 80� 40 90� 30 70� 20
120 � 20 80� 40 70� 30 100� 30 70� 30 110� 40

4.7.8 Comparisons of Interfacial Vector Angles to Bulk Phase Simulation

Table 4.10 Representative standard deviations of vector angles in degreesfound for bulk phase HEH[EHP]
and T2EHDGA in n-dodecane compared to those of extractant molecules at the interface. Averages and
standard deviation were taken with respect to time.

HEH[EHP]
vector bulk phase 0.0 M HNO3 1.0 M HNO3 3.0 M HNO3 6.0 M HNO3

120 � 20 40� 16 40� 20 130� 30
Phosphoryl O1 � 30 120� 20 120� 40 120� 30 120� 20

40 � 20 50� 20 60� 30 50� 30
40 � 20 120� 30 130� 20 130� 30
120 � 20 90� 30 80� 20 110� 30

Hydroxyl O2 � 30 120� 30 110� 30 100� 40 110� 30
80 � 20 70� 18 60� 20 70� 30
80 � 30 110� 30 100� 20 100� 20
60 � 30 130� 20 130� 20 50� 30

ChainC4 � 30 50� 30 50� 30 70� 30 60� 30
130 � 30 50� 30 100� 30 110� 30
130 � 20 50� 30 70� 30 40� 20
50 � 18 100� 30 90� 20 70� 20

Chain O3 � 40 60� 30 50� 20 70� 20 70� 30
120 � 30 60� 30 125� 15 120� 20
130 � 20 60� 30 60� 30 50� 20

T2EHDGA
50 � 20 90� 20 132� 17 80� 30

Carbonyl O2 � 20 100� 30 120� 30 130� 20 54� 18
90 � 30 116� 18 110� 40 70� 20
116 � 17 120� 30 60� 20 130� 30
70 � 20 136� 14 50� 18 50� 14

Carbonyl O3 � 40 120� 20 120� 30 130� 20 60� 20
90 � 30 80� 30 136� 17 46� 18
100 � 40 100� 30 50� 20 60� 20
143 � 15 80� 20 89� 14 140� 20

N1-C28 � 30 100� 20 47� 19 32� 19 100� 30
120 � 30 50� 20 80� 40 90� 30
40 � 20 50� 30 142� 16 97� 17
110 � 30 40� 20 136� 15 88� 17

N1-C29 � 30 40� 20 110� 30 60� 30 97� 17
130 � 20 80� 30 50� 20 100� 20
60 � 30 90� 40 120� 30 70� 20
130 � 20 120� 20 130� 20 96� 16

N2-C25 � 30 70� 30 80� 20 101� 18 84� 19
110 � 30 40� 20 50� 20 40� 20
70 � 30 61� 15 110� 30 40� 30
150 � 20 48� 19 110� 20 120� 30
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Table 4.10 Continued.

vector bulk phase 0.0 M HNO3 1.0 M HNO3 3.0 M HNO3 6.0 M HNO3

N2-C30 � 20 70� 30 110� 30 60� 20 100� 20
80 � 30 100� 20 90� 30 107� 17
60 � 30 60� 20 138� 19 110� 20

4.7.9 Relative Frequency Distributions of Ligand Dihedral Angles

Figure 4.24 Relative frequency distributions of HEHEHP's (Top) P1-C4-C5-C6 and (Bottom)
P1-O3-C1-C2 dihedrals in 1.0 M and 3.0 M nitric acid concentratedn-dodecane-water solvents.
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Figure 4.25 Relative frequency distributions of T2EHDGA's combined (Top) amide nitrogen containing
(O1-C1-C3-N1 and O1-C2-C4-N2) and (Bottom) carbonyl amide oxygen (O1-C1-C3-O2 andO1-C2-C4-O3)
containing dihedrals in 1.0 M and 3.0 M nitric acid concentrated n-dodecane-water solvents.
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CHAPTER 5

SURFACE BEHAVIORS OF DI-ALKYL PHOSPHONIC ACID AND DERIVATIVES IN BIPHASIC

SOLVENT: A MOLECULAR DYNAMICS INVESTIGATION

An T. Ta 1,2 , Mark P. Jensen2,3 , Shubham Vyas2,4

5.1 Abstract

Molecular dynamics simulations were performed on mixtures of

N,N.N',N' -tetra(2-ethylhexyl)diglycolamide (T2EHDGA) and, either, di-(2-et hylhexyl)phosphoric acid

(HDEHP) or di-(2-ethylhexyl)phosphinic acid (HD[EHP]) extractants i n n-dodecane-water system in order

to understand substituent e�ects of the organophosphorus ligand on the interfacial behaviors of the

extractants in the Actinide-Lanthanide SEParation (ALSEP) process. The dynamic behavior and

coordination environments of these extractants near the interface were investigated as a function of

aqueous nitric acid concentration at 0.0 M and 3.0 M HNO3. To gain molecular insight on the extractants'

interfacial behaviors, the e�ects of varying acidity and charge distribution of the organophosphorus polar

(POOH) head group were scrutinized in the context of chemical interactions, interfacial orientation, and

extractant conformation. When increasing nitric acid concentrations from 0.0 M to 3.0 M HNO3, neither

mixtures of HDEHP/T2EHDGA nor HD[EHP]/T2EHDGA showed signi�cant changes. Nev ertheless,

di�erences were observed when comparing properties between HDEHP, HD[EHP], and HEH[EHP] from

our previous studies. On one hand, HDEHP was observed to orient more perpendicularly towards the

aqueous phase than HD[EHP] or HEH[EHP]. Regarding dihedral conformations, HDEHPand HD[EHP]

displayed less variation than HEH[EHP], which can be attributed to their symmetrical structure. On the

other hand, T2EHDGA's interfacial orientation and dihedral conformations were also impacted by the

presence of HDEHP or HD[EHP]. Speci�cally, when HDEHP was present, T2EHDGA's amide carbonyl

oxygen were observed to be less labile and dihedral distributions showed that the diglycolamide possessed a

slight increase in the perpendicular conformation.

5.2 Introduction

With nuclear power generation steadily rising since 20112, the management of high-level waste (HLW)

generated from used nuclear fuel is becoming ever more relevant. Thechallenge of managing HLW has led

1Primary researcher and author
2Department of Chemistry, Colorado School of Mines, Golden, Colorado 80401, USA
3Nuclear Science and Enginneering Program, Colorado School of Mines, Golden, Colorado 80401, USA
4Author for correspondence
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many to develop reprocessing strategies such as the well-known PUREX 13,73,74 (acronyms are de�ned in

Supporting Information) process as well as others that would be implemented following the extraction of U

and Pu (e.g., TRUEX 49, TALSPEAK 50,265 , GANEX 168,266,267 , SANEX 169,229,267,268 ). More recently, the

Actinide Lanthanide SEParation (ALSEP) process has been developed for the separation of Am and Cm

from a PUREX ra�nate 45{47 . ALSEP is a liquid-liquid extraction process that consists of a loading stage

that uses 2-ethylhexylphosphonic acid mono-(2-ethylhexyl) ester (HEH[EHP]) and

N,N,N',N' -tetra(2-ethylhexyl)diglycolamide (T2EHDGA) in n-dodecane combined with an aqueous phase

containing some nitric acid for the extraction of trivalent lanthanides and actinides. This is subsequently

followed by an intermediate scrubbing stage that helps eliminate minor impurities, and a �nal stripping

stage that introduces an aminopolycarboxylate to the aqueous phase for selective stripping of trivalent

actinides.

However, the ALSEP process, like many others, su�ers from limitingkinetics that would result in

unsatisfactory throughput if adopted with current industrial annular centrifugal contactors51{53 .

Therefore, to implement the ALSEP process at the engineering scale, the kinetics barriers needs to be

mitigated. Aside from the demonstrated success of the ALSEP process incapably separating actinide and

lanthanide ions, chemical understanding on molecular-level detailslike synergistic coordination, interfacial

behavior, and substituent e�ects remain poorly understood. Thecomplexation and dynamics of ligands at

the interface in the loading stage may have implications on the relatedchemistries involved in the later

stages. For example, it is hypothesized that the ALSEP stripping stage occurs such that the

aminopolycarboxylate selectively strips actinides from the complexed HEH[EHP] ligand at the

aqueous-organic interface54. On that account, it would be bene�cial to understand any chemical

phenomena that involve the combined reagents during this stage.

Exchange events occurring between the organic and aqueous phases are critical to solvent extraction.

The solvent mixing zone also presents a unique chemical environment that can signi�cantly impact the rate

of solvent extraction reactions. Computational studies have also shownthat solvent heterogeneities

occuring in the hybrid chemical environment of the aqueous-organic interface are important in assisting the

mass transfer of aqueous components88,92,93 . Furthmore, surfactant concentrations and charge

distributions in the polar head group of the surfactant can also impact therate of extraction as these

factors may a�ect the interface 92,234,235 . As a result, it is important to understand the interfacial behavior s

of di�erent charge distributed surfactants to further understand separation mechanisms present under

Actinide Lanthanide SEParation (ALSEP) conditions.

Molecular Dynamics (MD) simulation is one viable approach to investigatethe subtle details of

interfacial behaviors of extractants. Although the ALSEP process has recently been investigated in the
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context of HEH[EHP]/T2EHDGA extractants 164,165 , other combinations of co-extractants has also been

proposed for ALSEP46. MD investigations of these di�erent extractant combinations can furt her aid in

understanding the exchange mechanisms and the extent of impact from speci�c characteristics. As a

preliminary study, the work presented here investigates di�erences in the interfacial behavior in the context

of the charge distribution present in the organophosphorus acid. Mixtures of di-(2-ethylhexyl)phosphoric

acid (HDEHP)/T2EHDGA and di-(2-ethylhexyl)phosphinic acid (HD[EHP])/T 2EHDGA were

investigated. HDEHP and HD[EHP] were chosen as they all represent simple derivatives of the HEH[EHP]

surfactant. In this case, only the polar head group changes such that the number of oxygen directly bonded

to phosphorus decreases by one in the order of HDEHP> HEH[EHP] > HD[EHP]. MD simulations on

biphasic aqueous-organic systems, containing 0.75 M organophosphorus acid (HDEHP or HD[EHP]) and

0.05 M T2EHDGA were performed to determine the impact of the acidic organophosphorus head group's

polarity on the molecular behaviors of the organic ligands. Independent simulations were performed to

investigate interfacial behaviors as the aqueous acidity varied between 0.0 M and 3.0 M HNO3.

Comparisons to prior research on HEH[EHP]/T2EHDGA systems were made by scrutinizing coordination

numbers, ligand orientation, and ligand conformation as previously reported165.

5.3 Simutation Methods

5.3.1 Molecular Dynamics and Force Fields Preparation

Optimized geometries and charge modi�ed Generalized Amber Force Fields (GAFF) parameters for

HDEHP and T2EHDGA were taken from earlier work 164,165 . Structural information for HD[EHP] was

obtained through optimized geometry calculations using the Gaussian09 software package174 which were

carried out at the same level of theory as previously reported (M062X//6-311G(2d,d,p)) 164. Partial

charges of the phosphinic acid were subsequently obtained by performing the restrained electrostatic

potential (RESP) method at the MP2/cc-PVTZ//M06-2X/6-311G(2d,d,p) level of the ory. The optimized

coordinates and charge information for HD[EHP] can be found in Table 5.5 in theSupporting Information.

The organic solvent of the simulated systems was composed ofn-dodecane molecules. Adjusted van-der

Waals and charge parameters forn-dodecane, previously optimized by Voet al.80, were used. In the

aqueous phase, water was represented by the 
exible SPC/Fw186 model while nitric acid molecules were

accounted for with neutral HNO3, H3O+ , and NO3
- ions. Force �eld parameters and geometries for the

acid molecules were taken from Baadenet al.88,96 .

Classical MD simulations were performed using Amber14183 and analyzed with AmberTools15184.

Visualizations were performed using Visual Molecular Dynamics (VMD)185. Independent simulations of

0.75 M (HDEHP or HD[EHP])/0.05 M T2EHDGA solutions were performed at two nitric acid
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concentrations: 0.0 M and 3.0 M. The ratios between neutral HNO3 and its dissociated ions were derived

for each total nitric acid concentration from literature values of the activity coe�cients and the

thermodynamic equilibrium constant for nitric acid dissociation 242. Overall compositions for each of the

MD simulations are reported in Table 5.1.

Table 5.1 Molecular dynamics composition of systems investigated. All systems contained 10 T2EHDGA
and 150 HD[EHP] or 150 HDEHP molecules.

system solvent molecules box dimensions
HD[EHP] n-dodecane water HNO3 H3O+ NO3

- X * Y * Z �A
0.0 M HNO3 881 14150 - - - 74.7 x 74.7 x 149.4
3.0 M HNO3 881 12379 31 734 734 74.4 x 74.4 x 148.8

HDEHP n-dodecane water HNO3 H3O+ NO3
-

0.0 M HNO3 881 14150 - - - 74.9 x 74.9 x 149.8
3.0 M HNO3 881 12379 31 734 734 74.6 x 74.6 x 149.2

The simulated systems were initially packed using PACKMOL187 with biphasic juxtaposed solvents.

Constituents were randomly placed in their respective phases with periodic boundaries. Minimization,

subsequent NPT ensembles, and mixing protocols used herein werefollowed as described previously165.

Demixing was performed by returning coulombic interactions to theoriginal dielectric constant and

temperatures to 298 K for 25 ns. Attainment of equilibrium in this stu dy was based only on two criteria:

(1) all constituents had returned to their appropriate phase and (2) the solvent mixing region, as de�ned

by density curves, had converged to� 0.1 % of the total solvent densities. All systems required further

simulation to meet these two criteria. First, 15 ns of dynamics was performed, followed by an intermittent

heating run at 367 K which used the Berendsen thermostat190 (time constant of 2.5 ps) to encourage

di�usion. This was repeated until all constituents were found to be in their respective regions, at which

point 15 ns runs were carried out until the solvent mixing region had converged. All subsequent

simulations were independent of one another. Notably, simulations containing 0.0 M HNO3 were simulated

with a 1 fs timestep while 3.0 M HNO3 systems required the use of a 0.5 fs timestep to avoid system

\blowup" following mixing/demixing protocol. Even so, it is believ ed that the comparisons made between

relevant systems are still insightful as all other parameters used were consistently the same.

5.3.2 Trajectory Analysis

For all systems, the principal Z-axis was de�ned to be perpendicular to the interface. The coordination

environment, interfacial alignment, and surfactant conformations wereinvestigated as previously

reported165. Speci�c vector angles and atoms considered for these analyses are shownin Figure 5.1.

Systematic cuto� distances used for radial distribution function (R DF) analyses are reported in Table 5.2.
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Figure 5.1 Vectors de�ned for angle analyses exhibited by HDEHP (left),HD[EHP] (right), and
T2EHDGA (top) with respect to the principal Z-axis. Labelled atoms wer e also considered for radial
distribution function and dihedral angle analyses. Carbon herein is shown in green, oxygen in red, nitrogen
in blue, phosphorus in orange, and hydrogen atoms are shown in white. Any hydrogen atoms bonded to
carbon are not shown for clarity.

Table 5.2 Cuto� distances used to evaluate coordination numbers in this study.

extractants in phosphoric acid system distance ton-dodecane (�A) distance to aqueous molecules (�A)
T2EHDGA 5.74 5.64

HDEHP 5.78 5.52
extractants in phosphinic acid system

T2EHDGA 5.77 5.58
HD[EHP] 5.77 5.49

5.4 Results and Discussion

5.4.1 Coordination of HDEHP, HD[EHP], and T2EHDGA with Solvent Molecules

Changes in the interaction of extractants with the organic and aqueous phases were investigated by

calculating the coordination numbers (CNs) for the oxygen and carbon atoms(identi�ed in Figure 5.1) of

HDEHP, HD[EHP]), and T2EHDGA. Only carbon atoms that de�ned the start and end of the steric bulk
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for HDEHP (C1, C2, C10, C16), HD[EHP] (C3, C12, C10, C16) and T2EDHGA (C5, C6, C15, C16, C28,

C29, C25, and C30) were considered while exterior oxygen atoms, O1/O2 for HDEHP and HEH[EHP] and

O2/O3 for T2EHDGA were analyzed. RDFs were calculated between these atoms and the solvent

molecules (n-dodecane or water and nitric acid molecules when applicable). The average CN for the

oxygen and carbon atoms and their standard deviations are reported in Table 5.3. No signi�cant

di�erences were observed for either the diglycolamide or organophosphorus acids as the concentration of

nitric acid increased from 0.0 M to 3.0 M. Similar to HEH[EHP] 165 containing systems, oxygen-to-aqueous

CNs for HDEHP and HD[EHP] were statistically larger than T2EHDGA which suggests that the

organophosphorus acids' polar head group retains a closer position to the Gibbs Dividing Surface246,247

(GDS) than the diglycolamide despite their di�erence in the number of ester oxygen.

Table 5.3 Average coordination number of interfacial HDEHP, HD[EHP], and T2EHDGA with respect to
the organic and aqueous phase at 0.0 M and 3.0 M nitric acid concentrations.

phosphoric acid system
T2EHDGA HDEHP

Oxygen Carbon Oxygen Carbon Oxygen Carbon Oxygen Carbon
[HNO3] to Aq. to Aq. to Org. to Org. to Aq. to Aq. to Org. to Org.
0.0 M 6.7 ± 2.8 ± 0.11 ± 0.5 ± 9.1 ± 3.6 ± 0.07 ± 0.4 ±

1.2 1.5 0.05 0.3 1.4 1.4 0.03 0.3
3.0 M 7.6 ± 2.9 ± 0.09 ± 0.4 ± 9.7 ± 4 ± 0.05 ± 0.4 ±

0.7 1.0 0.04 0.3 1.4 2 0.02 0.3
phosphinic acid system

T2EHDGA HD[EHP]
0.0 M 8.5 ± 4 ± 0.0855± 0.4 ± 9.7 ± 4 ± 0.09 ± 0.5 ±

0.4 2 0.0001 0.3 0.4 2 0.04 0.3
3.0 M 5.40± 1.9 ± 0.24 ± 0.6 ± 9.57 ± 4 ± 0.08 ± 0.5 ±

0.04 0.9 0.01 0.3 0.03 2 0.02 0.3

5.4.2 Interfacial Orientation of HDEHP, HD[EHP], and T2EHDGA

For extractants found within 7 �A of the GDS (i.e., interface), the interfacial alignment was investigated

via vector angles de�ned in Figure 5.1. Due to periodic boundaries vector angles were calculated for two

GDSs and were interpreted with respect to Figure 5.1 by normalizing respectively when needed. Similar to

HEH[EHP] 165, the P(=O)OH head groups of HDEHP and HD[EHP] were observed to be relatively more

perpendicur to the interfacial surface while the steric bulk of the extractants were more parallel to the

biphasic boundary (Table 5.4). Unlike HEH[EHP], HDEHP and HD[EHP] alkyl chains exhibited a more

symmetrical alignment as the angles between these chains in each respective organophosphorus surfactant

were observed to be more like one another at both 0.0 M and 3.0 M HNO3. This can be attributed to both

HDEHP and HD[EHP]'s symmetrical structure as opposed to HEH[EHP]'s asymmetrical ester-containing
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and aliphatic 2-ethylhexyl chains. Notably, HDEHP's HydroxylO2 vector w as observed to be more

perpendicular than those observed for HD[EHP] and HEH[EHP] which may contribute to HDEHP's

greater separation e�ciency in biphasic solvents269. Furthermore, the head group of HD[EHP] was

observed to be the least perpendicular relative to the GDS of the organophosphorus acids investigated in

this study (HDEHP, HEH[EHP], and HD[EHP]), which is also consistent wit h previously reported surface

activities of dialkyl phosphorus acids248. T2EHDGA's vector angles were still observed to exhibit much

larger variations throughout all systems. Comparisons between Table 5.4 andTable 4.4 (Chapter 4) reveals

that such variations were smaller for carbonyl vectors and larger for alkyl chains. No statistically

signi�cant di�erences were observed with respect to the change in nitric acid concentration.

Table 5.4 Vector angles,� Z , found for HDEHP, HD[EHP], and T2EHDGA in the interfacial region of each
respective MD system. Note, ChainO3 and Chain O4 refers to HDEHP's 2-ethylhexyl ester chains while
ChainC3 and ChainC12 refers to HD[EHP]'s 2-ethylhexyl aliphatic chains.

phosphoric acid system phosphinic acid system
HDEHP HD[EHP]

vector 0.0 M HNO3 3.0 M HNO3 0.0 M HNO3 3.0 M HNO3

Side A
Phosphoryl O1 46± 3 47 ± 2 55 ± 4 55 ± 4
Hydroxyl O2 78 ± 3 78 ± 2 71 ± 4 71 ± 4

ChainO3/ChainC3 121 ± 2 125± 3 117± 3 117± 3
ChainO4/ChainC12 121 ± 4 125± 3 116± 3 116± 3

Side B
Phosphoryl O1 49± 3 51 ± 3 59 ± 3 66 ± 2
Hydroxyl O2 81 ± 3 73 ± 3 66 ± 3 62 ± 2

ChainO3/ChainC3 120 ± 2 122± 4 120± 3 121± 2
ChainO4/ChainC12 103 ± 4 119± 9 112± 4 119± 3

T2EHDGA
Side A

Carbonyl O2 56 ± 11 77± 9 71 ± 7 65 ± 7
Carbonyl O3 65 ± 13 59± 9 60 ± 7 84 ± 11

N1-C28 129± 13 96± 12 121± 11 127± 8
N1-C29 110± 16 121± 10 118± 8 110± 8
N2-C25 140± 10 77± 16 110± 8 111± 7
N2-C30 101± 15 113± 12 106± 9 86 ± 9

Side B
Carbonyl O2 73 ± 6 80 ± 10 117± 18 20± 10
Carbonyl O3 46 ± 7 66 ± 9 141± 16 49± 2

N1-C28 105± 6 123± 10 141± 18 120± 13
N1-C29 118± 9 129± 11 130± 30 118± 15
N2-C25 101± 12 116± 11 100± 30 104± 16
N2-C30 120± 10 117± 10 130± 20 128± 15
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5.4.3 Interfacial Conformations of HDEHP, HD[EHP], and T2EHDGA

In reference to Figure 5.1, two vector planes were de�ned for each organophosphorus acid:

P1-O3-C1-C3 & P1-O4-C2-C4 for HDEHP and P1-C3-C4-C5 & P1-C12-C1-C15 for HD[EHP]. In

comparison to reported distributions for HEH[EHP] 165, the dihedral distribution of HDEHP (Figure 5.2)

was observed to be more similar to the ester chain dihedrals of the phosphonic ligand while the dihedral

angles of HD[EHP] (Figure 5.3) more resembled that of the alphatic chain of HEH[EHP]. Namely,

HEH[EHP]'s dihedral angles encompasses trends of both HDEHP and HD[EHP]. HDEHP's vector planes

predominantly expressed a dihedral angle of ca. 180° and -180° while HD[EHP]'s planes favored angles of

-170° and -70°. Moreover, the distribution of angles observed for HEH[EHP]'s aliphaticchain was

signi�cantly larger than those of HDEHP and HD[EHP] dihedrals. These observations illustrate the

in
uence of structural symmetry on the lability of amphiphilic ligan ds' steric bulk and are consistently in

line with previously reported molecular behaviors. That is, long aliphatic chains of organic molecules will

exhibit less �xed conformations165 about the interface and will generally exhibit a more parallel-like

alignment, as described by the con�rmed hypothesis of Vandegriftet al.98,164 .

Figure 5.2 Relative frequency distributions of HDEHP's (Top) P1-O3-C1-C3 and (Bottom) P1-O4-C2-C4
dihedrals in 0.0 M and 3.0 M HNO3 n-dodecane-water solvents.
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Figure 5.3 Relative frequency distributions of HD[EHP]'s (Top) P1-C3-C4-C5 and (Bottom)
P1-C12-C1-C15 dihedrals in 0.0 M and 3.0 M HNO3 n-dodecane-water solvents.

Four T2EHDGA dihedral angles, previously evaluated for T2EHDGA/HEH[EHP] mixt ures165, were

also investigated for mixtures containing HDEHP and HD[EHP]. The distri bution of dihedral angles was

combined into two sets of dihedrals: (1) those containing amide nitrogen atoms (O1-C1-C3-N1 and

O1-C2-C4-N2) and (2) those involving its amide carbonyl oxygen (O1-C1-C3-O2and O1-C2-C4-O3). In

response to increased nitric acid concentration, distributions inT2EHDGA dihedrals for HDEHP

(Figure 5.4) and HD[EHP] containing systems (Figure 5.5) were observed tobe more like one another than

those observed for HEH[EHP]/T2EHDGA simulations. Speci�cally, the simu lations containing the

symmetrical organophosphorus acids were observed to display a wider distribution of dihedrals with

mixtures containing HD[EHP] showing slightly more spread in conformations than HDEHP. Collating

Figure 5.4 and Figure 5.5 to Figure 4.6 and Figure 4.25 (Chapter 4), it was observed that T2EHDGA

favored perpendicular conformations for the carbonyl dihedral sets most when HDEHP was present, which

may suggest that the changes in the organophosphorus' polar head group's charge distribution may

in
uence the preferred conformation of their diglycolamide extractant partner.

122



Figure 5.4 Relative frequency distributions of T2EHDGA's combined (Top) O1-C1-C3-N1, and
O1-C2-C4-N2 as well as (Bottom) O1-C1-C3-O2, and O1-C2-C4-O3 dihedrals in 0.0 M and 3.0 M nitric
acid concentratedn-dodecane-water solvents containing HDEHP.

Figure 5.5 Relative frequency distributions of T2EHDGA's combined (Top) O1-C1-C3-N1, and
O1-C2-C4-N2 as well as (Bottom) O1-C1-C3-O2, and O1-C2-C4-O3 dihedrals in 0.0 M and 3.0 M nitric
acid concentratedn-dodecane-water solvents containing HD[EHP].
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5.5 Conclusion

Preliminary MD investigations on mixtures of HDEHP/T2EHDGA and HD[EHP]/T2EHD GA

extractants in n-dodecane-water solvent at 0.0 M and 3.0 M HNO3 revealed that changes in the charge

distribution of the organophosphorus acids not only a�ects the molecular behavior of the di-alkyl

phosphorus acid but also its diglycolamide extractant partner. Although coordination environments

remained consistent, interfacial vector angle and dihedral conformations were found to di�er as simulations

replaced HEH[EHP] with HDEHP or HD[EHP]. Expectedly, HDEHP and HD[EHP] alkyl chains exhibited

a more similar alignment to one another at the biphasic boundary when compared to HEH[EHP]'s alkyl

chains165. The hydroxyl oxygen vector of HDEHP was also found to be more perpendicular than either

HD[EHP] or HEH[EHP] while HD[EHP]'s head group (P(=O)OH) was observed to be t he least

perpendicular which may explain HDEHP's superior extraction e�cie ncy and surface activity as reported

in previous literature 248,269 . Moreover, distributions in T2EHDGA's carbonyl dihedral in systems

containing HDEHP were observed to favor a perpendicular conformation more than for those observed for

HEH[EHP] or HD[EHP]. This suggests that symmetrical di-alkyl phosphoric acids may instigate their

extractant partner to attain more �xed alignments about the interface and that the extraction rate during

the loading stage of ALSEP may be faster with a phase modi�er that possesses a more electronically rich

polar head group.
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5.7.2 Optimized Geometry and Charge Values Used for Molecular Dynamics S imulations

Table 5.5 Calculated relativistic charges and coordinates of the optimized structure of
di-(2-ethylhexyl)phosphinic acid (HD[EHP]).

coordinates
atom charge (a.u) x y z
C10 -0.10524 3.54 1.42 0
H19 0.019959 3.521 0.441 -0.486
H20 0.019959 4.544 1.833 -0.115
H21 0.019959 3.362 1.264 1.067
C9 0.05803 2.481 2.343 -0.598
H17 -0.00133 2.695 2.513 -1.659
H18 -0.00133 2.53 3.324 -0.113
C8 0.017376 1.066 1.783 -0.455
H15 0.004597 0.871 1.596 0.607
H16 0.004597 1.01 0.809 -0.957
C5 -0.08264 0.004 2.714 -1.037
H8 0.012116 0.29 2.97 -2.065
H9 0.012116 0.006 3.655 -0.473
C4 0.025118 -1.416 2.131 -1.066
H7 0.035623 -1.362 1.142 -1.536
C6 -0.00033 -2.348 2.984 -1.941
H10 0.009698 -3.302 2.463 -2.058
H11 0.009698 -1.913 3.03 -2.945
C7 -0.0244 -2.579 4.41 -1.438
H12 0.002788 -1.651 4.984 -1.426
H13 0.002788 -3.282 4.936 -2.087
H14 0.002788 -2.994 4.427 -0.427
C3 -0.01931 -1.94 1.919 0.365
H5 0.027162 -1.971 2.864 0.92
H6 0.027162 -1.265 1.261 0.921
P1 0.730504 -3.553 1.117 0.571
O1 -0.669 -3.621 0.229 1.748
O2 -0.68613 -3.778 0.305 -0.816
H1 0.470704 -3.863 -0.639 -0.637
C12 -0.01931 -4.852 2.37 0.485
H24 0.027162 -4.805 2.827 -0.506
H25 0.027162 -4.628 3.152 1.22
C1 0.025118 -6.244 1.768 0.752
H2 0.035623 -6.298 0.814 0.214
C13 -0.00033 -6.451 1.494 2.26
H26 0.009698 -5.481 1.472 2.759
H27 0.009698 -7.019 2.326 2.695
C14 -0.0244 -7.147 0.166 2.554
H28 0.002788 -6.531 -0.658 2.184
H29 0.002788 -7.278 0.025 3.629
H30 0.002788 -8.131 0.098 2.085
C15 -0.08264 -7.314 2.707 0.175
H31 0.012116 -7.111 2.865 -0.892
H32 0.012116 -7.202 3.683 0.661
C2 0.017376 -8.758 2.229 0.334
H3 0.004597 -9.431 3.031 0.011
H4 0.004597 -8.982 2.059 1.394
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Table 5.5 Continued.

coordinates
atom charge (a.u) x y z
C11 0.05803 -9.086 0.969 -0.468
H22 -0.00133 -8.406 0.158 -0.19
H23 -0.00133 -8.908 1.168 -1.53
C16 -0.10524 -10.527 0.514 -0.259
H33 0.019959 -11.23 1.302 -0.543
H34 0.019959 -10.759 -0.373 -0.852
H35 0.019959 -10.708 0.273 0.791
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CHAPTER 6

CONCLUSIONS AND FUTURE OUTLOOK

6.1 Summary and Conclusions

Molecular dynamics (MD) simulations were performed on various systems consisting of HEH[EHP]

and/or T2EHDGA organic ligands to further describe their molecular behavior in pure and biphasic

systems in terms of chemical interactions (assessed via radial distribution functions (RDFs) and

coordination number (CN) analyses), di�usion coe�cients (both in bu lk and at the interface), interfacial

orientation (assessed via vector angle analysis), and interfacial conformation (assessed via dihedral

distributions). Collectively these analyses have been used to underline various molecular behaviors of

HEH[EHP] and T2EHDGA in the bulk phase and, more importantly, the interfac ial regions in the context

of the Actinide Lanthanide SEParation (ALSEP) process. The works performed in this dissertation also

elucidated the e�ects of aqueous acidity and the charge distribution in the organophosphorus head group

on the dynamic behavior of these ligands.

The phosphonic acid ligand, HEH[EHP], has been proposed as one of the two extractants to be used

during the initial loading stage of the ALSEP process45{47 and it has been used as an extractant in

liquid-liquid separation for decades22,98 . Nonetheless, the explicit molecular behaviors that create the

observed kinetics and thermodynamics of separation are scant and Chapter 2 helps to �ll this void in

literature 164. RDF analyses, solvation energies, and self-di�usion coe�cients forHEH[EHP] (as well as

HDEHP regarding self-di�usion) were used to verify the accuracy in implementing charge-modi�ed GAFF

parameters via density functional theory. Subsequently, vector angle analyses revealed that the HEH[EHP]

molecules possessed parallel-like orientations with respect to the interface at both single-ligand and 0.75 M

concentration levels, albeit a more perpendicular alignment was observed at 0.75 M HEH[EHP]. This work

helps illustrate the importance of interfacial saturation by the phosphonic acid as HEH[EHP] complexes

are expected to be directly involved in the selective stripping stage of ALSEP54. If a parallel-like alignment

is being retained, due to under saturation of the interface, the rateof stripping may be hindered.

Chapter 3 expands on the work performed in the preceding chapter, focusing on the other organic

ligand of the ALSEP loading stage, T2EHDGA. From the same protocols described in Chapter 2,

charge-modi�ed GAFF parameters were used to model T2EHDGA and similar properties were scrutinized

to compare the interfacial behaviors of T2EHDGA to that of HEH[EHP]. Unlike HE H[EHP], CN analyses

suggest that the diglycolamide, on average, sits further away from the interface when T2EHDGA

concentrations were increased from single-ligand to 0.05 M concentration. Although experimental
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extraction kinetics on T2EHDGA exclusive systems have yet to be reported, the simulations suggest that

the kinetics may be observed to initially decrease as interfacial concentration of the diglycolamide begin to

increase. The overall self-di�usion was also observed to be primarily impacted by the interactions with its

polar atoms which may further emphasize the importance of the amide carbonyl oxygen as well as provide

molecular insight on the kinetics involved in a di�usion-controlled extraction.

The ALSEP loading stage involves both HEH[EHP] and T2EHDGA and Chapter 4 simulates this

composition of the organic phase165. MD simulations of n-dodecane-water solvent at increasing

concentrations of HNO3 (0.0 M { 6.0 M) showed that the interfacial behavior of HEH[EHP] and T2EHDGA

were unresponsive to an increase in aqueous acidity. Speci�cally, HEH[EHP] was observed to retain a

unique interfacial orientation and conformation while T2EHDGA near the GD S behaved more like its

organic bulk-phase counterpart. CN analyses also showed that the diglycolamide, on average, sits relatively

further from the aqueous phase than HEH[EHP] in the interfacial region. It is believed that T2EHDGA is

the primary extractant during the loading stage of ALSEP 46,47,54 , however, these observations suggest that

HEH[EHP] may act as a phase-transfer catalyst in addition to being a phase modi�er in the loading stage.

Lastly, Chapter 5 aims to elucidate the e�ects of the charge distribution found in the organophosphorus

head group. Preliminary MD simulations were performed forn-dodecane-water solvents with 0.0 M and 3.0

M HNO 3 in which the organic phase was composed of either the phosphoric acid mixture

HDEHP/T2EHDGA or the phosphinic acid mixture HD[EHP]/T2EHDGA. Aside from bei ng symmetrical,

the largest structural di�erence between these two organophosphorusderivatives and HEH[EHP] is the

number of oxygen atoms directly bonded to phosphorus. Comparing the behavior in the three di�erent

systems, the chemical interactions in the interfacial region were observed to be similar across the three

organophosphorus extractants as well as for T2EHDGA. The symmetric extractants, HDEHP and

HD[EHP], expectedly showed interfacial alignments that were similar between their alkyl chains than the

assymetrical HEH[EHP]. Conformational analyses showed that T2EHDGA favoreda more perpendicular

arrangement relative to its amide carbonyl oxygen in the presence of HDEHP, which suggests that its

extraction rate may be controlled through changes in the charge distribution of its phase modi�er.

6.2 Future Directions

The research presented in Chapter 2 through 5 provides molecular-level insight in the chemistries

involved in liquid-liquid extraction by HEH[EHP] and T2EHDGA. The rese arch here also helps inspire

future investigations on some of the phenomena that has been reported herein. For example, the �ndings of

a predominantly parallel alignment of HEH[EHP] motivates further investigations from the perspective of

the ALSEP stripping stage to deepen the understanding of the ALSEP selective stripping mechanism.
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Research from Chapter 3 on systems containing only T2EHDGA calls for further research regarding the

extraction kinetics of solutions containing solely T2EHDGA. Only a few extraction kinetic studies have

been performed on the more established TODGA extractant270{272 . Zhu et al. illustrated that the

extraction of Am 3+ possessed a �rst order relationship to TODGA271. Also, it was demonstrated that the

kinetics are controlled by both di�usion and chemical interactions. Results from Chapter 3 suggest a

contribution to the decreased extraction rates may be from the decrease in di�usion of the T2EHDGA

molecules. It has been shown, thermodynamically, that changes in the alkyl chains (either through

branching degree or length) can signi�cantly impact the extraction of heavy metals160. Investigations of

systems containing only T2EHDGA may also help contribute to these �ndings by providing comparisons

from a kinetics standpoint.

As alluded to in Chapter 4, density pro�les of the simulations performed in this study revealed that the

bulk concentrations of HEH[EHP] and T2EHDGA were depleted by interfacial adsorption. This can be

resolved in either two ways: (1) computationally, by trial and error, or (2) semi-empirically, in which

experimental interfacial tension measurements are used in tandem.The former is the more di�cult with

the highest risk of error. If exclusively approaching the problem of bulk concentration through simulation,

one would need to model several biphasic simulations in which the number of surfactants required to

saturate the interface (for a given dimension) would be determined.After this information is obtained, a

stoichiometric number of organic ligands can be supplemented to the bulk phase, resulting in a

representative bulk concentration that is desired. While this approach may be appropriate for systems

containing only one surfactant species, in the ALSEP system there are two extractants present

concurrently. This leads to the question, what is the appropriate ratio between the two extractant species?

Therefore, the semi-empirical approach should be taken to acquire notonly the number of ligands required

to saturate the interface but also the correct ratio between the di�erent species. In this approach,

tensiometer measurements255,256,264 can be made to acquire the tension value of a biphasic system

comprised of 0.75 M HEH[EHP] and 0.05 M T2EHDGA. This information can then be referenced as

various saturated interfaces (with varying numbers of HEH[EHP] and T2EHDGA) are simulated to obtain

a representative number of interfacial organic ligands that matches experimental tension values. After

learning this information, the bulk phase can then be supplementedin accordance with an appropriate

stoichiometric number of ligands. These simulations would be fruitful as the information learned from

Chapter 4 can be further expanded. For example, the e�ects of a monolayered saturated interface versus

one that is expected to be more clustered, with su�cient bulk concentrations, on the interfacial behaviors

of the ligands can be elucidated further. Given that Chapter 5 has only been presented as preliminary

results, additional simulations of systems containing 1.0 M and 6.0 M HNO3 should be performed so that
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complete comparisons to works performed in Chapter 4 can be made. In lieu of a complete comparison,

additional analyses are also required and are listed as followed: spatial distributions of extractants, bulk

phase comparisons for interfacial alignment, bulk phase comparisons for interfacial conformations, and the

assessment of the interfacial mixing.

Finally, one major component that is missing in the work presented throughout this dissertation is the

presence of metal cations. Collectively, the works presented through Chapters 2 - 5 can be expanded further

by performing simulations involving Eu3+ ions which has a well-developed set of force �elds85,135,151,273 .

These simulations can deepen our understanding of the chemistriesunderlined throughout this dissertation

by ascertaining the impact of f-element cations on the ligands' interfacial behavior. Recall that HEH[EHP]

is expected to coordinate with heavy metal cations via its phosphoryl and hydroxyl oxygens98,196,197 .

These studies could answer the questions as to how metal coordinationmay a�ect the ligand's interfacial

orientation and conformation. The same can also be said for the observations made for T2EHDGA. Very

recently, Dwadasi et al. performed studies in which the impact of deprotonation and protonation of

HEH[EHP] was evaluated in the context of heavy metal ions and varying acidity 274. It was reported that

the deprotonation of HEH[EHP] encouraged the interfacial adsorption by metal cations. Such surface

activity and insight on phase transfer mechanisms would be interesting to scrutinize under ALSEP

conditions in which the diglycolamide acts as the primary extractant. For instance, di�erences on the

adsorption of heavy metals can be assessed when T2EHDGA is also present with protonated HEH[EHP].
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Figure A.1 Permission to use graphic for Figure 1.2.
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Figure A.2 Permission to use graphic for Figure 1.3.
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Figure A.3 Permission to use graphic for Figure 1.4.
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Figure A.4 Permission to use graphic for Figure 1.6.
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Figure A.8 Permission to use "Solvation Dynamics of HEH[EHP] Ligand at the Liquid-Liquid Interface"
(2018) from J. Phys. Chem. B.
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Figure A.9 Permission to use "Solvation Dynamics of HEH[EHP] Ligand at the Liquid-Liquid Interface"
(2018) from Hegde.
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Figure A.10 Permission to use "Solvation Dynamics of HEH[EHP] Ligand at the Liquid-Liquid Interface"
(2018) from Etz.
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Figure A.11 Permission to use "Solvation Dynamics of HEH[EHP] Ligand at the Liquid-Liquid Interface"
(2018) from Baldwin.
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Figure A.12 Permission to use "Solvation Dynamics of HEH[EHP] Ligand at the Liquid-Liquid Interface"
(2018) from Yang.
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Figure A.13 Permission to use "Solvation Dynamics of HEH[EHP] Ligand at the Liquid-Liquid Interface"
(2018) from Shafer.
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Figure A.14 Permission to use "Solvation Dynamics of HEH[EHP] Ligand at the Liquid-Liquid Interface"
(2018) from Jensen.
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Figure A.15 Permission to use "Solvation Dynamics of HEH[EHP] Ligand at the Liquid-Liquid Interface"
(2018) from Maupin.
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Figure A.16 Permission to use "Solvation Dynamics of HEH[EHP] Ligand at the Liquid-Liquid Interface"
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