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ABSTRACT

Solvent extraction is implemented in the nuclear fuel cycle to reprocess used nuclear
fuel. One processing challenge in solvent extraction is avoiding third phase formation, which
limits metal loading into the organic phase and therefore extraction efficiency. Third phase
formation is known to depend strongly on extractant and solvent molecular structure for
solvating organophosphorus extractants. Molecular dynamics simulations were employed to
study the organic phase association of extractant molecules. Force field optimization and
validation were conducted for the extractant molecules for properties relevant to organic
phase association, including average molecular dipole, dimerization constant and mixing en-
thalpy with aliphatic solvents. Network analysis was used to quantify speciation of hydrogen
bonded clusters of water and nitric acid extracted by tributyl phosphate into n-dodecane.
Large cluster formation under high extracted nitric acid and water concentrations near the
third phase formation phase boundary was found to be consistent with percolation theory.
Simulations with uranyl nitrate/extractant clusters showed orientational dependence on the
inter-cluster interactions. Structural differences between extractants resulted in changes to
the uranyl-centered cluster interaction energetics. Future research may link these differences
in metal-centered cluster interactions to organic phase solubility and third phase formation

under high metal loading.
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CHAPTER 1
BACKGROUND AND MOTIVATION

1.1 Solvent Extraction and the Nuclear Fuel Cycle

Nuclear energy technology has been identified as an important source of commercial
energy. At present, developing nations are interested in nuclear energy as a reliable and dense
source of energy for growing populations. Developed regions are interested in a power source
to supplement renewable energy that does not significantly contribute to anthropogenic
climate change. Nuclear energy fits both of these criteria. However, the failure to utilize
Yucca Mountain has raised the concern of where to deposit used nuclear fuel[1].

One technology that could reduce the burden for nuclear waste storage is used fuel re-
processing. Reprocessing consists of extracting the fissile isotopes from dissolved fuel rods
to reconstitute into new fuel. The remaining isotopes can be separated such that the par-
ticularly dangerous or long lived isotopes are removed from the bulk of the waste, greatly
reducing the volume of problematic material. Reprocessing technology was initially devel-
oped as a part of the Manhattan Project, but has not been implemented on a commercial
scale in the United States for almost forty years for fear it could lead to nuclear proliferation.
However, France and other countries have successfully implemented reprocessing schemes in
their nuclear fuel life cycles. As no current plan exists for long term nuclear fuel storage,
reprocessing in the United States remains worth consideration.

Light water nuclear fuel used in the United States’ commercial reactor fleet consists of
enriched uranium embedded in an oxide matrix. After its lifetime of use in a reactor, the
fuel still contains the vast majority of U-238 and about 1/3 of the original U-235 atoms as
well as fissile activation products like Pu-239. As a result, discarding the fuel after one use
results in the loss of large amounts of fissile material and therefore lost energy production.

Reprocessing would give access to this additional fuel while also reducing the volume of



waste. Furthermore, additional reprocessing steps can be implemented to further partition
the fuel into groups of elements by radioactivity and longevity. This means that the highly
radioactive or particularly long lived isotopes can be separated from the bulk of the waste,
further reducing the volume of nuclear waste that is difficult to handle or needs to be isolated
for time scales longer than can be accounted for by human engineering.

In a closed nuclear fuel cycle, used fuel is reprocessed to extract the remaining fissile
isotopes to reconstitute into new fuel. The industry standard method for this separation
is the Plutonium Uranium Reduction EXtraction (PUREX) process. PUREX is a solvent
extraction technique wherein used nuclear fuel is dissolved in a concentrated nitric acid
aqueous solution. That aqueous solution is then contacted with an organic phase containing
~30% tri-n-butyl phosphate (TBP) by volume in a long chain carbon diluent such as n-
dodecane[2]. The TBP molecule, depicted in Figure 1.1, is amphiphilic, such that its carbon
tails enable solubility in the n-dodecane organic phase while the polar oxygen head on the
phosphoryl group, the negative end of the molecule’s electric dipole moment, interacts with
the uranium and plutonium cations in the aqueous phase during mixing. TBP has been
selected for this application as it extracts uranium and plutonium over other fission product
elements with different oxidation chemistry. Other solvating organophosphorus extractants
have been studied for PUREX-type extraction schemes, including triamyl phosphate (TAP),
dibutyl butyl phosphonate (DBBP) and diamyl amyl phosphonate (DAAP). The molecular
structures of these extractants are shown in Figure 1.1.

After contacting the two phases, TBP then extracts a metal cation as shown in the

generic form

mTBP + nNO,~ + M"* — M(NO,),(TBP),, (1.1)

where the bar indicates an organic phase species where the nitrate anions serve to charge
neutralize the extracted complex. A depiction of this cluster is given in Figure 1.2. “Cluster”
is used here to refer to a group of extracted polar solutes in the organic phase connected

through coordination (to a metal ion) or hydrogen bonding. With the uranyl nitrate/ TBP
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Figure 1.1: Molecular structures of the amphiphilic extractant molecules tributyl phosphate
(TBP), triamyl phosphate (TAP), dibutyl butyl phosphonate (DBBP) and diamyl amyl
phosphonate (DAAP).
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cluster, the alkyl tails of the extractant molecules are oriented outward into the aliphatic
solvent while the phosphoryl oxygen and nitrate anions coordinate the metal center. In
addition to the metal ion, a number of nitrate anions are extracted that charge neutralize
the organic phase complex. Furthermore, not shown in the extraction equation, a number
of water molecules coordinated to the metal ion can be extracted. The components of
the extracted complex may change upon transport into the organic phase according to the
extraction conditions. While successfully implemented in large scale facilities and thoroughly
studied empirically, there is still a lack of understanding of the basic chemistry involved in

solvent extraction, including third phase formation.
1.2 Third Phase Formation

Third phase formation is an undesirable phenomenon that occurs in solvent extraction
systems like PUREX when organic phase metal ion concentrations exceed a maximum thresh-
old, called the “limiting organic concentration” (LOC)[3-6]. In third phase formation, the
post-contact organic phase partitions into two separate phases: a light phase, containing
mostly diluent, and a heavy phase, containing most of the extractant and extracted solutes.
Third phase formation is problematic for two primary reasons. First, the heavy organic

phase concentrates the extracted fissile atoms in an uncontrolled manner which could lead



Figure 1.2: An organic phase TBP /uranyl/nitrate cluster. The nitrate anions and TBP
extractants coordinate the uranyl ion in a plane perpendicular to the uranyl oxygens ori-
ented into and out of the page. The nitrate anions are bidentate, resulting in sixfold total
coordination. Any hydrogen bonded water or nitric acid molecules in the cluster are not
shown.

to a criticality. The second issue is that by no longer having homogeneously solubilized metal
ions in the organic phase, syphoning off the organic phase to back extract the metal ions is
now a more difficult task. By having to avoid third third phase conditions, the efficiency
of each extraction step is limited as the total concentration of extracted metal ions cannot
exceed the LOC, a value specific to a given extraction system. Understanding the nature
of the phase transition would allow for design of extraction systems that improve extraction
efficiency.

Several experimental techniques have been employed to investigate the speciation and
metal coordination of extracted clusters approaching and after third phase formation for
uranium extraction systems. UV-Vis spectroscopy has been used to measure the coordi-
nation of nitrate and TBP oxygen atoms to the uranyl metal center, and concluded that
the coordination remains unchanged until third phase formation[7-10]. In the heavy phase,
nitrate oxygen coordination decreased, implying either a transition from 6-fold to 5-fold

coordination of the uranyl group or increased coordination by other polar solutes. IR spec-



troscopy corroborated these conclusions from the UV-Vis data, indicating generally bidentate
nitrate coordination to the uranyl[11]. Beyond UV-Vis and IR spectroscopy, the inter-cluster
association leading to third phase formation has been probed far more extensively with x-ray

and neutron scattering. This will be discussed in detail in the following section.
1.3 Scattering Interpretations of Third Phase Formation

While the third phase is a macroscopically visible phase, the constituent metal-centered
clusters are on the nanometer length scale. To investigate the nanoscale molecular associ-
ations in the organic phase, neutron and x-ray scattering techniques have been used in the
literature for both PUREX-type nuclear fuel cycle separations and rare earth separations[7,
10, 12-25]. While the metal-centered clusters are well characterized for dilute metal con-
centrations, the change in cluster compositions and inter-cluster interactions are suspected
to govern the organic phase separation. Given the large neutron scattering cross sections of
hydrogen present in the TBP butyl tails, by deuterating the n-dodecane solvent, the neutron
scattering primarily results from the TBP molecules. Scattering therefore has been used to
investigate the structure and association of these complexes under high metal loading.

Chiarizia and coworkers studied third phase formation with neutron scattering exper-
iments using ellipsoidal and spherical form factors for the metal-centered clusters. Using
an ellipsoidal form factor, they found extracted metal ions form reverse micelles with up
to 40 TBP molecules at the LOC for zirconium extraction[19]. They concluded that these
TBP numbers were unreasonably large compared to the spectroscopically identified discrete
uranium-centered clusters. The TBP numbers for the ellipsoidal models for uranium ex-
traction were found to be smaller at around 5 TBPs[10, 15, 17]. While these cluster TBP
numbers were more in line with their expectations, the TBP numbers were, surprisingly,
significantly smaller for the heavy organic phase than either the LOC samples or the light
organic phase.

As the ellipsoidal form factor fitting did not capture the expected aggregation behavior,

Chiarizia and coworkers also used the Baxter sticky hard sphere[18]. With the Baxter model,



the clusters are treated as hard spheres with an attractive surface potential. An attractive
feature of the Baxter model beyond analytic simplicity is the implied mechanism for phase
separation. As the organic phase becomes saturated with spherical “reverse micelle” metal-
centered clusters, the surface adhesion leads to increased clustering. At sufficiently high
surface attraction and solute volume fraction, the clustering may lead to long-range ordering
and phase partitioning.

Using the Baxter model approach, a variety of systems and conditions have been explored,
including extractants[20, 26|, temperatures|21], metal ions[18, 19, 27] and acid types[21]. The
TBP cluster numbers for zirconium[19], thorium[18] and uranium|[27] extraction by TBP were
found to be between 2 and 3. However, the Baxter model gives decreasing cluster sizes with
increasing metal loading into the organic phase. Therefore, one might expect that with more
metal ions resulting in larger contributions from the metal-containing clusters, the scattering
particles would, on average, increase in size.

The Baxter model has been applied to acid and water extraction by TBP despite the
lack of metal ions enforcing the metal-centered geometry of the extracted clusters[21]. While
polyprotic acids that coextract significant quantities of water might form reverse micelles
in solution that could be roughly spherical, nitric acid coextracts significantly less water
but still forms a third phase. Ferraro et al. showed that approaching the nitric acid LOC,
the most prominent species is a 2:1 nitric acid: TBP complex|28]. Therefore, describing third
phase formation with a Baxter potential for this and possibly other TBP /acid /water systems
may be insufficient to describe the geometry and interaction of extracted clusters.

There are numerous challenges to fitting the solvent extraction data with simple particle
scattering models. Modeling the extracted clusters with the Baxter potential requires the
assumption of a monodisperse cluster size distribution. While scattering data have been
fit with an attempt to account for polydisperse cluster sizes[29], that approach requires an
assumed particle distribution and is therefore is not computed from the scattering data

itself. Incorporating polydispersity improved fitting of the Baxter particle model to the



experimental data in the high ¢ range, but required a predetermined particle size distribution.
Nave et al.[23] modeled extracted clusters using an alternative hard sphere model to the
Baxter potential wherein an attractive square well potential of finite width was applied to the
hard sphere surface. While fitting parameters can be added to the particle scattering models,
a priori choices about the nature of the scattering particles and interparticle potentials
remain necessary for scattering analysis which could pose a challenge for solutions where

TBP clusters do not form some combination simple to model shapes.

1.4 Molecular Structure and Third Phase Formation

Third phase formation is impacted by every component of a solvent extraction system, in-
cluding metal and acid types and concentrations, extractant structure and diluent structure.
Tetravalent actinides such as Pu(IV) and Th(IV) are more prone to third phase formation
than the hexavalent U(VI) dioxocation[4]. By contrast, TBP generally does not extract suf-
ficient quantities of trivalent metals to form a third phase. With a metal-containing aqueous
phase, increasing the acid concentration promotes third phase formation, i.e., lowers the
LOC[4]. Without metal ions, extraction of acid and water from the aqueous phase still can
result in third phase formation[21, 23]. Chirizia et al. found significant differences in the
acid LOC for sulfuric, perchloric, hydrochloric, phosphoric and nitric acids.

Extractant and diluent molecular structures for similar molecules (e.g. between organophos-
phorus solvating extractants or between alkane diluents) have also been shown to significantly
impact third phase formation[4, 30]. Rao et al.[31] showed that differences between TBP
and DAAP result in a factor of three difference in thorium LOC. The thorium LOC values
for TBP, TAP, DBBP and DAAP reported by Rao et al. are plotted in Figure 1.3. Both
alkyl tail length and phosphate versus phosphonate head groups have significant impacts on
third phase formation, with increasing the alkyl tails and removing a bridging oxygen on
the phosphate group (i.e., going from phosphate to phosphonate) increasing the LOC. Rao
et al. have also shown that decreasing alkane diluent chain length increases the LOC for

TBP with a roughly 1.8 times higher LOC for n-hexane than n-dodecane. Alkane branching



decreases the effective length of the solvent, resulting in an increase in the LOC. This could
be generalized that increasing similarity between extractant and solvent molecules improves
extracted cluster solubility and therefore the LOC. Other diluents that are either partially

polar or polarizable also increase the LOC, as well as increasing temperature.
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Figure 1.3: The limiting organic concentration (LOC) for thorium over a range of aqueous
phase nitric acid concentrations for TBP, TAP, DBBP and DAAP.[31]

While third phase formation results from aggregation of metal-centered clusters, either
with or without significant changes to the composition and number of metal ions in the po-
lar core of those clusters, then the differences in LOC resulting from extractant and diluent

molecular structure have a significant impact on the aggregation chemistry of the clusters.



Understanding how each of the changes to molecular structure impact aggregation and there-
fore third phase formation would allow for choice or design of extractants and diluents that
avoid third phase formation and therefore improve solvent extraction efficiency. Scattering
interpretation with the Baxter model limits the ability to account for the subtle structural
changes in more detail than attributing them to either the hard sphere radius or “stickiness”
parameter. To achieve the molecular scale resolution required to fully capture the aggrega-
tion chemistry of solvent extraction systems, molecular dynamics (MD) simulation can be

used to model the post-contact organic phase clusters.
1.5 Molecular Dynamics

In molecular dynamics, atoms are treated as point particles interacting through a classi-
cal potential. The total potential energy of the system is defined as the sum of the applicable
intermolecular and intramolecular interactions for a given configuration of atoms. For the
non-polarizable force fields used predominantly for TBP in the literature and implemented
in this thesis, the potential energy has the form of the Assisted Model Building with En-
ergy Refinement (AMBER) force field[32], given in Equation 1.2. Atoms within a molecule
interact with harmonic potentials for bonds and angles and a sum of cosine terms for dihe-
drals angles. Non-bonded interatomic interactions are computed as the sum of a Coulombic
interaction and a Lennard-Jones potential to approximate van der Waals forces, given in
the last term of Equation 1.2. In MD, periodic boundary conditions are commonly used to
approximate a macroscopic phase. Those atoms are given initial coordinates and velocities
and the system is propagated forward in time with an integrator solving Newton’s equation
of motion to determine the forces on each particle given by the force field’s potential energy
equation. Once the forces are determined for a given time step, the position and velocities

of the particle are updated for the next time step[33].
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1.6 Solvent Extraction and TBP in Molecular Dynamics

Relative to its application in the nuclear fuel cycle, computational chemistry approaches
to study solvent extraction are recent. The first simulation studies of TBP-based extrac-
tion systems began in 1998 when Wipff and coworkers studied TBP behavior at a biphasic
water/chloroform interface. They found TBP tail conformations depend strongly on solva-
tion environment, where the [g, g, g] confromation is more favorable in a vacuum (i.e., the
environment employed in quantum mechanical calculations) but the [t, g, g] conformation is
more favorable in water and chloroform[34]. Later, they investigated the role of associated
versus dissociated (with hydronium counterion) nitric acid models. As nitric acid is a strong
acid and would therefore be dissociated in the aqueous phase, but is generally extracted by
TBP in the associated form, it is not clear how to model nitric acid at the aqueous organic
interface with classical MD potentials that typically do not allow for dynamic protonation.
They found that the associated nitric acid exists at the interface with much higher than
bulk average concentrations while the dissociated model is less concentrated at the interface.
Only the associated nitric acid molecule was found to be extracted by TBP into the organic
phase[35].

In another study on the same system, Baaden et al. showed that TBP molecules oriented
with the polar head pointing towards the aqueous phase at the interface and engaged in hy-
drogen bonding with water, hydronium and associated nitric acid to form microemulsions
near the surface, leading to a disordered interfacial region[35]. Later, they expanded these

studies to include uranyl nitrate and found that surfactant (TBP) concentration impacted
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the phase behavior, where increasing the TBP concentration and mixing the chloroform
and water phases led to, in addition to complexation with the uranyl, formation of “mi-
croemulsions”. Using chloroform and supercritical CO, as organic phase solvents, Wipff
and coworkers also observed TBP speciation with uranyl ions[36, 37] and hydrogen bonding
with water and nitric acid[35, 37, 38]. In addition to impacting speciation, the protonated
nitric acid model hydrogen bonds to the TBP phosphoryl oxygen and increasing the acid
concentration in the interfacial layer of TBP. This results in a larger heterogeneous inter-
facial mixing region which enhances complexation of TBP with metal nitrate salts. Benay
and Wipff computed the potential of mean force (PMF) for transfer of uranyl ions between
phases for TBP[39] as well as amide[40] and 18-crown-6 ligands[41]. While numerous aspects
of interfacial behavior have been investigated in these and other studies[42-46], TBP model
validation in an organic environment, the necessary first step before studying more complex

organic phase association and speciation, has received less attention.

1.7 Evaluation of TBP Potentials

Many force fields have been employed to simulate TBP in organic solvents. Molecular dy-
namics simulations studying TBP in solution have used AMBER[47], Chemistry at HARvard
Macromolecular Mechanics (CHARMM)[48] and Optimized Potential for Liquid Simulations
(OPLS)[49] force fields. Khomami and coworkers have reevaluated the AMBER TBP model
originally implemented by Wipftf et al.[50]. That original model used the default inter- and
intramolecular parameters of the AMBER force field and the semiempirical Modified Neglect
of Differential Overlap (MNDO) method for computing atomic charges. They found that the
original AMBER TBP model overpredicted bulk density and average molecular dipole, while
underpredicting the diffusion constant. Khomami et al. attempted to modify that model
and validate it with various pure TBP phase physiochemical properties including diffusion,
density and average molecular dipole. Their modifications to the AMBER model included
testing different charge sets calculated from a more accurate density function theory (DFT)

calculation with and without an empirical scaling factor applied to the phosphate group
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atoms as well as modifications to the AMBER, default 1-4 van der Waals interaction scal-
ing factor[51]. By reducing the atomic charges, using OPLS van der Waals parameters for
the butyl tails, and to a lesser degree by reducing the 1-4 van der Waals scaling factor, all
three physical properties (density, dipole and diffusion constant) were improved relative to
experimental values. They have since used their several different modified AMBER TBP
models to address water extraction in a biphasic system[52] and TBP self-interaction in an
n-dodecane diluent[53].

Leay et al. measured TBP diffusion and molecular association using the OPLS force
field[54]. However, they observed “filament” formation by TBP in dodecane, a finding they
later rejected as unphysical and attributed to exaggerated dipole of the OPLS model[55].
That group later optimized the OPLS parameters to better fit experimental mixing en-
thalpy and small angle x-ray scattering profiles of TBP /alkane mixtures[56]. Mondal and
Balasubramanian[57] similarly studied the orientations of TBP dimers in octane and com-
puted x-ray and neutron scattering profiles of those structures. Most recently, and concur-
rently with the research in this thesis, Vo et al. used the Generalized AMBER Force Field
(GAFF)[32] to simulate TBP[58, 59]. They validated[59] their model against TBP dimeriza-

tion and trimerization constants in n-dodecane solvent that they measured experimentally[60].
1.8 MD Simulation with Metal Ions

Actinide metal ion-ligand interactions have been investigated with computational chem-
istry extensively in the literature[61-73]. Wipff and coworkers implemented hybrid MD/QM
methods to investigate uranyl coordination by water, nitrate anions and extracting ligands
including TBP[34, 36, 61, 63-65]. They also developed a non-polarizable classical MD poten-
tial for the uranyl cation[67, 68] that is still implemented in the literature[74]. Ye et al. used
that uranyl potential to study nitrate-uranyl association in the aqueous phase. They found
that increasing nitrate concentration results in increased coordination to uranyl[74]. The
nitrate associates with the aqueous uranyl ion to replace a single water molecule, preserving

the five-fold planar coordination. Relative to experiment, simulation somewhat overpredicted
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the degree of nitrate association with the uranyl metal center at all nitrate concentrations.
The uranyl MD potential developed by Wipft[67] has been reevaluated in light of new ex-
perimental data indicating its underestimation of the uranyl-water interaction strength and
water coordination residence times|75]. Most recently, a different uranyl polarizable potential
has been developed with an emphasis on replicating the lifetimes of water association[76].
However, all of these existing literature models were developed for aqueous environments and
are not suitable for organic phase coordination in the nitrate/TBP systems where the coor-
dination number of the uranyl dioxo cation changes from 5 to 6, as depicted in Figure 1.2.
In addressing this shortcoming of the uranyl models, studies have forced bidentate coordina-
tion of the nitrate anions to the aqueous uranyl model through restraint potentials[36, 39|, or
sacrificed realistic organic phase coordination to accurately capture aqueous phase and inter-
facial coordination[77]. There does not exist a uranyl model developed to replicate organic

phase coordination.

1.9 Thesis Outline

As discussed in the preceding literature review, all of the non-interfacial (i.e. organic
phase only) simulations of TBP have attempted to validate pure-phase TBP behavior or
TBP self-association in an alkane solvent. Multiple times in the literature, small microemul-
sions of water extracted by TBP near the interface have been spuriously referred to as “third
phases”[36, 43], rather than using “third phase” to describe the organic phase splitting into
macroscopically distinct phases. Third phase formation results in a separate, thermodynam-
ically stable, bulk phase and is therefore not solely an interfacial phenomenon but rather
governed by association and solubility of the extracted complexes[78]. To wit, after form-
ing a third phase with TBP, water and nitric acid, one can physically remove a stable third
phase from the three phase system. Upon cooling, this heavy organic phase can separate into
two phases, but with the application of heat, reform the heavy phase. Therefore, to under-
stand the nature of organic phase complexation and inter-complex association, simulations

of organic phase systems are conducted in this thesis.

13



Chapter 2 investigates the association of TBP and DAAP in n-dodecane and n-octane
solvents. Existing AMBER models that employ charge scaling to better replicate dipole
and density are shown to substantially underpredict self-association in alkane solvents. The
GAFF force field with modifications to certain dihedral parameters is used instead to model
TBP and DAAP to accurately capture the dipole and density while retaining the correct
solution phase self-association.

In Chapter 3, this updated potential is applied to TAP and DBBP, in addition to TBP
and DAAP, and simulations are conducted with a wide range of organic solvents. The
potentials are further fitted to pure phase enthalpy of vaporization and validated for volume
change on mixing and enthalpy of mixing for TBP /alkane solutions. Extractant-extractant
and extractant-solvent interactions are characterized for alkane and polar organic solvents,
including diethyl ether, toluene and isopropanol.

In Chapter 4, hydrogen bonded cluster formation is characterized using network analysis
for water and nitric acid extraction by TBP in n-dodecane. Equilibrium binding constants
are computed to describe the relative hydrogen bond strengths and predict total hydrogen
bond populations. Clusters of specific composition and topology are measured and the cluster
size distributions are measured for high water and acid loading. The large cluster formation
approaching the third phase transition under high acid and water loading is not found to
be consistent with reverse micelle formation, as presumed in the literature, but rather is
consistent with a percolation transition wherein a system-spanning hydrogen bonded cluster
forms.

Organic phase behavior of extracted uranium-centered clusters is investigated in Chap-
ter 5. A potential is developed for a restrained, associated uranyl-nitrate complex which
replicates the QM-derived TBP association energies. The uranyl-center compex is used in
simulations of post-contact n-dodecane organic phases for TBP, TAP and DBBP. The effects
of the organic solvation environment is investigated through comparison of a pure n-dodecane

phase and a PUREX-type solvent with excess TBP and extracted nitric acid and water. The
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inter-cluster interactions and their directionality are measured and compared between ex-
tractants for a range of uranium concentrations. Variables found to impact this association,
and therefore presumed to influence the cluster solubility and third phase tendencies, are

identified for investigation in future research.
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CHAPTER 2
A MOLECULAR DYNAMICS STUDY OF TRIBUTYL PHOSPHATE AND DIAMYL
AMYL PHOSPHONATE SELF-AGGREGATION IN DODECANE AND OCTANE

Modified from a paper published in The Journal of Physical Chemistry B*.

Michael J. Servis?, Caleb A. Tormey®, David T. Wu*, Jenifer C. Braley®

2.1 Abstract

A molecular dynamics model for tributyl phosphate (TBP) and diamyl amyl phosphonate
(DAAP) is presented using the Generalized AMBER Force Field (GAFF) and the AM1-BCC
method for calculated atomic charges with a modification to the phosphorus-containing
dihedral parameters. The density and average molecular dipole in a neat liquid simulation,
and dimerization in n-dodecane and n-octane diluents, compare favorably to experimental
values. At low extractant concentration, investigation of the dimer structure reveals the offset
“head-to-head” orientation as the predominant structure over a range of TBP and DAAP
concentrations with a phosphoryl oxygen separation distance between dimerized extractants
of 3 to 5.5 A. At high extractant concentrations, a graph analysis of extractant aggregates
was used to determine concentrations of each aggregate size and the average coordination
number, which gives a measure of the linearity of the aggregates. For aggregates up to
7 extractant molecules, the mean free energy of association per molecule was found to be
0.55-0.59 kcal/mol and 0.72 kcal/mol for TBP and DAAP, respectively. In both diluents,

TBP formed large aggregates more frequently than DAAP and those aggregates were more

! Adapted with permission from The Journal of Physical Chemistry B 2016 10 (120). 2796-2806. Copyright
2016 American Chemical Society.
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nonlinear than their DAAP equivalents. This finding anticipates differences in aggregation

chemistry between TBP and DAAP in PUREX extraction systems.
2.2 Introduction

The Plutonium URanium EXtraction (PUREX) process is implemented in a closed nu-
clear fuel cycle to recover fissile isotopes of uranium and plutonium from used nuclear fuel.
PUREX is a solvent extraction technique wherein the spent nuclear fuel is dissolved in a 3
to 4 molar nitric acid aqueous solution. That solution is contacted with an organic phase
containing ~30% tributyl phosphate (TBP) by volume in kerosene[79]. Kerosene has simi-
lar physiochemical properties to the n-dodecane and n-octane evaluated in this manuscript.
After contact, TBP selectively recovers hexavalent and tetravalent U and Pu, respectively.
The general expression used to describe metal extraction by TBP is presented in Equation
2.1. Here, the overbar indicates an organic phase species. The extracted nitrate anions serve

to charge neutralize the complex[80-82].

mTBP + nNO,~ + M — M(NO,),(TBP),, (2.1)

Solvent extraction is a tunable, many-component system such that an atomic-level under-
standing of the many molecular interactions would greatly enhance the process design. To
that end, PUREX-type systems with TBP have been studied before with molecular dynam-
ics simulation. Previous studies have examined a diverse set of questions related to metal ion
recovery by TBP. Simulation studies from Wipff and coworkers have covered topics such as
interface behavior and metal ion coordination, as well as alternative diluents such as super-
critical COq and chloroform[34-36, 38, 61, 63, 65, 68]. Other researchers have investigated
organic phase TBP association and extraction mechanics[46, 54]. Khomami and coworkers
have investigated the extraction mechanics of the uranium nitrate complex[51, 77, 83].

Recently, research has focused on vetting the physical integrity of TBP models used in
these simulations with experimental data. Khomami et al. have investigated modifications

to the TBP model in a neat liquid phase[50] and in n-dodecane[53]. Those papers were the
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first to compare TBP thermophysical properties to experimental values and investigate the
use of modifications to refine TBP model accuracy. However, as these modifications were
implemented to match certain physical properties largely through the use of an ad hoc scaling
factor on the atomistic coulombic charges, they have lost fidelity in other aspects, such as
organic phase structuring. While these previous efforts provided significant advancements
regarding the limitations of previous TBP models, this current study provides a different
TBP model that replicates the desired physical properties without the use of a scaling factor
that compromises accurate representation of the organic phase structure. Recently, Vo et al.
proposed a similar TBP model aimed at matching experimental values of those properties[58].
Comparisons between that recent model and the one generated in this study are discussed in
this manuscript. For clarity, the model presented here is referred to as GAFF /p. The model
given by Vo et al. is referred to as GAFF/vdw as the primary deviation from the default
GAFF parameters in that model is an adjustment to the O2 van der Waals parameters.
This paper will describe the TBP and diamyl amyl phosphonate (DAAP) models, gener-
ated with the same methodology, including bond, angle and dihedral parameters as well as
the method for generating atomic charges. The self-aggregation in n-dodecane and n-octane
of DAAP compared to TBP is also of interest as the aggregation of the two extractants
in PUREX post-extraction systems deviates significantly with respect to metal ion limiting
organic concentration and third phase formation[31]. Characterization of extractant aggre-
gation at PUREX concentrations is experimentally challenging. To access this important
chemical behavior, molecular simulation is coupled with graph analysis, performed in part
with the ChemNetworks software[84], to study dimerization as well as the extractant self-
aggregation that occurs especially at higher concentrations. The results of this manuscript
suggest that the proposed extractant model may provide an improved model for the study
of TBP and similar extractants in aliphatic diluents most relevant to used nuclear fuel re-

processing.
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2.3 Methodology

2.3.1 TBP model details

The Assisted Model Building with Energy Refinement (AMBER) family force fields, both
all atom and united atom with AMBER94 and AMBER99 parameter sets, have been used
in the literature for simulations of TBP. However, those parameters are not necessarily well
suited for small organic molecules such as TBP and DAAP. The Generalized AMBER Force
Field (GAFF)[32] parameter set is implemented here to generate a TBP model that provides
better replication of physical properties relevant to organic phase self-interaction than other

AMBER parameter sets. The AMBER potential function is shown in Equation 2.2.
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The terms defining the total potential, V', represent, in order, bond, angle, torsion,
Lennard-Jones and electrostatic potentials. Bond length, equilibrium bond length and the
bond stretching constants are given as [, [y and k;, respectively. The bond angle, 6, has its
parameters defined similarly. The dihedral potential for every dihedral in the system with
dihedral angle ¢ is a sum over a number of n Fourier components. Each n value is associated
with an amplitude, V,,, and phase shift ~,,. The Lennard-Jones potential, summed over atom
combinations with separation r;;, have a potential well depth parameter ¢;; and equilibrium
distance 7¢;;. The Coulombic interaction is defined for pairs of atoms with charges of ¢; and
g; at a separation of r;; with constant C' = ﬁ. The non-bonded contributions of the first

term are only calculated for atom combinations not connected in a bond or angle. Coulomb

and van der Waals “1-4” interactions are scaled with factors of 5/6 and 1/2, respectively.
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The GAFF force field is compatible with the AMBER99 force field in that they share
non-bonded parameters of the Lennard-Jones and electrostatic potentials, the last term in
Equation 2.2. Those non-bonded parameters are not given here as they are the same pa-
rameters that have been used in previous TBP models with AMBER99[50]. The bonded
parameters, which compose the first three terms of Equation 2.2 that determine intramolec-
ular atomic interaction, are different from those of the AMBER99 force field and are provided
below.

Figure 2.1 shows the AMBER nomenclature used for the TBP and DAAP atoms in this
paper. The bonded parameters used for TBP and DAAP are given in Table 2.1, Table 2.2
and Table 2.3. These bond, angle and dihedral parameters are taken from GAFF, except for
the notable deviation in the dihedral parameters when phosphorus is one of the two center
atoms. This dihedral adjustment is discussed with the matching of the experimental dipole

value in the results section.
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Figure 2.1: AMBER atom type designations for TBP (left) and DAAP (right).

In the literature, atomic charges for TBP models have been calculated with density
functional theory (DFT) and semi-empirical electronic structure calculations[50]. Here, the
semi-empirical method Austin Model 1 (AM1), with the bonded charge correction (BCC),
was implemented to calculate TBP, DAAP and alkane diluent charges. This technique is
intended for use with the GAFF force field[85, 86].
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Table 2.1: GAFF equilibrium bond length and bond energy parameters.

Bond | Iy [A] | k [keal mol~! A—?]
02-P | 1.481 487.7
P-OS | 1.602 342.5
P-CT | 1.813 259.7
OS-CT | 1.439 301.5
CT-CT | 1.535 303.1
CT-H1 | 1.093 335.9
CT-HC | 1.092 337.3

Table 2.2: GAFF equilibrium angle and angle energy parameters.

Angle 0y [deg] | ko [kcal mol™! deg™2]
02-P-0O8S 116.09 44.0
02-P-CT 112.50 39.9
OS-P-0OS 102.46 45.2
OS-P-CT 103.83 40.6
P-OS-CT 118.00 78.5
P-CT-CT 114.24 77.0
P-CT-H1 109.64 53.8
OS-CT-CT 108.42 67.8
OS-CT-H1 108.82 50.8
CT-CT-CT | 110.63 63.2
CT-CT-H1 110.07 46.4
CT-CT-HC | 110.05 46.4
H1-CT-H1 109.55 39.2
HC-CT-HC | 108.35 39.4
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Table 2.3: GAFF equilibrium dihedral angle and dihedral energy parameters. Asterisk
indicates modified parameters.

Dihedral n=1 n=2 n=3
Vi Tn

[kcal mol™!]  [deg]
02-P-OS-CT* 2.00 180 | 3.00 180
02-P-CT-CT* 0.80 180
02-P-CT-H1* 0.80 180
OS-P-OS-CT* 2.00 180 | 3.00 180
OS-P-CT-CT* 0.80 180
OS-P-CT-H1* 0.80 180
CT-P-OS-CT* 240 0
P-OS-CT-CT 1.15 0
P-CT-CT-CT 1.40 0
P-CT-CT-HC 1.40 0
P-OS-CT-H1 1.15 0
OS-CT-CT-CT 1.40 0
OS-CT-CT-HC 0.25 0
CT-CT-CT-CT 0.20 180 | 0.25 180 | 0.18 0
CT-CT-CT-H1 0.16 0
CT-CT-CT-HC 0.16 O
H1-CT-CT-HC 0.15 0
HC-CT-CT-HC 0.15 0
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For each extractant and diluent, the molecular structure was geometry optimized with a
DFT calculation using the BSLYP level of theory with the TZP basis set. AM1-BCC charges
were generated by an AMI single point calculation on that DFT optimized geometry. The
BCC was applied in the form of an amount of charge moved between each pair of bonded
atoms as determined by the bonded atom types. The BCC methodology and values for every
pair of atoms in GAFF is given the literature by Wang et al.[86]. Table 2.4 gives the BCC
values for the combinations of bonded atoms present in the TBP and DAAP molecules. BCC
values, in fundamental charge units, are added to the first atom listed and subtracted from
the second. Table 2.5 shows the calculated AM1-BCC charges used in these simulations for
TBP and DAAP.

Calculations were performed in the MOPAC package[87] included in the Amsterdam
Density Functional (ADF) software[88]. Calculated charges were averaged over the two or
three symmetric O(Butyl) or O(Amyl) legs, for DAAP and TBP respectively, to remove

differences between identically located atoms.

Table 2.4: BCC values for the bonded atom combinations that exist in TBP and DAAP.

Atoms | BCC [e]
02-p 0.2707
OS-P 0.2336
CT-P 0.4078
CT-08 0.0718
CT-H1 0.0393
CT-HC 0.0393
CT-CT 0.0000

2.3.2 Simulation systems and conditions

All molecular dynamics simulations were completed using the GROMACS 4.5.5 software
package[89]. TBP, DAAP and diluent models were represented with all atom flexible models
using periodic boundary conditions. Particle-Mesh Ewald summation was used for long range

electrostatic summation. A 15 A cut-off was used for short range electrostatics and van der
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Table 2.5: TBP and DAAP AM1-BCC charge sets. For DAAP, charges for the two carbon
tails with a bridging oxygen are listed together first with the third tail without an oxygen
listed after.

Atom AM1-BCC [e]
TBP

02 -0.7963
P 1.5955
(O] -0.5682
cTy 0.1644
CTy -0.0834
CT;s -0.0814
CTy -0.0921
H1, 0.0467
HC, 0.0567
HC; 0.0417
HC, 0.0347
DAAP

02 -0.7863
P 1.3613
OS -0.5782
CT, (with OS) 0.1874
CT, -0.0834
CT;s -0.0764
CTy -0.0754
CT;s -0.0891
HI1, 0.0437
HC, 0.0547
HCs 0.0387
HC, 0.0387
HC5 0.0327
CT; (no OS) -0.2556
CTy -0.0394
CT;s -0.0744
CTy -0.0764
CT;s -0.0891
HI1, 0.0757
HC, 0.0467
HC3 0.0377
HC, 0.0377
HC5 0.0317
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Waals interactions. All simulations were performed within the isobaric isothermal NPT
ensemble using a leap-frog Verlet integrator. Pressure was set to 1 bar with the Berendsen
barostat. The temperature was set to 300 K with the velocity-rescale modified Berendsen
thermostat.

Neat TBP and DAAP simulations were carried out for 10 ns with a 1 fs time step
starting from an initial configuration of a loosely packed 8 x 8 x 8 lattice of randomly
oriented extractant molecules. The initial lattice was energy minimized using a steepest
descent algorithm. The extractant molecules condensed and equilibrated over the first 8
ns of simulation. Dipole and density data was taken as an average over the last 2 ns of
simulation.

For mixed organic phase simulations, a lattice of extractant and diluent molecules was
generated corresponding to the highest extractant concentration. This system was allowed
to mix for 40 ns until equilibration under NPT conditions. Organic phase systems with
lower extractant concentrations were generated from these coordinates through removal of
the appropriate number of extractant molecules. Mixed organic phase simulations were run
for 60 ns with a 2 fs time step, except for the lowest TBP concentration, corresponding
to 0.04 M TBP or DAAP by volume, which was run for 80 ns. In both cases, data were
recorded after an initial 10 ns equilibration period until the end of the simulation. The 0.04
M extractant organic phases were simulated three times to further improve statistics for the
reported simulation dimerization value.

The list of mixed organic phase simulation compositions is provided in Table 2.6. The
number of each type of molecule, diluent and resulting extractant concentration are provided.
Each concentration was performed with the GAFF model as well as the AMBER99 TBP
models explored in the literature by Cui et al. with both DFT and Modified Neglect of
Differential Overlap (MNDO) calculated charge sets. Neat TBP data of the literature models
were taken from their corresponding literature source, while mixed TBP /diluent organic

phase dimerization data were generated in this study for those models.
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Table 2.6: Extractant concentrations for organic phase simulations. Neat TBP, DAAP and
mixed composition details.

Ext. conc. N Ext. N n-dodecane N n-octane
mol /L TBP/DAAP | for TBP/DAAP | for TBP/DAAP

Neat Ext. 512/512 — —
0.97 105/108 350/412 —
0.23 20/20 350/412 —
0.18 15/16 350/412 —
0.15 12/12 350/412 —
0.12 10/10 350/412 —
0.10 8/8 350/412 —
0.08 7/7 350/412 —
0.06 5/5 350/412 —
0.04 3/3 350/412 —
0.97 105/108 — 489/576
0.23 20/20 — 489/576
0.18 15/16 — 489/576
0.15 12/12 — 489 /576
0.12 10/10 — 489 /576
0.10 8/8 — 489/576
0.08 77 — 489/576
0.06 5/5 — 489/576
0.04 3/3 — 489/576
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2.3.3 Analysis methods and definitions

Average densities and molecular dipole moments for TBP and DAAP were computed
for the neat extractant simulations. The instantaneous electric dipole moment vector for a
molecule with a atoms is defined in Equation 3.1 where ¢, and r, are the charge and position

of atom a and rcpy is the center of mass position of that molecule.

p= Z a(Ta — Tcom) (2.3)

Extractant connectivity when assessing dimer and higher order aggregate formation was
computed with ChemNetworks. Graph analysis of MD trajectories was assessed every 200
ps. That sampling frequency was chosen to match the observed correlation time of extractant
dimers so as not to sample too often and process redundant information while simultaneously
not sampling too rarely and discarding useful data. An edge between two extractant molecule
vertices was defined for ChemNetworks as occurring when the O2 phosphoryl oxygen atoms
of two molecules are within 5.5 A of each other. The choice of cut-off distance and exclusion
of an inter-dipole angle requirement to the dimer definition are discussed in the results
section. A list of edges was produced in each system at each sampling time step. Those
results were analyzed with code developed for this study to determine the average relative
occurence and average coordination number of each graph size. The average coordination
number, the average number of edges extended from the vertices of a given graph, is defined
for a graph as twice the total number of edges in the graph divided by the number of vertices.
For example, a linear trimer consists of three vertices connected by two edges results in an
average coordination number of 4/3. If the first and third vertices were also connected, the
average coordination number for the graph would increase to 2. Thus, a higher average

coordination corresponds to a more nonlinear graph.
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2.4 Results

2.4.1 Neat TBP and DAAP simulations

The neat liquid phase GAFF/p TBP and DAAP simulations were completed to provide
model validation through comparison to the default GAFF models as well as data given in
the literature for the scaled and unscaled AMBER99 TBP models[50], the GAFF /vdw TBP
model[58] and experimental values of density[90] and average molecular dipole moment[91—-
93]. Table 2.7 shows those results. The density for the GAFF /p model presented here is
similar to the GAFF /vdw and AMBER99 models, within 1% the experimental value.

The unscaled average molecular dipole values for AMBER99 models are significantly
higher than the experimental value. This difference led Cui et al. to apply a scaling factor
of 0.7 for the AMBER99/DFT model and 0.6 for the AMBER99/MNDO model to the
calculated atomic charges[50]. The Coulombic scaling is chosen such that the resulting
dipole is within the experimental range, with their results shown in Table 2.7 denoted with
an asterisk. Using the default GAFF parameters, the TBP dipole is underpredicted with a
value of 2.90 £+ 0.04 debye. The GAFF/vdw TBP model generated by Vo et al. increased
the dipole by altering the O2 van der Waals parameters: the potential well radius was
increased while the well depth was significantly reduced. The resulting dipole is higher than
the experimental range, although less so than the unscaled AMBER99 models[58].

Altering the O2 van der Waals parameters, however, will impact the inter-molecular in-
teractions and structuring, making it not ideal for the organic phase simulations of interest.
As addressed in the following section, the dimerization constant obtained by Vo et al. is
lower than the experimental value. This is attributed to the reduced attractive potential of
the O2 atom that is relevant to the head-to-head dimer interactions. To match the experi-
mental dipole without impacting the intermolecular potentials that influence dimerization,

we instead change the intramolecular potential via the dihedral parameters. The dihedral pa-
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rameters in GAFF are not as well characterized as in AMBER99 as most GAFF dihedrals,
including all phosphorus-containing dihedrals, are defined only by the central two atoms.
Thus, the default GAFF dihedrals are only approximate and a likely source of the GAFF
TBP model deviations from the experimental TBP behavior vis-a-vis the average molecular
dipole.

We hypothesize that to correct the underpredicted dipole given by the default GAFF
parameters, we should increase the separation of the negative TBP head group from the net
positively charged tails. For the GAFF/p model, we increased the phosphorus-containing
torsion potentials such that the carbon tail orientations are now more extended. The relative
atomic positions within the rather rigid head group were unchanged, but the resulting change
in the carbon tail orientations led to a shift of the average TBP center of mass approximately
0.1 A away from the head group. A similar magnitude of change in the distance to the
molecular center of mass was also observed in the carbon tails. The more rigid torsion
potentials thus increased the dipole by increasing the separation of the positive and negative
portions of the TBP molecule. We calculate the GAFF /p dipole to be 3.28 & 0.02 debye at
300K, which is in close agreement with the experimentally measured values of 3.28, 3.32 and
3.35 debye. A dipole value of 3.67 debye has also been reported for TBP[94], but this value
is significantly higher than the other reported values and is considered an outlier. While
the values of 3.35 and 3.67 debye were obtained at 25° C instead of 20° C for 3.28 and
3.32 debye, the 5° change in temperature is not expected to result in a significant enough
increase to justify inclusion of the outlier value. To verify this, we performed simulations at
both 20° and 25° C and found the dipole increased by only 0.01 debye, which is within the
measurement uncertainty.

The GAFF DAAP model presented here further supports the validity of using the modi-
fied torsion parameters. While the DAAP model accurately replicates the density, using the
default GAFF dihedral parameters for phosphorus-containing dihedrals results in a dipole

of 4.19 £ 0.04 debye. This value overestimates the dipole when compared to the estimated
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experimental range of 3.1 4+ 0.2 debye calculated with unpublished data using the Onsager
equation[92]. By using the same modification to the dihedral parameters, a simulation dipole
of 2.94 + 0.03 debye is obtained, which falls within the experimental range. The phosphorus
containing dihedrals, as a result of the missing bridging oxygen and resulting phosphoryl
group asymmetry, are not the same dihedrals that exists in TBP. The improved computa-
tional and experimental agreement that occurs as a consequence of the modified phosphorus
torsion terms for the TBP and DAAP GAFF supports that using this adjustment is robust
and transferable to other trialkyl phosphate- or phosphonate-type extractants.

Other metrics have been applied for TBP model validation in the literature including
heat of vaporization and density change with TBP volume fraction in n-dodecane. These
properties are of interest, but for the intended application of assessing organic phase aggre-
gation of trialkyl phosphate and phosphonate extractants, replication of the electric dipole
and dimerization constant may be more appropriate properties to validate. The excess vol-
ume of mixing TBP and n-dodecane, as assessed by Cui et al. for the AMBER99 models
in the literature[53], is less than 1% of the total combined volume. They asserted that cor-
rectly predicting the sign of the volume change indicates successful model behavior. For
the GAFF/p model the excess volume of mixing for the 0.97 M TBP and DAAP systems
were positive but overpredict the TBP experimental value at 5.1 cm?®/mol and 7.9 cm?/mol,
respectively, compared to an experimental value of 0.6 cm?®/mol for TBP at 0.3 mole fraction
TBP.

The heat of vaporization for the GAFF /p TBP and DAAP were calculated as 25.3 + 0.5
and 28.2 + 0.9 kcal/mol, respectively. The value for TBP is higher than the experimental
value of 22.7 kcal/mol but close to the value reported by Vo et al. for the default GAFF
parameters. The GAFF /vdw model, which was fit to the density and heat of vaporization by
adjusting the attractive portion of the LJ potential, gives a value of 24.08 + 0.04 kcal/mol
for the TBP heat of vaporization. While this method will lower the heat of vaporization, as

the short range LJ potential is the most significant energy contribution difference between
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the liquid and gas phases, maintaining intermolecular potentials that govern aggregation
behavior, such as dimerization as discussed in the following section, is of more concern for the
GAFF /p model. Furthermore as discussed by Vo et al., the default GAFF parameters result
in a “gel” phase for the pure alkane, where the diluent molecules adopt a stacked structure.
Instead of avoiding this unphysical behavior through LJ attractive potential adjustment as
utilized by Vo et al., we modified the torsion potentials for the n-dodecane and n-octane
models to omit dihedrals with atom combinations consisting of two hydrogen atoms. The
density and heat of vaporization for the dihedral-adjusted n-dodecane model are 732 + 0.5
kg/m? and 16.9 + 0.1 kcal /mol, respectively, compared to experimental values of 744 kg/m?
and 14.7 kcal/mol[58]. Though not matching as closely as the LJ-adjusted model used by
Vo et al. fit to the density and heat of vaporization, the values for these properties are still

reasonable.

Table 2.7: Simulation density and dipole for neat TBP and DAAP liquids. Default GAFF,
GAFF/p, GAFF/vdw, AMBER99 and scaled AMBER99 literature TBP models are com-
pared with experimental values. Percent error with respect to the corresponding value is
given for each simulation result. The asterisk denotes literature models with atomic charge
scaling factors.

Molecule Data source Dipole Percent | Density | Percent
(debye) | difference | (kg/m?) | difference
TBP experiment[90-93] 3.28-3.35 — 972.1 —
TBP GAFF/p 3.28 + 0.02 1+1 980 £2 | 0.8 £0.2
TBP default GAFF 290 +£0.04 | 13£1 |980+2 | 0.8=+0.2
TBP GAFF /vdw|[58] 358+ 034 8£10 | 9717 | 0.1+£0.7
TBP AMBER99/DEFT[50] 391 +£0.11 ] 18+ 3 984 1.2
TBP AMBER99/MNDOI50] | 4.97 £ 0.11 | 50 £+ 3 981 0.9
TBP AMBER99/DFT*[50] | 2.99 +0.04 | 10 + 1 980 0.8
TBP AMBER99/MNDO*[50] | 3.23 + 0.04 3+1 975 0.3
DAAP experiment 3.1+0.2 — 928[95] —
DAAP GAFF/p 2.94 + 0.03 5+1 927+ 1| 0.1 £0.1
DAAP default GAFF 419+004 | 35+1 | 927+1]0.1+£0.1
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2.4.2 Extractant/Diluent Organic Phase Simulations

Snapshots of GAFF/p TBP aggregates in n-dodecane are shown in Figure 2.2. Figures
Figure 2.2a-c show the two dimers in solution in the 0.12 M simulation. The diluent is not
shown for clarity. The dipole of a given TBP molecule approximately points along the P=0
axis that connects the highlighted phosphorus and phosphoryl oxygen atoms, shown in green
and red respectively. The angle between the dipoles of the TBP molecules in the dimers here
is close to 180 degrees. Note the offset between the two P=0 axes, presumably to lessen the
local electrostatic repulsion between the phosphoryl O2 oxygen atoms. Figures Figure 2.2d-f

show a linear timer, a cyclic trimer and a tetramer from the 0.97 M simulation.

d

Figure 2.2: a) Snapshot of 0.12 M GAFF/p TBP in n-dodecane, with the two dimers in the
simulation, circled in frame a, shown enlarged in b and c. d-f) A linear timer, a cyclic trimer
and a tetramer from the 0.97 M TBP simulation. Diluent is omitted for clarity. Oxygen
atoms are depicted in red, phosphorus in green, and carbon tails in blue and white for carbon
and hydrogens, respectively.
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Structure and aggregation, including dimerization, measurements of TBP and DAAP
in n-dodecane and n-octane organic phases were calculated for the GAFF /p model as well
as both scaled AMBER99 literature TBP models. To capture the structure of TBP and
DAAP aggregates and ensure the connectedness criterion defining an edge does not over- or
undercount interactions, the distribution of relative positions and orientations of TBP and
DAAP molecules is measured. The question of what cut-off to use in identifying dimers and
whether or not to include an orientation restriction on the dimer definition was addressed by
plotting the distribution of O2-O2 atom distances and angles between the P=0 bond. The
angle between two TBP dipoles is defined such that two head-to-head molecules, where the
02 atoms are facing each other, is # = 180 degrees. A head-to-tail orientation corresponds
to 8 = 0 degrees. The inset in Figure 2.3 shows a schematic of these orientations.

The orientation and distance distribution plots are shown in Figure 2.3a, b and c¢ for
the 0.97 M TBP, 0.97 M DAAP and 0.04 M TBP in n-dodecane simulations. Note that
all configurations are recorded in these data, not just those that qualify as belonging to
an aggregate. Furthermore, these distributions are normalized by a factor of 4mwr?sin(6)
according to the differential volume at a particular value of 6 and r. The color schemes for
the 0.97 M TBP and DAAP panels are normalized to molecule number to allow for direct
comparison between extractants. The color bar gives the orientation probability density
normalized with a 27r?sin(6) factor such that the total number of counts over the range of
0 to 360 degrees and 0 to 8 A is equal to unity. Analogous plots for the other extractant,
concentration and diluent combinations, while not given here, contained similar features.
While the number of individual configurations is low for the 0.04 M plot, resulting in less
signal to noise, the position and angle dependence are similar to those in the 0.97 M system.
Thus, the fundamental TBP and DAAP interactions of dimer pairs in dilute conditions is
similar to those in the high order aggregations at high extractant concentrations studied

here.
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The region of most frequently observed angle and distance combinations occurs above
150 degrees with a tail extending down to lower angles, within a distance range of 3 to 5.5
A. The population of head-to-tail configurations was not significant, and tail-to-tail dimers,
with an inter-dipole angle near = 0 and a O2-O2 distance range larger than the range found
for head-to-head dimers, were not observed. Radial distribution functions (not shown) for
02-02, P-P and O2-P pairs in pure TBP have peaks at 4.7, 5.9 and 5.1 A respectively.
These distances reflect configurations in which the P=02 dipoles between interacting TBP
molecules are aligned such that the four P and O2 atoms form a quadrilateral where the
average 02-0O2 and O2-P distances are shorter than the P-P distance. These measurements
and observations in the dimer and aggregate snapshots indicate that extractant dimers form
primarily in a nearly head-to-head orientation with the molecular axes offset from each other
presumably due to O2-O2 repulsion, as has been previously proposed[53, 58].

The inter-dipole angle versus O2-0O2 distance distribution plot for DAAP, shown in Fig-
ure 2.3b looks similar to the plot for TBP but with fewer total counts in the peak region.
Note that the presence of unexpected high counts near 0 and nearly 180 degrees, as well as
for low O2-O2 r values, reflects a greater noise level due to the proportionally lower number
of configurations at the polar angles and small radial distances compared to intermediate
angles and larger radii. In the 0.4 M TBP system, dimers were observed from viewing the
trajectories to be transitory and persist from 1 to 5 ns. Larger aggregate lifetimes, marked by
transitions between N-mers to (N-1)- or (N+1)-mers, were more transient. Trimer lifetimes
observed in the 0.23 M TBP simulation ranged from 0.24 to 1.2 ns. Larger aggregates than
trimers were not observed in sufficient quantity to report a meaningful lifetime range.

The cut-off distance of 5.5 A specified in the Methods is determined by this distribution
plot. The cut-off needs to encapsulate all of the relevant extractant interactions while not
extending so far that extraneous extractant pairs are counted. This plot indicates that there
is a clear delineation in distance between dimer interactions and noise, lending confidence

to the choice of cutoff used in the dimer definition. There is no orientation restriction used
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Figure 2.3: Angle versus distance frequency plot for GAFF/p 0.97 M TBP, 0.97 M DAAP
and 0.04 M TBP in n-dodecane, shown in a, b and c respectively. The orientation convention
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here because, while the nearly “head-to-head” orientation is preferred for both high and low
concentration systems, at low concentration there are interactions observed over the entire
orientation range. Furthermore, as observed in Figure 2.2d-f, there are TBP orientations
outside of the “head-to-head” region in the pictured trimers and tetramer. To identify these
aggregates while using the same criterion for all inter-extractant interactions, no orientation
restriction was applied.

To validate the GAFF /p TBP model’s ability to accurately replicate organic phase self-
interaction, the simulation dimerization constant is calculated and compared to the experi-
mentally determined value. The dimerization constant is defined as the equilibrium constant

for the dimerization reaction shown in Equations 2.4 and 2.5.

TBP,,,, - TBP,,,, = TBP 4, (2.4)
[TBP 4im]

Egim = ——timl 2.5

d [TBP 002 (2.5)

The experimental dimerization constant was measured for dilute TBP at 0.01 M concen-
tration in n-dodecane to be 2.6 + 0.1 (mol/L)71[94, 96]. As the IR spectroscopy method
used to determine this dimerization constant does not distinguish between TBP in dimers
or larger aggregates, a value for the dimerization constant was computed using data from
dilute TBP concentrations where the concentration of higher order aggregates are negligible.
Nonetheless, this dimerization constant can still be expected to describe the monomer/dimer
ratio given in Equation 2.5 even at higher TBP concentrations, where there are simultaneous
equilibria with higher order TBP aggregates. Thus, even though it is too computationally
expensive to simulate the dilute system for long enough time to achieve sufficient statistics,
the dimerization constant can still be assessed from the systems simulated here.

The dimer concentration at each total extractant concentration from 0.04 to 0.23 M for
the GAFF/p TBP model is plotted in Figure 2.4. In Figure 2.4 we also plot values for the
dimer concentration from the experimental dimerization constant assuming there are only

monomers and dimers comprising the total TBP concentration. Once the TBP concentra-
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tion reaches a value where higher order aggregates are non-negligible and the total TBP
concentration does not consist only of monomers and dimers, the experimental Equation
2.5 low-concentration extrapolation line overpredicts the dimer concentration. Dimer con-
centrations measured in simulation using the modified AMBER99 literature models and the
GAFF/p DAAP model are plotted for comparison.

Note the total concentration values in Figure 2.4 are corrected for the finite size of
the simulation systems. The actual concentration observed by a single extractant molecule
other than itself deviates from the nominal concentration for a small number of extractant
molecules, i.e. when (N —1) ~ N is not valid. For the dimer concentration calculations, the
total extractant concentration is thus corrected by a factor of N(N — 1)/N? to obtain the
effective concentration.

For n-dodecane, shown in Figure 2.4a, agreement between extrapolated experimental
dimerization and GAFF /p model dimerization is excellent through 0.18 M TBP, after which
the simulation dimer concentration is lower than the extrapolated experimental value for
reasons discussed above. The modified AMBER99/DFT and AMBER99/MNDO models
underpredict the dimerization at all concentrations. The DAAP dimerization is lower, al-
though not significantly, than TBP for the GAFF /p models at nearly every concentration.
To the authors’ knowledge there is no experimental dimerization constant for DAAP to
compare the simulation values.

The dimerization constants were directly computed from Equation 2.5 using the simu-
lation dimer and monomer concentrations obtained with the aggregate graph analysis and
plotted in Figure 2.4c at each of the simulated concentrations. Average values for the dimer-
ization constants taken over all concentrations from 0.04 to 0.23 M are given in Table 2.8.
The GAFF /p TBP model gives a simulation dimerization constant of 2.8 4+ 0.8 (mol/L)™!,
quite close to the experimental value of 2.6 + 0.1 (mol/L)™!. The dimerization constant
of the GAFF/vdw TBP, assessed by Vo et al., was 1.2 4+ 0.03 (mol/L)~[58]. This value

is presumed to be lower than the dimerization constant for the GAFF /p model due to the
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reduced van der Waals potential on the O2 atom. Vo et al. also report a value of 2.2 4+
0.5, although that value is calculated by counting higher order aggregates as dimers. The
AMBER99 models both significantly underpredict the dimerization constant. These dimer-
ization constants and those calculated for the modified AMBER literature models are given

in Table 2.8.

Table 2.8: Dimerization constants calculated from simulation for GAFF /p and scaled AM-
BER99 TBP models are given with the experimental and GAFF /vdw[58] values. Computed
GAFF/p DAAP dimerization constants are also given. Percent error is given relative to the
corresponding experimental value, if applicable.

Molecule Data source Diluent Dimerization Percent
constant (mol/L)~" | difference

TBP experiment[94, 96] n-dodecane 2.6 £0.1 —

TBP GAFF/p n-dodecane 28 +£0.8 8 + 30
TBP GAFF/p n-octane 26 £0.5 0+ 20
TBP GAFF /vdw|[58] n-dodecane 1.2 £ 0.03 50 + 1
TBP AMBER99/DFT[50] | n-dodecane 0.19 £ 0.04 93 £+ 2
TBP AMBER99/MNDOI50] | n-dodecane 0.07 £ 0.02 97 £ 1
TBP AMBER99/DFTI50] n-octane 0.20 &+ 0.05 92 £+ 2
TBP AMBER99/MNDOI50] | n-octane 0.09 £ 0.03 97 £ 1
DAAP GAFF/p n-dodecane 1.7+ 0.5 —

DAAP GAFF/p n-octane 1.3+£0.3 —

Dimerization in n-octane for all models is plotted in Figure 2.4b. The experimental
dimerization constant is assumed to be the same as that for n-dodecane[15]. The actual
value is expected to be slightly higher, as it would likely fall between the reported values
for n-dodecane (2.6 £ 0.1) and hexane (2.9 £ 0.1)[96]. Here, the GAFF/p model and
calculated experimental dimer concentrations are in excellent agreement up to 0.15 M TBP.
The modified AMBER99 literature models underpredict dimerization at all concentrations.
At 0.04 M TBP, the GAFF /p model gives a dimerization constant of 2.6 4+ 0.5. These values
are also given in Table 2.8.

Assessment of the increasing appearance of higher order aggregates other than dimers
in the range of 0.04 to 0.23 M TBP is necessary to understand and characterize the low

concentration TBP behavior. Extractant aggregates are defined through the graph con-
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for n-dodecane are given in a and n-octane in b. The dimerization constant for TBP and
DAAP in both diluents at each simulated concentration is given in c.
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nectivity criterion described in the Methods section. The concentration of each GAFF /p
TBP or DAAP aggregate size that occurred in simulations for each of the four combinations
of extractant and diluent are shown in Figure 2.5. Those plots show the number of each
aggregate by size per extractant molecule. While no trimers are observed for the 0.04 M
simulation, they are observed to a degree at each of the higher concentrations. Tetramers
and pentamers were not significantly formed until after 0.1 M in these simulations. The spe-
ciation shows that TBP, while similar in the number of dimers formed, has notably higher
occurrences of trimers and tetramers than DAAP over the same range of concentrations.
The reduced aggregation of DAAP relative to TBP is suspected to result from increased
steric crowding due to the additional alkyl tail length. The differences in speciation between
diluents is not significant. It should be noted that the finite size effects that were corrected
for in the dimer assessment apply here. For each aggregate size, the total concentration was
adjusted to reflect the effective concentration observed in simulation by that size aggregate.
As different aggregate sizes deplete the simulation box of extractant molecules to different
degrees, the corrected concentration that a given aggregate is subjected to is dependent on
aggregate size. The concentrations of each aggregate size were therefore scaled by a factor
of ]A—/[[ (N +1—14)/N where N is the total number of extractant molecules in the system
an(Zi:ZI\/[ is the aggregate size. Therefore, for a given system with a nominal total extractant
concentration, the corrected concentration is different for each aggregate size.

While low extractant concentration simulations are useful for validating model behav-
ior with respect to the dimerization and observing the onset of higher order aggregation,
the PUREX process is performed at roughly 1 M TBP. The complex TBP and DAAP self-
interaction at that high concentration is difficult to assess experimentally. We characterize
and quantify TBP and DAAP aggregation at those high concentrations. Figure 2.6a shows
the aggregate size distribution for 0.97 M TBP and DAAP in n-dodecane and n-octane.
The speciation depicted here for the PUREX-applicable 0.97 M extractant concentration

shows trends similar to the low concentration systems: larger aggregates occur in greater
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n-dodecane, b) TBP in n-octane, ¢) DAAP in n-dodecane and d) DAAP in n-octane.
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concentrations for TBP than DAAP in both diluents. The nearly linear trend of the log
aggregate concentration versus aggregate size plot indicates that there is a characteristic
probability associated with the incorporation of each successive extractant molecule that is
approximately independent of aggregate size, and can be interpreted in terms of an associ-
ation equilibrium constant. The equilibrium constant, k, is defined as the concentration of
M-mer divided by the concentration of (M — 1)-mer times the monomer concentration. It
can be related to the difference in interaction mean free energy between an aggregate of size

M and M monomers via the equation

k= e~ My —n9)/kpT (2.6)

In the exponent, the difference in interaction mean free energy of an N-sized aggregate,
MuS,;, and M monomers, M u?, is divided by Boltzmann’s constant kg times the temperature
T. The concentration versus aggregate size data in Figure 2.6a were fitted to an exponential
to evaluate (%, — u9)/kT. For TBP in n-dodecane and n-octane, respectively, (u%, — u?)
is 0.55 and 0.59 kcal/mol per molecule. For DAAP, a value of 0.72 kcal/mol per molecule
was obtained for both diluents, corresponding to the lower concentrations of the larger sized
aggregates compared with TBP. The concavity of the log concentration versus aggregate
size curve indicates that as the aggregate size increases, the interaction free energy increases
slightly with increasing M. This may reflect the increasing steric penalty for aggregate
formation at larger aggregate sizes that is not accounted for in Equation 4.4.

To further characterize aggregation in the high extractant concentration systems, the
average coordination number, defined in the Methods section, in the aggregate graphs are
shown in Figure 2.6b. With vertices representing the TBP or DAAP molecules, the average
coordination number of those vertices is a measure of the nonlinearity or compactness of
the aggregate. Figure 2.6b indicates that, in both diluents, the TBP systems have a higher
average coordination number for all aggregate sizes than DAAP. Figure 2.6b also shows a
linear reference graph, indicating the average coordination number of a completely linear

aggregate of each size for comparison. In addition to forming trimer and larger aggregates
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more frequently than DAAP, TBP aggregates of all sizes are more compact.
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Figure 2.6: a) Average number of extractant aggregates per extractant molecule, for varying
aggregate size. b) The average coordination number for each aggregate size. TBP and DAAP
at 0.97 M in both n-dodecane and n-octane are plotted together in each panel.

2.5 Conclusions

A new TBP and DAAP model is presented for use in classical molecular dynamics,
particularly in organic phase simulations, using the Generalized AMBER Force Field with
an adjustment to the phosphorus-containing dihedrals. The AM1 semi-empirical method
with a bonded charge correction is implemented for calculating partial atomic charges. The
model’s density, molecular dipole and dimerization constant are evaluated and compared
to existing literature models and experimental data. Recent AMBER99 TBP models with
Coulombic scaling, while matching the density and dipole, underpredicted dimerization. The
GAFF /vdw TBP model, while similar to the one presented here, overpredicts the experi-
mental dipole and undrepredicts dimerization. In this paper, we show that both of these
discrepancies are corrected when the generic dihedral potentials of GAFF are replaced with
stiffer torsion parameters for phosphorus-containing dihedrals. These corrections were shown
to correct the DAAP dipole as well from the overpredicted value given by the standard GAFF

torsion potentials. To further modify the GAFF /p model to match experimental density and
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heat of vaporization, we expect that a L.J potential parameter refinement could be performed
while avoiding modifications that impact dipole and dimerization agreement rendered by the
GAFF /p torsion adjustment.

Both extractants were simulated in n-dodecane and m-octane over a range of concen-
trations from 0.04 to 0.97 M to assess aggregate speciation and inter-extractant structure.
DAAP and TBP self-interactions were found to exist primarily in the head-to-head orienta-
tion with an inter-dipole angle range of 150 to 180 degrees at an 02-O2 separation of 3 to
5.5 A. Using output from the ChemNetworks software, a graph analysis was performed on
the aggregate structures in the extractant/diluent simulations. The GAFF/p TBP dimeriza-
tion constant assessed over the low concentration systems matched the experimental value,
indicating that the GAFF/p model successfully replicates the fundamental organic phase
self-interaction of TBP. Speciation of the extractant aggregates was measured at higher con-
centrations. While the choice of diluent did not significantly affect aggregation, DAAP did
not form tetramer or larger aggregates as frequently as TBP presumably due to greater steric
repulsion between its longer hydrocarbon tails. TBP aggregates at 0.97 M had larger aver-
age coordination numbers and thus were more compactly connected than equivalent DAAP
aggregates. The probability distribution of aggregate size was approximately exponential,
consistent with a fixed probability for each additional extractant molecule to be included in
the aggregate, up to at least a 7-mer. The corresponding differences in interaction free energy
between aggregates and their monomer components were determined for each extractant in
each diluent. This trend, if valid for higher aggregates, would have implications for third
phase formation. The combination of experimental agreement for the density, dipole and
dimerization lend confidence to use of the GAFF/p TBP and DAAP models in simulations

studying organic phase TBP self-interaction and aggregation.
2.6 Acknowledgements

The authors thank the Colorado School of Mines High Performance Computing center for

computational resources and Nuclear Regulatory Commission Faculty Development Award

44



NRC-HQ-11-G-38-0062 for funding.

45



CHAPTER 3
THE ROLE OF SOLVENTS IN ORGANIZATION AND ASSOCIATION OF NEUTRAL
ORGANOPHOSPHORUS EXTRACTANTS

3.1 Abstract

The choice of organic solvent is known to impact distribution and phase partitioning in
solvent extraction systems, although study of this behavior has been largely qualitative. To
provide a more quantitative and molecular scale understanding of extractant and solvent
association in solvent extraction, molecular dynamics studies of binary extractant/solvent
systems are conducted for several organophosphorus solvating extractants across a range of
organic solvents. Classical molecular dynamics potentials are optimized for the extractants
in pure phase simulations. These potentials are then validated with binary extractant/sol-
vent solutions by comparison to experimental data for volume change on mixing and mixing
enthalpies. The excellent agreement with available experimental data indicate these models
are practical for systems where extractant-solvent mixing energetics drive extracted complex
solubility and phase behavior. Trends in association free energy, mixing enthalpy and devia-
tions from ideal mixing volume are reported for each extractant and solvent binary mixture.
Contributions to those properties depending on extractant and solvent molecular structure
are investigated, including the enthalpic favorability of extractant/toluene solutions com-

pared to diethyl ether and n-hexane.
3.2 Introduction

In liquid-liquid solvent extraction, an amphiphilic extractant molecule in a nonpolar
solvent selectively recovers metal ions from an acidic aqueous phase. The solubility of

extractant-metal clusters in the organic phase impacts partitioning energetics as well as
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the metal solubility limit before third phase formation[78]. In third phase formation, the
organic phase splits into two phases, the heavier of which contains nearly all the extractant
and extracted polar solutes while the lighter phase contains primarily the organic solvent.
The molecular structure of the extractant and organic solvent molecules affects the solubil-
ity of those clusters, informs the polar solute partitioning and the maximum metal loading
before phase splitting[4], and thus the efficiency per contact. While metal distribution to the
organic phase and the limiting concentration before third phase formation have been shown
to depend strongly on the extractant and solvent structures, predictive modeling of those
properties is lacking.

In Plutonium Uranium Redox EXtraction (PUREX)-type solvent extraction processes, a
solvating organophosphorus extractant, such as tributyl phosphate (TBP), in an hydrocar-
bon solvent is contacted with a nitric acid aqueous phase to selectively extract tetra- and
hexavalent metal ions from trivalent ones. Extraction efficiency under high metal and acid
loading, particularly approaching third phase formation, is affected by the aggregation chem-
istry of the extracted complexes[22]. For rare earth element extraction systems that employ
multi-coordinate extractants, like octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine
oxide (CMPO), third phase formation and general organic solubility are even more rele-
vant concerns[97]. Effectively modeling the impact of extractant and solvent structure on
solubility will aid in the design of such extraction systems.

Rao et al. determined the limiting organic concentration (LOC) for thorium extraction by
TBP in different organic solvents. This work identified empirical trends in aliphatic solvents
where decreasing the chain length or introducing branching to the solvent increased the LOC,
making the organic phase less prone to third phase formation[30]. Aromatic and alcohol-
based solvents also exhibited an increased LOC compared to aliphatic solvents. Rao and
coworkers also studied variation compared to TBP in the LOC for different organophosphorus
extractants in n-dodecane, including triamyl phosphate (TAP), dibutyl butyl phosphonate

(DBBP) and diamyl amyl phosphonate (DAAP)[31]. These four extractants are depicted
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in Figure 3.1. They found that changing the butyl tail groups to amyl groups, as well as
changing the polar head from a phosphate to phosphonate group, increased resistance to

third phase formation.

TBP TAP DBBP E DAAP

/ /

IR

Figure 3.1: The molecular structure of: tributyl phosphate (TBP), triamyl phosphate (TAP),
dibutyl butyl phosphonate (DBBP) and diamyl amyl phosphonate (DAAP).

To study these observed impacts of extractant and solvent structure on mixing ener-
getics and mutual solubility, we conducted molecular dynamics (MD) simulations of bi-
nary solvent-extractant organic phases for different combinations of solvent and extractant
molecules across a range of volume fractions. First, pure extractant and solvent systems
are considered to optimize and validate extractant models with respect to experimental val-
ues of relevant pure phase physicochemical properties, including density, average molecular
dipole and enthalpy of vaporization. An optimized Lennard-Jones potential for the carbon
atoms on the butyl and amyl tail groups are fitted for the extractants for use in conjunc-
tion with the phosphorus-containing dihedral parameters previously reported for this class of
extractants[98, 99]. The carbon atom L-J parameters were chosen for optimization to reduce
the density and enthalpy of vaporization of the extractants because they have previously been
optimized in the literature to reduce intermolecular attraction with n-dodecane that leads to
an unphysical gel phase transition[58]. Using the optimized extractant models, properties of
mixed phase simulations are investigated for each combination of extractant and diluent for

a range of extractant volume fractions. The extractants are mixed with each of eight solvent
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molecules: n-dodecane, n-decane, n-octane, n-hexane, 4-propyl heptane, toluene, diethyl
ether and isopropanol. Additionally, benzene and ethyl propyl ether were simulated for a
subset of the extractants and extractant volume fractions. Aliphatic diluents were selected
to identify trends in linear chain length, from n-hexane to n-dodecane, and the impact of
branching in the 4-propyl heptane. Toluene, diethyl ether and isopropanol are studied to
investigate the impact of other extractant-solvent interactions, including molecular packing,
polar interactions and hydrogen bonding. In the mixed organic phases, the extractant associ-
ation free energy, enthalpy of mixing and volume change on mixing is measured and compared
to available experimental data. Trends in those properties between extractants and solvents
are discussed, with consideration to the polar and nonpolar extractant-solvent interactions
present in those binary systems and how those interactions affect extractant-extractant asso-
ciation and extractant solubility. Validating molecular models and characterizing the binary
phase extractant-solvent interactions and properties, including structure and solubility, will

aid future research in rational design of solvent extraction systems.

3.3 Methodology

3.3.1 Force Fields

Extractant and solvent molecules were modeled with the Generalized AMBER Force
Field (GAFF)[32] potential. The AM1-BCC method|[85, 86] was used for deriving partial
atomic charges for each extractant and diluent molecule using the methods we have previ-
ously reported[98]. Charges for the extractant molecules are given in Figure 3.2 and solvent
molecules in Figure 3.3. Optimizations to the default parameters were made for both the
extractant molecules and the alkane solvents and are described below.

For the extractants, we use previously reported adjustments to the phosphorus-containing
dihedral parameters for the extractant molecules[98]. To further improve the pure phase ther-

modynamic properties of the extractants without impacting experimental agreement with
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other properties like dimerization constant, in this study we optimized the Lennard-Jones
parameters for the carbon atoms on the extractant alkyl tails. Dimer formation for the up-
dated TBP and DAAP models is not significantly different from perviously reported values.
We simulated the pure extractant systems for each extractant across combinations of o and
¢ Lennard-Jones parameters for the carbon atom sites. To avoid inadvertent consequences of
significantly deviating from the default parameters, we limited the parameter optimization
scan to within 5% of the default values. The optimized o and e values were identified using
a least squares criterion on the percent difference between simulation data and available
experimental density, dipole and enthalpy of vaporization data. While the density data is
available for each extractant, values for the other two properties are only available for TBP.
Table 3.1 gives the experimental and optimized simulation values for the fitted properties.
The best fit over the set of available data was achieved with scaling the default parameters
by 96% and 103% for o and ¢, respectively, giving values of 3.2637 A and 0.1127 kcal /mol.

The optimized carbon atom van der Waals parameters developed by Vo et al.[58] for
n-dodecane, which prevent an unphysical gel phase transition that occurs with the default
GAFF potential[58, 100], are used here for all alkane solvents. The density, molecular dipole
moment and enthalpy of vaporization for the pure solvent system simulations are compared
to available experimental data in Table 3.2. The GAFF parameters used here accurately
replicate these properties across the range of solvent molecules investigated with a 1.1%
average error.

The average molecular dipole is defined as the system time average of the instantaneous
molecular dipole for that molecule type, given in Equation 3.1, where ¢, and r, are the partial

atomic charge and position of atom a and rgoy is the center of mass of that molecule.

P= qu(ra — Tcom) (3.1)

The enthalpy of vaporization, AH,,,, at a given temperature and pressure,

AHvap = Hgas - Hliquid = Ugas - Uliquid + p(‘/gas - ‘/iiquid) (32)
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Figure 3.2: Atomic charges for the extractant molecules are given in fundamental charge
units. Charges are only given once for symmetric atoms.
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where Hg,s and Hiiquiq are the gas phase and liquid phase enthalpies, Ugas and Ulquia the
respective internal energies, p the pressure and Vg, — Viiquia the change in volume upon
vaporization.

Assuming the liquid phase volume is much smaller than the gas phase volume and ideal

gas behavior, Equation 3.2 is simplified to
AI{vap = Hgas - Hliquid = Ugas - Uliquid + RT (33)

where R is the universal gas constant. The effects of non-ideal gas behavior are typically
small compared to the total enthalpy of vaporization quantity and thus ignored in the sim-

plification.

Table 3.1: Physiochemical properties for the four extractants, with available experimental
data used in the optimization fitting, are given for the pure extractant systems with optimized
force field potentials.

Density Dipole AH,p
kg/m? debye kJ/mol
sim. exp. sim. exp. sim. exp.
TBP 97841 | 972.4[90] | 3.348+0.003 | 3.28, 3.32, 3.35[91-93] | 97.1£0.1 | 95.0[58]
TAP 95241 | 937.3[101] | 3.486+0.004 109.0
DBBP | 94741 948[31] | 2.884+0.005 86.7
DAAP | 91841 | 929.1[95] | 2.94440.005 102.1

3.3.2 Simulation Systems and Conditions

Molecular compositions for the simulations are given in Table 3.3. For the binary systems,
the extractant volume fraction was varied from 5% to 90% with molecules numbers chosen for
an approximately 250 nm? simulation box size. The pure component system compositions
are also given in Table 3.3. The GROMACS 4.5.5 software package[89] was used for all
simulations. The isobaric isothermal NPT ensemble with periodic boundary conditions and
a leap-frog Verlet integrator were used for all simulations. Pressure was set to 1 bar with the
Berendsen barostat using a 2 ps time constant and temperature to 300 K with the Berendsen

thermostat using a 0.1 ps time constant. Particle-Mesh Ewald summation was used for long-
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Table 3.2: Physicochemical properties of the simulated pure solvent systems are given with
available experimental data[102].

Density Dipole AH,qp

kg/m? debye kJ/mol
sim. exp. | sim. | exp. sim. exp.
n-Dodecane 741 745 62.0 61.4
n-Decane 718 730 53.3 51.5
n-Octane 686 703 41.5 41.9
n-Hexane 635 655 30.6 31.5
4-Propyl Heptane 724 733 53.2 48.5
Diethyl Ether 711 713 1.37 | 1.15 27.7 27.3
Ethyl Propyl Ether 733 739 1.56 34.8 31.4
Toluene 839 867 | 0.33 | 0.36 36.5 38.8
Benzene 851 876 29.5 33.9
Isopropanol 793 786 2.08 | 1.66 45.6 45.7

range electrostatic summation with a 15 A cut-off for short range electrostatic and van der
Waals interactions. The LINCS algorithm was used for constraining hydrogen-containing
bonds to enable a 2 fs time step. Each system was simulated for 70 ns from an initially
unmixed configuration. Of the 70 ns run time, the first 20 ns were used for equilibration and

the final 50 ns for sampling.

3.4 Results

3.4.1 Volume Change on Mixing

The volume change on mixing of the extracant and solvent molecules is investigated
here as a measure of the molecular packing in the mixture compared to the pure phases.
In addition to testing force field behavior, this metric gives insight into extractant-solvent
interactions. Volume change on mixing has also been used as a measure of force field accuracy
for TBP in n-dodecane[53]. Here, we compare the TBP and n-dodecane models used in
this study to experimental values of volume change on mixing as well as two literature

models[53, 56]. Mixing volume data is also given for the remaining extractants and solvent
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Table 3.3: The number of molecules of each type for simulations of a given extractant volume
fraction.

0% | 5% | 10% | 30% | 50% | 70% | 90% | 100%
TBP 28 56 166 | 278 | 388 | 500 | 500
TAP 24 46 138 | 232 | 324 | 416 | 416
DBBP 28 56 170 | 284 | 398 | 512 | 512
DAAP 24 48 142 | 236 | 330 | 424 | 424
n-Dodecane 626 | 626 | 592 | 460 | 328 | 198 | 66
n-Decane 720 | 720 | 682 | 530 | 378 | 228 | 76
n-Octane 848 | 848 | 804 | 626 | 446 | 268 | 90
n-Hexane 1080 | 1080 | 1022 | 796 | 568 | 340 | 114
4-Propyl Heptane 720 | 720 | 682 | 530 | 378 | 228 | 76
Diethyl Ether 960 | 1398 | 1324 | 1030 | 736 | 442 | 148
Ethyl Propyl Ether | 1288 644
Toluene 960 | 1320 | 1250 | 972 | 694 | 416 | 138
Benzene 1688 844
[sopropanol 1000 | 1826 | 1730 | 1346 | 962 | 576 | 192

combinations. The percent volume change on mixing, % AV, is calculated as the percent
difference between an ideally mixing system and the actual resulting volume observed in
simulation, given in as

Vmix - (Nmol,extrvmol,extr + Nsolv‘/solv)

% A Vmix - Vmix

x 100 (3.4)

where Ngyir and Ny, are the number of extractant and solvent molecules, respectively, in
the mixed system. The pure phase volumes per molecule are Vil extr and Viorsoly for the
extractant and solvent, and V. is the volume of the mixed phase.

Figure 3.4 shows the TBP/dodecane percent volume change on mixing across a range of
TBP volume fractions for the optimized GAFF TBP model developed for this study along
with two literature AMBER TBP models[53] and corresponding experimental data[90, 103].
The two AMBER literature models, denoted in that study as DFT and MNDO signifying
their atomic charge calculation methods, were simulated with the OPLS force field for do-
decane. All three TBP models predict the same experimentally observed positive volume

change on mixing trend across the volume fraction range, which indicates looser packing
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in the mixture compared to the pure phases. The GAFF model presented here accurately
replicates the percent volume change on mixing for the low TBP concentrations, including
the range most relevant to the PUREX process at 30%, and corresponding to the highest
percent volume change on mixing. At high TBP volume fractions, the optimized GAFF
model underpredicts the experimentally observed decrease in the percent volume change on
mixing following a maximum at 50% TBP. The AMBER TBP models also reproduce the
general shape of the curve, although with more noise in the profile leading to ambiguity in
the peak percent volume change on mixing. Particularly for TBP volume fractions below
50%, the optimized GAFF model shows improvement over existing literature models for

volume change on mixing in n-dodecane.

—l— Experiment

—4— GAFF

—d— AMBER DFT
% AMBER MNDO

0 0l 02 03 04 05 06 07 08 09 1
TBP Volume Fraction

Figure 3.4: The percent volume change on mixing for the TBP/dodecane mixture is shown
for the TBP model used here, along with the two AMBER models[53] and experimental
values[90)].

The percent volume change on mixing for the remaining extractants and solvents are
given in Figure 3.5. The most significant increase in volume for each extractant was upon
mixing with isopropanol, particularly for higher extractant volume fractions. The alkane
solvents followed the same trend for each extractant with lower chain length corresponding
to better mixing, i.e., lower % AV, with n-hexane giving a negative percent volume change
on mixing. The branched alkane 4-propyl heptane mixed better than n-decane, which has

the same number of carbon atoms, but less well than n-octane. Both toluene and diethyl
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ether gave a negative percent volume change on mixing.
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Figure 3.5: The percent volume change on mixing for each binary system is plotted across
the range of extractant volume fractions for each extractant.

3.4.2 Enthalpy of Mixing

The enthalpy of mixing is defined as

AI—Imix = Umix - (NextrUmol,ext + Nsolvaol,solv> + p(vmix - (Nsolv‘/solv + Nextr‘/extr)) (35)

where Uiy is the energy of the mixed system, Upolextr OF Umolsolv are the per molecule energy
of the pure extractant or solvent phases. It measures how enthalpically favorable a mixed
extractant/solvent solution is compared to the pure components. In addition to accounting

for the change in distance-dependent intermolecular forces as a result of changes in molecular
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packing, the enthalpy of mixing is also impacted by other contributors to internal energy such
as formation or disruption of polar interactions between extractant and solvent molecules.
This property captures extractant-solvent interactions that determine mutual solubility of
extractant and solvent.

There is experimental data for the enthalpy of mixing for TBP across a range of volume
fractions in three of the solvents considered in this study: n-dodecane, n-hexane and benzene.
The enthalpy of mixing for TBP in n-dodecane has also been investigated by simulation
for a TBP model using the default OPLS parameters with and without refinement to the
partial atomic charges[56]. Figure 3.6 shows the enthalpy of mixing values for the TBP
model presented here compared to experimental data in n-dodecane and n-hexane to the
OPLS simulation data for the n-dodecane system. The simulation results for the modified
GAFF model, for both n-dodecane and n-hexane systems, match the experimental data
exceptionally well across the entire range of TBP volume fractions. The default OPLS and
refined OPLS models from the literature capture the trend in mixing enthalpy, although the
specific values are not as accurate as the modified GAFF model. Accurately replicating the
enthalpy of mixing curve lends confidence to the models used here to describe extractant-
solvent interactions and for future studies that employ these models to investigate organic
phase systems where extractant self-association and solvent-dependent solubility are relevant.

The enthalpy of mixing data for the each binary system simulated in this study are plotted
in Figure 3.7. The enthalpy of mixing for the alkane solvents decreases with linear alkyl chain
length with the 4-propyl heptane lying between n-decane and n-octane. Diethyl ether shows
almost no change in enthalpy on mixing across the range of volume fractions. Toluene shows
favorable mixing at all volume fractions. Isopropanol, due to hydrogen bond formation with

the extractant phosphoryl oxygen, gives the most favorable enthalpy of mixing.
3.4.3 Extractant Self-Association

Numerous experimental[104] and simulation[56-58, 98] studies have shown that TBP

molecules interact primarily through a “head-to-head” anti-parallel alignment of the dipoles
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Figure 3.6: The enthalpy of mixing for the TBP/dodecane (left panel) and TBP /hexane
(right panel) binary mixtures are plotted versus extractant volume fraction. Experimental
data[103] is plotted in red diamonds, the modified GAFF TBP developed here with optimized
GAFF n-dodecane is plotted with black squares. The OPLS and refined OPLS simulation
data[56] are plotted with dark and light green triangles, respectively, for the n-dodecane
systems only.

that point along the P=0 bond. We have previously investigated TBP self-association, both
in the form of dimerization and higher order association[98]. Good agreement was observed
between the dimerization constant measured for the GAFF TBP model and the experi-
mental value determined through IR spectroscopy. Other literature AMBER models with
phosphoryl group charge scaling[50] were found to significantly underpredict the strength of
TBP self-association. For the set of extractants and solvents studied here, we are interested
in trends in association behavior resulting from both changing extractant structure, where
the dipole magnitude and the length of the nonpolar alkyl tails of the extractant is varied,
and solvent structure, where molecular packing and degrees of polarity that may disrupt
inter-extractant interactions are expected to affect extractant self-association.

We previously established a criterion for extractant association|[98] based on the distance
and inter-dipole angle probability distribution for TBP and DAAP, wherein two molecules
are considered associated if the phosphoryl oxygens are within 5.5 A of each other. To

quantify the extractant self-association, we consider the formation equilibrium constant
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Figure 3.7: The enthalpy of mixing for each binary system is plotted versus volume fraction
for each extractant.
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Lk — ¢~ MWl —19)/ksT (3.6)

for the equilibrium reaction
Xy +X =Xy (3.7)

where X, denotes a cluster of M extractants, X. The per molecule association free ener-
gies are defined as p9,; and u{ for an M-mer and monomer, respectively, and kgT is the
Boltzmann constant times the temperature[105]. Therefore, an exponential distribution of
aggregate sizes correspond to a constant average association free energy over the range of
that distribution. Deviation from the exponential distribution would indicate M-mers that
are more or less energetically favorable per monomer than average across aggregation sizes.

Figure 3.8 plots the log of the number density versus aggregate size for the 30% extractant
systems. Each panel corresponding to each of the four extractant molecules. The 30%
extractant volume fraction is plotted here because it is the most applicable volume fraction to
PUREX-type extraction systems. In determining the association free energy from the slopes
of these plots, particularly for the long chain alkanes, a notable difference in association free
energy is observed between dimer formation (given by the slope between aggregate sizes 1
and 2) and the remaining aggregate sizes. Therefore, we report the slope values for the dimer
association separately from the average association energy of the remaining aggregate sizes.
These values are given in Table 3.4 for each extractant and diluent combination in the 30%
systems. Uncertainties are reported for the linear fitting of the p values.

On average, the aliphatic diluents show a larger difference between the association free
energy for dimers and for the remaining higher order aggregates than seen for other solvents.
Toluene and diethyl ether show steeper slopes over the whole aggregate size range than the
alkanes, indicating a more positive, less favorable association free energy. The association
for isopropanol is even more limited, with less than 3% of extractants dimerized or otherwise
associated with another extractant. For all of the alkanes, the dimer association energy trend

between extractants was consistently TBP < DAAP < TAP < DBBP, where lower values
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Table 3.4: The association free energies for extractant dimer formation and higher order as-
sociations are given below for each extractant and diluent combination for the 30% extracting
volume simulations.

association TBP TAP DBBP DAAP
free energy, u
kgT
n-Dodecane dimer 0.56 0.83 0.95 0.76
trimer-+ 1.15 £ 0.04 | 1.35 £ 0.04 | 1.28 & 0.09 | 1.27 £+ 0.03
n-Decane dimer 0.60 0.86 0.94 0.72
trimer-+ 1.12 £ 0.02 | 1.19 £ 0.03 | 1.33 + 0.02 | 1.33 £ 0.03
n-Octane dimer 0.62 0.85 0.94 0.71
trimer—+ 1.11 £ 0.02 | 1.37 £ 0.04 | 1.23 £ 0.03 | 1.36 4+ 0.03
n-Hexane dimer 0.56 0.86 0.91 0.70
trimer—+ 1.09 £ 0.02 | 1.30 £ 0.03 | 1.28 + 0.03 | 1.22 £+ 0.02
4-Propyl Heptane dimer 0.57 0.82 0.93 0.72
trimer—+ 1.07 £0.01 | 1.19 £ 0.01 | 1.28 + 0.01 | 1.27 £ 0.03
Toluene dimer 1.43 1.72 1.76 1.63
trimer—+ 1.86 £ 0.05 | 24 +0.2 24+ 0.1 | 219 +£0.03
Diethyl Ether dimer 1.21 1.46 1.55 1.39
trimer—+ 1.84 £ 0.07 | 1.85 £ 0.06 | 1.88 + 0.05 | 1.86 £ 0.03
Isopropanol dimer 3.38 3.52 3.82 4.25
trimer+ 4.4+ 0.3 3.8 4.6 3.9+ 0.6
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indicate more association.

3.5 Discussion

3.5.1 Isopropanol

Isopropanol most effectively reduced extractant association among the solvents studied,
as evidenced by the highest association free energy for each extractant. The prevalent and
readily observable hydrogen bonding of the isopropanol alcohol hydrogen with the phosphoryl
oxygen of the extractant effectively prevents the preferred head-to-head orientation[104] that
is favored by extractant self-association. Among the extractant types, however, the effects of
isopropanol hydrogen bonding are not uniform. Figure 3.9 replots the percent volume change
on mixing and the change in enthalpy on mixing for the four binary extractant /isopropanol

systems.
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Figure 3.9: Volume change on mixing and enthalpy of mixing data for the four extractants
in isopropanol are replotted here for comparison between those solvent and extractant types.

The four extractants have a minimum mixing enthalpy at 0.7 extractant volume fraction,
corresponding to the volume fraction closest to a 1:1 extractant to solvent molar ratio where

the maximum possible number of 1:1 extractant:isopropanol species exists. The change in
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enthalpy resulting from hydrogen bond formation is not highest for TBP and DBBP, which
have the smaller molecular volumes, compared to TAP and DAAP, even though there are
more total extractant molecules and therefore more possible hydrogen bonds. (Note that
the number of isopropanol molecules at the 0.7 extractant volume fraction is in excess of the
number of extractant molecules for all extractant types.) Rather, the phosphonate extrac-
tants show the most enthalpically favorable mixing, implying stronger hydrogen bonds with
their more electronegative phosphoryl oxygens. The radial distribution function (RDF) for
the extractant phosphoryl oxygen to the OH hydrogen of the isopropanol is plotted in Fig-
ure 3.10 for the 50% and 70% extractant volume fractions. The DAAP RDF shows a higher
peak at 0.17 nm corresponding to hydrogen bonding, while the other three extractants have
similar hydrogen bonding peak heights. The second peak at around 0.4 nm corresponds to
isopropanol hydrogen bonded to the isopropanol directly hydrogen bonded to the extractant.
These peaks are more prevalent with more isopropanol in excess of extractant where more
isopropanol-isopropanol hydrogen bonds are possible.

These data imply a complicated relationship between hydrogen bonding, mixing enthalpy
and volume change on mixing. If the poorly packing 1:1 species is responsible for the large
positive percent volume change on mixing and the favorable mixing enthalpy, one would
expect DAAP to have the most positive and most negative values, respectively, for those
properties. The order of the extractants between these properties is not in fact preserved.
Therefore, the volume change is not simply proportional to the number of 1:1 species. The
interpretation of the volume change is further complicated by the different extractant volume
fractions for the maximum volume change on mixing. The phosphate extractants peak at
50% while the phosphonates peak at 70%, implying the peak percent volume change on
mixing extractant volume fraction is not a function of extractant size (and therefore mole
fraction) but rather depends on the difference in hydrogen bonding strength of the phosphoryl

oxygen between phosphate and phosphonate groups as well.
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Figure 3.10: The radial distribution for the isopropanol alcohol hydrogen and the extractant
phosphoryl oxygen, which form the extractant-solvent hydrogen bond, is plotted for the four
extractants for the 50% and 70% extractant volume fraction systems.

3.5.2 Alkyl Wetting

The term wetting has been used[4] to describe the compatible contact between alkyl tails
of the extractant with the solvent for metal-containing systems where the metal-centered
extracted complexes are described as forming a “reverse micelle” with the extractant carbon
tails directed outward into the solvent. In the literature, improved wetting, where the solvent-
extractant alkyl groups more effectively overlap, is correlated to better solubility of the
extracted complex and therefore a higher LOC. For the case of the binary mixtures considered
here, even without metal ions present, the concept of wetting can still describe alkane solvent
interaction with the alkyl tails of the extractant molecules.

The percent volume change on mixing is used to interpret how the different length
aliphatic solvents and extractant alkyl tails affect packing efficiency. The differences in
the enthalpy of mixing then measure how this impacts the energetics of the mixture for the
different solvent chain lengths. This data is replotted in Figure 3.11 to compare extractants
for n-dodecane and n-hexane. The mixing enthalpies for each extractant in the alkane sol-
vents are uniformly unfavorable across the alkane series, with the unfavorability decreasing

with decreasing alkane chain length (only n-hexane and n-dodecane shown).
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Figure 3.11: Percent volume change on mixing and enthalpy of mixing for the four extractants
in n-dodecane and n-hexane are replotted here for comparison between solvent and extractant
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TBP and DBBP have smaller molecular volumes than TAP and DAAP, and TBP and
TAP have larger average molecular dipoles than DBBP and DAAP. Between the two extrac-
tant chain lengths, the change in enthalpy and volume on mixing is decreased with amyl,
compared to butyl, tails across the alkane solvent series. This could indicate that, in general,
more similarly sized extractant and solvent chain lengths result in more efficient molecular
packing. The closer packing of the shorter n-hexane solvent in the mixed phase with the
extractant reduces the average distance between atom sites and therefore strengthens the
van der Waals interactions, making the mixture more enthalpically favorable. However,
while the alkane solvent chain length affects the sign of the volume change on mixing, the
enthalpy of mixing does not indicating it is dominated by another energetic contribution

that is discussed in the following section.
3.5.3 Solvent Dilution of Extractant Dipole Interactions

If the enthalpy of mixing were primarily a function of packing, the sign change between
n-dodecane and n-hexane for the mixing volume would be expected for the mixing enthalpy
as well. The mixing enthalpy does become less positive, showing the impact of the improved
packing, but it is apparent that it is not the only factor contributing to the mixing enthalpy.
As the association energies of the extractants discussed previously do not change dramat-
ically between alkanes, the contributions of the polar interactions between the solvent and
extractant to the mixing enthalpy can be identified. Disruption of the polar extractant as-
sociation through dilution of the extractant in the mixed phase, rather than enhanced van
der Waals attraction from more effectively overlapped alkyl chains, dominates the mixing
enthalpy. This is evidenced by the dipole association-driven enthalpy of mixing for the higher
dipole phosphate extractants being more unfavorable than the phosphonate extractants with

comparatively lower dipoles for the same carbon tail length.
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3.5.4 Diethyl Ether and Extractant-Solvent Polar Interaction

To investigate the impact of solvent polarity, diethyl ether is compared to n-hexane as a
linear molecule of similar length with the ether oxygen providing a molecular dipole moment.
With diethyl ether, the volume change on mixing for each extractant was negative and similar
in magnitude to n-hexane while the mixing enthalpy is close to zero and without a pronounced
trend across volume fraction. For reference, these properties for diethyl ether are replotted in
Figure 3.12 to compare between extractants. As was illustrated in Figure 3.11, for the alkane
solvents, longer carbon tail groups resulted in lower volume changes on mixing. However,
for diethyl ether the phosphate extractants has a significantly more negative percent volume
change on mixing irrespective of alkyl tail length due to their increased dipole moment
relative to phosphonate extractants resulting in more close dipole associations with the
solvent. The error in the enthalpy of mixing for the diethyl ether simulations is large relative
to the absolute values, leading to noise in apparent trends across the volume fractions in

addition to the error captured in the block averaging.

0 0.2

% AV mix
AHmix [kl/mol]

T T T T T T T T T
01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Extractant Volume Fraction Extractant Volume Fraction

=1

Figure 3.12: Volume change on mixing and enthalpy of mixing data for the four extractants
in diethyl ether are replotted here for comparison between solvent and extractant types.

Table 3.4 shows a significantly more positive association free energy in the diethyl ether

systems as compared to the alkane series. The polar interaction of the extractants with the
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diethyl ether reduce the relative favorability of extractant-extractant association. The mixing
enthalpy difference, averaged across the extractants for the 30% extractant system, between
n-hexane and diethyl ether is 0.414 kJ/mol compared to a difference between n-hexane and
n-dodecane of -0.483 kJ/mol. The impact of the ether oxygen on mixing enthalpy is thus
similar to the impact of changing alkane chain length from n-dodecane to n-hexane. This
may therefore be the case for other properties dependent on solvent-extractant interaction,
possibly including extracted metal complex solubility: the thorium LOC in n-dodecane and
n-hexane differ by a factor of 1.85[31].

To understand the packing differences that lead to the observed volume change on mixing
trend, the extractant-diethyl ether RDFs are considered. Figure 3.13 show the extractant
phosphoryl oxygen to solvent ether oxygen radial distribution function for the 50% extractant
system for each extractant. The first peak, located near 0.45 nm, is higher for the phosphate
extractants. The first peak corresponds to coordination of the solvent molecule near the
extractant head group. The phosphate extractants, with larger molecular dipoles than the
phosphonates, are more likely to be found in this orientation. This is in contrast to the
isopropanol systems where solvent-extractant hydrogen bonding is governed by phosphoryl
oxygen partial charge, which is stronger for the phosphonate groups compared to phosphate.
The diethyl ether-extractant oxygen to oxygen RDF's also show a different grouping for the
peak near 1 nm, where the butyl tail extractants have the peak at a closer radial distance
than the amyl tail extractants. The dependence of alkyl tail length indicates that this second
peak corresponds to the diethyl ether dipole aligned with the extractant dipole, positioned
behind the carbon tails of the extractant.

Ethyl propyl ether was also simulated for the 50% TBP system as another comparison
to n-hexane, as its length is closer to n-hexane than diethyl ether’s. The percent volume
change on mixing for ethyl propyl ether was -0.36 for the 50% TBP system, less negative
than the value of -0.57 for diethyl ether and -0.60 for n-hexane. The reduction in linear

length from ethyl propyl ether to diethyl ether improved packing with TBP to a similar
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Figure 3.13: The radial distribution for the ether oxygen in diethyl ether and the extractant
phosphoryl oxygen is plotted for the four extractants for the 50% extractant volume fraction
systems.

degree as replacing the bridging oxygen with another carbon site. The mixing enthalpy for
ethyl propyl ether is 0.07 kJ /mol, compared to 0.08 kJ/mol for diethyl ether in the same 50%
TBP system. This indicates that, as with the alkane solvent systems, the ether oxygen and
the related polar interactions are more responsible for the magnitude of the mixing enthalpy

than the change in molecular packing resulting from increasing the linear molecular length.
3.5.5 Comparing n-Hexane, Diethyl Ether and Toluene

As shown in Figure 3.5, toluene has a similar volume change on mixing profile across
volume fractions as diethyl ether and n-hexane for each extractant. Unlike diethyl ether
and n-hexane, however, the enthalpy of mixing for toluene is uniformly favorable, as shown
in Figure 3.7. These data for toluene with the four extractants are replotted together in
Figure 3.14. Extractant association is weaker in toluene than diethyl ether, which is weaker
than hexane. The enthalpically favorable mixing in toluene is thus in spite of reduced
extractant-extractant polar association. The favorable mixing enthalpy of TBP with an-
other very similar aromatic solvent, benzene, has been attributed to extractant polarization
of the aromatic 7 electrons of the solvent[103]. However, the force fields used here do not in-

clude polarization. Therefore, if polarization were the primary factor in the mixing enthalpy,
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we would expect a significantly less negative value in simulation as compared to experiment.
As there is no experimental data for the toluene/extractant system, we compared simula-
tion results of the TBP /benzene system to experiment. The 50% TBP /benzene simulation
gives AH,,;; = —0.233 kJ/mol while the experimental value for 49.9% TBP gives -0.257
kJ/mol. This close agreement suggests that the mixing enthalpy is largely captured in these

simulations and not, therefore, primarily a result of the polarizability.
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Figure 3.14: Percent volume change on mixing and enthalpy of mixing data for the four
extractants in toluene are replotted here for comparison between solvent and extractant

types.

Toluene and benzene show a surprisingly high mixing enthalpy with the extractants
studied despite the negative mixing volume and lack of strong polar association with the
extractants. As compared to benzene, toluene gives an even more favorable mixing enthalpy
with a value of -0.468 kJ/mol for the 50% TBP system. The percent volume change on
mixing is similarly lower in magnitude for benzene, with a value of -0.388 compared to
-0.516 for toluene in the 50% TBP system. In addition to the extractant-solvent polar
interactions present with toluene, given by the 0.33 D dipole moment of toluene, the closer
packing in the extractant /toluene system further improves the mixing enthalpy compared to
benzene. Investigation of the carbon-carbon RDFs, plotted in Figure 3.15 for the extractant

and solvent molecules in the TBP /toluene and TBP /benzene systems does not indicate that
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the difference between those solvents is a result of behavior for a specific extractant-solvent
orientation. Rather, the carbon-carbon distances across the range of radial distances are
uniformly higher for the 50% TBP simulations, including for most observed peaks. The
more negative mixing enthalpy for toluene compared to benzene is therefore likely a result of
closer packing across many molecular orientations rather than a specific single orientation as

might be expected if toluene-extractant dipole alignment was responsible for more favorable
mixing with toluene compared to benzene.
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Figure 3.15: The aromatic and aliphatic carbon-carbon radial distribution functions for the
pure TBP, toluene and benzene systems as well as the 50% TBP with toluene and benzene

The questions remains: if polar solvent-extractant interactions are not present or domi-
nant for n-hexane, toluene or benzene, and the percent volume change on mixing is similar,
why is the mixing enthalpy for TBP in toluene and benzene significantly more favorable
than n-hexane? The difference in mixing enthalpy between n-hexane and toluene is 1.215
kJ/mol for the 50% mixture with TBP. The contributions to the potential energy of those
two mixtures are considered here. In toluene, the contributions to the change in potential
energy upon mixing from the short range Coulombic repulsion and long range Coulombic
attraction nearly cancel each other out, with a net change for the mixture of 0.066 kJ/mol.

However, this is not the case for n-hexane, where the net change in Coulombic potential
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for the mixture results in a 0.593 kJ/mol. This difference can be attributed to the lower
dielectric constant of n-hexane of 1.89 compared to 2.30[106] for toluene. Roughly half of
the difference in mixing enthalpy between n-hexane and toluene is accounted for in this way.
Of the remaining 0.688 kJ/mol of the difference between toluene and n-hexane in mixing
enthalpy, 0.294 kJ/mol results from lower net Lennard-Jones potential energy for toluene.
Therefore, we find that the difference in dielectric constants between the nonpolar organic
solvents, while small compared to the dielectric constant of polar solvents such as water,
is the primary factor in the difference in energetics of the mixed solutions. However, the
dielectric constant for diethyl ether is higher than toulene, so this explanation does not also
resolve the difference between toluene and diethyl ether.

The extractant volume fraction with the minimum mixing enthalpy is higher for the amyl
and butyl extractants. This is attributed to the difference in extractant mole fractions for a
given volume fraction, where the minimum corresponds to a given mole fraction rather than
volume fraction. The minimum mixing enthalpy corresponding to a particular extractant
mole fraction indicates that a particular ratio of extractant to solvent achieves the most
favorable mixing rather than a specific volume ratio between the two. This is observed with
isopropanol due to hydrogen bonding, but not with the other solvents studied. The reason
for this occurring for toluene is not obvious and is difficult to discern unless extractants with

reasonably different mole per volume ratios are compared.
3.6 Conclusions

The mixing and association behavior of four neutral organophosphorus extractant molecules
has been investigated over a range of volume fractions for organic solvent molecules differing
in length, branching, dipole and chemical functionality. To carry out these studies, MD
potentials for the extractants were first fit to a range of pure extractant phase bulk prop-
erties. Those models were then validated with binary TBP /solvent phase behavior, with
excellent agreement with experiment found for percent volume change on mixing and mix-

ing enthalpy. These models can be applied to future studies of organic phase phenomenon
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such as third phase formation where capturing extractant-solvent interactions that govern
extracted complex solubility and phase behavior is necessary.

Trends in extractant association, mixing volume and enthalpy of mixing were compared
between extractants and solvents and explains in terms of specific molecular interactions.
Alkane/extractant solutions resulted in a volume change on mixing highly dependent on
alkane chain length, attributed to solvent-extractant alkyl chain packing compatability, with
positive values for n-dodecane and negative values for n-hexane. Although the mixing en-
thalpy was positive for all alkanes, decreasing solvent chain length was similarly correlated
with decreasing enthalpy of mixing. Alkane chain branching had a similar effect to slightly
reduced the effective chain length observed for those properties. Extractant hydrogen bond-
ing to isopropanol led to a significantly increased percent volume change on mixing and gave
the most enthalpically favorable solvent mixtures. Diethyl ether polar association with the
extractant molecules, both near the phosphoryl oxygen “head” of the extractant molecule
and with the carbon tail region, led to an increased mixing volume similar to the similarly
sized n-hexane solvent, but with a small change in enthalpy on mixing. Interestingly, toluene
mixtures exhibited a reduction in mixing volume similar to n-hexane and diethyl ether, but
gave a favorable change in mixing enthalpy. Rather than resulting from polarization induced
by the permanent TBP dipoles as proposed in the literature, this was attributed, in part,
to the mixture’s more favorable long range Coulombic potential energy allowed by the rel-
atively higher dielectric constant of toluene. The model development and analysis of the
energetics of binary phase solutions presented here can be used to guide future investigation

into solubility-dependent mixed organic phase solvent extraction systems.
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CHAPTER 4
NETWORK ANALYSIS AND PERCOLATION TRANSITION IN HYDROGEN
BONDED CLUSTERS: NITRIC ACID AND WATER EXTRACTED BY TRIBUTYL
PHOSPHATE

Modified from a paper published in Physical Chemistry and Chemical Physics®.

Michael J. Servis®, David T. Wu?3, Jenifer C. Braley*

4.1 Abstract

Extraction of polar molecules by amphiphilic species results in a complex variety of
clusters whose topologies and energetics control phase behavior and efficiency of liquid-liquid
separations. A computational approach including quantum mechanical vibrational frequency
calculations and molecular dynamics simulation with intermolecular network theory is used
to provide a robust assessment of extractant and polar solute association through hydrogen
bonding in the tributyl phosphate (TBP)/HNO,/H,0/dodecane system for the first time.
The distribution of local topologies of the TBP/HNO,/H,O hydrogen bonded clusters is
shown to be consistent with an equilibrium binding model. Mixed TBP/HNO,/H,0O clusters
are predicted that have not been previously observable in experiment due to limitations in
scattering and spectroscopic resolution. Vibrational frequency calculations are compared
with experimental data to validate the experimentally observed TBP-HNO,;-HNO; Chain
structure. At high nitric acid and water loading, large hydrogen-bonded clusters of 20 to 80
polar solutes formed. The cluster sizes were found to be exponentially distributed, consistent

with a constant average solute association free energy in that size range. Due to the deficit
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of hydrogen bond donors in the predominantly TBP/HNO, organic phase, increased water
concentrations lower the association free energy and enable growth of larger cluster sizes.
For sufficiently high water concentrations, changes in the cluster size distribution are found
to be consistent with the formation of a percolating cluster rather than reverse micelles, as
has been commonly assumed for the occurrence of an extractant-rich third phase in metal-
free solvent extraction systems. Moreover, the compositions of the large clusters leading to
percolation agrees with the 1:3 TBP:HNOj, ratio reported in the experimental literature for
TBP/HNO,/H,O third phases. More generally, the network analysis of cluster formation
from atomic level interactions could allow for control of phase behavior in multi-component

solutions of species with a variety of hydrogen bond types.
4.2 Introduction

Organic-aqueous solvent extraction systems are used in f-element (lanthanide and ac-
tinide) hydrometallurgical applications|[79], wherein neutral, adduct-forming solvating ex-
tractants recover nitric acid (HNO,) and water (H,O), as well as the metal ion of interest.
The co-extraction of HNO4 and H,O with the target metals is generally benign from a sepa-
rations perspective, since both evaporate during formation of the f-element oxides preferred
for transport or storage, but the hydrogen bonding networks that result from their presence
could be responsible for the undesirable phenomenon of third phase formation. In third
phase formation, the organic phase partitions into two phases: a light phase, primarily com-
prised of organic diluent, and a heavy phase, containing significant amounts of extractant
and extracted polar solutes. This is thought to occur when the extracting ligand extracts
sufficiently many polar solutes that the resulting aggregates grow large enough and polar
enough to no longer be organic soluble. Third phase formation has been observed in a variety
of extraction systems, occurring even without metal ions[97], depending on the extractant
molecule(s), organic solvent, acid type and acid concentration[15-18, 97, 107]. Third phase
formation is often problematic due to incompatibility of the separations equipment with

three-phase based separations and, for nuclear fuel cycle applications, the unanticipated
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concentration of plutonium that could lead to excess heating or a criticality incident.

The Plutonium Uranium Redox EXtraction (PUREX) process is, historically, the most
studied solvent extraction system and is used to recover uranium and plutonium from used
nuclear fuel. In PUREX, an organic phase, consisting of tributyl phosphate (TBP) in a
kerosene diluent, is contacted with an aqueous phase containing used fuel dissolved in con-
centrated nitric acid[79]. The TBP selectively recovers hexavalent and tetravalent actinides
from the aqueous phase, leaving behind trivalent fission products and transuranics. The
extracted TBP-metal ion complexes include charge neutralizing nitrate anions and coex-
tracted water. Even without the presence of metal ions in the aqueous phase, TBP extracts
nitric acid and water from the aqueous phase. Third phase formation has been reported
for the PUREX system for high nitric acid concentrations without metal ions[3|, although
the mechanism for this phase transition is not established. In PUREX systems, and other
metallurgical separation processes, the aggregation of the extracted complexes influences
extraction behavior[108] and third phase formation. Atomistic level understanding of the
aggregation resulting from hydrogen bonding network formation in these systems could be
used to identify third phase formation, understand interactions that encourage the phase
transition and design extraction systems that avoid the onset of third phase formation.

Experimental interpretation of third phase formation with metal ions in the PUREX sys-
tem has involved modeling extracted complexes in small angle scattering using the Baxter
model of sticky hard spheres, a simplified analytic model made with the assumption that the
clusters are reverse micelles containing a single metal ion[18]. However, recent diffusion NMR
spectroscopy has shown that the Baxter model may not accurately capture inter-aggregate
interactions[109]. While numerous PUREX experimental studies have evaluated metal ion
extraction, including third phase formation[15-18], less emphasis has been placed on un-
derstanding water and nitric acid extraction in concentrated acid systems and the resulting
aggregation behavior of non-metal containing systems. Moreover, given that acid type has

been shown to impact third phase formation[21, 29, 97], and other extraction systems such as
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TRansUranic EXtraction (TRUEX) readily form third phases without metals[97], studying
interactions between acid, water and ligand without metal ions is expected to help understand
the common attributes of third phase formation in the presence of metal as well. However,
small angle x-ray scattering experiments have indicated that the hard sphere reverse micelle
interpretation used to explain third phase formation in metal-containing PUREX systems is
not applicable to the acid and water only systems[23]. For this and other acid-only extraction
processes prone to third phase formation such as TRUEX]22], atomistic-level understand-
ing of polar solute cluster formation could inform the choice of candidate form factors for
corresponding small angle scattering experiments.

For extraction systems without metal, a possible mechanism for the third phase transi-
tion is the formation of an extended percolating cluster. Percolation has been used to de-
scribe gelation transitions resulting from physical or chemical interactions in self-assembling
liquids[110-114] and polymer solutions[115, 116]. For multi-site, multi-component self-
associating liquids, understanding the clustering behavior of these systems on a molecular
level could enable control and prediction of the percolation threshold. Control of liquid-
liquid phase transitions of heterogeneous systems also has direct relevance to temperature
dependent solvent systems[117], where an initially homogenous solution is driven biphasic
to facilitate separation.

Previous studies have addressed water and nitric acid extraction by TBP using experi-
mental and theoretical techniques. Experimental approaches to this subject have included
modeling extraction stoichiometries using aqueous phase activities but do not address or-
ganic phase equilibrium structures and speciation[118]. To better understand PUREX-type
systems from a molecular level, and specifically the molecular interactions that drive aggre-
gation, the organic phase structures of TBP /nitric acid/water complexes and the hydrogen
bonded clusters they form are characterized here using molecular dynamics (MD), quantum
mechanical calculations and infrared (IR) spectroscopy. MD simulation has been used to

study TBP extraction of nitric acid and water in the literature[34-38]. These studies re-
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ported snapshots of TBP coordination and, in a supercritical CO, diluent, measured the
average number of each type of hydrogen bond between TBP, nitric acid and water. Mea-
suring the average number of each hydrogen bond type, however, is not sufficient to describe
the cluster sizes or topologies present, as different topologies will have the same numbers
of constituent hydrogen bonds. Detailed topological information can describe how clusters
are formed and how speciation under moderate acid conditions gives way to large cluster
formation characteristic of a third phase system.

Knowledge of site-site hydrogen bonding interactions that connect polar solutes into clus-
ters and the speciation of those clusters can allow interpretation and assignment of experi-
mental characterization techniques, such as spectroscopy, as well as prediction of extraction
efficiency and phase partitioning. An understanding of hydrogen bonding equilibrium could
also allow for prediction of that behavior through factors influencing that binding equi-
librium, including the available hydrogen bond donor and acceptor site pairs, the relative
interaction strengths of those pairs and their concentrations. Using this framework, one
could then account for variables known to impact speciation and phase behavior, such as
molecule types and temperature.

A quantitative description of the clustering behavior in the organic phase, especially un-
der high acid conditions where the topologies become increasingly complex, requires a more
complete analysis. This means significantly longer simulation run times, on the order of 100
ns compared to the 1 to 5 ns of previous studies, are needed to adequately sample less fre-
quently occurring topologies. The network analysis approach developed here to characterize
solute connectivity resulting from hydrogen bonding allows for quantitative descriptions of
local cluster topology and overall cluster metrics such as size distribution and composition
for specific molecule site types. Experimental validation of local TBP coordination behavior
is conducted by comparing the topology of the 1:2 TBP:HNO, complex to existing exper-
imental IR spectroscopic data[28] and corresponding quantum mechanical (QM) frequency

calculations performed for this study. Relative hydrogen bond strengths of the different
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types of hydrogen bonds present in this system are determined using equilibrium binding
constants fit to simulation data. The compositions and topologies of clusters are character-
ized by the occurrence of specific structures and substructures. Finally, the size distribution
and composition of large clusters, observed at high nitric acid and water extraction where
third phase formation has been observed in the experimental literature[3], are determined

to identify a possible mechanism of cluster growth and third phase formation.

4.3 Methodology

4.3.1 Force Fields

Nitric acid and water extraction by TBP has been studied in MD simulation by Wipff
and coworkers in chloroform[34-36, 38] and supercritical CO,[37]. Those previous simulation
studies observed significant hypercoordination of the TBP phosphoryl oxygen, i.e., accepting
multiple concurrent hydrogen bonds. This behavior is contradicted by IR spectroscopic
evidence[28] and we suspect may result from the exaggerated molecular dipole of the TBP
model used[50]. Thus, updated MD potentials, particularly for TBP, are needed.

The Generalized AMBER Force Field (GAFF)[32] flexible, all-atom parameters were
used to model the TBP, n-dodecane and nitric acid molecules in this system. Several force
fields, including AMBER[50-53, 74, 77, 83], CHARMM][46], OPLS[56] and GAFF[58, 59]
have been used to model TBP in the literature. We previously reported a TBP model[98]
with modified GAFF parameters and AM1-BCC calculated charges[85, 86] that accurately
replicated experimental values of the dimerization constant|[96] and electric dipole[91, 92, 96],
expected to be relevant to organic phase aggregation behavior. This manuscript shows the
recently developed TBP model[98] does not engage in hypercoordination. To avoid inadver-
tent introduction of unphysical behavior resulting from significant parameter adjustments,
we optimized the phosphorus-containing dihedrals, which were not explicitly defined for the

atom combinations in TBP and were thus possible sources of deviations from experimen-
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tal values[98]. Previous literature models have addressed dipole matching via phosphoryl
group charge scaling[50] or phosphoryl oxygen van der Waals parameter adjustments[58].
The OPLS model did not attempt to match the dipole moment[56], which is overpredicted
by nearly a factor of two with the default OPLS parameters. The charge scaled AMBER
models underpredict self-association[98].

The default GAFF parameters for the carbon atoms are known to be too strong, over-
predicting the attraction in long chain alkanes resulting in an unphysical transition to a gel
phase under ambient conditions[58, 98, 100]. Adjustment of those GAFF parameters to cor-
rect for over-attraction in fatty acids has been conducted before in the literature[119]. The
optimized van der Waals parameters used by Vo et al.[59] for the carbon atoms in n-dodecane
were implemented in this study to avoid the aforementioned gel phase transition.

In addition to previous changes in the dihedral potentials, we have since further opti-
mized the van der Waals parameters for the carbon atoms on the butyl tails to improve
agreement with the density and enthalpy of vaporization across the class of organophospho-
rus solvating extractants including diamyl amyl phosphonate, triamyl phosphate and dibutyl
butyl phosphonate. This optimization process across the four extractants limited changes to
the default parameters to <5%, to minimize changing property values that were previously
calibrated. The resulting optimized TBP carbon atom van der Waals parameters are 3.2297
A and 0.1127 kcal /mol for the o and e potential well position and depth terms, respectively,
corresponding to scaling of the default values by 95% and 103%. Charges and force field
parameters for TBP and n-dodecane, to clarify modifications from the default GAFF values,
are provided in Appendix B.

Nitric acid charges were calculated using the same method as for TBP and n-dodecane[98]
and are given in Figure 4.1. The nitric acid proton was assumed to be associated in the
organic phase systems studied here. The protonation state of extracted nitric acid has
been investigated in the literature using both experimental and computational techniques.

IR spectroscopy[120] and conductivity measurements[121] have shown that extracted nitric
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acid exists in the organic phase predominantly in the associated form. Molecular dynamics
simulations of biphasic organic/aqueous systems with nitric acid have investigated the impact
of modeling nitric acid as associated or dissociated on extraction by TBP into the organic
phase. Those studies found that an associated nitric acid model is necessary to accurately
capture nitric acid partitioning into the organic phase[35, 38, 43]. Therefore, as we are only
simulating the post-contact organic phase, we model nitric acid in its associated form. Note
the asymmetry in non-hydroxy oxygen charges, with the larger negative charge on the oxygen
closer to the hydrogen atom. Water was modeled with the TIP4P force field as the hydrogen

bonding behavior of this model compares favorably to alternative water potentials[122].
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Figure 4.1: The AM1-BCC atomic charges used in the GAFF nitric acid model. Charges
are given in fundamental units.

4.3.2 Simulation Systems and Conditions

The post-contact organic phase simulations presented here correspond to extraction of
nitric acid and water by 20% TBP in n-dodecane from seven initial aqueous phase nitric acid
concentrations, [HNO;]aq4, ranging from 0 M to 16 M (corresponding to organic phase acid
concentrations, [HNO;]y,, between 0 and 1.25 M). The system compositions are given in
Table 4.1. System compositions were taken from previously reported experimental data[118,
121, 123, 124]. At the highest acid concentrations, the extracted water concentration is not
well established. Due to the lack of data and the inherent uncertainty of existing data, we

simulate three different water concentrations, labeled A-C, for the 1.10 and 1.25 M [HNO,],4
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systems. The A water concentration for the 1.10 M [HNO,],,, system corresponds to reported
data. The amount that the water concentration increases between 1.10 and 1.25 M [HNO;]
is not known, with possible higher values simulated in the B and C concentrations. To
consider the impact of nitric acid concentrations, the B and C water concentrations were

applied to the 1.10 M [HNOg],,, system as well.

Table 4.1: Numbers of molecules and their approximate concentrations for each simulation
in this study. The systems correspond to a range of [HNO,],,:, with A-C in the 1.10 and
1.25 M systems indicating simulations run with a range of water concentrations.

[HNOylog: M) | 0 | 3 | 6 | 8 | 12 14 16

A B C| A B ¢C
# H,0 21 | 18 | 12 | 8 | 9 | 14 21 28 | 14 21 28
[H,0] (M) 021|020 | 0.13 | 0.09 | 0.10 | 0.15 023 0.31 ] 0.15 023 0.31
# TBP 73 ] 66 | 66 | 66 | 66 66 66
[TBP] (M) 0.73 073 0.73 | 0.73 | 0.73 0.73 0.73
# HNO, 0 | 37 | 61 | 67 | 86 99 113
[HNO,] (M) | 0.00 | 041 | 0.67 | 0.74 | 0.95 1.10 1.25
# C,,Hy 350 | 350 | 305 | 305 | 302 299 296

Molecular dynamics simulations were completed using the GROMACS 4.5.5 software
package[89]. The isobaric isothermal NPT ensemble with periodic boundary conditions and
a leap-frog Verlet integrator were used for all simulations. Pressure was set to 1 bar with the
Berendsen barostat and temperature to 300 K with the Berendsen thermostat. Particle-Mesh
Ewald summation was used for long-range electrostatic summation with a 15 A cut-off for
short range electrostatic and van der Waals interactions. The LINCS algorithm was used for
constraining hydrogen-containing bonds to enable use of a 2 fs time step. Each system was
run 10 times and values presented here are averages over those ten runs. Each run consisted
of a 10 ns annealing time to randomize initial configurations. After annealing, the systems
equilibrated for 5 ns followed by a 10 ns production run where coordinates were recorded
for analysis every 20 ps. To obtain sufficiently good statistics for quantitative analysis of
hydrogen bonding networks formed in these systems, 100 total ns of data were collected for

each system.
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4.3.3 Hydrogen Bonding Definitions

Figure 4.2 depicts the six hydrogen bond types possible between the three types of oxygen
atoms (Or, Oy and Oy ) and the two types of hydrogen atoms (Hy and Hy). The subscripts
designate the molecule type to which the atom belongs (T' = TBP, N = HNO,, W = H,0).
The bridging hydroxy oxygen of the nitric acid molecule was not observed to participate in
significant hydrogen bonding. The O-H-O angle cut-off criterion used for hydrogen bond
identification was 30 degrees. Increasing the angle cut-off to 45 degrees did not result in
significantly different results. The distance cut-off was chosen to count only interactions
within the first peak of the radial distribution function (RDF) of each atom combination,
and was chosen separately for each hydrogen bond type. RDFs for each hydrogen bond type
are given in Appendix B for one run of the 1.25 M system with water concentration A (1.25
M-A). The values for the distance cutoffs, given in Table 4.2, were used for all systems as

they do not differ significantly between systems.

Table 4.2: The distance cutoffs applied for the different hydrogen bond types in all simula-
tions are given here. An angle cutoff of 30 degrees was also used for each hydrogen bond

type.

Hydrogen | Distance Cutoff,
Bond A

Or — Hy 1.98

Or — Hy 2.24

Oy — Hy 2.96

On — Hy 2.66

Ow — Hy 2.16

Ow — Hy 2.40

4.3.4 Network Analysis

Network analysis is used to analyze the hydrogen bond networks formed in the simulations
presented here. In this network analysis, the configuration and hydrogen bonding of all the

polar solutes are reduced to a system graph consisting of vertices and edges. Each solute
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Figure 4.2: The six possible hydrogen bond types in the TBP-HNO4-H,O extraction systems
are depicted here with participating atoms highlighted for the given hydrogen bond type.
The subscript in the atom name gives the molecule type to which the O or H atom belongs
with T being TBP, N nitric acid and W water.

molecule is a vertex, and any two vertices are connected by an edge if there exists a hydrogen
bond of any type between the corresponding molecules. Furthermore, a cluster is defined as
a connected component subgraph of the entire system graph, i.e., a subgraph wherein any
vertex in that subgraph is connected through some path to any other vertex in the subgraph,
and no vertex in that subgraph is connected to a vertex outside of the cluster subgraph.

Figure 4.3 shows a graph composed of seven vertices with five edges between them forming

86



three clusters. Note that this graph representation does not distinguish between hydrogen
bond types. Nor does it distinguish multiple hydrogen bonds between two molecules, which
was not observed in the systems studied here, but could arise in other systems. In the
instance where two different hydrogen bond types are possible between a molecule pair
(e.g., in the case of a water molecule hydrogen bound to a nitric acid molecule, where each
molecule contains both a hydrogen bond donor and acceptor site), each hydrogen bond type

was separately counted when measuring total hydrogen bond populations.

D@

Figure 4.3: A graph with seven vertices and five edges resulting in three clusters.

The simulation trajectory file, hydrogen bond types and cut-off criteria are input to
ChemNetworks[84] which generates as output a list of all hydrogen bonds present for each
analyzed frame of the trajectory. From this list of hydrogen bonds, we calculate an adjacency

matrix, A, defined as an N x N symmetric matrix

ai a2 ... Q15 ... Q1N
21 dAg2 ... A24 ... AN
A= (4.1)
a1 i 2 QA; j
|anNi1 aN2 ... ... ... QNN
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where N is the number of solute molecules in the system, and whose matrix element a;;
takes a value of one if there is at least one hydrogen bond present between a site on molecule

1 and a site on molecule j, and a value of zero otherwise. Therefore, the adjacency matrix

0 10100 0
1001000
0000100
A=|11000 10 (4.2)
0010000
0001000
0000000

describes the vertices, edges and resulting connectivity depicted in Figure 4.3.

The adjacency matrix is traversed to catalog all of the clusters in the corresponding frame
of the trajectory. The total number of each size cluster is tallied, along with the molecular
composition of those clusters, where cluster size is defined as the number of molecules partic-
ipating in the hydrogen-bonded cluster. The average number of connections (edges) of each
type, as defined by the identity of the molecules being connected, per molecule type is also
obtained. Finally, the adjacency matrix is used to identify specific structures and substruc-
tures. A structure is defined as a cluster with a specific combination of constituent vertices
(molecules types) connected by specific edges. A substructure is defined as a connected
graph, also with specific vertices and edges, that may have connections to other vertices not
in the substructure graph, i.e. it is a subgraph of a structure. For example, the subgraph
containing 1, 2, 4 and 6 is a substructure, structure and cluster. However, the subgraph con-
taining 1, 2 and 4 is a substructure only. Thus, the subgraphs identified in a given structure
search will always be a subset of those found in the analogous substructure search.

Structure and substructure searches were performed for all simulated systems. Structure
searches are implemented to identify clusters at low extracted water and nitric acid concen-
trations. In the high [HNO,],,; systems, where the total number of hydrogen bonds present
in the system is much larger, substructures are used to interpret hydrogen bonding topolo-
gies. For example, the local hydrogen bonding topologies of a given O atom are difficult

to probe with specific structure searches due to the proliferation of possible cluster and thus
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structure types in high hydrogen bonding concentration systems. Substructure searches
capture the hydrogen bonding near the O atom without having to explicitly distinguish

between all possible branching structures.
4.3.5 QM Calculations of 1:2 TBP:HNO;

To compare with experimental infrared (IR) spectra, quantum mechanical (QM) vi-
brational analysis calculations were completed on TBP-HNO, coordination topologies hy-
pothesized in the literature. Geometry optimization and vibration calculations were con-
ducted in Gaussian09[125] using the B3LYP hybrid functional with a 6-31G(d) basis set[126].
Additional QM calculations using the ADF software[88] with the PBE and BLYP GGA
exchange-correlation functionals and a TZP basis set were used to confirm the calculated
peak shift. In those calculations, solvation was modeled using the conductor-like screen-
ing model (COSMO)[127] for a n-hexane solvent, whose dielectric most closely matches

n-dodecane’s.
4.3.6 IR Spectroscopy

Aqueous solutions were prepared from analytical grade reagents and ultra-pure (18 MQ)
deionized H,O. The densities of all solutions were determined using a calibrated 1 mL
pipette and weighing the 1 mL volume of each solution at room temperature. Dodecane
was acquired from Fisher Scientific and used as received. Concentrated HNO, was obtained
from Aldrich Chemicals, Milwaukee, WI. Stock solutions of varying nitric acid concentration
were made with deionized water. TBP was acquired from Alfa Aesar and used as received
to produce a 20% by volume solution with n-dodecane acquired from Aldrich.

TBP extraction was conducted using 1 mL total volume for both organic and aqueous
phases. Pre-contact aqueous phase nitric acid concentrations were 4.4 and 13.0 M. All liquid-
liquid systems were contacted for 5 minutes using a Fisher Scientific Standard Vortex Mixer
and equilibrated for 5 minutes in a Clay Adams Compact II Centrifuge. The organic phase

was subsampled and the complexed nitric acid was stripped through the same contacting
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process with an aqueous phase of degassed water. The stripped nitric acid was subsampled
and measured through acid-base titration using a sodium hydroxide solution and phenolph-
thalein indicator. Sodium hydroxide solutions were prepared in freshly degassed water and
standardized by titration with potassium hydrogen phthalate to a phenolphthalein end point.
All titration mass measurements were obtained using a Mettler Toledo PM4600 Delta Range
balance. Samples of the organic phase were taken prior to stripping for spectroscopy, which
was performed using a Nicolet 6700 FTIR. Organic solutions were deposited on the sampling
surface and covered with a plastic shield to prevent evaporation. Spectra were taken in the

range of 4000 to 600 ecm™!. Each spectrum contained 64 scans at 2 cm™! resolution.
4.3.7 Monte Carlo Lattice Calculations

Monte Carlo (MC) calculations of bond percolation on a square lattice were conducted
to determine the cluster size distribution for a finite lattice without periodic boundary con-
ditions. The site-to-site “bonds” on a 15 by 15 square lattice were populated randomly with
a given probability, p. We carried out simulations with values of p ranging from 0.22 to
0.38. Clusters formed from the lattice sites connected by the randomly generated bonds
were then counted for 10,000 iterations for each of the simulated bond probabilities. The
resulting distribution of cluster sizes was compared to that from MD simulation to facilitate

comparison to percolation in a finite system.

4.4 Results

4.4.1 Overview

The results are organized as follows. Total hydrogen bonding is reported and discussed.
Then, the observed populations of hydrogen bonds are shown to be consistent with an
equilibrium binding model. Next, the hydrogen bonding data extracted from simulation are

used to identify edges between molecular vertices and then identify clusters. Clusters are
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analyzed to count the populations of structures and substructures. QM and IR results are
compared to validate cluster geometries observed in simulation with respect to nitric acid
hydrogen bonding to the TBP phosphoryl oxygen. Then, large clusters that form under high
acid and water extraction are analyzed to identify a possible mechanism for the third phase
transition. Lastly, the large cluster results are compared to MC finite lattice calculations of
bond percolation to confirm that observed cluster size distribution statistics are consistent

with percolation on a finite system.
4.4.2 Overall Hydrogen Bonding Behavior

Figure 4.4 shows the number of hydrogen bonds of each type for all systems studied
normalized by the total number of oxygen atoms of that hydrogen bond type. Several
observations are made from this data. First, Or — Hy is the strongest hydrogen bond in all
systems where it is present. Shown in the upper left panel of Figure 4.4, the TBP hydrogen
bonding participation is primarily driven by the amount of nitric acid present. When less
nitric acid is present than TBP, the TBP hydrogen bonds more with water. However, as
the amount of nitric acid present increases, nitric acid displaces water in hydrogen bonding
with TBP, and the concentration of extracted water decreases, resulting in fewer TBP-
H,O hydrogen bonds as shown in the upper right panel of Figure 4.4. The minimum in
TBP-H,O hydrogen bonds corresponds to saturation of the TBP with nitric acid in the
form of the 1:1 species. Beyond this point, for [HNO;],-, > 0.74 M, the number of TBP
hydrogen bonds increases only slightly with additional nitric acid or water. This indicates
little hypercoordination of the Or oxygen occurs. Additional nitric acid and water molecules
will therefore hydrogen bond to each other rather than directly to the extractant. This is
observed in Figure 4.4 where the numbers of Oy — Hy and Oy — Hyy hydrogen bonds increase
significantly from [HNO,],., = 0.74 to 1.25 M.

Water is observed to preferentially hydrogen bond to other water at the low acid concen-
tration systems, [HNOs],,, of 0.41 and 0.67 M, rather than nitric acid. While the H,O-H,O

hydrogen bonds do not make up the majority of water-containing hydrogen bonds, they
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Figure 4.4: The average number of each type of hydrogen bond across all systems, normalized
by the total number of oxygen atoms of that hydrogen bond type, is plotted as data points.
The top panels give hydrogen bonds with the oxygen bond acceptor belong to TBP, the
middle panel for nitric acid and the lower panel for water. Calculated numbers of each
hydrogen bond type from the equilibrium binding model are plotted as dashed lines.
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are comparable to the number of HNO,-H,O hydrogen bonds despite the [HNOs],, con-
centrations of 0.41 and 0.67 M being significantly larger than that of H,O. The number of
H,0-H,O hydrogen bonds increase as [HNOj;),,, increases from 0 to 0.67 M even as the total
number of water molecules in the system decreases between systems. This is attributed to
the increase in nitric acid that occupies the O sites, liberating the water molecules which
then preferentially interact with each other rather than the already-complexed nitric acid

molecules.
4.4.3 Equilibrium Binding Model

To describe the competitive hydrogen bonding equilibrium and relative binding strengths
in these simulations, equilibrium binding constants were calculated for each hydrogen bond
type. The equilibrium binding constant Ko, g, of an arbitrary hydrogen bond is

Oa — Hy|
[Oa,free] [H,B,free]

where « is the molecule type of the oxygen atom in the hydrogen bond and £ is the molecule

Ko,-n, = (4.3)

type of the hydrogen atom and [O,, free] and [Hp free] are the concentrations of uncomplexed
hydrogen bonding sites of that type.

This simplified model neglects the surrounding environment of any particular hydrogen
bond, and aims primarily to give a qualitative understanding of the relative binding strengths
and resulting equilibria. The equilibrium binding constants for the six hydrogen bond types
were fit simultaneously to all the hydrogen bond data plotted in Figure 4.4 using a least
squares criterion. The resulting binding constants are given in Table 4.3. To evaluate the
goodness of the fit, these binding constants were used to calculate the number of hydrogen
bonds for each system to compare to the values they were fit to. The fitted values assume no
hypercoordination is possible and the hydrogen bond formation probabilities are independent
for all atom sites on a molecule. The goodness of fit is an indicator of how much these
assumptions impact hydrogen bond formation. The equilibrium binding model predictions

for hydrogen bond formation in all systems are shown in Figure 4.4 as dashed lines. Overall,
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the fit was good, implying that the binding constants using the aforementioned assumptions
reasonably define the total numbers of hydrogen bonds. However, as the least squares fit
weights all the data equally and more data exists for [HNO,],,, > 0.74 M than < 0.74 M,
the fit is better in the high acid systems. We would not expect that one set of binding
constants would be equally good in both high and low acid regimes as, for example, the
formation of hydrogen bonded clusters at high acid (that do not occur regularly at low acid)
would impact the probabilities of hydrogen bond formation differently than the more simple
speciation observed at low acid. From the fitted values, there is a clear distinction in binding
strength between every hydrogen bond type, with those containing Or or Hy atoms being

stronger than with other oxygen and hydrogen atoms sites.

Table 4.3: The binding constants, defined in Equation 4.3, for the six hydrogen bonds
obtained through least squares fitting of the simulation data.

Hydrogen | Binding Constant,
Bond k [mol /L]
OT — HN 3 X 107

Or — Hy 2 x 10?

Oy — Hy 1 x 10

ON - HW 2 X 100

OW — HN 2 X 106

OW — HW 6 x 10!

4.4.4 TBP, HNO; and H,O Structures and Substructures

To further analyze molecular organization beyond the populations of specific hydrogen
bonds, the remaining sections implement network analysis to identify and measure speciation
and large clusters. Snapshots of several representative structures are given in Figure 4.5. This
figure shows: I) the 1:1 TBP-HNO, structure, II) a 1:2 TBP-HNO, Chain structure, and
IIT) a more complicated (TBP),(HNO,);(H,0) cluster. The structure searches will count
structures such as those shown in I and II and the substructure searches will parse the

more complicated networks, such as that shown in III, that are too numerous to account for
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individually.

Figure 4.5: Snapshots of several hydrogen-bonded structures. Part I shows a 1:1 TBP-HNO,
structure, part IT a TBP-HNO,;-HNO, Chain structure and part III a (TBP),(HNO,),(H,0O)
cluster. The oxygen atoms in the nitric acid are shown in red, the nitrogen in blue and the
hydrogen in white. For water, the hydrogen atoms are white and the oxygen atoms pink. The
TBP atoms are depicted as solid bonds with the green phosphoryl oxygen atom expanded
for visualization.

The average number of selected structures observed in simulation across the range of
system compositions are given in Figure 4.6. The TBP-HNO, adduct is the only isolated
structure to exist in significant quantities. At equal concentrations of TBP and HNO;, about
two thirds of both are in a TBP-HNOj, structure without additional connections. TBP-H,0O
is only observed before HNO,; dominates the TBP coordination. Small amounts of the 1:2
TBP:HNO,; Chain and Shared structures exist at high acid concentrations, both of which
are disrupted by the addition of water. Small amounts of non-hydrogen bonded TBP, water

and nitric acid, are observed and shown in Appendix B along with the additional structures
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TBP-HNO,-H,O, TBP-H,0-HNO, and TBP-(HNO,)(H,0). Not plotted are 1:2 TBP:H,O
Shared and Chain species, as these are rarely detectable. When they occur, they are typically
substructures present in larger clusters as the available hydrogens for hydrogen bonding on

the water molecules are nearly always coordinated.
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Figure 4.6: The average number observed in simulation, per TBP molecule, of the TBP-
HNO,, TBP-H,O, TBP-HNO,-HNO, Chain and TBP-(HNO,), Shared structures is plotted
for each system. Systems with one water concentration are in black while the red, green and
blue data points correspond to the systems with three water concentrations.

Overall, the structure search results indicate that most structures outside of the 1:1
TBP:HNO, are either not present or are a part of larger structures. Thus, to elucidate
the local coordination behavior, substructures were analyzed. Figure 4.7 shows the aver-
age number of TBP-HNO,;-HNO,;, TBP-HNO,-H,O, TBP-H,O-TBP and TBP-H,0-H,O
substructures per TBP molecule. Corresponding results for TBP-H,O-HNO,, TBP(H,0),,
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TBP(H,0)(HNO,) and TBP(HNO,), substructures are given in Appendix B. Significant
quantities of the TBP-HNO4;-H,0O and TBP-HNO,;-HNO, Chain substructures were ob-
served, particularly in the high acid systems. Also observed, but only in the low acid systems,
are the TBP-H,O-TBP water bridge and the TBP-H,0-H,O Chain. Neither are significant
species after ingrowth of the 1:1 TBP:HNO,. With respect to hypercoordination of the TBP,
shown in the substructures in Appendix B, up to 0.05 TBP(H,0)(H,0O) Shared substruc-
tures per TBP were observed. This number is reduced in the high acid systems as the TBP
coordination site is replaced with nitric acid molecules. In the high acid systems, on average
less than 0.035 TBP(H,O)(HNO;) and 0.02 TBP(HNO,)(HNO,) Shared substructures per
TBP are present at a time. The nitric acid molecule, in comparison to water, may be suffi-
ciently large to limit TBP’s ability to participate in hypercoordination. Furthermore, as the
TBP-HNO, hydrogen bond is the strongest such interaction in the system, the saturation of
the TBP occurs as soon as there are equal numbers of nitric acid and TBP molecules. As
discussed below, these findings agree with the nitric acid coordination behavior anticipated

by the QM calculations and experimental IR spectroscopy.

4.4.5 QM Vibrational and IR Spectroscopic Determination of 1:2 TBP:HNO;
Topology

The predominance of the hydrogen bonded 1:1 TBP:HNO; complex for [HNOg|y, <
[TBP] is well established experimentally in the literature [120, 121], but TBP adducts, and
particularly the connectivity of those adducts, beyond this species are not well understood.
In particular, there have been multiple proposed structures for the 1:2 TBP:HNO, complex
that forms as TBP extracts nitric acid beyond the 1:1 ratio[28, 128, 129]. The two possible
coordination geometries for the second nitric acid molecule of the 1:2 TBP:HNO; complex
are depicted in Figure 4.8, labeled as the “Shared” and “Chain” structures. Using IR
spectroscopy, Ferraro et al. concluded the second nitric acid molecule hydrogen bonds to the
“back” (non-hydroxy) oxygen of the first nitric acid of the already-formed 1:1 adducts|28]

rather than hypercoordination of the O7 oxygen of the TBP molecule. They identified a

97



0.4 — 0.4 —
1 TBP-HNO3-HNO3; 1 TBP-HNO3-H;0
— 0.3 0.3 -
co i ]
2E | —o—A i 0
¢ T B .
- - —>— C b
- o 0.2 0.2 -
@ 3 = B
0 = i
EE i ] O\o
= - i
z: 0.1 0.1
o 4 i
£ ]
0 T T T T T T T 0 T | | | T T T
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
0.25 0.25
1 TBP-H>,O-TBP 1 TBP-H,0-H;0
o ] ]
B 0.2+ 0.2
S8 ]
C 3015 0.15
=5 ] ]
k- ]
2E o1 0.1
E2 1 )
S 0.05 - 0.05 |
E ] ]
] ] B—p
0 T T T T T T = 0 T T T T | I
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
[HNOB]org [HNOB]org

Figure 4.7: The average number observed in simulation, per TBP molecule, of the TBP-
HNO,-HNO; Chain, TBP-HNO4-H,O, TBP-H,O-TBP and TBP-H,0O-H,O substructures is
plotted for each system. Systems with one water concentration are in black while the red,
green and blue data points correspond to the systems with three water concentrations.

1 which occurs when

shift in a nitric acid O-N-O asymmetric stretch peak near 1670 em™
TBP extracts nitric acid in excess of a 1:1 ratio. The peak shift is interpreted as a signature
of a different coordination environment for the back oxygens. We investigate this hypothesis
with QM calculations for these vibrational modes and more precisely assess how different
coordination geometries impact the peak shift.

! assigned in the

Based on the QM calculations, the vibrational mode near 1670 ¢m™
literature to an O-N-O asymmetric stretch, was found to be highly coupled to a “wag”

motion of the hydrogen bonded hydrogen atom of the nitric acid. Thus, the wavenumber
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of the vibration peak is expected to be influenced by the hydrogen bonding coordination
of the Hy atom. The QM calculated frequencies for the two nitric acid molecules for two
different [HNO,,,.; concentrations are plotted in Figure 4.8 along with experimental spectra.
The acid concentrations were chosen to be either below ([HNO,l,,; = 4.4 M) or above
([HNOslaqi = 13.0 M) the 1:1 TBP:HNO, equivalence point. The lower wavenumber peak
corresponds to the O-N-O stretch and H wag vibrational mode of the inner nitric acid
(directly bonded to TBP) while the higher wavenumber peak corresponds to a vibration for
the outer nitric acid. The QM calculated shift in peak location of 23 e¢m™' between the
first and second nitric acid molecules agrees with the experimentally observed peak shift
of roughly 25 ¢m ™! for the Chain structure. In comparison, the peak shift for the Shared

I and arises due to asymmetry in the positioning

structure calculated by QM is only 7 em™
around the Or atom. Additional QM calculations bolster this interpretation, with the BLYP
and PBE functionals with a TZP basis set giving peak separations, respectively, of 29 and
45 em~! for the Chain structure and 6 and 5 em ™! for the Shared structure.

Comparison of the calculated energy shift suggests that as nitric acid is extracted beyond
a 1:1 ratio, the additional nitric acid is not hydrogen bonded to the TBP. This is consistent
with our simulations, as shown in the upper left panel of Figure 4.4, where only a small
amount of Or hypercoordination (seen in less than 5% of Or atoms for each system) is
observed in each combination of nitric acid and water.

The utility of simulation in understanding this extraction system, and particularly at high
acid compositions, stems largely from experimental limitations for assessing the hydrogen
bonding behavior. However, previous simulation studies of this system discussed in the
Introduction have not captured this behavior accurately, showing hypercoordination of the
Or atom. Ensuring that simulated nitric acid coordination beyond the 1:1 ratio is primarily
with other extracted nitric acid and water, and not through TBP hypercoordination, is a
non-trivial and direct comparison with experiment that supports validity of the hydrogen

bonding topologies observed in our simulations.
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Figure 4.8: The vibrational modes for the coupled hydrogen wag and O-N-O asymmetric
stretch of the nitric acid determined for the Shared and Chain configurations with QM cal-
culations are plotted with the experimentally observed spectrum. Of the two configurations,
the calculated frequencies of the vibrations for the two nitric acid molecules in the Chain
structure match the peak separation observed experimentally.

4.4.6 Large Cluster Analysis

The formation of large clusters in the high nitric acid and water concentration systems
where third phase formation has been reported are of interest as representative of the incip-
ient phase transition[3]. Figure 4.9, taken from a frame of a 1.25 M [HNO,],,, C simulation,
shows numerous clusters present. Two visually isolated clusters are highlighted. To observe
the degree of cluster formation through large hydrogen bonding networks in the 1.10 and

1.25 [HNOs],rg systems, Figure 4.10 shows a semilog plot of the average number of a given
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cluster size observed in simulation.

Figure 4.9: A snapshot from the 1.25 M [HNO;]oy, 0.31 M [HyOJ,.y C system. TBP is
represented with the phosphoryl oxygen atom colored green and enlarged. Nitric acid and
water molecules are represented with oxygen atoms shown in red for nitric acid and pink for
water. Nitrogen atoms are blue and hydrogen atoms in both molecules are white. Dodecane
is omitted for clarity. Two examples of isolated clusters are highlighted.

A semilog plot of the number of clusters of size M allows identification of an average
association free energy, u, for the addition of a molecule to an (M — 1)-sized cluster. The

average number, N, of clusters of size M is
Ny oc e #M/kBT, (4.4)

where kg and T are the Boltzmann constant and the temperature, respectively[105].
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Figure 4.10: The semilog histrograms of the average number observed versus cluster size are
plotted for the 1.10 and 1.25 M [HNOs]oy A (0.15 M [H,O],4), B (0.23 M [H,0],y) and C
(0.31 M [H,O] g )systems.

As observed in Figure 4.10 for those six systems, when the logarithm of the number
observed is linear with cluster size over a range of cluster sizes, Equation 4.4 is an appropriate
description of cluster formation. The constant u value corresponds to the average free energy
cost of adding a molecule to the cluster. This implies the average cost of adding a molecule
to a cluster is independent of cluster size for a given range. In the data given here, this range
starts near M = 20, where the local speciation effects that skew the low cluster sizes ends,
and applies until the finite size effects of the simulation appear, resulting in increased noise
and a drop-off to zero in observed concentration. For the highest water concentration (system
C), the large clusters sizes are probable enough that the finite size effects may occur at lower
cluster sizes, resulting in the downward inflection of the histogram before the appearance of
significant noise in the data.

The average association free energy p for 1.10 M [HNOg],, C (0.31 M [H,0],,4) is lower
than for 1.25 M [HNOs],y B (0.23 M [H,0],,) even though there are more total polar
molecules in the latter system. Therefore, the value of p is not just a function of the total
number of polar solutes capable of hydrogen bonding. The addition of water reduces p

more effectively than the addition of nitric acid. As water content increases from A to C
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compositions for both 1.10 M [HNO,],,, and 1.25 M [HNO,],,, systems, the slope and hence
free energy for increasing cluster size decreases. At low enough slope, the free energy cost of
cluster growth may be low enough to form macroscopic clusters, perhaps corresponding to
third phase formation.

One test to determine if the large clusters in the 1.25 M [HNOg]oy C (0.31 M [HyOlprg)
system are indicative of third phase formation is to compare the composition of large clusters
observed in simulation to experimental composition data. Kertes[3] reported third phase for-
mation for a high [HNO,] system where the heavy organic phase contains a 1:3 TBP:HNO,
ratio. We were unable to create a third phase experimentally with a 15 M [HNO;],,; system
to verify this or identify how much the water uptake increases approaching the phase bound-
ary. In the systems simulated here, without metal ions, we do not expect small, strongly
associated reverse micelles that depend on a metal center for geometric orientation. Rather,
we anticipate formation of large clusters to precede phase separation.

To avoid counting speciation of small clusters when calculating the composition of large
clusters, the change in large cluster composition was measured from the start of the constant
average pu range, at M = 20, until finite size effects emerge. Depending on the choice of that
limit, either M = 60 or M = 80, the TBP:HNO, ratio for the 1.25 M [HNO;],, C system is
1:2.9 or 1:2.7, respectively. This is consistent with the 1:3 value given in the literature, and
suggests that large clusters seen in simulation correspond to the aggregates in third phase
formation.

We noted above that the ratio of nitric acid to water impacts the association free energy,
w, of growing the large clusters. We hypothesize that increasing water content encourages
formation of larger clusters due to the need for both hydrogen bond acceptors and donors to
grow extended hydrogen bond networks. In the systems studied, [TBP] and [HNO;| are both
much larger than [H,O], resulting in a significant excess of oxygen (hydrogen bond acceptor)
sites. Cluster growth is limited by the number of hydrogen bond donor sites present in these

systems. Figure 4.11 plots the total number of hydrogen bonds per molecule for nitric acid
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and water in the 1.25 M [HNO,],,, systems. The figure shows, in addition to adding more
hydrogen-bond capable atoms that yield more hydrogen bonds per atom than nitric acid,
increasing the water concentration from A to C further increases the number of hydrogen
bonds per water molecule. Thus, for these systems, water molecules provide hydrogen atoms

in the oxygen-rich environment that enable growth of large hydrogen bonded clusters.

~ o - AHNO;
0.5 a B HNO;
Q. - O - CHNO;

Average Number per Molecule
e
|

0 1 2 3 4
Number of H-bonds

Figure 4.11: The average number of hydrogen bonds per molecule for water and nitric acid
are given for the A-C systems for 1.25 M [HNO,],,,. While the numbers for nitric acid are
generally unchanged with increasing water, the probabilities for water shift towards larger
values as water is added to the system.

4.4.7 Percolation and Lattice Monte Carlo Comparison

To further investigate the third phase transition in simulation, and determine if the trend
in the cluster size distribution profile in 1.25 M [HNO,],,, C, as compared to the exponential
distribution of A and B, is indicative of reverse micelle formation or percolation, two higher
water concentrations were simulated for the 1.25 M [HNO,],,, system. Figure 4.12 shows
the cluster size distributions for several water concentrations in the left panel, including new
cases of 0.38 M and 0.46 M [H,0O],.,. In the additional simulations, the cluster size distri-
bution curve for clusters up to size 50 is no longer linear on the semilog plot but are instead
consistent with a power law distribution as predicted by Flory-Stockmayer theory[116] for

polymer systems near the percolation point. Also for the highest water concentration sys-
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tems, a peak emerges at large cluster size, between 100 and 120 depending on the water
concentration, disrupting the power law distribution. A snapshot of such a cluster, with 117
total polar solutes, is shown in Figure 4.13. To determine if this is showing micelle formation
at a characteristic size or if instead this is a finite size effect limiting the size of the spanning
clusters formed in simulation, the data is compared to cluster size distribution data for a
Monte Carlo simulation of bond percolation for bond probabilities approaching the percola-
tion threshold. The Monte Carlo results are plotted in the right panel of Figure 4.12. The
cluster size distribution statistics for the finite size percolation from the lattice model are
compared with the simulation data. They both exhibit the peak at high cluster sizes for
the spanning clusters in the finite system. Therefore, we conclude that the simulation data
are consistent with, for clusters up to the simulation size implemented here, third phase
formation resulting from a percolation phase transition and not reverse micelle formation.
Recently, Singh et al. reported micelle formation and third phase formation for the
TBP/dodecane/water /nitric acid system[130]. However, they implemented high water con-
centrations in the mono-phasic organic phase simulations that do not correspond to the
concentrations of water extracted from 1-3 M nitric acid aqueous solutions. As a result,
they apparently observed the formation of an emerging aqueous phase, rather than growth

of micelles or a third phase, owing to the exaggerated organic phase water concentration.
4.5 Conclusions

Network analysis was used to assess hydrogen bonding in molecular dynamics simulations
of nitric acid and water extracted into a 20% TBP in n-dodecane organic phase for various
organic phase nitric acid and water concentrations. The populations of different hydrogen
bond types observed in simulation was successfully modeled using a set of equilibrium binding
constants for each possible hydrogen bond type fit to cluster statistics obtained from the
simulations. This simplified but intuitive model for competitive hydrogen bonding captured
the overall numbers of each hydrogen bond in the simulated systems and allows for direct

comparison between strengths of different hydrogen bond types. Such an equilibrium binding
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Figure 4.12: The cluster size distribution for the 1.25 M [HNOs],,, systems, with additional
higher water concentration simulations, is compared to the cluster size distribution plots for
a 15 by 15 square lattice for a range of bond probabilities. The similarity in distribution
statistics implies that the simulation data is showing a percolation phase transition with
finite size effects creating spanning clusters between 100 and 120 polar solutes in size.

model provides a method to predict how speciation and extraction varies depending on
binding strength which could be implemented to account for variables including molecule
type, concentration and temperature.

The network of hydrogen bonds between solutes was reduced to a graph consisting
of molecule vertices and edges reflecting the presence of hydrogen bonding between the
molecules. This allowed convenient graph theoretic identification of hydrogen bonded clus-
ters, as well as concentrations of frequently occurring structures and substructures, defined
as clusters or subsets of clusters with specific composition and connectivity. Those structures
and substructures, particularly ones distinguishing the local hydrogen bonding topology of
the TBP phosphoryl oxygen atom, shows how simple solute-extractant adducts develop into
the large clusters that precede phase separation. Simulation results were compared to ex-
perimental behavior of nitric acid coordination to TBP in a 1:2 TBP:HNO, ratio. Updated
force field parameters used in the TBP model implemented here show coordination behavior

consistent with experimental data.
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Figure 4.13: Pictured is a snapshot of a large cluster, of size 117, from the 1.25 M [HNO;] o,
C system. TBP molecules are depicted as green for clarity.

At high nitric acid and water concentrations, the cluster size distributions were found
to be consistent with a percolation phase transition mechanism for third phase formation
in this system. The quantitative analysis performed for these systems, and the network
interpretation of the third phase transition, has wide applicability to self-associating liquid
systems governed by hydrogen bonding, including other extraction systems with alternative
types of acids, extractants, diluents and metal ions. The cluster size distribution profiles

described here will be applied in future studies to identify phase transitions, either through

107



percolation or micelle formation. The network analysis presented here can be used to in-
terpret the effects of individual hydrogen bond formation probabilities, dependent on acid
type and relative concentrations of polar solutes and described by the equilibrium binding

constants, on macroscopic phase behavior.
4.6 Acknowledgements

The authors thank the Colorado School of Mines High Performance Computing center for

computational resources and Nuclear Regulatory Commission Faculty Development Award

NRC-HQ-11-G-38-0062 for funding.

108



CHAPTER 5
THE ROLE OF EXTRACTANT STRUCTURE IN THE ASSOCIATION OF
EXTRACTED URANYL NITRATE CLUSTERS

5.1 Introduction

The Plutonium Uranium Reduction EXtraction (PUREX) process is a solvent extraction
process that separates fissile f-elements like uranium and plutonium in used nuclear fuel from
fission and corrosion products. The used fuel, dissolved in an aqueous nitric acid medium,
is contacted with an organic phase that consists of a long chain hydrocarbon diluent and an
amphiphilic extractant[2]. In PUREX, the solvating organophosphorus extractant is tributyl
phosphate (TBP), which selectively extracts tetra- and hexavalent metal ions. After the
phases are contacted, the extractants and coordinated metal ions form complexes, referred
to here as clusters, with charge neutralizing nitrate anions that are transferred to the organic
phase.

Under sufficiently high metal ion loading, third phase formation can occur where the
organic phase partitions into two phases. These two phases are a “light” phase, primarily
comprised of organic diluent, and a “heavy” phase, rich in extractant and metal ions in
addition to coextracted acid and water[4, 5]. Third phase formation is undesirable from
a processing perspective since the contactor banks are designed for a two phase system.
Additionally, when extracting significant quantities of plutonium the dense third phase is a
criticality concern as the plutonium uncontrollably concentrates. For a given system, the
maximum extracted metal concentration before third phase formation is referred to as the
limiting organic concentration (LOC). Rao et al. demonstrated that the neutral solvating
organophosphorus extractant structure has a significant impact on third phase formation.

The thorium nitrate LOC for TBP is increased significantly by changing the butyl tail groups
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to amyl groups. Also increasing the LOC, although less so than the alkyl chain length, is
changing TBP’s phosphate head group to a phosphonate group, i.e., removing one of the
bridging oxygens. Therefore, the thorium nitrate LOCs for TBP, triamyl phosphate (TAP)
and dibutyl butyl phosphonate (DBBP) are ordered as TBP<DBBP<TAP. These three
extractants are depicted in Figure 5.1.

Uranyl nitrate extracted by TBP also results in third phase under sufficiently high metal
and acid loading, although the limiting concentration is higher than for thorium. While
thorium nitrate and uranyl nitrate complexes are structurally different, there are likely still
dependencies on extractant structure leading to different uranyl nitrate LOCs, as there are
for thorium, that have not been reported in the literature. Uranium has been studied more
with MD simulation in the literature. Therefore, we investigate organic phase uranyl nitrate
clusters. To understand how these structural changes affect inter-cluster association and
inform cluster solubility and third phase formation[78], we will compare uranyl-centered
clusters of these three extractants.

Third phase formation in PUREX-type extraction systems has been studied experi-
mentally in the literature. Metal-centered clusters and their interactions leading to third
phase formation have been interpreted using small angle neutron scattering (SANS)[10, 16—
20, 27, 29] and x-ray scattering (SAXS)[23]. The TBP aggregates formed by self-association,
hydrogen bonding or metal complexation are modeled as hard spheres or ellipsoids with a
uniform attractive surface potential. This modeling approach provides an intuitive explana-
tion for the metal concentration dependence on phase separation. Higher concentrations of
extracted metal leads to increased attraction between TBP clusters of all types. After some
threshold concentration, this results in phase separation. However, this approach of treating
TBP clusters as hard spheres or ellipsoids with an attractive surface potential requires sig-
nificant assumptions about the cluster geometries and their interactions. All TBP clusters
are unlikely to form monodisperse species even if the metal-centered clusters with TBP are

of identical composition. The metal centered clusters are also unlikely to be approximated
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well as hard spheres with no alkyl tail overlap. The interaction between the polar cores
would also be best described with a long-range potential rather than a surface attraction.
While those significant assumptions are required for scattering modeling, molecular dy-
namics (MD) simulation could provide atomistic resolution to the interactions between ex-
tracted metal clusters. MD also avoids the necessity of making a priori assumptions about
cluster shape, interaction potential and size dispersity. Previous simulation research on
PUREX-type extraction systems of organic phase species have examined non-metal systems.
These studies have investigated TBP self-association[56, 58, 59, 98] and TBP extraction of
water and nitric acid[55, 99]. Simulations of TBP extraction of uranyl ions have centered on
interfacial behavior without emphasis on organic phase speciation of the extracted clusters.
However, as third phase formation depends on the solubility of the extracted organic phase
species and is not an interfacial phenomenon, understanding the inter-cluster associations
that govern phase behavior can be addressed in simulations of the organic phase of the

extraction systems only.

TAP
0/

TBP O’E\o ﬁ*~o o/ﬁ
6 \g /(( 6 E g 6\

Figure 5.1: Molecular structures of the amphiphilic extractant molecules tributyl phosphate
(TBP), dibutyl butyl phosphonate (DBBP) and triamyl phosphate (TAP).

DBBP

This work describes the efforts to understand the nature of interactions between uranium-
centered organophosphorus extractant clusters using MD simulation. First, a uranyl poten-
tial for use with organic phase clusters is parameterized and tested in simulation. That
uranyl potential is implemented in low uranium concentration simulations to isolate and
measure the cluster pairwise interactions in n-dodecane. Comparisons are made between

low concentration uranium systems and high concentration systems to demonstrate that the
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pairwise interactions in the dilute limit are not significantly different than the inter-cluster
interactions of the concentrated uranyl systems. The changes in cluster association resulting

from extractant structure are then investigated.

5.2 Methodology

5.2.1 Quantum Mechanical Calculations

Quantum mechanical calculations were conducted with the NWChem software package[131]
using the B3LPY functional with the DZP basis set and Stuttgart ECP for uranium|132]
and aug-cc-pVDZ basis sets for non-uranium atoms. Single point calculations used the same

basis sets with second order Mgller-Plesset perturbation theory.

5.2.2 Force Fields

The potentials used for TBP, n-dodecane, nitric acid and water are the same as we have
previously implemented[99]. Bonded and nonbonded parameters for nitrate are taken from
the Generalized AMBER Force Field (GAFF)[32]. Uranium non-bonded parameters for
pairwise interaction with the extractant phosphoryl oxygen is given in Table 5.1. The uranyl
nonbonded Lennard-Jones pairwise potentials use the nonbonded parameters implemented
by Kerisit and Liu[75]. Charges for the uranyl and nitrate atoms are also given in Table 5.1.

Development of these values are described in the Results section.

Table 5.1: The uranyl and nitrate charges are given. The pariwise nonbonded uranium-
phosphoryl oxygen parameters developed in this study are also given.

o

Atoms o[A] e[kcal /mol|
U-Ocutractant | 2.9002 0.1961

Atom Charge [g.] | QM Mulliken Charge [¢.]
Uurany 2.10 2.43

Ouranyt 20.45 20.63

Noitrate 0.75 0.65

Onitrate -0.45 -0.45
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5.2.3 Simulations Details and Compositions

The post-contact organic phase simulation compositions for TBP systems are taken or
extrapolated from Chiarizia et al.[10, 17, 27] for uranyl nitrate, water and nitric acid extrac-
tion into 20% by volume TBP in a n-dodecane medium. The 40 uranyl nitrate simulation
corresponds to the LOC for uranium. For comparison, the DBBP and TAP compositions use
the same 20% extractant volume fraction and uranium concentrations with the nitric acid
and water concentrations scaled with the free extractant concentration. The compositions
are given in Table 5.2 for TBP, Table 5.3 for DBBP and Table 5.4 for TAP. The resulting
simulation box sizes were 62 + 1 A for the 6 uranyl nitrate compositions and 66 &+ 1 A for

the higher uranium concentration compositions.

Table 5.2: The uranium concentrations and MD box compositions for the simulations with
TBP.

[U](mol/L) ]0.030.12 | 0.20 | 0.26

#UO,(NOy)2 | 6 | 20 | 30 | 40
# TBP 12 [ 131 | 131 | 131
# HNO, 0 | 89 | 69 | 49
# H,0 0 | 18 | 20 | 22
# C,H,yg 604 | 604 | 604 | 604

Table 5.3: The uranium concentrations and MD box compositions for the simulations with
DBBP.

[U](mol/L) ]0.030.12 | 0.20 | 0.26

# UO,(NOy)2 | 6 | 20 | 30 | 40
4 DBBP 12 | 134 | 134 | 134
# HNO, 0 | 18 | 20 | 22
# 1,0 0 | 93 | 73 | 53
# C,H,yg 604 | 604 | 604 | 604

Molecular dynamics simulations were completed using the GROMACS 4.5.5 software
package[89]. The isobaric isothermal NPT ensemble with periodic boundary conditions and

a leap-frog Verlet integrator were used for all simulations. Pressure was set to 1 bar with
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Table 5.4: The uranium concentrations and MD box compositions for the simulations with
TAP.

[U](mol/L) ]0.030.12 | 0.20 | 0.26

# UO,(NOy)2 | 6 | 20 | 30 | 40
# TAP 12 | 108 | 108 | 108
# HNO, 0 | 73 | 53 | 33
# H,0 0 | 15 | 16 | 18
# C,,H,, 604 | 604 | 604 | 604

the Berendsen barostat and temperature to 300 K with the Berendsen thermostat for equi-
libration and the Nose-Hoover thermostat for production. Particle-Mesh Ewald summation
was used for long-range electrostatic summation with a 15 A cut-off for short range elec-
trostatic and van der Waals interactions. The LINCS algorithm was used for constraining
hydrogen-containing bonds to enable use of a 2 fs time step. The initial configurations were
generated using Packmol[133] with the UO,-(NO;)o-(Extractant), complexes in “assembled”
configurations derived from QM geometry optimization and the remaining molecules inserted
randomly. Energy minimization and 2 ns NPT equilibration was followed by 50 ns NPT sam-
pling for each run. For the low uranium concentration (6 uranyl nitrate complexes) systems,
reported data is averaged over 13 total runs. Higher concentration (20, 30 or 40 uranyl

nitrate complexes) averaged over 5 runs.

5.3 Results

5.3.1 Organic Phase Uranyl Parameterization

Organic phase simulations will require implementation of MD potentials that accurately
depict the organic phase clusters. Existing uranyl potentials have all been developed for an
aqueous environment[67, 68, 75, 76| where the uranyls have fivefold coordination. Extracted
UO,-(NO3)2-(TBP), clusters have been shown experimentally to have sixfold coordination

with both nitrates coordinating in a bidentate manner|[7, 134]. This cluster is shown in Fig-
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ure 5.2. We have observed that the aqueous uranyl potentials result in fivefold coordination
in the organic phase, where the two nitrate counterions bind in a monodentate fashion and
the remaining three coordination spots are occupied by TBP. Existing uranyl potentials will
therefore not suffice for the organic phase simulations of interest. The slower dynamics of the
organic phase species means that using polarizable force fields will result in untenably long
computational times to collect sufficient data for quantitative analyses. Therefore, develop-
ment of a non-polarizable uranyl potential is necessary. Jensen et al. showed that the uranyl
coordination environment is consistent, as described previously, for the low concentration up

to the LOC[T7].

Figure 5.2: An organic phase TBP /uranyl/nitrate cluster. The nitrate anions and TBP
extractants coordinate the uranyl ion in a plane perpendicular to the uranyl ion oriented into
and out of the page. The nitrate anions are bidentate, resulting in sixfold total coordination.

The objective of the uranyl nitrate parameter fitting is to find classical MD potentials
that sufficiently capture the uranium-centered cluster behavior as best as possible using the
existing validated TBP potential. The potential is not intended for implementation outside
the UO,-(NO,)o-(Extractant)s cluster, where “Extractant” refers to the family of solvating
organophosphorus extractants in this study. In the parameterization process, the properties

required to fit to are the extractant dissociation energy and the equilibrium binding distances
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in n-dodecane solvent. Additional objectives sought during the parameterization process in-
clude maintaining atomic charges on the uranyl nitrate complex as close as possible to those
derived from the quantum mechanically calculated Mulliken population analysis, while pre-
serving uranyl nitrate charge neutrality. Not all of these objectives could be simultaneously
achieved with assumptions inherent in the computational simulation methods applied.

Trimethyl phosphate (TMP) and nitrate rigid dissociation energies from the UOy-(NO;)o-
(TMP), complex were generated from the initial QM-derived cluster geometry optimization
using single point calculations for U-Opnosphoryi OF U-Opitrate distances of 2 to 12 A in incre-
ments of 0.2 A. The TMP molecule was kept rigid in the equatorial plane of the TMP and
nitrate coordination. The TMP was used in place of TBP to reduce calculation time for
the carbon that are assumed to not impact the electronic structure of the phosphate head
group, an approximation that has been made in the literature[37]. The values fitted for to
the QM data for the TMP ligand are used for TBP, DBBP and TAP in simulation.

The workflow for the fitting process was implemented as follows: selected parameters
in the classical MD potential were fit to the gradient of the dissociation energy profile for
either TMP or nitrate using ForceFit[135]. For the subset of geometries chosen to fit in the
dissociation profile, the MD parameters chosen to fit were optimized to the sum of least
squares of the difference between the MD and QM atomic potential energy gradients. Each
included geometry in the fitting is weighted equally. For example, by fitting over a selected
range of U-Opposphoryr distances for TMP dissociation, U-Opposphoryi L-J o and € terms could
be obtained. This process could be implemented for any subset of terms in the MD potential,
although pairwise potentials not strongly coupled to the dissociation coordinate would likely
not yield meaningful values. The QM and MD dissociation energy profiles, for a fitted set
of U-Ophosphoryt L-J parameters, are plotted in Figure 5.3. The fitted MD parameters were
implemented in a 2 ns gas phase MD simulation of a single cluster (with TMP) to check the
coordination distances. For fitted parameters that generate accurate gas phase coordination

distances, a long simulation was ran in n-dodecane solvent (with TBP instead of TMP)
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to compare to the experimentally determined organic phase binding distances. Simulations
showed, on average, the organic phase binding distances were further than the gas phase
by less than 0.1 A. Therefore, the fitted U-Oppnosphoryi L-J parameters selected for testing in
simulation give a closer equilibrium binding distance in the gas phase simulation (and QM
fitting process) than are observed when implemented in simulation.

Many combinations of charges and Lennard-Jones parameters were considered in the
fitting process to ascertain the impact of the different parameters on the dissociation energy
and equilibrium binding distances. The uranium atom center charge most strongly affected
the total dissociation energy. The U-Opnosproryi L-J potential, in addition to the uranium
charge, impacted the equilibrium binding distance. Table 5.1 gives the QM Mulliken charges
and the implemented MD charges with the fitted L-J parameters. Figure 5.3 shows the QM
dissociation profile for TMP with the fitted MD dissociation profile. The MD potentials
were fitted over the well region of the energy profile from 2 to 5 A, corresponding to the
uranium to phosphoryl oxygen distance. Table 5.5 gives the QM, experimental and fitted
MD binding distances of theUO,-(NO,)o-(Extractant), cluster.

Uranyl-TMP Dissociation Profile
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Figure 5.3: The dissociation energy profile, zeroed at 5 A, for the TMP-uranyl nitrate
complex is plotted for the QM (black) and fitted MD (red) data.
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Table 5.5: The experimental, QM calculated and fitting MD simulation binding distances
for the UO,-(NOy)a-(TBP); cluster (with nitrate distance restraints to enforce the U-Opitrate
and U-N,,;qe distances). The simulation and experimental distances are for an n-dodecane
solvent liquid phase, while the QM calculations in the gas phase.

Atom Distance [A] | XAS[134] | QM | Fitted MD
U-Onitrate 2.51 2.54 2.52
U-Nyitrate 2.99 2.98
U-Orpp 2.41 243 2.40

We attempted to fit the nitrate dissociation in addition to extractant dissociation to
have a fully dissociable potential for the entire complex. While it was possible to replicate
the dissociation energy profile for nitrate, the liquid phase coordination behavior was not
successfully replicated. The nitrates either reverted to monodentate coordination and en-
gaged in “bridging” of uranyls or allowed for coordination of a third TBP. Coordinating
nitrates for different parameter sets were observed to bend out of the equatorial plane in
a manner not observed experimentally. We therefore used distance restraints in the MD
simulation to enforce the experimentally determined bidentate coordination of the nitrate to
the uranyl. The distances between the uranium atom and the coordinating oxygens of the
nitrate molecule and the nitrate nitrogen atom were restrained with a 2390 kcal /(mol A2)
harmonic potential outside of 2.49 to 2.51 A and 2.99 to 3.01 A, respectively. Figure 5.4
shows the incorrect nitrate binding behavior of the unfitted or unrestrained nitrate models

compared to the correct coordination of the restrained and fitted parameters.
5.3.2 Orientation and Spatial Dependence of Uranyl Cluster Association

Experimental interpretation of inter-cluster interactions have been limited to short range,
isotropic potentials. A primary objective of this investigation is to evaluate those assump-
tions. To determine the approximate pairwise interaction where multibody effects are as
limited as possible while maintaining counting statistics, the radial distribution function is
considered for the 0.03 M uranium simulations with 6 uranyl nitrate complexes with just

n-dodecane solvent. The uranium-uranium RDFs for the 6 UO4-(NO,)o-(Extractant)s clus-
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ter simulations for TBP and TAP are averaged over 10 trajectories of 50 ns each. Those
two RDF's are plotted in Figure 5.5. These RDFs indicate cluster association is not well
described by a single coordination. Instead, multiple cluster correlation peaks exist within
the hard sphere volume of the scattering model. Furthermore, significant differences exist
in coordination peaks between TBP and TAP as opposed to a shift in the correlation peak
corresponding to the slightly larger hard sphere volume of the TAP clusters with the amyl
group carbon tails.

While differences exist in cluster association for the low concentration systems, interpret-
ing differences in third phase formation in 20% extractant organic phases based on these
inter-cluster interactions depends on how similar the cluster association is to higher concen-
trations. Figure 5.6 shows the RDFs averaged over 5 trajectories of 50 ns for the higher
concentration TBP, TAP and DBBP systems with coextracted water and nitric acid into the
20% by volume extractant in n-dodecane organic phase. Here, 40 UO,-(NOj;)o-(Extractant),
complexes corresponds to the LOC for TBP. While the relative populations of the correlation
peaks are different, the radial positions of the peaks is the same for the higher uranium con-
centrations as the low concentration simulations. The impact of the many-body interactions
does not significantly alter the radial peak location of the pair correlation function, implying
that the interactions between clusters are largely similar for the low and high concentrations.
The inclusion of the PUREX solvation environment, with TBP, extracted water and nitric
acid, in addition to the n-dodecane solvent decrease the total cluster-cluster interactions due
to screening of the polar cluster association.

To better understand the cluster association and identify more specifically how it is
impacted by extractant structure, the radial distribution functions for the high concentration
systems are expanded to show the relative orientation of the uranyl ions at each radial
distance. The orientation between two uranyls is defined by the angle formed between the
-yl oxygen and the uranium atom on a uranyl and the uranium atom on the other uranyl.

The orientations are counted for all four of these angles formed by each pair of uranyl ions
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within 30 A. This results in an orientation distribution approximately symmetric around 90
degrees. Figure 5.7 visually depicts one of the four O = U — U angles measured for different
uranyl pair orientations using ChemNetworks[84]. The angles and distances were scaled by
a factor of 47r?sinf to account for differences in counting bin sizes to enable comparison
between angle and distance combinations. The total number of counts was then normalized
to unity.

The distance and orientation distribution for the TBP, TAP and DBBP systems for the
20 and 40 uranyl compositions are averaged over the 5 trajectories of 50 ns and plotted in
Figure 5.8. The first row corresponds to TBP, with the 20 uranyl composition on the left and
the 40 uranyl composition on the right panel. The second and third rows correspond to TAP
and DBBP, respectively. The angle and distance distribution show the relative orientation
of the clusters at each correlation peak. Differences between extractants can be related
to the cluster orientations to determine how cluster association varies based on extractant
structure.

There are three major peaks in the RDFs for the three extractants considered. Each
of those peaks have different uranyl orientation distributions. The closest peak around 5-6
A consists primarily of uranyl-uranyl orientations centered around 30 (or 150) degrees. A
snapshot of this configuration is shown in Figure 5.9 A. The -yl oxygen of one uranyl is
oriented towards the uranium metal center of the other uranyl ion. The the linear dioxo-
cation geometry prevents completely parallel configurations as the -yl oxygens are repulsive
and the nitrates and extractants in equatorial coordination plane prevents perpendicular
coordination. Therefore, the uranyls orient as described in the cleft between the -yl oxygens
and coordination plane. This first coordination peak is greatly reduced for the phosphonate
extractant, DBBP, but largely similar between TBP and TAP and therefore independent
of the alkyl tail size. This is possibly a result of the phosphonate head group of DBBP
moving one of the butyl tails closer into the equatorial coordination plane, increasing the

steric presence of the alkyl tail in the cleft regions.
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The second RDF peak, near 8 A, is similarly consistent between TBP and TAP while less
populated for DBBP as the previously peak. This peak corresponds to the perpendicularly
oriented uranyls. A cluster snapshot form the third peak region, between 10 and 12 A, is
shown in Figure 5.9 B. This coordination has little orientational preference. The reduction
in peak height for TAP clusters relative to TBP and DBBP could be explained by the
alkyl tail sterics of the uranyl clusters. These clusters are separated by the roughly 1 nm
uranium-uranium distance and are shown in Figure 5.9 B where an alkyl tail of the left TBP
in the upper right uranyl cluster is spacing the polar association between the clusters. An
additional carbon in the amyl tails would reduce the population in this region.

The differences in pairwise interactions between clusters with different extractant struc-
tures may lead to the differences in cluster association that, at high uranium loading, affects
the solubility of those clusters in the organic phase and therefore the LOC before phase
separation. Attempts to identify long-range ordering in the high uranium concentration
simulations were not sufficiently definitive to make assertions for the simulations presented
here. To address the possibility of a phase transition resulting from cluster association in
the form of long-range association over the domain of the phase separated region, larger

simulation box sizes and longer simulation times will be implemented.

5.4 Conclusions

Nonbonded potentials for the UOy-(NOy)o-(TMP), complex were parameterized to cap-
ture organic phase behavior of uranyl nitrate extracted by solvating organophosphorus ex-
tractants. The orientational and positional dependence of the inter-cluster interactions were
measured for uranyl nitrate TBP clusters and found to be similar for a range of concentra-
tions and solvent environemnts. Alternative extractants to TBP showed the role of phosphate
versus phosphonate head group and butyl versus amyl alkyl tails in cluster association. In-
creasing the alkyl tail length decreased association at the 10-12 A correlation peak, where the
uranium centers are separated by the aliphatic portion of the extractants. The differences

between phosphate and phosphonate head groups impacted the closest 5-6 A cluster asso-
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ciation where the aliphatic region of the clusters are inter-penetrated. These differences in
short range interactions between clusters may correspond to differences in uranyl solubility
and third phase formation, but further simulation evidence will be required to demonstrate

this.
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Figure 5.4: Uranyl nitrate cluster structures illustrating parameterization challenges. A)
shows the 5-fold coordinate uranyl with monodentate nitrates and three binding TBPs and
B) shows the 5-fold coordinate uranyl with nitrates forming a “bridge” between metal cen-
ters. C) shows the nitrate out-of-plane bending. D) shows the experimentally determined
bidentate coordination.
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Figure 5.7: The schematic shows the angle between uranyls measured for the angle distribu-
tions. All four possible O = U — U angles are counted separately for each uranyl pair within
the distance cutoff, resulting in a roughly symmetric distribution around 90 degrees.
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Figure 5.9: Snapshots of associating UO,-(NO,)o-(TBP), clusters, with snapshot A showing
corresponding to the peak at 5-6A, and snapshot B to the region at 10-12A.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Summary and Conclusions

Molecular dynamics potentials developed in the literature for TBP were evaluated for
accurate replication of self-association in aliphatic solvents. Reduction of the phosphate
head group charges, chosen to improve agreement with experiment for the simulation aver-
age molecular dipole, density and self-diffusion coefficient, were found to significantly reduce
self-association in n-dodecane and n-octane. An alternative model, using GAFF, was devel-
oped and implemented with modifications to the phosphorus-containing dihedrals to allow for
replication of the dimerization constant without significant overprediction of the dipole and
density. This reparameterization was applied to other solvating organophosphorus extrac-
tants, DBBP, TAP and DAAP. Further optimization of the alkyl carbon atom Lennard-Jones
parameters to match the experimental density and enthalpy of vaporization was conducted
for the four extractants. The TBP extractant model was shown to replicate the volume
change on mixing and enthalpy of mixing with n-dodecane and n-hexane. These potentials
are intended to be applicable to studying third phase formation in those aliphatic diluents
where solubility of TBP clusters impacts phase behavior.

After developing the extractant models, organic phase speciation of extracted clusters
was investigated. Formation of hydrogen bonded clusters of nitric acid and water extracted
by TBP into n-dodecane were characterized with network analysis. The populations of the
different hydrogen bond types forming the clusters were found to be consistent with an
equilibrium binding constant model. For high extracted acid and water concentrations cor-
responding to conditions of third phase formation, the cluster size distribution was measured
and found to be consistent with a percolation transition. Finally, extracted uranyl nitrate

clusters were simulated for TBP, TAP and DBBP. A constrained uranyl nitrate model was
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implemented with the uranyl-TBP parameters fit to quantum mechanical data. Extractant
molecule structural differences were found to impact uranyl-centered cluster association. The
phosphonate head group of DBBP reduced close coordination of the clusters. The increase
in alkyl tail length for TAP from TBP reduced the correlation peak at the further 1 nm

correlation distance.
6.2 Third Phase Formation with Water and Inorganic Acids

Third phase formation for TBP extraction of acid and water is observed at lower aqueous
phase acid concentrations for other inorganic acids than nitric acid, such as hydrochloric
acid, phosphoric acid, sulfuric acid and perchloric acid[21]. The relative propensity of those
acids to form a third phase has not been successfully correlated to any physiochemical
properties of these acids[21, 29]. The growth of clusters for TBP extraction of water and these
acids, including nitric acid, has been studied with SANS using a model of spherical “reverse
micelles” modeled associating through their polar cores with the Baxter potential until they
are sufficiently concentrated as to exceed the solubility limit. The simulations presented here
of nitric acid and water extraction have shown the clusters and percolation phase transition
are not consistent with the Baxter particle scattering model where discrete clusters coalesce
until they are no longer soluble. Rather, a system-spanning cluster resulting from percolation
of the hydrogen bonded networks is identified as the phase transition mechanism. While it is
possible that third phase formation in nitric acid /water extraction system is entirely different
than for the other acids, it is also possible that the hydrogen bonding network percolation
approach describes the phase transition for these other acids as well. It may then be applied
to understand the as yet not understood relationship between acid type and acid LOC.
For other extractants, such as TODGA or CMPO, third phase formation in the presence
of just acid and water is an even more significant issue. An understanding of the phase
transition mechanism and the role that acid functionality plays in the phase transition could

aid extraction system design.
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The cluster size distribution near the percolation threshold from MD was compared with
MC lattice calculations to show that the large cluster formation was a result of the finite size
effects of the simulation box on the formation of a system-spanning cluster, as expected in a
percolation model, rather than formation of a large “reverse micelle” structures as described
in the literature. Further simulations with an increased simulation box size showed that
the large clusters of the cluster size distribution scaled with the box size, further indicat-
ing that those large clusters are a result of finite size effects and not the result of reverse
micelle formation. The similarity in cluster distribution statistics between continuum MD
simulation and lattice bond percolation supports the hypothesis that the percolation mecha-
nism is shared. Geiger and Stanely[136] showed that similar properties dependent on critical
exponents, such as the Fisher exponent for the cluster size distribution at the percolation
threshold, between a continuum MD simulation and a 3D lattice MC calculation indicate
that lattice methods can be applied to model the critical behavior of continuum systems.
Therefore, a lattice MC approach could be applied to study the third phase transition if it
is described by a percolation transition.

In Figure 6.1, the cluster size distributions from the MD simulations (panel A) in Chapter
4 are compared to MC distributions for bond percolation on a 2 dimensional square lattice
(panel B) and a 3 dimensional cubic lattice (panel C) for a range of bond probabilities,
pp. The finite MC lattices, 152 for the square lattice described in Chapter 4 and 63 for
the cubic lattice with 100,000 MC iterations are compared to the theoretical cluster size
distributions calculated from the Fisher exponent for the corresponding square or cubic
infinite lattice. Lattice sizes were chosen to maintain a comparable total number of vertices
to the MD simulation. The similarity in cluster size distribution between the lattices and MD
simulation for the cluster size distribution and the applicability of the Fisher exponent to
the percolation threshold distribution indicate that prediction of the interacting continuum
particle cluster distribution can be approximated using MC lattice calculations. In order to

translate the hydrogen bond formation to lattice bond percolation, the bonding probabilities
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for the hydrogen bond types need to be established. The bonding probabilities could be
determined from the equilibrium binding model shown to reasonably describe the hydrogen
bonding populations in Chapter 4.

A different approach than the lattice MC bond percolation is the mean field gelation the-
ory described by Flory for polymer systems[116]. While the lattice bond percolation model
explicitly accounts for “looping” within a cluster, where bond formation within a cluster is
allowed thus reducing the total cluster sizes for a given set of bond formation probabilities,
the mean field approach treats the solutes as vertices on a Cayley lattice where looping is
not possible. Both approaches still assume bond formation probabilities for a given vertex
are independent of the existence of bonds already formed on that vertex. While the mean
field approach is less accurate for the hydrogen bond percolation application where looping
is expected, it is a less computationally expensive method for calculating the percolation
threshold. A matrix is used to define the expected number of connections through hydrogen
bonding for a given solute type to another given solute type in the system. The expected
number of connections depends on the hydrogen bond strengths, solute concentrations and
the functionality of each solute. The eigenvalue of that matrix determines if the cluster size
diverges while following the connectivity of solutes connected to the arbitrary starting solute,
i.e., the cluster becomes “infinite” in size. The eigenvalue threshold for a percolated system
would have to be determined for different systems with specific vertex functionalities.

In both modeling approaches above, simulation data are required to calculate the equi-
librium binding constants that determine the hydrogen bond formation probabilities. Two
major hurdles in simulating the other acids types need to be addressed before those ex-
traction systems could be tested for a percolation phase transition. First is a limitation in
understanding the protonation states of the inorganic acids. While nitric acid is generally in
its associated form when extracted by TBP, the other acids generally are at least singly de-
protonated. The exact protonation state is not well established and could play a significant

role in hydrogen bond network formation. The second challenge is associated with imple-
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mentation of molecular dynamics simulations. Even if the protonation was well established
for the organic phase system approaching the LOC, MD potentials do not exist for sulfuric,
phosphoric or (singly protonated) perchloric acid. Therefore, determining bonding probabil-
ities from MD potentials is only readily possible for nitric acid extraction. Approaching third
phase formation with the theoretical descriptions described about would first require first
characterizing the protonation of multiprotic acids in the organic phase at the acid LOC.
Second, MD potentials for the acid models require development. The equilibrium binding
model described in Chapter 4 could then be implemented to calculate the hydrogen bonding
probabilities for each hydrogen bond type. Those probabilities could then be implemented
in lattice MC calculations to measure properties such as the cluster size distribution and

investigate the impact of acid functionality and the probabilities for specific hydrogen bond

types.

6.3 Third Phase Formation in Metal Ion Extraction

The lack of evidence for differences between long range ordering of TBP, DBBP and
TAP clusters in the present simulations suggests that larger simulation box sizes and/or
longer simulation times may be required to observe the phase transition. The next objective
for this research should be to attempt to identify long-range ordering by considering larger
and longer simulations and compare any resulting long-range ordering between extractants
to predict which extractants result in phase separation. Calculation of x-ray or neutron
scattering profiles for the simulation data could be used for comparison to experimental
data and validation of the association observed in simulation.

The most significant challenge to simulating the metal clusters in the organic phase is
accurately modeling the metal ions with MD potentials. Polarizable force fields could better
account, for the effects of metal ions on its coordination environment, although they would
increase the already restrictive simulation times. A better understanding of the simula-
tion box size and time scale limitations confronting the simulation approach would inform

whether polarizable force fields are a tractable approach. Comparison between polarizable
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and non-polarizable force fields would be straightforward and could be oriented towards
identifying differences between UQO,-(NO;)o-(Extractant), cluster association that may re-
sult from polarization of ligand coordinating the uranyl. While polarizable force fields have
been employed to model TBP in the literature, there has not been extensive validation of
those potentials for properties relating to self-association and mixed phase energetics as
performed for the nonpolarizable modified GAFF extractant model discussed in previous
chapter.

Solvent type, either different aliphatic diluent chain lengths and branching or entirely
different organic solvents like those discussed in Chapter 3, have a significant impact on third
phase formation and likely, therefore, uranyl cluster association. The impact of aliphatic
solvent structure or other non-aliphatic solvent types on third phase formation could be
readily observed if a signature of long-range ordering corresponding to phase separation
is identified. While scattering data available for comparison is limited for solvents other
than n-dodecane, the LOC identified in simulation could easily be tested without requiring
scattering beamtime. In the same manner that the impact of the structural differences
between extractants was linked to differences in cluster association in Chapter 5, the changes
to cluster association resulting from changes to the solvent structure or chemical functionality
could be investigated.

Temperature, extractant structure and concentration, acid type and acid concentration
are known to impact the LOC for a given metal type. These variables could be investigated
using the methodology discussed in Chapter 5. Simulation of acids other than nitric acid
will require development of MD potentials as discussed above. Investigation of temperature
and acid concentration would be a simple extension of the approach discussed in Chapter
5. While the coordination of uranyl is well established and largely static across metal ion
concentrations, for multi-coordinate extractant extraction of trivalent lanthanides, metal
coordination depends strongly on concentrations of coextracted acid and water that hydrogen

bonding with the multi-metal clusters[22]. For those systems, the hydrogen bonding network
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analysis discussed in Chapter 3 could be expanded to include metal coordination in the
molecular connectivity defining clusters to understand how the clusters grow with increasing
metal or acid concentrations.

Tetravalent metal ions like thorium and plutonium form third phases more readily than
hexavalent uranium and are therefore also of interest to understand third phase formation.
Examination of those metals in simulation would be a further challenge as the increased
charge density would exacerbate the limitations of classical potentials. The effect of metal
cluster concentration and all of the other variables discussed above on solubility of the metal
clusters, and therefore the energetics governing the extraction process, could be systemati-
cally studied with simulation to form predictive models for metal distribution.

Achieving maximum utility from solvent extraction processes will require predictive mod-
eling with atomistic resolution. While the challenges are numerous, with improved simulation
capability, a network interpretation of extracted clusters could be applied to understand third
phase formation for a many extraction systems. This approach could also be implemented to
address other poorly understood extraction phenomena, including coextraction of different

metals and extractant synergism.
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APPENDIX
SUPPORTING INFORMATION FROM CHAPTER 4

The force field parameters used for the TBP and dodecane molecules are given in Tables
Table A.1, Table A.2, Table A.3, Table A.4. Parameters which have been modified from the
default GAFF values, as described in the main article, are denoted with an asterisk. Table
Table A.5 gives the partial atomic charges used in the dodecane and TBP models.

Figure Figure A.1 show the RDFs used to determine the hydrogen bond definitions.
Figures Figure A.2 and Figure A.3 plot less frequently occurring structures and substructures,

respectively.

Table A.1: GAFF Lennard Jones parameters for the TBP and dodecane atom types.

Atom o [A] | € [keal mol™!]
02 2.9599 0.2100
P 3.7418 0.2000
OS 3.0000 0.1700
CT* (TBP) 3.2207 | 0.1127
CT* (dodecane) | 3.1324 0.1444
H1 24714 0.0157
HC 2.6495 0.0157

Table A.2: GAFF equilibrium bond length and bond energy parameters.

Bond | Iy [A] | k [keal mol~! A=?]
02-P 1.481 487.7
P-OS 1.602 342.5
P-CT 1.813 259.7
OS-CT | 1.439 301.5
CT-CT | 1.535 303.1
CT-H1 | 1.093 335.9
CT-HC | 1.092 337.3
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Table A.3: GAFF equilibrium angle and angle energy parameters.

Angle 0y [deg] | ko [kcal mol™! deg™2]
02-P-0O8 116.09 44.0
02-P-CT 112.50 39.9
OS-P-0OS 102.46 45.2
OS-P-CT 103.83 40.6
P-OS-CT 118.00 78.5
P-CT-CT 114.24 77.0
P-CT-H1 109.64 53.8
OS-CT-CT 108.42 67.8
OS-CT-H1 108.82 50.8
CT-CT-CT | 110.63 63.2
CT-CT-H1 110.07 46.4
CT-CT-HC | 110.05 46.4
H1-CT-H1 109.55 39.2
HC-CT-HC | 108.35 39.4
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Table A.4: GAFF equilibrium dihedral angle and dihedral energy parameters. Asterisk
indicates modified parameters.

Dihedral n=1 n=2 n=3
Va Vn

[kcal mol™!]  [deg]
02-P-OS-CT* 2.00 180 | 3.00 180
02-P-CT-CT* 0.80 180
02-P-CT-H1* 0.80 180
OS-P-OS-CT* 2.00 180 | 3.00 180
OS-P-CT-CT* 0.80 180
OS-P-CT-HI1* 0.80 180
CT-P-OS-CT* 240 0
P-OS-CT-CT 1.15 0
P-CT-CT-CT 1.40 0
P-CT-CT-HC 1.40 0
P-OS-CT-H1 1.15 0
OS-CT-CT-CT 1.40 0
OS-CT-CT-HC 0.25 0
CT-CT-CT-CT 0.20 180 | 0.25 180 | 0.18 0
CT-CT-CT-H1 0.16 0
CT-CT-CT-HC 0.16 0
H1-CT-CT-HC 0.15 0
HC-CT-CT-HC 0.15 0

RDFs for H-bonding
Cut-off Definitions

250
200 -

150 -]

g(r)

100

50

T T ; ;
0.1 0.15 0.2 0.25 0.3
r [nm]

Figure A.1: The RDFs used to determine the distance cut-off given in the text for the
hydrogen bond definitions of each hydrogen bond type.
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Table A.5: TBP and dodecane AM1-BCC charges. For dodecane, the carbon and hydrogen
atoms are denoted by position in the chain.

Atom AM1-BCC [e]
TBP

02 -0.7963
P 1.5955
OS -0.5682
CT, 0.1644
CTy -0.0834
CT;s -0.0814
CTy -0.0921
H1, 0.0467
HC, 0.0567
HC; 0.0417
HC, 0.0347
dodecane

CT112 -0.0891
CTo_11 -0.0744
HC 19 0.0317
HCy_14 0.0367
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Figure A.2: The average observed number of the TBP, TBP-HNO;-H,O, HNO,, TBP-H,0O-
HNO,, H,O and TBP(HNO,)(H,O) structures.
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Figure A.3: The average observed number of the TBP-H,O-HNO,, TBP(H,0),,

TBP(H,O)(HNO,) and TBP(HNO,), substructures.
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