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First Water-to-Ligand Substitution Dictates Co?*/Ni?* Extraction
Selectivity

Kailong Zhang,? Yuxuan Zhang,? Bin Ji,® Rick Honaker,® Isabel C. Escobar,c Jian Shi? and Qing Shao*”

Solvent extraction is a crucial technology for the large-scale recovery of critical metals. One key challenge is to develop
ligands with high ionic selectivity, especially for ions with similar properties. Manipulating ionic solvation emerges as a viable
approach to enhance the selectivity. However, such manipulation requires a thorough understanding of the
thermodynamics underlying ligand-induced variation in ionic solvation. We investigated the thermodynamics governing the
binding of two organophosphorus ligands (Cyanex 272 and D2EHPA) with Co?* and Ni?* at the aqueous-organic liquid-liquid
interface using a combination of experiments and computations. UV-Vis and IR spectroscopy confirmed that extraction
induces solvation structure changes of Ni** and Co?". The free energy landscapes obtained from well-tempered
metadynamics illustrated two plausible routes for water-ligand substitution during extraction. In the first route, the ligand
occupies the vacancy created by the departing water molecule. In the second route, the ligand associates with the ion to
form an oversaturated solvation state that drives water expulsion. The ligand-binding process is a competition between the
two routes. The free-energy landscapes further revealed that substitution of the first water molecule in the ionic solvation
shell plays a determining role in ligand-induced ionic selectivity. Our results suggest a target for the rational design of

Co?*/Ni** separation technology: engineering the free energy associated with substitution of the first water molecule.

Introduction

Cobalt and nickel are critical metals essential for many modern
technologies, including rechargeable batteries, catalysts, and
magnetic devices.! 2 Recovering cobalt and nickel from spent
devices, such as multi-metallic cathodes of used batteries, has
become an important secondary supply route. A key aspect of
the recycling process is achieving selective separation of Ni%*
and Co?* in the post-leaching solution. However, cobalt and
nickel are adjacent in the periodic table, and their cations
exhibit nearly identical ionic radii and coordination chemistry.
Achieving high selectivity remains a challenge.? 4

Solvent extraction is a scalable technology for cobalt and nickel
separation, but its development is hindered by a limited
mechanistic understanding of ionic selectivity.> © In solvent
extraction, metal ions are selectively transferred from the
aqueous solution into an immiscible organic phase containing
extractant ligands. Organophosphorus acids, such as Cyanex
272 (bis(2,4,4-trimethylpentyl)phosphinic acid, BTP) and
D2EHPA (bis(2-ethylhexyl) phosphate, BEP), are the most
common choices in the current solvent extraction processes.3 7
At the molecular level, the extraction occurs through ion
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transfer and complexation at the aqueous-organic interface.
The metal ions and extractant headgroups first migrate to the
interface, where the ions subsequently coordinate with the
donor atoms of the extractant headgroups to form metal—
ligand complexes.® ° The extractant’s hydrophobic tails then
solubilize the complexes and carry them into the organic
phase.’® 11 Recent studies have focused on interfacial
phenomena in solvent extraction. For example, several studies
have examined how extractant solubility influences interfacial
complexation and extraction efficiency.l% I However, one
ultimate goal of such chemical separation is to achieve high
selectivity. The current knowledge remains limited to guide the
design and optimization of this target.

Water-ligand substitution at the liquid-liquid interface plays a
decisive role in extraction selectivity.> The aqueous-organic
interfacial region provides a heterogeneous chemical
environment, where the dielectric discontinuity, disrupted
hydrogen-bond network, and amphiphilic organization of
extractant molecules modulate and reconstruct ion solvation.®
12 At the interface, water molecules and extractant ligands
compete to occupy the first solvation shell of the ions. The
solvation structure reorganizes as water molecules are stepwise
replaced by extractant headgroups.’31> Manipulating ionic
solvation has proven to be a powerful strategy for tuning the
selectivity of ions with similar properties.’® 17 However, the
complexity of the interface, including its nanoscopic
heterogeneity and transient, metastable coordination
intermediates, makes direct characterization of solvation
changes challenging.’® Yet, a comprehensive theoretical
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framework to guide the ionic solvation manipulation in solvent
extraction is still incomplete.

Two fundamental questions remain about the water-ligand
substitution. First, does one or several specific water-ligand
substitution steps dominate the extraction free energy? One
cation is coordinated by multiple water molecules. The water-
ligand substitution during extraction involves multiple steps to
replace the water molecules in the ionic solvation shell with
ligand molecules. The individual substitution steps are expected
to yield different free energy changes because they occur in a
changing environment. These differences and their roles in
extraction thermodynamics remain unclear. Second, what route
may each water-ligand substitution step proceed? We
hypothesize two possible routes for a single water—ligand
substitution step. The first is a vacate-and-fill route: a
coordinated water molecule dissociates, leaving a vacant site
that the ligand then fills. The second is an oversaturate-and-
release route: a ligand enters the solvation shell to form an
overcoordinated complex, which subsequently expels a water
molecule. Do the two routes have similar free energy barriers
and contribute equally to substitution, or does one route
thermodynamically dominate the substitution process?

To answer these questions, we investigate water-ligand
substitution during the solvent extraction of Co?* and Ni%* using
two ligands (BTP and BEP). We first use spectroscopic
measurements and molecular dynamics (MD) simulations to
characterize changes in ionic solvation structure upon
extraction. We then employ well-tempered metadynamics (WT-
MetaD) to analyse the thermodynamics of water—ligand
substitution at the aqueous—organic liquid—liquid interface. WT-
MetaD introduces a history-dependent bias along chosen
collective variables (CVs), to enhance sampling of the free-
energy landscape.'® 20 This approach has been successfully
applied in related contexts, such as mapping the lanthanide
solvation landscape and determining the free-energy pathways
of zeolitic imidazolate framework self-assembly.?! 22 Here, we
use WT-MetaD to determine the free-energy landscapes of
water-ligand substitution in the solvation shell of Co?* and Ni%*
at the liquid-liquid interface. Other factors, such as electronic-
structure effects, are outside the focus of the present WT-
MetaD study. We modelled the aqueous—organic interface
where metal extraction occurs (Fig. S1). We show that the first
water-ligand substitution step possesses the highest energy
cost and dictates the selectivity. Co?*/Ni?* extraction selectivity
can be tuned through ligand-dependent AAF at this initial
substitution step. Our simulations quantify how the known
Co?*/Ni%* periodic trend affects the free-energy barrier of the
water-to-ligand substitution within the ionic solvation shell.
This work provides the molecular foundation for understanding
extraction free energies and guides the rational design of ion-
selective solvent extraction systems by identifying the
dominant free-energy contributors and the key mechanistic
step governing extraction.

Results and Discussion

Change in Co?* and Ni?* solvation upon extraction

2| J. Name., 2012, 00, 1-3

a b

Water phase nm Co' =0 M TR
——Cof" =005 M |
03 g — G =0025M Lo
- s =

T g VA e
DOI: 10.103936EP00 A
——NFT=0025M

4| Organic prase (8TP) ot 508 153'4 ™ Organic phase (BTF]
: AN

1 s T
o

AN

Y

Absorbance

‘Organic phase (BEP]

g‘
- 7 - B

Sfommcpre BER) gy, w02t gz0m

— S, e T re——
9| e— — = | aot Z ==
[ ] £ a0

e G
Wavelangth (nm)

@

@
Wavelength (nm)

Fig. 1 UV-Vis spectra of initial aqueous and organic solutions after extraction of (a) Co?*
and (b) Ni?*. The metal ion concentrations in the initial aqueous solutions were 0.025
M, 0.05 M, and 0.1 M, and the solutions were then subjected to extraction.

Shifts in the UV—Vis spectra indicate distinct changes in Co?* and
Ni%* solvation upon extraction. We measured the UV-Vis
spectra for Co?* and Ni%* in three media: the initial aqueous
solution and the organic phases obtained after extraction with
BTP or BEP (Fig. 1). For each initial aqueous solution, three
metal ion concentrations (0.025, 0.05, and 0.10 M) were
prepared and subjected to solvent extraction. Co?* in the
aqueous solution exhibits a broad absorption band around 512
nm, corresponding to d—d electronic transitions in the
octahedral [Co(H20)6]** complex.?> Upon extraction into the
organic phase, the solution changed visually from pink in the
aqueous solution to dark blue in the organic phase, and its
absorption spectrum exhibited a red shift and resolved into
multiple distinct peaks. For the Co?* extracted with BTP, three
absorption maxima at 548 nm, 588 nm, and 634 nm were
observed. The spectra of Co?* extracted with BEP are similar to
those with BTP; however, the absorption peaks are blue shifted
by ~6 nm. For Ni%*, the UV—Vis spectrum in aqueous solution
exhibits a prominent absorption band at ~¥394 nm and a broad
and weak band near 720 nm. Upon extraction into the organic
phase, no visible colour change is observed. However, the
primary absorption band exhibits a slight red shift, showing at
~406 nm in the BTP system and ~401 nm in the BEP system.
These spectral shifts indicate changes in the solvation of Co?*
and Ni** and suggest the formation of new coordination
complexes with the ligands upon extraction.?3 24

The FTIR spectra confirm ligand coordination and reveal their
binding sites (Fig. 2). FTIR spectra were measured for the
organic phases after extraction with BTP and BEP. BTP exhibits
a characteristic absorption band corresponding to the
phosphoryl (P=0) stretching vibration at 1175 cm-}, along with
a P-O—-H stretching band at 947 cm™.2> For BEP, the P=0
stretching vibration appears at 1235 cm™, and a P-O-C
stretching band is observed at 1030 cm™.26 The P=0 band for
both BTP and BEP exhibits a pronounced red shift with
increasing concentrations of Co?* and Ni?*, from 1175 to 1135
cm™ for BTP and from 1235 to 1195 cm for BEP. This red shift
reflects electron density withdrawal from the P=0 bonds upon
complexation, indicating their role as primary donor sites. The
extent of the red shift increased with higher metal ion
concentrations, corresponding to increased ligand substitution.
P—O-C stretching bands in BEP experienced a very weak red
shift owing to the delocalized electron density of the alkoxy
oxygen, as well as steric hindrance from the alkyl substituents,
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Fig. 2 FTIR spectra of organic solutions obtained after extraction of Co?* and Ni** at
concentrations of 0.025 M, 0.05 M, and 0.1 M with (a) BTP or (b) BEP.

which makes this site less favourable for direct coordination
with Co?* or NiZ* than P=0. These results suggest that the P=0
oxygen atoms of BTP and BEP serve as primary binding sites for
Co?* and Ni?*,

Solvation structure of Co?* and Ni2*

The solvation structures of Co?* and Ni%* in aqueous and organic
solutions show six donor oxygen atoms in the first solvation
shell, with the Ni—O coordination distance being slightly shorter
than the Co—-O distance. MD simulations were performed to
characterize the solvation structures of Co?* and Ni?* in aqueous
and organic solutions. As shown in Fig. 3, Co?* and Ni?* exhibit
sharp first-shell peaks in the radial distribution functions (RDFs)
at 0.21 and 0.20 nm, respectively, in the aqueous solution. In
the BTP- and BEP-organic solutions, the two ions coordinate to
the ligand oxygen atoms of the P=0O donors. The coordination
distances are 0.20 nm for Co—Ogrp, 0.20 nm for Co—Ogep, 0.20
nm for Ni—Ogtp, and 0.19 nm for Ni—Ogep. In both aqueous and
organic solutions, the cumulative coordination numbers (CN)
reach ~6, indicating approximately 6 oxygen atoms in water or
the extractant ligand for a saturated coordination sphere (Fig.
3). Previous studies using X-ray absorption spectroscopy and
MD simulations have also reported a similar solvation structure
for Co?* in aqueous solution, with six water molecules in the first
solvation shell at Co—O distances of ~0.21 nm.?” Ni** was
reported to adopt an octahedral first solvation shell with six
water molecules at Ni—O distances of ~0.20 nm.?® For organic-
phase solvation, a previous study reported a similar
coordination structure for Co?* and Ni%*, with each metal ion
bound by six monodentate[Tf,N] ligands.?® Due to the slightly
smaller ionic radius, Ni?* forms shorter and stronger Ni—O
bonds, resulting in a more rigid solvation shell and consequently
more difficult water substitution compared to Co?*.3° We note
that secondary RDF peaks are also observed for the metal ions
with respect to water, BTP, and BEP. However, these peaks are
significantly weaker and reflect longer-range, indirect
interactions.® Therefore, in this work, we focus our analysis on
the first solvation shell.

Free energy landscapes

We performed WT-MetaD to determine the free-energy
landscapes of water-ligand substitution at the liquid-liquid
interface based on the ion-O(ligand) CN (CV1), and the ion-
O(water) CN (CV2). The simulation details are provided in the
Supplementary Information. The sampling range for the two
CVs was set to 0—6.5 based on the RDF analysis. For each

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Radial distribution functions (RDFs) and corresponding coordination numbers
(CNs) of (a) Co?* and (b) Ni** with respect to oxygen atoms in water, BTP, and BEP.

system, the CV space was sampled using three overlapping
subwindows and stitched into a global landscape. The WT-
MetaD trajectories extend to 1000—2000 ns, depending on the
subwindow systems. The convergence analysis showed closely
overlapping one-dimensional free-energy profiles and errors
mostly below 5 kJ/mol. We also recorded the location of the
cation during the WT-MetaD simulations. The interfacial region
was defined from the z-dependent density profiles of water, n-
heptane, and extractant molecules. We assigned the interface
to the region where the aqueous and organic density profiles
overlap and vary most strongly. For the BTP-Co?* system, this
region is approximately 3.3-4.3 nm, as shown in Fig. S5. The
unbiased metal-ion z-position sampled during WT-MetaD
remains mainly within this region, indicating that the water-to-
ligand substitution events analysed here occur at the liquid-
liquid interface.

The free energy landscape shows the water-ligand substitution
as a multi-stage process. Fig. 4 presents the free-energy
landscape of the BTP-Co?* system. The lowest free-energy basin
is located near CN (Co—Ogrp) = 6 and CN (Co-Owater) = O,
corresponding to a fully extractant-substituted solvation shell.
We define this state as the thermodynamic reference minimum
with Helmholtz free energy F = 0 kl/mol. Local free-energy
basins appear at integer coordination numbers, with the lower-
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Fig. 4 Free-energy landscape of Co?* as a function of the coordination numbers (CN) of
Co—0Ogrp and Co—Owater. Representative snapshots of solvation intermediates at local
minima show coordination transitions during ligand substitution. Snapshots are
extracted from the WT-MetaD trajectory of the BTP-Co?* system. Red sphere: Co?*.
Ligand atom colours: C, cyan; O, red; P, tan; H, white.
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energy states distributed along the diagonal (total CN = 6).
These basins correspond to relatively stable solvation
configurations with varying degrees of water—ligand
substitution. Snapshots in Fig. 4 show the corresponding
solvation structures of these intermediates. The energy
landscape shows an anti-correlation between Co—Ogrp and Co—
Ouwater cOOrdination: as the CN of BTP extractant increases, the
CN of water correspondingly decreases. Highly water-
coordinated states with few or no bound BTP ligands lie at
higher free energies (> 150 kJ/mol), whereas extractant-rich
coordination states are more stable (lower free energy). This
steep energetic penalty drives the replacement of water
molecules by BTP ligands and promotes formation of the metal
ion-extractant complex. Such a thermodynamic preference is
directly related to the ion transfer from the aqueous phase
(more water coordinated) into the organic phase (more
extractant substituted).®

Two routes for water-ligand substitution

The free-energy landscape identifies the two water—ligand

substitution routes proposed above: vacate-and-fill and
oversaturate-and-release. As shown in Fig. 5a, the vacate-and-
fill route begins with the loss of a coordinated water molecule
5), which is
subsequently occupied by the extractant ligand. In contrast, in
the oversaturate-and-release route, the extractant ligand binds
first, increasing the coordination number to an oversaturated
state (CN = 7), after which a water molecule departs. From each
solvation intermediates (total CN = 6), both substitution routes
are viable to reach the next coordination state. The relative
likelihood of these two routes is inferred from their free-energy
barriers on the WT-MetaD landscape. Thus, they describe
probabilistic transitions between adjacent six-coordinate

solvation states (Fig. 5a). We examined the energetics of the
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Fig. 5 Ligand substitution proceeds with vacate-and-fill and oversaturate-and-release
routes in the BTP-Co?* system. (a) lllustration of single-step ligand substitution in which
one ligand oxygen replaces a coordinated water molecule. (b) Free energy barriers (in
kJ/mol) of solvation-shell substitution via vacate-and-fill or oversaturate-and-release
routes. Each solvation state is represented as (CN_O-Ligand, CN_O-Water).
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two routes at each intermediate coordination statg.(0,6)i.(d.52)
(2,4), (3,3), (4,2), and (5,1). The free eneRsy BAAIEPSCEFIRIWA
in Fig. 5b and Table S1. At the beginning of the substitution
stage, i.e., the transition from the fully water-coordinated state
(0,6) to the singly substituted state (1,5), the vacate-and-fill
route exhibits slightly smaller free-energy barriers across all
four systems, indicating that it is more favourable. During the
second oxygen substitution, e.g., from (1,5) to (2,4), the
reaction proceeds through the oversaturate-and-release route.
This is because once the first donor oxygen has coordinated to
the metal ion, the ligand is already in the first solvation shell,
and its second donor oxygen is more accessible. Therefore, the
vacate-and-fill and oversaturate-and-release routes represent
two general limiting pathways for solvation-shell solvent—ligand
substitution. The preferred route and energy barrier depend on
factors such as the extractant structure, hydration strength, and
interfacial environment.

Ligand-substitution pathway shows similar patterns across the four
systems, with vacate-and-fill route dominating the first step and
oversaturate-and-release routes dominating the remaining steps. By
evaluating the free energy profiles of the vacate-and-fill and
oversaturate-and-release routes at each intermediate state, we
identified the most thermodynamically favourable ligand-
substitution pathway. The pathways for all four systems are
summarized in Fig. 6. The coordination states along these
pathways are labelled as a—m. All four systems exhibit similar
pathway patterns. The first substitution step proceeds via the
vacate-and-fill route (CN = 6 — 5), whereas the subsequent
steps mainly follow the oversaturate-and-release route (CN =6
— 7). The possible reason is that, at the very early stage, the
metal ion has a water-coordinated solvation shell and is located
closer to the aqueous side, where the extractant ligands in the
organic phase are less accessible. Losing the first coordinated
water molecule is therefore easier than binding an extractant
ligand. Once one or more extractant ligands have coordinated,
the solvation cluster becomes more organophilic and shifts
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Fig. 6 Ligand substitution pathway mapped by the most thermodynamically favourable
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Labels a—m represent the corresponding intermediates and transition states along the
pathway.
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slightly toward the organic side, where extractant ligands are
more accessible. In this environment, the insertion of additional
extractant ligands becomes slightly easier than the dissociation
of water. This behaviour is reflected in the unbiased z-
coordinates of the metal ion. The ion is located closer to the
aqueous side when the water coordination number is high and
closer to the organic side when the coordination number of
extractant ligands is high (Fig. S5).

First water-ligand substitution dictates selectivity

The first water—ligand substitution step governs the extraction
in thermodynamics. We quantified the free-energy profiles
along the optimal substitution pathways, as shown in Fig. 7a. All
systems exhibit an overall decrease in free energy along the
substitution pathway, with energy barriers appearing at certain
steps. The maximum free-energy barrier occurs at the very first
substitution step, i.e., from (0,6) to (1,5). At this step, the
vacate-and-fill route, where water first leaves to create a vacant
site, dominates substitution (Fig. 6). These results suggest that
removing the first water molecule from the solvation shell is the
energy bottleneck of the entire substitution process.

The free energy variation associated with substituting the first
water molecule determines the Co?*/Ni?* selectivity. We use the
free energy barrier to quantify the substitution steps during
extraction because the barrier value represents the energy
required for the substitution to occur. In both the BTP and BEP
extraction systems, Co?* exhibits lower free-energy barriers AF
(19.0 kJ/mol for BTP, 33.0 kJ/mol for BEP) than NiZ* (49.9 kJ/mol
for BTP, 50.1 kJ/mol for BEP), as shown in Fig. 7b and Table 1.
These results indicate that water—ligand substitution is
energetically more favourable for Co?* than for Ni%*. As a result,
Co%* forms extractant-coordinated complexes more easily,
which promotes its transfer into the organic phase over Ni%*.

a
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Fig. 7 (a) Free-energy profiles along the optimal ligand-substitution pathways. The
maximum free-energy barriers (AF) are observed at the first ligand-substitution
step. (b) Comparative metal-dependent free-energy barriers (AF) for Co?* and Ni?*,
as well as the extractant-dependent relative free-energy differences (AAF)
between BTP and BEP, are shown to illustrate the thermodynamic origin of
selectivity.
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Ni2* is known to form shorter and more strongly,bound. agua
complexes than Co2*.3! The stronger DRy diatioh/DefPRIZ0GS
expected to impose higher energy penalty for hydration shell
disruption. The WT-MetaD results show that the first water-to-
ligand substitution step has the highest barrier along the
optimal pathway and the largest Co?*/Ni?>* free-energy
difference. Thus, the simulations identify the first solvation
substitution step as the key energetic origin for ligand-
dependent selectivity.

Table 1 Free energy barriers (AF) and ligand-induced relative free energy
differences (AAF) for the first substitution step, and the calculated
Co?*/Ni?* selectivity, k.

Extractant Metal AF (kJ/mol) AAF (kJ/mol) | Co?*/Ni%*
ion selectivity, k

BTP Co?* 19.0 30.9 2.4 x10°
Niz+ 49.9

BEP Co?* 33.0 171 9.5 x 102
Niz+ 50.1

Extractant ligands tune the Co?*/Ni?* energy gap of the first-step
substitution and thus confer selectivity. When comparing the
two extractants, the relative free energy differences (AAF)
between Co?* and Ni?* can serve as an indicator of selectivity.3>

33 The selectivity k can be estimated using the expression:
AF(Co2*)—AF(Ni2+)
k=e RT )

where AF represents the maximum free-energy barrier of ligand
substitution. The AF is higher for BTP (30.9 kJ/mol) than for BEP
(17.1 kJ/mol), indicating that BTP imposes a stronger energetic
discrimination between the two ions during first-step
substitution. As a result, BTP is more effective in separating Co?*
from Ni?* than BEP. This selectivity difference could be
attributed to the electronic and structural features of the
ligand’s headgroups. The phosphinic moiety in BTP localizes
greater negative charge density on the O donor, thereby
strengthening coordination interactions with Co?*.% 34 Because
Co?* is more labile than Ni?*, BTP’s stronger O “hits Co?*
harder”. Interfacial organization likely contributes as well. BTP’s
headgroup present donor oxygens at the interface and exclude
water more efficiently than BEP’s phosphate-based assembilies,
which tend to self-associate more strongly and are more prone
to trapping water. This organization can reduce interfacial
water accessibility and promote water elimination from the
solvation shell.1% 3> These effects could amplify the free-energy
gap between Co?* and Ni%*. Published extraction data show that
extraction processes can selectively separate cobalt ions from
nickel ions, and that BTP exhibits a significantly higher Co?*/Ni*
separation factor than BEP.36%0 For example, separation factors
for BTP have been reported to be 10>-103 times higher than
those for BEP under optimized experimental conditions.3” This
level of difference is comparable to the selectivity estimated
from our free energy calculations, which indicate that BTP
exhibits ~2.5 x 102 times higher selectivity than BEP. Our results
suggest that tailoring ligand chemistry to increase the AAF
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associated with the first solvation-substitution step represents
a viable target for solvent extraction design.

Conclusions

This work examined the thermodynamics of water—ligand
substitution during the extraction of Co?* and Ni?* using the
extractant ligands BTP and BEP. Spectroscopic measurements
confirmed ligand substitution upon extraction, and MD
simulations revealed six donor oxygen atoms in the first
solvation shell of Co?* and Ni?* in both aqueous and organic
solutions. We then calculated the free-energy landscapes of
water—ligand substitution using WT-MetaD. The landscapes
show that substitution proceeds stepwise and follows either a
vacate-and-fill or an oversaturate-and-release route. In the
vacate-and-fill route, the water molecule leaves the solvation
shell to create a vacant coordination site, followed by ligand
entry. In the oversaturate-and-release route, the ligand first
coordinates to the metal ion and subsequently expels a water
molecule. We mapped the full substitution pathways and
quantified the free-energy changes. The first substitution step,
during which the first water molecule in the solvation shell is
substituted, exhibits the largest free-energy barrier AF.
Breaking the initial water solvation shell to bind the first
extractant ligand is therefore the most energetically demanding
event in the extraction process. The energy cost of this first
substitution step dictates selectivity: Co?* shows a lower AF
than NiZ*, explaining its selective extraction over Ni%*. In
addition, BTP exhibits a larger AAF than BEP, indicating higher
selectivity. This work demonstrates that the first water
molecule substitution controls extraction selectivity. Tuning
ligand chemistry to maximize the relative energy gap at this step
provides a plausible design target for optimizing metal solvent
extraction.
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