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H I G H L I G H T S

∙ We investigated the formation of sol-

vent extraction aggregates composed 

of Eu(NO 3 

) 3 salts with DMDOHEMA 

molecules at two salt concentrations us-

ing molecular dynamics.

∙ We pointed out the formation of ag-

gregates mainly consisting of Eu 

3+ 

monomers and dimers for which the salt 

concentration only affects the amount of 

water molecules inside.

∙ We highlighted that water dynamics and 

the availability of ligands to form hydro-

gen bonds are the key points for under-

standing the aggregation mechanisms.
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A B S T R A C T

The study explores the formation of solvent extraction aggregates composed of Eu(NO 3 

) 3 

salts with DMDOHEMA 

molecules solvated in 𝑛-heptane using classical molecular dynamics simulations at two Eu(NO 3 

) 3 

salt concentra-

tions, namely 0.015 and 0.126 mol L 

-1 . For both concentrations, the main aggregates are predominantly in the 

form of Eu 

3+ monomers and dimers, with a higher ratio of monomers. However, increasing the Eu(NO 3 

) 3 

concen-

tration tends to increase the number of dimers. The average Eu 

3+ monomer is composed of three nitrate anions 

and 3–4 DMDOHEMA molecules, whereas the average dimer is composed of six nitrate anions and 6 DMDOHEMA 

molecules. For both types of aggregates, the influence of the Eu(NO 3 

) 3 

concentration has been observed only in 

the number of water molecules involved in each kind of aggregate. Furthermore, we demonstrated that the pres-

ence of nitrate anions and especially the number of water molecules in the polar core of the aggregates favors 

the formation of dimers, with various types of nitrate-water bridges. We highlighted that the dynamics of water 

in the vicinity of the cations, as well as the availability of ligands capable of forming hydrogen bonds within the 

coordination shell of nearby ions, are crucial for understanding the aggregation mechanisms.

1. Introduction

In the frame of nuclear fuel reprocessing, the recovery of major and 

minor actinides has been widely studied during the last decades [1–6]. 

One of the major separation techniques used in this field is the solvent

extraction (also known as liquid-liquid extraction) which is based on the 

relative solubility of different compounds in two non-miscible solvents.

Many processes based on solvent extraction have been devel-

oped in this domain like the PUREX (Plutonium Uranium Refining

∗ Corresponding author.

Email address: magali.duvail@cea.fr (M. Duvail).

https://doi.org/10.1016/j.molliq.2025.128711 

Received 23 April 2025; Received in revised form 23 July 2025; Accepted 9 October 2025

Journal of Molecular Liquids 438 (2025) 128711 

Available online 11 October 2025 
0167-7322/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

http://www.sciencedirect.com/science/journal/0167-7322
https://www.elsevier.com/locate/MOLLIQ
https://orcid.org/0009-0009-2114-9713
https://orcid.org/0009-0001-2654-4941
https://orcid.org/0000-0003-1586-260X
mailto:magali.duvail@cea.fr
https://doi.org/10.1016/j.molliq.2025.128711
https://doi.org/10.1016/j.molliq.2025.128711
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2025.128711&domain=pdf
http://creativecommons.org/licenses/by/4.0/


L. Žiberna, P. Guilbaud, E. Guillam et al.

by EXtraction) process, which is industrially used for more than 50 

years [7]. More recently, solvent extraction separation processes have 

been studied for the separation of americium(III) and curium(III) 

from the lanthanide(III) cations [8–11]. Among these, the DIAMEX 

(DIAMide EXtraction) process [12,13] uses the DMDOHEMA (𝑁 ,𝑁 ’-

dimethyl-𝑁 ,𝑁 ’-dioctylhexyle-thoxymalonamide) malonamide extrac-

tant (Fig. S2, SI), which is also studied outside of the nuclear fuel cycle 

domain for the separation within the lanthanide cations series [14]. In 

these separation processes, the malonamide extractants are solvated in 

an aliphatic diluent. This organic phase is then contacted with an aque-

ous phase that contains the cation salts to be separated. This aqueous 

phase is usually an acidic solution resulting from the dissolution, or the 

leaching of a solid material.

It has been demonstrated that DMDOHEMA extractants can be found 

in the bulk organic phase or at the interface and that they form ag-

gregates in the presence and absence of ions [15–20]. Indeed, in the 

absence of ions, DMDOHEMA forms globular aggregates with aggrega-

tion numbers between 4 and 10 [15,21–23], whereas in the presence of 

cation salts, aggregates having a reverse micelles like structures with 

a well-defined polar core are formed [24–26]. Moreover, the shape 

and composition of the aggregates also depend on the concentration of 

co-extracted water in the organic phase [27], which depends on sev-

eral experimental parameters: i) the concentration of DMDOHEMA, ii) 

the concentration of nitric acid, and iii) the concentration of the salts 

extracted in the organic phase [22,28]. For instance, Ellis et al. who 

studied the formation of lanthanide reverse micelles through the series 

under acidic and neutral conditions (3 mol L 

-1 HNO 3 

or LiNO 3 

in the 

aqueous phase, respectively) pointed out that the micelles were larger, 

more hydrated, and more malonamide extractant molecules participate 

in the micelles under acidic conditions compared to those formed under 

neutral conditions [29].

Aggregate formation is of interest because it helps explain differences 

in extraction coefficients, as fewer diamide molecules per Eu 

3+ ion are 

required when aggregates are formed [19]. It also sheds light on how 

the organic phase can separate to form a third phase –a well-known 

and undesired phenomenon in liquid-liquid extraction processes [30]. 

Specifically, it has been shown that at high concentrations of nitric acid 

or cation salts in the organic phase, the attractive force between the ag-

gregates may induce third phase formation, where one phase consists of 

a low-concentration extractant organic phase, while the other is a high-

concentration extractant organic phase containing nitric acid and/or 

cation salts [18,31]. This is still true in the presence of radioactive 

cations, as this may lead to criticality problems if there is a high concen-

tration of ions present in one of these two phases [32–34]. Therefore, it 

is crucial to understand the driving force and mechanism of aggregate 

formation with malonamide extractants.

In this work, we studied the formation of malonamide aggregates 

containing Eu(NO 3 

) 3 salts diluted in 𝑛-heptane using molecular dy-

namics simulations. Different parameters that influence the aggregation 

phenomenon have been tested. We first focused on the influence of 

“experimental” parameters, like the concentrations of Eu(NO 3 

) 3 

salt in 

the organic phase on the aggregate formation. Then, we studied the 

influence of “theoretical” parameters, typically the influence of the start-

ing aggregate structures on the equilibrium calculated stoichiometries. 

Here, parameters developed specifically for the lanthanide series with 

the 12–6-4 Lennard Jones potential have been used [35], and a new 

method based on the work of Vatin et al. [15] has been employed to 

analyze the structures of aggregates formed in the organic phase.

2. Methods 

2.1. MD simulation details

To explore the Eu(NO 3 

) 3 

aggregation behavior in 𝑛-heptane in 

the presence of DMDOHEMA molecules at two Eu 

3+ concentrations, 

we performed molecular dynamics (MD) simulations using PMEMD, a

module of the AMBER20 software [36]. Here, the nitrate anions, the 𝑛-
heptane and the DMDOHEMA molecules have been modeled using the 

force field parameters described in our previous study [35]. The water 

molecules were described using the 4-site OPC water model [37]. The 

non-bonded interactions between the Eu 

3+ cations and the molecules 

present in solution are described by a 12–6-4 Lennard-Jones potential, 

that takes implicitly into account the polarization thanks to the addition 

of the 1∕𝑟 

4 term [35,38–42]:

𝑉 𝑖𝑗 = 

1
4𝜋𝜀 0 

𝜀 𝑟

𝑞𝑖𝑞𝑗
𝑟 𝑖𝑗

+ 𝜀 𝑖𝑗 

[ 

(𝑅 min,𝑖𝑗

𝑟 𝑖𝑗

) 12 

− 2 

(𝑅 min,𝑖𝑗

𝑟 𝑖𝑗

) 6]

− 

𝐶 4,𝑖𝑗

𝑟 

4 

𝑖𝑗

(1)

where 𝑅 

1∕6
min,𝑖𝑗 = 2  

 × 𝜎 ,𝑖𝑗  and 𝜀 is linked to thanks to the noble𝑖     

 

𝑅 min,𝑖 

∕2   

gas relation [43]

𝜀 𝑖 

= 10 

−𝐶 1 

exp 

( 

−𝐶 2 × 

𝑅 min𝑖
2

)

(2)

with 𝐶 1 

= 57.36 and 𝐶 2 = 2.471. The crossed 𝐶 4 parameters between 

3+Eu  

 and the other atoms than the water oxygen (𝐶 4 

(atom type)) were

calculated as follows [38]:

𝐶 4(atom type) = 

𝐶 4(H 2 

O)
𝛼 0 

(H 2 

O) 

× 𝛼 0(atom type) (3)

3+where 𝐶 4 

(H 2 

O) is the 𝐶 4 parameter
 

 determined for the Eu – O H 2O 

 

interaction. 𝛼 0(H 2O) is the atomic polarizability  

  

of the water oxygen 

(1.444 Å3 

 [44]) and 𝛼0 (atom type) is the atomic polarizability of the 

3+atom interacting with the Eu  

 cation [45]. For the 12–6 Lennard-Jones 

parameters, i.e., the non-bonded interactions not involving  

 Eu 

3+, the 

classical Berthelot-Lorentz combining rules were used.

An integration step of 1 fs has been used to numerically integrate 

the equations of motion. Simulations were carried out at 298.15 K in 

the 𝑁𝑃 𝑇 ensemble for the equilibration stage and in the 𝑁𝑉 𝑇 ensemble 

for the production. Periodic boundary conditions were applied. Pressure 

and temperature were controlled using the Berendsen thermostat and 

barostat [46]. Long-range interactions were calculated using the particle 

mesh Ewald summation [47] with a cutoff of 10 Å.

Our investigation focused on two systems with Eu 

3+ concentrations 

of 0.015 and 0.126 mol L 

-1 , both systems containing 0.5 mol L 

-1 of 

DMDOHEMA extractant. The concentration of water co-extracted into 

the organic phase for both systems was taken from the experimental 

work of Ellis et al. [19], i.e., a concentration of 0.070 and 0.246 mol L 

-1 

for the 0.015 and 0.126 mol L 

-1 of Eu 

3+ , respectively.

To establish a reliable starting point, we initially modeled a box with 

334 𝑛-heptane molecules, one Eu(NO 3)3 salt, and the numbers of 
  

water,

DMDOHEMA and 𝑛-heptane molecules corresponding to the experimen

tal concentrations. That is, 5 water molecules and 34 DMDOHEMA 

molecules solvated in 334 𝑛-heptane  

 

3+molecules for the Eu concen

tration of 0.015 mol L-1 

     , and 2 water molecules and 4 DMDOHEMA 

3+molecules  

 solvated in 40 𝑛-heptane molecules for the Eu concentration 

-

-

of 0.126 mol L 

-1 . The boxes were generated with PACKMOL [48] and 

equilibrated in the 𝑁𝑃 𝑇 ensemble during 1 ns using the SANDER mod-

ule of AMBER20 [36]. For both concentrations, we obtained an aggre-

gate composed of one Eu 

3+ cation, three NO−
3 anions, two DMDOHEMA

molecules, and two water molecules in the Eu 

3+ first coordination shell 

(Fig. 1(a) and (b)). For simplicity, we will refer to these two sys-

tems as LowC1 and HighC1 for the Eu 

3+ concentration of 0.015 and 

0.126 mol L 

-1 , respectively.

Moreover, this equilibration process was repeated to establish alter-

native starting configurations referred to as LowC2 and HighC2 at low 

and high Eu 

3+ concentrations, respectively. For the LowC2 system, the 

aggregate obtained consisted of two NO 

−
3 anions, three DMDOHEMA 

molecules, and two water molecules in the Eu 

3+ first coordination shell 

(Fig. 1(c)), whereas for the HighC2 system, it comprised three NO 

−
3 

an-

ions, two DMDOHEMA molecules, and one water molecule in the Eu 

3+

Journal of Molecular Liquids 438 (2025) 128711 
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Fig. 1. Snapshots issued from MD simulations showing the starting points used 

for the (a) LowC1, (b) HighC1, (c) LowC2, and (d) HighC2 systems. The Eu 

3+ 

cations are represented in green, the oxygen atoms in red, the nitrogen atoms 

in blue, the carbon atoms in dark gray, and the hydrogen atoms in white. 

For clarity, the hydrogen atoms of the DMDOHEMA carbon chains are not 

represented.

Table 1 

Numbers of molecules in the MD simulation boxes.

C = 0.015 mol L-1 

 C = 0.126 mol L-1 

LowC1 & LowC2 HighC1 & HighC2

Eu 

3+ 27 27
−NO 3 81 81

DMDOHEMA 918 108

H 2 

O 135 54

𝑛-heptane 9018 1080

first coordination shell (Fig. 1(d)). Note that, for the LowC2 system, the 

third nitrate anion is located in the Eu 

3+ third coordination sphere.

In summary, at the end of the equilibration process, four distinct 

systems were generated. Two with the same starting aggregate sto-

ichiometry, but at different Eu 

3+ concentrations (0.015 mol L 

-1 and 

0.126 mol L 

-1 ), referred to as LowC1 and HighC1, and two with differ-

ent starting aggregate stoichiometries for each concentration, referred 

to as LowC2 and HighC2. Subsequently, the four simulation boxes were 

replicated 27 times to generate larger simulation boxes. The numbers of 

molecules present in each system are detailed in Table 1. After a 500 

ps equilibration stage in the 𝑁𝑃 𝑇 ensemble, performed on the larger 

simulation boxes to ensure constant density, all systems were simulated 

in the 𝑁𝑉 𝑇 ensemble for 100 ns, and analyses were performed on the 

final 50 ns of the simulations.

2.2. Aggregate analysis

To investigate the Eu 

3+ aggregates, we analyzed the internal dis-

tances within the aggregate by computing radial distribution functions 

(RDFs) between Eu 

3+ and the coordinating atoms of the solvated lig-

ands using the VMD software [49]. To study in detail the composition 

and formation of the aggregates in our system, we used the MDAnalysis 

Python package [50,51]. Based on distance criteria deduced from the 

RDFs, we determined which molecules are located in the aggregate. To 

this end, we first determined the interactions between the Eu 

3+ cation 

and the coordinating oxygen atoms of the ligand within its primary co-

ordination shell by using the distance at the base after the first RDF

peak. Subsequently, a second set of connection distances was used, fo-

cusing on the hydrogen bond formation between the molecules in the 

Eu 

3+ first sphere and those in its second sphere. To determine the for-

mation of Eu 

3+ oligomers, such as dimers and trimers, we calculated 

the overlap of the second spheres of the Eu 

3+ monomers. This last step 

is crucial for accurately determining the number of molecules within 

each oligomer. A detailed explanation of the code developed here can 

be found in the Supporting Information. Note that, in this paper, the 

phrases monomer, dimer, trimer, etc. refer to the total number of Eu 

3+ 

cations in the aggregate.

3. Results and discussion 

3.1. Influence of the concentration

First, we investigate the influence of the concentration of europium 

salts on the structural properties of aggregates in the system. To achieve 

this, we conducted simulations on two systems where we used identical 
3+Eu  

 complex compositions as a starting point: an aggregate consist

ing of one 

3+Eu ion, three NO 

− anions,3  two H 2     

 

O molecules, and two

DMDOHEMA molecules solvated in a mixture composed of 𝑛-heptane, 
H 2 

O and DMDOHEMA molecules to reach the corresponding concentra

tions of systems LowC1 and HighC1. These aggregates correspond to 

-

-

snapshots given in Fig. 1(a) and (b).
3+To determine the ligand coordination around the Eu  

 ion for sys

           

3+tems LowC1 and HighC1, we calculated the RDFs between the Eu  

cations and NO 

− anions,3  DMDOHEMA and H 2  

 

O molecules (Figs. S3 

and S4, SI). Both the DMDOHEMA molecules and the NO 

− anions3  may

  coordination modes 

3+
 

adopt two in the  

  Eu first coordination shell: mon

odentate or bidentate. These two coordination modes are observed in

the Eu 

3+ – C  

 DMDOHEMA        

3+
  

 

(Figs. S3(a) and S4(a), SI) and Eu – NNO 

−
3

(Figs. S3(b) and S4(b), SI) RDFs. For each RDF, we observed two well

defined  

 peaks  to the Eu 

3+corresponding first coordination shell, i.e., 

between 3.8 and 5.4, and between 2.8 and 4.2 Å for DMDOHEMA and

 

−NO  , respectively. The bidentate binding mode results in shorter dis3
tances between the Eu 

3+ and C −DMDOHEMA or   

 

NNO3
  

 

, compared to the

monodentate ones. By integrating the RDFs, we calculated the number 

of corresponding 

3+atoms around Eu  

 for each RDF peak. All distances 

-

-

-

-

and the corresponding numbers of atoms are presented in Table 2. We 

found that the total coordination number of Eu 

3+ , calculated as the total 

number of oxygen atoms in the Eu 

3+ first coordination shell, is 8.9 for 

LowC1 and 9 for HighC1.

Table 2 

Distances between Eu 

3+ and the relevant atoms of the molecules forming the 

micelles (𝑑), and corresponding numbers of atoms (𝑁 ) calculated from MD 

simulations at different concentrations and with the different starting points.

C = 0.015 mol L 

-1 C = 0.126 M

LowC1 HighC1 LowC2 HighC2

Path 𝑑 

a 𝑁 𝑑 

a 𝑁 𝑑 

a 𝑁 𝑑 

a 𝑁

DMDOHEMA

3+Eu – O DMDOHEMA 2.44 2.7 2.41 3.2 2.44 2.1 2.41 3.5
3+Eu – Cbi

DMDOHEMA 4.10 0.5 4.10 0.6 4.11 0.2 4.10 1.2
3+Eu – Cmono

DMDOHEMA 4.70 1.7 4.60 1.9 4.68 1.7 4.65 1.1

Nitrate

3+Eu  

 – O −NO3
2.39 3.0 2.39 3.8 2.39 3.1 2.39 3.7

3+Eu – Nbi
 −NO3 

2.97 0.1 2.93 0.6 2.97 0.1 2.94 0.2

3+Eu – Nmono
 −NO3 

3.60 2.9 3.54 2.6 3.58 2.9 3.58 3.2

Water

3+Eu  

 – O H2O 

2.39 3.2 2.38 2.0 2.39 3.7 2.38 1.8

Total coordination 

number

8.9 9.0 8.9 9.0

a in Å.
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3+Fig. 2. Eu  

 – Eu 

3+ RDF calculated for the LowC1 (blue) and HighC1 (red)

simulations.

Our findings indicate that the concentration of Eu 

3+ cations has only 

a minor influence on the binding mode of DMDOHEMA molecules and 

NO 

− 

3 anions. Specifically, a higher number of bidentate and monodentate

DMDOHEMA molecules is observed at high concentration (HighC1), 

while monodentate coordination of NO 

− 

3 anions is greater at low concen-

tration (LowC1). However, the trend remains the same: DMDOHEMA 

molecules and NO 

− 

3 anions preferentially bind in a monodentate mode 

rather than in a bidentate mode. Furthermore, concentration has almost 

no effect on the distances between the Eu 

3+ cation and the coordinating 

ligands, nor on the coordination number of Eu 

3+ . The difference in co-

ordination number between LowC1 and HighC1 might originate from a 

higher number of DMDOHEMA molecules and NO 

− 

3 anions coordinating 

in the bidentate mode at HighC1 compared to LowC1. The calculated 

distances and coordination numbers show good agreement with previ-

ous studies that have investigated Eu 

3+ aggregation in the bulk organic 

phase across various concentrations [19,29,52]. This consistency not 

only validates the reliability of our model, but also reinforces confidence 

in its ability to describe the fundamental interactions governing aggrega-

tion behavior. Further, by extending the simulation times, we ensure that 

the system reaches better equilibration. This enables a more thorough 

investigation of the aggregate composition and its evolution over longer 

timescales, providing deeper insights into the structural organization of 

the 

In both simulations (LowC1 and HighC1), we observed that aggre

gates coalesce to form oligomers in the bulk organic phase, driven by the 

strong electrostatic interactions between the species. This requires fur

ther investigation into the mechanism underlying the formation of such 

3+oligomers and the impact of the Eu  

       concentration on the number of 

oligomers formed. To investigate the mechanism of oligomer formation, 

the RDFs between the Eu 

3+ cations were calculated for both LowC1 and 

HighC1 (Fig. 2). We observed several peaks, each representing a stable 

mode of Eu 

3+ — Eu 

3+ connection. In such aggregates or oligomers, var

ious connection types between the Eu 

3+ exist, as they mainly depend on 

the Eu 

3+ — Eu 

3+ distance and the position of the ligands around them. 

The main connection types are represented in Fig. 3. The connections are 

shown as a function  

  of the distance between Eu 

3+ cations. We noticed 

         

− 

  

−that the main connection types are made of NO and NO  –3 3  H 2O  

 

bridges,

where the NO 

− anion forms a hydrogen bond with the H3   2 

O molecule. At

the shortest distance, typically 5.5 Å - 6.0 Å, the bridge is formed with 

aggregates.

-

-

-

three nitrate ions (Fig. 3(a)). On the contrary, at the largest distance, typ-

ically 9.7 Å, the two cations are connected by a single NO 

− 

3 –H 2 

O bridge 

(Fig. 3(f)). Between these two distances, we observed the formation of 

NO 

− bridges,3  

−NO –H3  2 

O bridges or the combination of the two. 

The connections between 

3+two Eu  

 ions are facilitated by the 

−molecules surrounding the ion (NO anions and H 2  

 

O molecules), which3  

bind to another Eu 

3+ ion or form hydrogen bonds with each other, 

serving as the main driving force for the formation of aggregates. The 

type of connection predominantly depends on the availability of such 

molecules and their ability to form hydrogen bonds. These connection 

modes are observed at both concentrations, indicating that concentra

tion does not significantly influence the binding mechanism. However,

-

Fig. 3. Snapshots issued from MD simulations showing the various types of con-

nection between two Eu 

3+ cations for a Eu 

3+ – Eu 

3+ distance of (a) 5.5 - 6,0 Å, 

(b) 6.2 – 6.5 Å, (c) 6.1 – 7.5 Å, (d) 6.6 – 7.2 Å, (e) 7.2 – 8.5 Å, and (f) 8.5 – 

9.7 Å. The same colors as in Fig. 1 have been used.

3+we observed that in the LowC1 system, the 

3+Eu – Eu connection

is primarily formed by NO 

− – H 2  

 

O, in contrast to the HighC3  1 sys-

tem, where all types of connections are present. This difference may 

stem from the varying hydration states of the aggregates, as the total 

number of water molecules per Eu 

3+ cation is higher at LowC1 than

at HighC1 (Table 1 −). The spatial arrangement of the NO  

 anions3  and 

H 

3+ 

2O molecules, and the distance between the Eu cations thus  

 

play a

crucial role in determining the nature of the interactions. This is further 

confirmed experimentally and theoretically by Qiao et al. [53] who stud

ied aggregate size and shape and  

 demonstrated that NO 

− bridges3  were 

detected at 

−shorter distances, while NO –H3  

 

2 

O and DMDOHEMA–NO 

−
3

 

−bridges were observed at longer  

 distances. Here, we observed NO 3
bridges at shorter distances, along with NO 

− –H3  2  

 

O and the combination 

of NO 

− -H3  2O bridges. However, the bridging patterns  

 

differ significantly.

Indeed, in 

−the work of Qiao et al., they reported four or two NO anions3  

 

forming a bridge; here we observed configurations with either three or 

  

− 

        

3+support  3+one NO anion. These findings our hypothesis that Eu –Eu3  

bridges form randomly, depending on the availability of nearby ligands 

capable of establishing hydrogen bonds within the coordination shell of 

nearby ions.

-

Furthermore, we investigated how the concentration impacts the 

number of oligomers formed during the simulation and their compo

sitions. The first coordination shell around the  

 central Eu 

3+ ion consists

of NO 

− anions, H 2  

 

O and DMDOHEMA molecu3  les, that are coordinat

ing the  

  Eu 

3+ cation with oxygen atoms. The molecules present in the 

second coordination shell form hydrogen bonds with the molecules in 

the first shell. To obtain information about the average composition of 

the aggregates we calculated previously, the RDFs 

3+between  

 the Eu ion 

and the central carbon atom of the DMDOHEMA molecule, the nitrogen

-

-
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Table 3 

Distance cutoffs (in Å) used to calculate the number of 

ligands in the aggregates.

Path Cutoff distancea 

First coordination shell

3+Eu  

 – O DMDOHEMA 

3.60
3+Eu – O −NO3 

3.20
3+Eu – OH2O 3.20

Second coordination shell

O DMDOHEMA 

– HH2O 

2.40

O −NO3 
– H H2  

O 

2.35

O H2 O 

– H H2 O 

2.40

a in Å.

−atom of NO anions,3  and the oxygen atom of the H 2 

O molecules. In this 

way, we obtained the 

−average  

 number of DMDOHEMA molecules, NO 3
anions and H 

3+ 

2O molecules around the Eu ion. However, this 

 

does not 

allow us to study the aggregate composition in detail. This is especially 

true for aggregates containing more than  

 one Eu 

3+ ion, where the bind

ing modes are more complex than in aggregates containing a single one 

Eu 

3+ ion. Therefore, to study the internal bonding in the aggregates, we 

developed  

 a code based on cutoff distances between the Eu 

3+ ion and 

the coordinating oxygen atoms of NO 

− anions, DMDOHEMA,3   and H 2 

O

molecules, as well as the distances between the species in the first and 

second sphere that can form hydrogen bonds. This allows us to study 

each aggregate separately and determine the differences between the 

monomers, 3+comprising  

 only one Eu ion, and larger aggregates with 

3+more  

 than one Eu ion. The detailed functionality of the code is avail

able in the Supporting Information. The cutoff distances were calculated 

from the RDFs between Eu 

3+ and the atoms directly bonded to it: the ke

tone oxygen atoms of DMDOHEMA, namely O DMDOHEMA 

(Figs. S3(c) and 

S4(c), SI), and  

 the oxygen atoms of NO 

−,3  namely O −NO3
 

 

(Figs. S3(d) and 

S4(d), SI) and H 2O, namely O H (Figs. S3(e) and S4(e), SI), by
2O       

   

consid
 

ering the distance that corresponds to the end of the first coordination 

shell position. To determine the second coordination shell, the RDFs be

tween the hydrogen atoms of the  

 H 2O molecules (H H the
2O) in  Eu 

3+
   

first 

 

coordination shell and the oxygen atoms of the DMDOHEMA molecules 

(Figs. S5(a) and S6(a), SI), NO 

− (Figs.3  S5(b) and S6(b), SI) and H 2 

O 

(Figs. S5(c) and  

 S6(c), SI) in the Eu 

3+ second coordination shell were 

-

-

-

-

-

used. All the cutoff distances are given in Table 3.

For the LowC1 simulation, we obtained on average 25 monomers 

and 1 dimer, as seen in Fig. 4 in blue. A detailed analysis of the

time-averaged composition of Eu 

3+ aggregates reveals that the Eu 

3+ 

monomers are composed of 3 NO 

− 

3 anions, 2 to 8 H 2 

O molecules, and

2 to 7 DMDOHEMA molecules (Fig. 5(a)). The average stoichiome-

try calculated for the Eu 

3+ monomers is 3.0 nitrate anions, 4.5 water 

molecules, and 4.4 DMDOHEMA molecules, whereas for the Eu 

3+ dimer 

it is 6.0 nitrate anions, 17.6 water molecules, and 6.3 DMDOHEMA 

molecules (Table S1, SI). Note that some water molecules (less than five) 

do not participate in Eu 

3+ oligomers, they are present in the bulk in

Fig. 4. Average numbers of Eu 

3+ monomers, dimers, trimers and tetramers 

formed during the simulations LowC1 (blue), HighC1 (red), LowC2 (purple), 

and HighC2 (orange).

interaction with DMDOHEMA molecules, as already observed by Vatin 

et al. [15]. Here, we observed that some monomers exhibited a rela-

tively high number of water molecules, typically 6–8 (Fig. 5), which 

exceeds the number of water molecules per Eu 

3+ cation in the sim-

ulation box, namely 5. Note that these numbers correspond to total 

numbers of water molecules in both the Eu 

3+ first and second coordina-

tion shells. By analyzing in more detail the time-averaged compositions 

of the Eu 

3+ first coordination shell, we observed that configurations 

with up to 7 water molecules in the Eu 

3+ first coordination shell are 

calculated (Fig. S7(a), SI). However, the occurrence of these highly hy-

drated monomers is low, and to compensate, there are some monomers 

with very few water molecules present. For monomers with a high num-

ber of water molecules in the Eu 

3+ first coordination shell, NO 

−
3 

anions

and DMDOHEMA molecules remain mainly in the Eu 

3+ second coor-

dination as the fully hydrated stoichiometry is 9 [35] (Fig. S8(a), SI).

Therefore, the presence of NO 

− 

3 anions and DMDOHEMA molecules in

the second coordination shell of Eu 

3+ monomers increases the likeli-

hood of monomers forming a dimer due to the numerous opportunities

for hydrogen bonds among the ligands and the availability of NO 

−
3 

an-

ions to form bridging interactions. As a result, the dimer is characterized 

by an increased water content (17.6 on average). Indeed, although the 

number of water molecules in the Eu 

3+ dimer is much larger than that 

of the Eu 

3+ monomer, the ratio between both stoichiometries is 3.9, 

which is comparable to that calculated by Ellis et al. (3.8). Regarding 

the DMDOHEMA molecules, their number in the Eu 

3+ dimer is notice-

ably less than twice that in the monomer, which is in agreement with 

the findings of Ellis et al. (i.e., Eu(NO 3 

) 3 

(H 2 

O) 0.8 

(DMDOHEMA) 3 

and 

Eu 2 

(NO 3 

) 6 

(H 2 

O) 3 

(DMDOHEMA) 4 

), who related this with the increase 

of the distribution ratio when the concentration of Eu 

3+ increases ini-

tially in the aqueous phase: the more Eu 

3+ cations are extracted, the less 

DMDOHEMA extractants are needed for their extraction [19]. Detailed 

analysis of the time-averaged composition of the aggregates shows that 

the maximum number of DMDOHEMA molecules in the Eu 

3+ first co-

ordination shell is for the monomer, while almost all DMDOHEMA 

molecules in the dimers are in its second coordination shell (Fig. S8(a), 

SI). In addition, not all of the DMDOHEMA molecules are bonded in the 

Eu 

3+ aggregates. Indeed, a total of 802 “free” DMDOHEMA molecules, 

corresponding to a concentration of 0.41 mol L 

-1 , are found in the bulk 

organic phase for LowC1.

For the HighC1 simulation, we obtained an average of 16.5

monomers and 5.3 dimers of Eu 

3+ (Fig. 4 in red). The time-averaged 

composition analysis of the Eu 

3+ aggregates indicates that the average

Eu 

3+ monomer consists of 3.0 NO 

− 

3 anions, 2.0 H 2 

O molecules, and 

3.6 DMDOHEMA molecules, and the Eu 

3+ dimer on average contains 

6.0 NO 

− 

3 anions, 4.0 H 2 

O molecules, and 6.2 DMDOHEMA molecules

(Fig. 5(b)). As already observed for the LowC1 system, the maximum 

number of DMDOHEMA participating to the Eu 

3+ monomer in the 

Eu 

3+ first coordination shell is three. However, contrary to what was 

observed for the dimers formed at LowC1, up to five DMDOHEMA 

molecules may be present within the first and the second cation co-

ordination spheres (Fig. S8(b), SI). This might originate from the low 

water content in the dimer, typically four water molecules in the Eu 

3+ 

first coordination shells (Fig. S7(b), SI), which corresponds to the num-

ber of H 2 

O molecules present in the simulation box per Eu 

3+ cation 

(which is 2). Furthermore, as already mentioned, the average number of 

DMDOHEMA per Eu 

3+ cation in dimers is not twice that in monomers, 

and, 18 free DMDOHEMA molecules remain in the bulk organic phase, 

which corresponds to a much lower concentration of free DMDOHEMA 

extractants (0.08 mol L 

-1 ) compared to what was obtained for LowC1. 

Finally, almost no free H 2 

O molecules (0.002 molecules) are present in 

the organic phase. Under these conditions, the organic phase is close to 

saturation in Eu(NO 3 

) 3 

salt.

In the literature, the aggregation of Eu 

3+ ions in the or-

ganic phase with DMDOHEMA extractant was studied experimen-

tally and theoretically. Muller et al. investigated the aggregation 

of Eu 

3+ ions in organic phase containing DMDOHEMA extractant
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Fig. 5. Composition maps of Eu 

3+ aggregates for (a) LowC1 and (b) HighC1. Color levels indicate the time-averaged numbers of Eu 

3+ aggregates, 𝑁 , also shown in 

white on each tile. Values at position 0 represent free molecules not participating in Eu 

3+ aggregates.

by spectroscopic techniques and DFT calculations, and they have 

found that Eu 

3+ aggregates were formed with a stoichiometry of 

Eu(NO 3 

) 3 

(H 2 

O) 1−2(DMDOHEMA) 2−4 

[54]. Similarly in the experi-

mental and theoretical study of Meridiano et al., they found that 

when the aqueous phase, containing Eu(NO 3 

) 3 

and LiNO 3 

salts,

is contacted with an organic phase containing 0.5 mol L 

-1 of 

DMDOHEMA, Eu 

3+ cations form aggregates with a stoichiometry

of Eu(NO 3 

) 3 

(DMDOHEMA) 4 

[55]. Moreover, Ellis et al. who in-

vestigated the Eu 

3+ aggregation in organic phase found that for 

the Eu 

3+ concentrations of 0.015 mol L 

-1 the aggregates formed 

have average stoichiometries of Eu(NO 3 

) 3 

(H 2 

O) 0.8 

(DMDOHEMA) 3 

and 

Eu 2 

(NO 3 

) 6 

(H 2 

O) 3 

(DMDOHEMA) 4 

) for the Eu 

3+ monomer and dimer,

respectively [19]. In our study, we calculated monomer aggregates with 

a stoichiometry in line with the literature, but further we observed the 

significant influence of the Eu 

3+ concentration on the number of ag-

gregates formed. Indeed, the higher the Eu 

3+ concentration, the larger 

the number of aggregates formed. The average aggregate composition 

analysis reveals that the number of DMDOHEMA molecules per Eu 

3+ 

cation increases non-linearly when comparing the monomers and dimers 

for both concentrations. However, the average numbers of DMDOHEMA

molecules and NO 

− 

3 anions per monomer or dimer remain consistent at

both concentrations. In contrast, the number of water molecules differs

significantly, with a substantially higher presence of water within the 

aggregates in the LowC1 simulation.

3.2. Influence of the starting point

Here, we investigate the influence of the starting point on the 

formation and composition of the aggregates. This was achieved by

maintaining identical Eu 

3+ concentrations as previously, i.e., 0.015 and 

0.126 mol L 

-1 , while varying the initial configuration of the aggregates 

(Fig. 1). In the simulation where the Eu 

3+ concentration is 0.015 mol L 

-1 

(LowC2), the initial aggregate is composed of two NO 

− 

3 anions, three 

DMDOHEMA and two H 2 

O molecules in the Eu 

3+ first coordination 

shell, whereas for the HighC2 simulation, it is composed of three NO 

− 

3
anions, two DMDOHEMA molecules, and one H 2 

O molecule in the Eu 

3+

first coordination shell (Fig. 1(c) and (d)). To understand the effect of 

the starting point on the aggregate compositions, we compare LowC1 

with LowC2, and HighC1 with HighC2.

Similarly to the previous analyses, we determined the cutoff dis-

tances by analyzing the RDFs between the central Eu 

3+ cation and 

the coordinating ligands (Figs. S9 and S10, SI) and between the lig-

ands present in the Eu 

3+ first and second coordination shells (Figs. S11 

and S12, SI). The distances are reported in Table 2. Our results do
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3+Fig. 6. Eu  

 –Eu 

3+ RDF calculated for Eu  -1 

 

3+ concentrations of (a) 0.015 mol L : LowC1 (blue) and LowC2 (purple), and (b) 0.126 mol -1 L  

 : HighC1 (red) and HighC2 

(orange).

not indicate significant differences in terms of distance between the 

Eu 

3+ cation and the coordinating ligands when comparing simula-

tions at low and high concentrations. When comparing LowC1 and 

LowC2, the coordination numbers show minor variations, yet both 

demonstrated the same trend: for both concentrations simulations, more 

DMDOHEMA molecules and NO 

− 

3 anions are bonded in the monoden-

tate mode than in the bidentate mode. However, when we compare 

HighC1 and HighC2 we observe that, for the HighC2 simulation, more 

DMDOHEMA molecules are bonded in the bidentate mode than in the 

monodentate mode, which contrasts with the behavior observed in sim-

ulation HighC1. This might be the consequence of the difference in the 

binding mode of DMDOHEMA in the initial aggregate, where, for the 

HighC1 system, both DMDOHEMA molecules are bonded in monoden-

tate mode, but for the HighC2 system, one of the two DMDOHEMA 

molecules present in the initial aggregate is bonded in bidentate mode. 

The NO 

− 

3 anions predominantly bonded the Eu 

3+ cation in the mon-

odentate mode regardless of the starting point, as already observed. 

It originates from the presence of water molecules in the Eu 

3+ first 

coordination (1.8–3.7) [56]. To study the coordination number, we cal-

culated the RDFs between Eu 

3+ and the coordinating atoms (oxygen 

atoms of DMDOHEMA, H 2 

O and NO 

− 

3 ). By integrating the peaks we cal-

culated total coordination numbers of 8.9 and 9 for LowC2 and HighC2, 

respectively, as already calculated for LowC1 and HighC1.

Further, we examined the influence of the starting point on the for-

mation of Eu 

3+ oligomers, first looking at the Eu 

3+ –Eu 

3+ RDFs (Fig. 6). 

The Eu 

3+ –Eu 

3+ RDF calculated for LowC2 and HighC2 simulations ex-

hibits additional peaks compared to LowC1 and HighC1, respectively 

(Fig. 6). In fact, the Eu 

3+ dimers experience a greater variety of con-

nections in the LowC2 and HighC2 simulations. However, in all cases,

the connection types remain the same: NO 

− 

3 bridges, NO 

− 

3 –H 2 

O bridges

and the combinations of the two. Furthermore, as already mentioned, 

the NO 

−
3 bridges connection types between the Eu 

3+ cations is predomi-

nant at short Eu 

3+ –Eu 

3+ distances, while combinations of NO 

− 

3 and NO 

−
3

– H 2 

O bridges are observed for intermediate Eu 

3+ –Eu 

3+ distances, and 

NO 

− 

3 – H 2 

O bridges at large Eu 

3+ –Eu 

3+ distances. In addition, for the

HighC2 simulation, we observed another connection type never found 

before, neither at low concentration nor in the HighC1 simulation, 

where a DMDOHEMA molecule forms H-bonds with water molecules 

forming a bridge between two Eu 

3+ cations, as shown in Fig. 7. A sim-

ilar connection was observed in the work of Qiao et al., where they

found DMDOHEMA bridging through NO 

− 

3 , while we only observed

DMDOHEMA forming a bridge via water molecules only. This connec-

tion corresponds to the Eu 

3+ –Eu 

3+ distance of the last peak, i.e., 11.5 Å 

(Fig. 6(b)).

As mentioned above, the connections between two Eu 

3+ cations 

are primarily facilitated by hydrogen bonds formed between the lig-

ands. As a result, the spatial arrangement of these ligands plays a 

crucial role in the formation of such connections. Here, we observed 

that different starting points affect these connections, mainly due to 

variations in the positioning of the ligands around the Eu 

3+ cation.

Fig. 7. Snapshot issued from the HighC2 MD simulation showing a DMDOHEMA 

molecule forming a bridge between two Eu 

3+ cations with two H 2 

O molecules 

belonging each to the Eu 

3+ first coordination shells.

The observed differences in connections further confirm that the for-

mation of these connections is indeed dependent on the arrangement 

of the ligands. However, it should be noted that the connection involv-

ing a DMDOHEMA ligand between two Eu 

3+ cations is very rare, as it 

occurred in only one Eu 

3+ dimer yet persisted throughout the entire 

HighC2 simulation.

As already performed for the LowC1 and HighC1 systems, we com-

pared the time-averaged compositions of the Eu 

3+ aggregates formed 

(Fig. 8). In the LowC2 simulation the system is composed on average 

of 22.4 Eu 

3+ monomers and 2.3 Eu 

3+ dimers (Fig. 4). Although there 

is a difference in the number of Eu 

3+ monomers and dimers formed 

compared to LowC1, where 25 monomers and 1 dimer are present, this 

difference is relatively small and does not indicate a significant deviation 

in the overall species distribution. However, this slight difference in the 

number of oligomers formed may result from different spatial orienta-

tions of the ligands around the Eu 

3+ ion. Indeed, this is mostly because, 

at the starting point of LowC2, only two NO 

− 

3 anions are present in the

Eu 

3+ first coordination sphere. During the simulation, the third NO 

−
3 

an-

ion, initially outside the Eu 

3+ first sphere, enters it, causing the spatial 

rearrangement of the ligands that can promote dimer formation.

For the LowC2 simulation, the numbers of DMDOHEMA molecules 

per Eu 

3+ cation are consistent with those calculated for the LowC1 sim

ulation. However, the number of NO 

− 3+anions  

 in3  the Eu monomers 

fluctuates between 2 and 3. This is directly related to the initial start

ing point configuration of this simulation, where 2 NO 

− anions are3   in 

 

the first coordination sphere and the third is outside. Since the NO 

− an3 

ions do not all enter the aggregate simultaneously, fluctuations arise 

between 

−monomers containing only two  

 NO anions3  and those with

three. Nevertheless, the number of monomers with only two 

−NO an3 

ions remains low and continues to decrease as the simulation progresses,

-

-

-

-
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3+
               

3+Fig. 8. Composition maps of Eu aggregates for (a) LowC2 and (b) HighC2. Color levels indicate the time-averaged numbers of Eu  aggregates, 𝑁 , also shown in 

white on each tile. Values at position 0 

3+represent  

 free molecules not participating in Eu aggregates.

with additional NO 

− 

3 anions incorporating into the aggregate. As a result, 

the final average stoichiometry of Eu 

3+ monomers consists of 3.0 NO 

− 

3
anions, 4.6 water molecules, and 4.1 DMDOHEMA molecules, which 

is similar to the one calculated for the LowC1 system (Table S1, SI). 

Indeed, quite a large number of water molecules are calculated in the 

Eu 

3+ first coordination shell (up to 6), promoting the formation of 

highly hydrated Eu 

3+ dimers (Fig. S7(c), SI). The average Eu 

3+ dimer 

contains 6.0 NO 

− 

3 anions, 8.1 water molecules, and 6.8 DMDOHEMA 

molecules. In the bulk organic phase, free DMDOHEMA molecules re-

main corresponding to a concentration of 0.41 mol L 

-1 which is similar 

to the LowC1 simulation. Indeed, the stoichiometries of DMDOHEMA 

molecules involved in the Eu 

3+ monomers and dimers are nearly iden-

tical between LowC1 and LowC2 (Table S1, SI) implying that almost 

the same number of DMDOHEMA participate in the oligomer forma-

tion. The only difference lies in the number of water molecules involved 

in the oligomers. Indeed, for the LowC1 simulation, only one dimer is 

present, in which more water molecules participate compared to the 

LowC2 simulation. Here, a large number of water molecules, typically 

6.2 on average, are present in the second shell of the aggregate (Table S1, 

SI).

For the HighC2 simulation, we calculated on average 3.3 monomers, 

8.3 dimers, one trimer, and one tetramer (Fig. 4). The analysis of the

time-averaged composition of the aggregates allows us to deter-

     

3+
      

−mine that the average Eu monomer is composed of 3.0 NO  

3
anions, 1.9 H 2O  

 

molecules, and 4.0 DMDOHEMA molecules. This

is followed by the dimer Eu 2 

(NO 3 

)6  

(H 2 

O)3.9 

 

(DMDOHEMA) 6.4 

,

the trimer Eu 3(NO 3) 9(H 2O)6 (DMDOHEMA) 

     8 

, and the tetramer

Eu 4 

(NO 3)    

 12 

(H2 

O)9 

(DMDOHEMA)11.1 

(Fig. 8(b)). Compared to 

the average Eu 

3+ monomer stoichiometry calculated for HighC1, 

i.e., Eu(NO 3 

)3  

(H 2         

 

O)2 

(DMDOHEMA)3.6 

(Table S1, SI), we observed that

the starting point does not significantly influence the composition of 

the monomer. Although the HighC2 initial configuration contains only 

one H  

 2O molecule in the 

3+Eu 

 

first coordination shell, compared to two 

in the HighC1 initial configuration, we observed a higher fluctuation 

in the number of water molecules for the HighC2 system (Figs. 5(b) 

and 8(b), and Fig. S7(b)–(d), SI). Indeed, it appears that the maximum 

ratio between cations and water, namely 1:2, is already reached at the 

beginning of the HighC1 simulation, whereas the equilibrium process 

occurs during the HighC2 simulation. Finally, the concentration of free 

DMDOHEMA molecules in the organic phase is close to that of the 

HighC1 simulation, 0.12 mol L 

-1 (vs. 0.08 mol L 

-1 for HighC1).

To further assess the robustness of our results, we performed addi-

tional 100 ns production simulations starting from the final configura-

tions of the 𝑁𝑉 𝑇 simulations discussed in this work. As already done,
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the last 50 ns of these trajectories were analyzed to compute the aver-

age number of oligomers and the corresponding composition maps. At 

a given concentration, fluctuations in the average number of oligomers 

were found to be more significant when using different initial config-

urations than when simply extending the simulation time (Fig. S13, 

SI). Nonetheless, the overall oligomer distributions remained similar 

across independent runs, except in the case of monomers for HighC 

simulations. This discrepancy arises from the presence of trimers and 

tetramers observed in the HighC2 system but not in HighC1. Similarly, 

aggregate stoichiometries showed greater variability across different 

starting points than with longer simulations, as illustrated in Figs. S14 

and S15 (SI) and Table S1 (SI). However, as already pointed out, the 

stoichiometries at local equilibrium remained consistent. These findings 

support the conclusion that local equilibrium was reached in all cases. 

Full thermodynamic equilibrium, in contrast, likely requires simulation 

times beyond the reach of conventional molecular dynamics. It is worth 

noting that, for each concentration, a total of 400 ns of simulation time 

was accumulated across independent trajectories, highlighting the effi-

ciency of this ensemble-based approach in sampling the relevant regions 

of phase space.

Our findings suggest that the starting point of the simulation, associ-

ated with a change in the initial micelle composition, influences only the 

size distribution of the aggregates and the number of large aggregates 

formed, not the local equilibrium average aggregate stoichiometries.

4. Conclusion

In the present paper, we investigated the formation of solvent ex-

traction aggregates composed of Eu(NO 3 

) 3 salts with DMDOHEMA

molecules solvated in 𝑛-heptane using classical molecular dynamics 

simulations. To understand the influence of the salt concentration on 

the aggregation properties, two organic phase compositions, based on 

experimental data obtained for two salt concentrations, were simulated, 

at 0.015 and 0.126 mol L 

-1 keeping the concentration of DMDOHEMA

constant (0.5 mol L 

-1 ). A detailed analysis of the compositions of ag-

gregates highlighted that, for both Eu(NO 3 

) 3 

concentrations, the main 

aggregates are predominantly in the form of Eu 

3+ monomers and dimers, 

with a higher ratio of monomers. However, increasing the Eu(NO 3 

) 3

concentration tends to increase the number of dimers. For both concen-

trations, the average Eu 

3+ monomer is composed of three nitrate anions 

and 3–4 DMDOHEMA molecules, the influence of the concentration be-

ing observable mainly on the number of water molecules involved in 

the monomers. Experimentally, the concentration of co-extracted wa-

ter varies as a function of the Eu(NO 3 

) 3 

concentration: it increases with 

the concentration of Eu(NO 3 

) 3 

. This is reflected in the composition of

the monomers as we calculated average numbers of 4–5 and 2 water 

molecules in the Eu 

3+ monomers at 0.015 and 0.126 mol L 

-1 , respec-

tively, which is close to or at the limiting Eu 

3+ :H 2 

O ratio of 1:5 for the 

LowC systems, and 1:2 for the HighC systems. The same trends have also 

been observed for the Eu 

3+ dimers. Indeed, at both Eu(NO 3 

) 3 

concen-

trations, the dimer is composed on average of six nitrate anions, and 

six DMDOHEMA molecules. As already mentioned for the monomer, 

the influence of the Eu(NO 3 

) 3 concentration is only observed on the 

number of water molecules involved in the dimers: almost 18 and 4 at 

0.015 and 0.126 mol L 

-1 , respectively. We demonstrated that the pres-

ence of the nitrate anions and water molecules in the polar core of the 

aggregates promotes the formation of the dimers, as various types of 

connections between Eu 

3+ cations are observed, primarily consisting of 

nitrate and nitrate-water bridges. The Eu(NO 3 

) 3 

concentration, which 

is related to the concentration of co-extracted water, is observed to 

significantly influence these connections. Indeed, at low concentration, 

where the number of water molecules per Eu 

3+ cation is higher than at 

high concentration, we observed that nearly all the bridges formed are 

nitrate-water bridges. However, the reduced number of dimers formed 

under these conditions indicates that the concentration of Eu(NO 3 

) 3 

acts 

as a limiting factor in the aggregate formation mechanism.

These results were made possible by implicitly accounting for polar-

ization in the Eu 

3+ cation environment via the use of an additional 1∕𝑟 

4 

term in the non-bonded interactions, and by performing MD simulations 

long enough to ensure that we reached equilibrium, allowing us to pro-

vide reliable structures. This was confirmed by examining the influence 

of the starting point on the structures of the formed aggregates. Indeed, 

even when using different initial configurations with varying numbers 

of nitrate anions, water molecules and DMDOHEMA ligands in the Eu 

3+ 

first coordination, the same average stoichiometries of Eu 

3+ monomers 

and dimers are observed as a function of the Eu(NO 3 

) 3 

concentration. 

The same observations concerning the presence of water molecules hold 

true: the dynamics of water in the vicinity of the cations, as well as the 

availability of ligands to form hydrogen bonds, play a crucial role in de-

termining the nature and the number of the aggregates formed. This is 

actually evidenced by the fact that new structures are observed at high 

concentrations consisting of Eu 

3+ trimer and tetramer, although in much 

smaller proportions compared to the monomers and dimers.

These results provide insights into the formation mechanism of ag-

gregates in solvent extraction, emphasizing both the dynamic nature 

of their formation and the long-range interaction effects. These effects 

are observed through the availability of counter-anions, water, and ex-

tractant molecules to form hydrogen bonds in the solvent extraction 

organic phase, these hydrogen bonds driving the connectivity patterns 

between the Eu 

3+ cations. This study highlights the importance of the 

co-extracted water in the structural and dynamical properties of solvent 

extraction aggregates, which can play a crucial role in the stability of 

these phases.
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