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ABSTRACT
Solvent extraction of trivalent rare earth metal ions by organophosphorus extractants proceeds via binding of phosphoric acid headgroups to
the metal ion. Water molecules in the tightly bound first hydration shell of the metal ions must be displaced by oxygen atoms from phosphoric
acid headgroups. Here, we use classical molecular dynamics simulations to explore the event in which a fully hydrated Er3+ binds to its first
phosphoric acid headgroup. Approach of the headgroup into the region between the first and second hydration shells leads to a fast ejection
of a water molecule that is accompanied by reordering of the hydration water molecules, including discretization of their angular positions
and collective rotation about the metal ion. The water molecule ejected from the first shell is located diametrically opposite from the binding
oxygen. Headgroup binding places a headgroup oxygen closer to Er3+ than its first hydration shell and creates a loosely bound water that
subsequently exchanges between the first shell and its environment. This second exchange of water also occurs at discrete angular positions.
This geometrical aspect of binding may be of relevance to understanding the binding and transport of ion–extractant complexes that are
expected to occur at the organic–aqueous liquid–liquid interface used in solvent extraction processes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0138019

I. INTRODUCTION
Numerous chemical and biomolecular binding processes that

take place in aqueous solutions involve the replacement of water
molecules in a hydration layer by the binding moiety. In the case
of relatively weakly bound hydration water, the more strongly inter-
acting binding moiety can easily exchange with a hydration water
molecule. Strongly bound hydration layers, such as those of multi-
valent ions may be less malleable and provide a barrier to binding.
We investigate the binding of an extractant molecule to a trivalent
lanthanide, a process of relevance to the separation and purifica-
tion of rare earth elements.1 Although hydration water molecules are
strongly bound to Er3+, ΔGsolv = −3495 kJ mol−1,2 we find that the
ease of circumferential rotation of water molecules about Er3+ allows
for concerted motions that accompany a swift binding of extractant
to ion.

Early molecular dynamics (MD) studies of the static structure
and dynamics of the hydration layer of trivalent lanthanides, which

included studies of the exchange of water molecules between the first
and second hydration shells and bulk water, are closely related to
this study. This pioneering work revealed that the first hydration
shell of a light lanthanide, Nd3+, contained nine water molecules
arranged in a tricapped trigonal prism (TTP) geometry, whereas the
first hydration shell of a heavy lanthanide, Yb3+, contained eight
water molecules in a square antiprism.3 Water exchange events were
recorded during which a water molecule from the first hydration
shell moved to the second and a water molecule from the second
hydration shell moved to the first. Broadly speaking, these events are
categorized in terms of three mechanisms: (1) dissociative, in which
a water molecule moves out of the first shell, then afterward a second
water molecule moves in, (2) associative, in which a water molecule
from the second shell moves into the first, then afterward a water
molecule from the first shell moves to the second, or (3) an inter-
change process during which the two exchanges occur simultane-
ously. Dissociative events have an intermediate first hydration shell
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with a decreased coordination number (CN), whereas associative
events have an intermediate with increased CN. Variations of these
simple categories have been observed. For example, water exchange
events for [Nd(H2O)9]3+ were assigned a dissociative activated
interchange, Id, mechanism, in which the intermediate state has
decreased coordination, CN= 8, but also has a preferential arrange-
ment of the exchanging water molecules of 180○ in which they
are located on opposite sides of the Nd3+ ion.4 The lifetime
of the intermediate CN= 8 square antiprism varied between 0
and 10 ps.

As reviewed by D’Angelo and Spezia, lighter trivalent lan-
thanides have nine water molecules in the first shell and the heaviest
have 8, with some intermediate lanthanides having non-integer
values that indicate a dynamic equilibrium between eightfold and
ninefold structures.5 This is believed to be driven largely by the ion
size that contracts along the lanthanide series. Recent high-precision
x-ray absorption spectroscopy (XAS) measurements, which resolved
some erratic behavior in previously reported Ln-O distances, indi-
cated that the crossover from 9 to 8 does not occur near the center
of the lanthanide series, that is, at Sm, as often claimed, but occurs at
heavier lanthanides.6 These measurements indicated that the coor-
dination number should be 8.9 ± 0.5 for the Er3+ studied here,
though a recent XAS measurement yielded 7.9 ± 0.2,7 and a simi-
lar value of eight water molecules was obtained from HEXS.8 The
XAS studies also revealed a preference for hydration water to form a
trigonal tricapped prism structure for CN= 9 and a square antiprism
structure for CN= 8 in the heavier lanthanides, though accompa-
nying ab initio MD simulations point to dynamic coordination
geometries.7,9,10

These studies of hydration shell structure and water exchange
provide the basis to understand binding events in which hydrated
trivalent lanthanides bind to other molecules, for example, for the
purpose of separating or purifying them. Solvent extraction is a
hydrometallurgical technique used for the separation and purifi-
cation of rare earth elements.11 Extractant molecules assist the
transport of selected lanthanides from a multi-component aqueous
mixture into an organic solvent. Early studies of the solvent extrac-
tion of lanthanide elements, which make up most of the rare earth
elements, demonstrated the utility of organophosphoric acid extrac-
tants, such as bis(2-ethylhexyl) phosphoric acid (HDEHP) dissolved
in organic solvents.12 When the organic phase is placed in contact
with an immiscible aqueous phase of lanthanides, HDEHP com-
plexes with lanthanide ions and extracts them into the bulk organic
phase.13 In addition to its organic solubility, HDEHP is partially sol-
uble in water and interactions of lanthanide ions with HDEHP in
an aqueous phase have been studied recently.14–16 It has been sug-
gested that interactions of HDEHP with lanthanide ions at both the
aqueous–organic interface and the aqueous phase can be relevant for
solvent extraction.16

Solvent extraction of lanthanides (Ln) by HDEHP is known to
proceed through the following reaction:17

Ln3+ (a) + 3(HX)2 (o)⇄ Ln[(HX)2]3(o) + 3H+ (a), (1)

where X refers to deprotonated HDEHP, that is, DEHP−, HX refers
to HDEHP, and (a) and (o) refer to the aqueous and organic
phases, though as mentioned above HDEHP can also be found in
the aqueous phase. Lanthanide ion binding to extractants involves

the displacement of some or all hydration water molecules, which
are not explicitly represented in Eq. (1). Mechanistic aspects on the
molecular scale of assisted ion transport across the aqueous–organic
liquid–liquid interface are mostly unknown, though recent simu-
lations and experiments have started to explore multi-molecular
interfacial processes that contribute to the transport.18–21 Although
it is likely that the binding of a hydrated lanthanide to extractant
occurs primarily at the aqueous–organic interface, here we present
a simplified model of the first step of that process by using classical
MD simulations to investigate Er3+ binding to a single DEHP− in
water. Subsequent publications will report simulations of this pro-
cess at the liquid–liquid interface and this work will serve as a basis
of comparison.

II. METHODS
Classical molecular dynamics (MD) simulations utilized

Desmond software.22 Our MD system contained 4071 water
molecules, one erbium ion, Er3+, one deprotonated HDEHP
molecule (DEHP−), and two Cl− ions. Chloride ions did not par-
ticipate in binding and were included for the electrical neutrality of
the system. The simulation box was cubic, 50 Å in each direction.
Periodic boundary conditions were applied in all directions.

Water molecules were described by the simple point charge
(SPC) model.23 The DEHP− molecule shown in Chart 1 was mod-
eled using the OPLS-UA force field,24 while the potentials for Er3+

were modeled using parameters that reproduce the ion-oxygen dis-
tance.25 The Er–water interaction potential was optimized to a
non-polarizable water model and reproduces quite well the struc-
ture of the hydration complex. This choice for the water and the
water–Er interaction potentials is motivated by the requirement that
these potentials reproduce the experimentally available Er–O dis-
tances measured in bulk water. They also reproduce, within the
experimental statistical uncertainty, the Er coordination number in
bulk water.

Non-bonded interactions were described with conventional 12-
6 Lennard-Jones (L-J) and Coulombic pairwise interactions,

ui j(r) = 4εi j[(
σi j

r
)

12
− (σi j

r
)

6
] + qiq j

4πrε0
, (2)

where r is the distance between atom centers i and j. Stan-
dard Lorentz–Berthelot combining rules, σij = (σi + σj)/2 and
εi j = (εiε j)1/2, were used to generate Lennard-Jones parameters
for all mixed interactions. Electrostatics were calculated with the

CHART 1. Molecular structure of DEHP−.
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u-series method.26 Long-range Lennard-Jones and electrostatics
interactions were cut off at 9 Å.

Radial distribution functions g(r) at T = 300 K were calculated
in the presence and absence of DEHP−. Calculations in the absence
of DEHP− included 4106 water molecules and an additional Cl−

ion for electrical neutrality and were run for 10 ns. When DEHP−

was present, calculations were run for 10 ns after DEHP− and Er
ion were bound at a metal–phosphorus distance of roughly 3.6 Å.
Coordination numbers CN were calculated using

⟨n(r)⟩ = ∫
r

0
4πρWg(r)r2dr, (3)

where ρW is the bulk water density (0.033 Å−3). The value of the
integral near the minima of g(r) determined the ion’s coordination
number CN. For example, its value at r = 3.5 Å, close to the min-
imum between the first and second hydration shells, was used to
determine CN of the first hydration shell.

The potential of mean force was calculated as a function of dis-
tance rEr–P from the P atom of DEHP− to the Er3+ ion by utilizing
the WHAM method.27–29 We restrained the distance rEr–P in a har-
monic potential with a force constant of 50 kcal mol−1 Å−2. A step
size of 0.1 Å was used when changing rEr–P from 8 to 3 Å. Each step
was run for 2 ns at a constant temperature of 300 K. The free energy
was calculated from

A(rEr−P) = −kBT ln Pub(rEr−P), (4)

where kB is the Boltzmann constant, T is the temperature of
the simulation, and Pub(rEr–P) is the unbiased distribution of
Er–phosphorus distances.

Simulations of the binding dynamics with DEHP− consisted of
a two-step process. First, a longer simulation was run to create a
set of seed configurations from which a series of shorter simulations
were run to observe the binding process. The longer simulation was
run for 10 ns with the distance between Er3+ and the deprotonated
oxygen of DEHP− constrained in a harmonic potential centered at 4
Å with a force constant of 10 kcal mol−1 Å−2. A snapshot of the sys-
tem trajectory was saved every 100 ps, yielding 100 snapshots in total
as the initial seeds for the simulations that followed. These snapshots
provided a range of initial distances rEr–P shown in Fig. 1. Starting
from each of the 100 seeds, a 240 ps simulation was run 100 times
with an initially random seed velocity. No constraints were used in
these short simulations to ensure that the DEHP− head group moved
freely. This resulted in 10 000 simulations that formed the dataset for
the analysis of binding dynamics. The extractant DEHP− bound to
Er3+ in 1506 of the 10 000 simulations (Fig. 1).

III. RESULTS AND DISCUSSION
Binding of the deprotonated bis(2-ethylhexyl) phosphoric acid

(DEHP−) extractant to trivalent Er3+ in bulk water was calculated
by classical MD simulations as described in Sec. II. Figure 2 (Mul-
timedia view) illustrates three snapshots from a typical binding
event. Figure 2(a) occurs −3.06 ps before the binding illustrated
in Figs. 2(b) and 2(c) occurs 2.64 ps afterward. The progress of
the binding event is measured by the reaction coordinate ξ, where
ξ = rO(H2Oej)−Er − rP−Er . Here, rO(H2Oej)−Er is the distance from the

FIG. 1. Initial and final distributions of the distance rEr–P for the 10 000 simulations
that formed the dataset for the analysis of binding dynamics. The final distribution
in red shows bound configurations for rEr–P near 3.6 Å and unbound configurations
further away.

center of the Er ion to the center of the oxygen atom of the water
molecule that is ejected during the binding process and rP–Er is the
distance from the center of Er to the center of the phosphorus in
the DEHP− headgroup. The reaction coordinate ξ is negative prior
to the binding event and positive afterward. The time t = 0 of the
binding event is defined as the MD frame immediately prior to the
frame in which rP–Er becomes smaller than 4.3 Å for reasons that will
be described later. The MD frame duration is 60 fs. Figure 2 (Mul-
timedia view) shows a typical binding event when the Er ion has
nine water molecules in its first hydration shell. The ejected water
molecule is located nearly diametrically opposite to the binding
DEHP− oxygen atom.

A. Static structure near the Er ion
Figure 3 shows the radial distribution function g(r) for oxy-

gen atoms near Er3+ in the absence and presence of DEHP−. In the
absence of DEHP−, the centers of the peaks of the two hydration
shells are located at r = 2.355 Å and r = 4.53 Å. These are consis-
tent with measured values of 2.354 ± 0.004 and 4.55 ± 0.04 Å.7 The
coordination number of water molecules in the first hydration shell,
CN = 9.0, is larger than a recent XAS measurement of 7.9 ± 0.2,7 and
a similar value of eight water molecules obtained from HEXS,8 but
consistent with another recent XAS measurement of 8.9 ± 0.5.6

The blue line in Fig. 3 shows the Er–O g(r) after DEHP− is
bound to Er. A small peak at 2.17 Å represents one oxygen from
DEHP− that is bound to Er. This oxygen binds closer to Er than
water molecule oxygen atoms because the partial charge of −0.97
e on the bound DEHP− oxygen is more negative than the partial
charge of −0.82 e on the water oxygen. A larger peak at 2.34 Å rep-
resents 7.7 O atoms from water molecules that remain in the first
hydration shell. These numbers are consistent with the green line
in Fig. 3, which shows the Er–O g(r) for only water molecules after
DEHP− binds to Er. The position of the second hydration shell of
water is 4.51 Å, which also includes the location of the three remain-
ing oxygen atoms from DEHP−. The radii of the water hydration
shells are essentially the same with and without DEHP−.

The coordination numbers in Fig. 3 indicate that prior to bind-
ing DEHP− approaches an Er ion with nine water molecules in its
first hydration shell. As discussed later, analysis of the bound com-
plex within a few simulation frames of binding (each frame is 60 fs)
reveals eight water molecules in the first hydration shell, consis-
tent with the ejection of one water molecule as shown in Fig. 2
(Multimedia view). However, analysis at later times reveals that one
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FIG. 2. Illustration of the binding of DEHP− and ejection of a hydration shell water molecule from Er3+ in bulk water. The gray sphere is used to illustrate the radial position
of the hydration shell. It is centered on Er3+ with a radius of 2.35 Å. (a) t = −3.06 ps, ξ = −3.24 Å, (b) t = 0 ps, ξ = −0.27 Å, and (c) t = 2.64 ps, ξ = 1.16 Å, where the
reaction coordinate ξ = rO(H2Oej)−Er − rP−Er . The ejection angle in (c) between the vectors Er–P and O(H2Oej)–Er is 160○. A movie of this event is available in the SM.
Multimedia view: https://doi.org/10.1063/5.0138019.1.

water molecule is loosely bound, which produces either seven or
eight water molecules in the first shell. Any one of the eight water
molecules appears equally likely to be loosely bound. These obser-
vations are consistent with the coordination number of 7.7 water
molecules in the first shell shown in Fig. 3.

The Er–P g(r) shown in Fig. 3 illustrates a position of 3.63 Å
for the P of the bound DEHP− with a coordination number of 1.
Figure 4 illustrates the potential of mean force (PMF) for a range of
Er–P distances. The minimum is at 3.66 Å, consistent with the g(r)
simulation. The energy barrier to binding is 1.81 kcal/mol, which is
calculated from the minimum at 5.38 Å and the maximum at 4.40 Å.

FIG. 3. Radial distribution function g(r) of Er–O and Er–P distances. Solid lines
show the g(r); dashed lines show the coordination number for the g(r) of Er–O.
The red line (“without DEHP”) shows the result of calculations with only Er3+, Cl−,
and water. The blue and green lines often overlap and show results for Er3+ bound
to DEHP−, but the green line shows the result for oxygen atoms only from water
molecules whereas the blue line also includes oxygen atoms from the DEHP− that
binds to Er(III). The purple line shows the Er–P g(r). The coordination number for
P is 1 (not shown).

FIG. 4. Potential of mean force calculated as a function of the Er–P distance.
The minimum at 3.66 Å was adjusted to 0 kcal/mol. Other relevant values include
9.64 kcal/mol at the barrier top near 4.40 Å, 7.83 kcal/mol at the minimum at 5.38
Å, and 9.07 kcal/mol at the secondary maximum at 6.34 Å, and 8.61 kcal/mol at
7.5 Å.

The binding energy calculated from the values at 7.5 and 3.66 Å is
8.61 kcal/mol.

B. Water dynamics during DEHP− binding to Er3+

Figure 5 illustrates the dynamics of simulation trajectories that
produce a bound DEHP−–Er3+ complex in a bulk water environ-
ment. The dashed line in Fig. 5 shows the coordination number CN
of water molecules in the first hydration shell of Er3+ as the binding
reaction proceeds. At time t = 0 in the trajectory, a water molecule
has been ejected: the CN has dropped to a value of 8, which is a
reduction of one water molecule from the CN of 9.0 of an isolated
Er3+ ion in bulk water (shown in Fig. 3). Over a span of roughly
±600 fs before and after the threshold, for a total of 1.2 ps, the CN
drops rapidly from 8.7 to 7.9. The shoulder in the plot at frame 0
reveals a short-term stability of the DEHP−–Er3+ complex with eight
water molecules, which lasts roughly 0.3 ps. At later times, the CN of
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FIG. 5. First hydration shell water dynamics during the binding of DEHP− to Er3+.
Each curve represents an average over the 1506 trajectories that exhibited bind-
ing. The black dashed line is the coordination number CN of water molecules in
the first hydration shell defined for water molecules whose Er–O distance is less
than 3.5 Å. The time t = 0 is defined as the MD frame immediately prior to the
frame at which rP–Er becomes less than 4.3 Å. The solid-colored lines represent
the total depletion htot for different values of Δt .

7.7 indicates that roughly 30% of the DEHP−–Er3+ complexes con-
tain seven water molecules and the other 70% contain 8 in the first
hydration shell.

The solid lines in Fig. 5 present the average of htot over all the
trajectories that ended with binding of DEHP− to Er+3. The total
depletion htot is calculated as follows: (i) at time t = −Δt , (relative
to t = 0) every water molecule i inside the Er+3 first hydration shell
is assigned the value hi = 0; (ii) hi is switched to 1 when the water
molecule i leaves the Er+3 hydration shell; and (iii) htot(t) = Σ hi(t).
The figure shows a monotonically rising value of htot, indicating that
the original set of water molecules in the first shell is progressively
depleted. Independent of the choice of Δt , the most rapid rate of
depletion occurs within a span of ±600 fs on either side of t = 0,
which corresponds to the behavior observed for the coordination
number. The small plateau in the plot near t = 0 is consistent with
the short-term stability of a DEHP−–Er3+ complex with eight water
molecules, as also observed for the coordination number. Finally,
the comparison of the rise in htot after roughly t = 1.5 ps and the
nearly stable value of CN = 7.7 suggests that water molecules mov-
ing in from outside the first shell compensate for the loss of water
molecules originally in the first shell.

C. Phosphorus dynamics during DEHP−
binding to Er3+

The potential of mean force in Fig. 4 exhibits a barrier peak at
rP–Er = 4.4 Å. As demonstrated above, roughly one water molecule
has been ejected from the first hydration shell of Er3+ by t = 0, that
is, the simulation frame just before the distance rP–Er drops below
4.3 Å. Note that this t = 0 frame consists of distances rP–Er very
close to the peak in the potential of mean force. Given our some-
what coarse time resolution of 60 fs, an estimate of the transmission
coefficient k of the binding process is calculated as follows: (i) set
k = 1 when rP–Er first crosses below a threshold value (e.g., 4.3 Å),
and (ii) let k = 1 if rP–Er is below the threshold, but set k to 0 if
rP–Er exceeds the threshold. The threshold is selected near the top
of the barrier height shown in Fig. 4 as is customary in chemical
reaction barrier crossing dynamics. However, given the uncertainty

FIG. 6. Average value of the time-dependent transmission coefficient k for differ-
ent values of the threshold distance rP–Er in angstroms. The curves represent an
average over all trajectories that reach the threshold value.

FIG. 7. Angular distribution of ejected water molecules measured with respect to
either the oxygen (bound to Er) or the phosphorus atom of DEHP− molecules that
bind to Er3+. (a) Water molecules ejected from a first hydration shell containing
nine water molecules. The inset defines the angle θ between the oxygen atom of
the water molecule that will be ejected and the bound oxygen or phosphorus atom
of DEHP−. (b) Water molecules ejected from a first hydration shell containing eight
water molecules. (c) Frames when CN = 8 and CN = 9 water ejection events occur.

in the exact location of the barrier, we examined the sensitivity of the
transmission coefficient to this choice.

The time dependence of k reflects the possibility that the tra-
jectory (even once reaching the transition state) does not always

J. Chem. Phys. 158, 134715 (2023); doi: 10.1063/5.0138019 158, 134715-5

Published under an exclusive license by AIP Publishing

 23 August 2024 11:31:09

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 8. Reaction coordinate ξ-angle heat map for successive intervals of time t in ps identified above each panel. Recall that ξ = dO(H2Oej)−Er − dP(DEHP)−Er . The angle θ is
measured between the Er–O(water) vector and the Er–P(DEHP) vector, where P(DEHP) is the phosphorus atom from DEHP−. The heat map includes all water molecules
that are in the first hydration shell at t = −0.6 ps. Color scale is ln(counts).

continue straight to binding and may experience reversal and re-
crossings. The time-dependent transmission coefficient is shown in
Fig. 6, which demonstrates that more than roughly 35% of bind-
ing reactions are reversed at a threshold of rP–Er = 4.3 Å, though
very little reversal takes place at a smaller threshold of rP–Er = 4.1 Å.
The reversal takes place within 60 to 120 fs, indicating that the bar-
rier height is similar to those typically found in chemical reactions
in solution that involved chemical bond breaking with short relax-
ation times (<100 fs).30 Since the barrier top is at 4.3 to 4.4 Å, k is
underestimated when the threshold is placed at smaller distances
since trajectories that reach this distance are already on their way
to bind.

Figure 2 (Multimedia view) illustrated a binding event for
which the ejected water molecule was nearly diametrically opposite
to the binding O(P) atom. Figure 7 illustrates that this is the pre-
dominant geometry of water ejection that occurs just prior to t = 0
when the P atom approaches within rP–Er = 4.3 Å. Figure 7(a) shows
the distribution of water ejection angles calculated by starting at
t = −0.6 ps, then identifying the first water molecule whose distance
rO(water)–Er exceeds 3.5 Å for at least two frames. Note that chang-
ing the criterion to ten frames does not alter the angular distribution
greatly. Figure 7(a) counts only those water molecules ejected from
a first hydration shell containing nine water molecules in the sim-
ulation frame prior to ejection. Angles and coordination numbers
are recorded from the simulation frame that precedes the ejection
of a water molecule in the first hydration shell. It is observed that
the ejection angle is highly anisotropic with a peak in the angular
distribution close to 170○.

Figure 7(b) illustrates a very different angular distribution
when water molecules are ejected from a first hydration shell con-
taining eight water molecules. Figure 7(c) shows that these ejec-
tion events arise exclusively at later frames than those observed
in Fig. 7(a); specifically, CN= 8 ejection events occur for positive
frames, whereas CN= 9 ejection events occur for negative frames.
Recalling that on average one water molecule has already been
ejected at frame 0 from a first hydration shell with 9.0 water
molecules, most of the CN = 8 water ejections shown in Fig. 7 con-
sist of a second water molecule ejected from the hydration shell.
This is consistent with the average drop in water coordination below
CN = 8 observed in Fig. 5 for positive frames.

FIG. 9. Schematic representation of atomic motions during DEHP− binding to
Er3+. The red arrow illustrates the incoming P, the green arrow illustrates the out-
going water molecule, and the blue arrows show the direction of rotation of water
molecules that remain in the first hydration shell.

A collective rearrangement of water molecules in the first
hydration shell occurs as the binding takes place. Figure 8 illus-
trates the angle of every water molecule in the hydration shell as
a function of the reaction coordinate ξ = rO(H2Oej)−Er − rP−Er for
approach of DEHP− to Er with CN = 9 where the coordination
number is determined at t = −0.6 ps. The colors represent the
number of water molecules at a particular reaction coordinate and
angle. The panels represent all the water molecules in the first
hydration shell, where each panel illustrates a successive interval of
time.

Figure 8 shows that the angular distribution becomes more
discrete as the binding event time varies from −5 to 0 ps. In
addition, the polar angle θ of the water molecules in the hydra-
tion shell increases as the binding reaction proceeds. For example,
between −5.34 and −4.32 ps, there are three highly occupied clus-
ters of angular positions, at ξ = −3.0 and 40○ (cos θ = 0.77), 109○

(cos θ = −0.33), and at ξ = −2.7 and 165○ (cos θ = −0.97), but
water molecules are located at nearly all angular positions to some
extent. Close to 0 ps and ξ = −1, the angular positions of the

J. Chem. Phys. 158, 134715 (2023); doi: 10.1063/5.0138019 158, 134715-6

Published under an exclusive license by AIP Publishing

 23 August 2024 11:31:09

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

water molecules have increased to roughly 60○ (cos θ = 0.50) and
120○ (cos θ = −0.5), with some water molecules remaining near
180○. The collective angular changes (illustrated schematically in
Fig. 9) continue as the binding proceeds until about 0.5 ps when
the angular distribution stabilizes with only two clusters of angular
positions centered at 71○ (cos θ = 0.33) and 125○ (cos θ = −0.57).
At that time, the oxygen of the DEHP− has fully replaced the
ejected water molecule within the hydration shell. At subsequent
times, a tail develops, which extends from these peaks to larger val-
ues of ξ. The tails represent water molecules in the first hydration
shell at a time when the ejected water molecule, whose position
appears in the reaction coordinate, has moved much further away
from Er.

IV. CONCLUSION
The extractant HDEHP is commonly used in rare earth pro-

cesses to extract lanthanides like Er.31 This extraction is expected
to involve a series of binding events in which DEHP− extractants
replace water molecules in the first hydration shell of Er3+. As the
first stage of a project to understand the mechanism of the binding
and transport of Er3+ from an aqueous to an organic phase, we have
used MD simulations to study a single binding event of DEHP− to
fully hydrated Er3+ in bulk water.

The binding proceeds quickly, despite the large hydration-free
energy of Er3+. Like the concerted electronic motions that occur
in chemical reactions, the fast binding is accompanied by con-
certed motions of water molecules throughout the first hydration
shell. Upon approach of DEHP− to Er3+, water molecules in the
first hydration shell undergo a collective rotation about Er3+ that
is directed away from the entering oxygen of the DEHP−. Tightly
bound hydration water molecules reside within a roughly spherical
but deep potential well about the ion, which allows for a facile rear-
rangement of their angular positions but constrains radial motions.
Accompanying this collective rotation is the ejection of a water
molecule that occurs while the DEHP− headgroup is still in the
region between the first and second hydration shells. The remain-
ing water molecules in the first hydration shell distribute themselves
at discrete polar angles with respect to the incoming P or O of the
DEHP−.

Figure 7 showed that the first water molecule ejected is roughly
170○ away from the incoming P or O of the DEHP−. Presum-
ably, the angular motion of water molecules directed away from the
position of the entering O(P) creates stress on the water molecule
diametrically opposite to the entering O(P), which is the water
molecule ejected during most of the binding events when nine water
molecules are in the first hydration shell. Binding of DEHP− places
one of its oxygen atoms closer to Er3+ than the first hydration shell.
Shortly after binding, the average CN of water molecules in the first
hydration shell is CN = 7.7. This shows a loose association of one of
the water molecules in the hydration shell and Fig. 7 showed that
a second water molecule can be ejected, primarily at an angle of
roughly 120○. Far fewer water molecules are ejected at 60○, which
may indicate that the bulky DEHP− influences the ejection of water
molecules closest to it.

The binding event is dissociative because a water molecule is
ejected before DEHP− fully binds to the Er3+. Evidence for this is
provided in Fig. 5 where the average CN has dropped to 8, yet the P is

still 4.3 Å from Er. Once fully bound, P will be at 3.63 Å as shown in
Fig. 3. However, it may be preferable to consider the event as a disso-
ciative activated substitution, Id, because of the preferential ejection
angle of the ninth water molecule, as well as the angular discretiza-
tion of water molecules in the first hydration shell with respect to
the incoming O (or P) of the DEHP−. This nomenclature is con-
sistent with that previously assigned to water exchange events for
[Nd(H2O)9]3+ for similar reasons as mentioned in Sec. I.4

The specific geometrical and collective nature of this bind-
ing event may be indicative of related aspects of binding addi-
tional DEHP− that are required to extract lanthanides in a solvent
extraction process. This geometrical aspect of binding may also
be of relevance to understanding the binding and transport of
ion–extractant complexes that are expected to occur at the asym-
metric organic–aqueous liquid–liquid interface utilized in solvent
extraction processes.
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