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We report DFT static and dynamic studies on uranyl complexes [UOZ(NO3)X(HZO)yLZ]2‘X involved in the
uranyl extraction from water to an “oil” phase (hexane) by an amide ligand L (N,N-dimethylacetamide).
Static DFT results “in solution” (continuum SMD models for water and hexane) predict that the stepwise
formation of [UO»(NOs),L,] from the UO,(H,0)s2* species is energetically favourable, and allow us to
compare cis/trans isomers of penta- and hexa-coordinated complexes and key intermediates in the two
solvents. DFT-MD simulations of [UO»(NO3),L,], [UO»(NO3)»(H,O)L,], and [UO,(NO3)(H,O)L,1™ species in
explicit solvent environments (water, hexane, or the water/hexane interface) represented at the MM or
full-DFT level reveal a versatile solvent dependent binding mode of nitrates, also evidenced by meta-
dynamics simulations. In water and at the interface, the latter exchange from bi- to monodentate, via in
plane rotational motions in some cases. Remarkably, structures of complexes at the interface are more
“water-like” than gas phase- or hexane-like. Thus, the order of U-Oyo,/U-O_ bond distances observed in
the gas phase (U-O,;; < U-0Oy) is inverted at the interface and in water. Overall, the results are consistent
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with the experimental observation of uranyl extraction from nitric acid solutions by amide analogues
(bearing “fatty” substituents), and allow us to propose possible extraction mechanisms, involving com-
plexation of L “right at the interface”. They also point to the importance of the solvent environment and

www.rsc.org/dalton the dynamics on the structure and stability of the complexes.

1. Introduction U0, (o) + 2NO3 (aq) + 2 Lirgy > [UOA(NO3)5L] rg) (2.0.22)

Oil-soluble N,N-dialkylamide ligands bearing hydrophobic

alkyl chains represent an interesting alternative to tri-n-butyl- (0] O\N/Oo,,% || \\\\\\L
phosphate (TBP) for the reprocessing of nuclear waste solu- L= )K So—zy Q
tions by liquid-liquid extraction. Like TBP, they selectively \N L “\O/N\O
extract UO,>" from concentrated nitric acid solutions, and | )

share most of its assets (e.g. stability towards radiolysis, etc.)."
In solution, they also form a neutral complex of 1:2 stoichio-
metry,> namely UO,(NO;3),(L),, where U is hexacoordinated in
the equatorial plane by two trans ligands L and two bidentate
nitrates (see Scheme 1), as in X-ray structure analogues.’
Additionally, being free of phosphorus atoms they are fully
incinerable and are thus “greener” than TBP. In the source
phase (water) UO,>" is solubilized as (nitrato)aquo complexes

2.0.2a

Scheme 1 Uranyl nitrate extraction by N,N-dialkylamides. N,N-
Dimethylacetamide (L) has been considered herein, as a simplified
model for more lipophilic amides featuring longer alkyl chains employed
in extraction experiments. “aq” and “org” stand for the aqueous and the
organic phases, respectively.

[UO,(NO;),(H,0),]*"*. Transfer to the organic phase therefore
requires displacement of the coordinated water by lipophilic
ligands while co-extracting nitrates to keep the complex
neutral. The intimate complexation and extraction mechanism
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is unknown and intriguing since L partitions to the organic
phase, immiscible with the aqueous source phase, while the
uncomplexed cation is insoluble in the oil phase. Understand-
ing where and how uranyl complexation takes place in bipha-
sic solutions is crucial from a fundamental and an industrial
point of view. In practice, ion extraction is not a simple
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process, since the two phases are agitated and involve hetero-
geneous mixtures (like salts and concentrated acids in the
source phase and aggregates, micelles or microemulsions in
the oil phase).'®* Early kinetic studies on uranyl extraction
pointed to the importance of interfacial complexation reac-
tions,” without affording microscopic characterization of the
interface, though. Microscopic views stem from classical mole-
cular dynamics “MD” simulations on explicitly represented
nanosized oil/water solutions of ions,® extractants and their
complexes.” The interface is generally found to be quite sharp
and abrupt, a few nanometers wide, and to fluctuate
with time, without local intersolvent mixing. Extractants like
TBP’“® or fatty amides® are amphiphilic and adsorb at the
aqueous interface, as suggested by surface tension,'® kinetic or
surface spectroscopy'' studies, hinting at a complexation
mechanism occurring “at the interface”, without defining its
characteristics (size, composition, inter-solvent miscibility,
electrostatic properties) though.

Regarding the accurate description of the evolution of ion
coordination features with time and solvent environment, clas-
sical MD results are limited, however, by the empirical
energy representation. In principle, quantum mechanical QM
approaches with an explicit account of solvation effects are
more suitable. Two QM approaches are used here, focusing on
the uranyl speciation at different key stages of the extraction
reaction. First, ab initio Molecular Dynamics (AIMD) simu-
lations have been undertaken in explicitly represented solvent(s)
to gain insights into the uranyl speciation and complexa-
tion features, and to obtain relevant structural, thermodyn-
amics and kinetics data on chemically relevant model systems
in the source phase (water), the receiving phase (hexane), and
at their interface. The simulated times (30-40 ps) are long
enough to relax and solvate a given structure in its environ-
ment and to test its (in)stability, but are far too short to
observe spontaneous complexation/decomplexation processes
of the ligands. In the second approach, the solute is described
at the DFT level, while the solvent is treated by a simple conti-
nuum, allowing us to energetically compare different species
“in bulk solutions”, namely the water and oil phases. Our DFT
and AIMD studies aim at better understanding the nature of
[UO,(NO;),(H,0),(L).J>™ species, and the gradual formation of
UO,(NO;3),(L), complexes. To investigate whether the structure
of these species at the interface is rather “water-like” or “oil-
like”, they will be simulated in the three environments using
our recently developed DFT/MM protocol'® combining a DFT
representation of the solute and, at a lower level, a molecular
mechanics model for the solvent. These results will allow us to
better understand “what happens at the interface”’® during
uranyl extraction.

2. Methods

2.1. Static DFT calculations

2.1.1. Geometries and thermodynamic corrections. Geo-
metries of all complexes were fully optimized at the BLYP-D3/
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SDD level, i.e. employing the exchange and correlation func-
tionals of Becke'® and Lee, Yang, and Parr,'® respectively, in
conjunction with the “SDD” basis, denoting the small-core
Stuttgart-Dresden relativistic effective core potential (ECP) on
U together with its valence basis set'® (from which the most
diffuse s-, p-, d-, and f-functions were omitted, affording a
[7s6p5d3f] contraction), and the standard 6-31G(d,p) basis for
all other elements and suitable auxiliary basis sets for the
fitting of the Coulomb potential."” A fine integration grid was
employed (“Ultrafinegrid” keyword). Harmonic frequencies
were computed analytically and were used without scaling to
obtain enthalpic and entropic corrections at 25 °C. The corres-
ponding correction terms OEg were estimated at the BLYP-D3/
SDD level and have been obtained as the difference of the reac-
tion energy of a given step (AEgryppsspp) and the corres-
ponding free energy (AGgryp-p3/spp):

8EG = AGgLyp-p3/spp — AEBLYp-D3/SDD (1)

The entropic contributions have been evaluated at a
pressure of 1354 atm in order to model the changes in entropy
for a condensed phase.'®

2.1.2. Refined energies. Refined energies were obtained
from single-point calculations on BLYP-D3/SDD geometries
(unless otherwise specified). A larger basis set (denoted SDD+)
has been employed, consisting of the same ECP and valence
basis on U (augmented with a g-function with exponent 0.5),
and the aug-cc-pVIZ basis'® elsewhere, in conjunction with a
variety of DFT and ab initio methods, namely, BLYP, BLYP-D3,
B3LYP,">*° PBE0-D3,>' M06,*> M06-2X,>* and CCSD(T). Reac-
tion energies computed at these levels are denoted AEgys.

Energies have been corrected for the basis set superposition
error (BSSE) using the counterpoise method.*®> The BSSE
energy corrections are denoted 8Eggsgg, in the rest of the paper.

Estimates of the solvation effects were computed using the
SMD model** where the solute is immersed in a shape
adapted isotropic polarizable continuum, with a dielectric con-
stant ¢ = 78.3553 for water and ¢ = 1.8819 for hexane. The
corresponding media will be denoted hereafter SMD-water and
SMD-hexane, respectively. The 6E,, energy correction is
defined as the difference between the reaction energy in the
continuum (denoted AEgyvp) and in the gas phase (AEg,), at
the M06-2X/SDD+ level:

8Esoly = AEsyp (M06-2X) — AEgys(M06-2X) (2)

2.1.3.
values are calculated as a sum of all energy correction terms,
added to the raw gas phase reaction energies (AEq,s):

Free energies of reactions in solution. The final AG

AG = AEg,s + 8Esoly + 8Epssk + OEg. (3)

where AEg,, is computed with three different density
functionals (namely, BLYP-D3, PBE0-D3 and M06-2X) with
the SDD+ basis set, whereas 8Es,, and 8Eg are systematically
computed at the MO06-2X/SDD+ and BLYP-D3/SDD levels,
respectively.

This journal is © The Royal Society of Chemistry 2015
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All DFT calculations have been performed with the
Gaussian09 software (rev. D.01),>® and CCSD(T) single points
were obtained with NWChem (version 6.1.1).%¢

2.2. Molecular dynamics simulations

2.2.1. Classical MD. Classical “MM” molecular dynamics
(MD) simulations were performed with the AMBER force
field,>” where the potential energy is described by a sum of
bond, angle, and dihedral deformation energies, and pairwise
additive 1-6-12 (electrostatic + van der Waals) interactions
between non-bonded atoms. Force field parameters on hexane
stem from the set of Optimized Potentials for Liquid Simu-
lations (OPLS) developed by Jorgensen,® where methyl and
-CH,- groups are represented in the united atom approxi-
mation with neutral atomic charges. Water is described using
the TIP3P model.>® Force-field parameters on UO,>" and NO;~
were taken from ref. 30. Atomic charges on L were derived
from the electrostatic potential obtained from static DFT calcu-
lations (B3LYP/6-31G** level). These ESP charges were fitted by
the RESP procedure using a hyperbolic restraint of 0.001 a.u.
and are provided in Table S1.} van der Waals parameters on L
are taken from the AMBER/PARMY94 force-field.>" Cross-terms
in van der Waals interactions were constructed using Lorentz—-
Berthelot mixing rules. The MD simulations were performed
under 3D periodic boundary conditions. Non-bonded inter-
actions were calculated using a 12 A atom-based cutoff, cor-
recting for the long-range electrostatics using the Ewald
summation method.*” Small boxes (for subsequent DFT-MD
simulations) contained one complex and 89 H,O molecules in
cubic boxes of cell length 15 A. Large boxes (for subsequent
DFT/MM-MD simulations) contained 3000 hexane molecules
and/or 9000 water molecules plus a single uranyl complex,
yielding boxes of ca. 45 x 45 x 45 A® for monophasic systems.
Biphasic systems were constructed from two adjacent boxes of
bulk phases, with the complex initially at the interface, there-
fore yielding parallelepipedic boxes of ca. 45 x 45 x 90 A®.
After 1000 steps of energy minimization, the systems are pre-
equilibrated by 50 ps of MD in the NVT ensemble (T = 300 K)
followed by 200 ps of MD in the NPT ensemble (T = 300 K,
P =1 atm) to ensure that near-experimental liquid densities
are afforded. The MD was then continued for 100 ps in the
NVT ensemble. The temperature was controlled by coupling to
a thermal bath with a relaxation time of 0.2 ps, using the
Berendsen algorithm. Uranyl complexes were simulated as pre-
formed entities, with weak harmonic constraints on all metal-
ligand distances (equilibrium distances are set to the corres-
ponding DFT-optimized distances). All C-H, O-H and N-H
bonds were constrained with SHAKE, and the Verlet leapfrog
algorithm with a time step of 2 fs was used to integrate the
equations of motion. These simulations were performed with
the AMBER10 software.*?

2.2.2. Ab initio molecular dynamics (DFT-MD). Ab initio
MD simulations were performed using the QuickStep
module®* of CP2K,* which performs DFT-MD using a dual
basis set method. Here, the wavefunctions are described by a
Gaussian basis set while the electron density is described by

This journal is © The Royal Society of Chemistry 2015
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an auxiliary plane wave basis set. A triple-{ Gaussian basis set
augmented with two sets of d-type and p-type polarization
functions (TZV2P) was used on N, O, C and H.*® Plane
waves were expanded up to a density cutoff of 400 Ry and
used in conjunction with the GTH pseudopotentials®” to
describe the core electrons. The pseudopotential and basis set
on U have been taken from Rabone and Krack,*® and have
been successfully employed to describe uranyl solutions.*®
These calculations were performed using the BLYP-D3
functional with NN50 smoothing and without the so-called
“three-body terms”. These simulation parameters were
chosen because they allow for a satisfying description of liquid
water under ambient conditions,’® and should therefore
provide a proper description of aqueous solutions in general.
For every time step of 0.5 fs, the electronic structure was
explicitly quenched to a tolerance of 10”7 Hartree. To maintain
the time step and reduce the importance of quantum
nuclear effects, hydrogen was substituted with deuterium.
All simulations were run in the NVT ensemble, using a
single Nosé-Hoover thermostat’’ (T = 320 K, frequency
1800 cm™'), and were started from a “classically” pre-equili-
brated box (as described in section 2.2.1. above) from
coordinates.

2.2.3. DFT/MM molecular dynamics simulations (DFT/
MM-MD). The energies of the DFT and MM regions were com-
puted using the QuickStep and FIST modules of CP2K, respect-
ively. The DFT region is described using the same parameters
as in full DFT-MD simulations (TZV2P basis set, 400 Ry cutoff,
GTH pseudopotentials, 0.5 fs time step; see above). The inter-
action between DFT and MM regions was calculated using the
procedure developed by Laino et al.**> Ten Gaussian functions
were used for the Gaussian Expansion of the Electrostatic
Potential (GEEP). The DFT box was cubic with a cell length of
16.5 A. The periodicity was only applied to the MM box and
the DFT images were decoupled using the wavelet scheme®?
implemented in CP2K. Covalent radii r., of water H and O
were set to 0.44 A and 0.78 A, respectively. The starting coordi-
nates of the systems were taken after classical MD by following
the pre-equilibration procedure described in section 2.2.1.
DFT/MM-MD simulations were started after an additional
250 ps of classical MD using the FIST module of CP2K to ther-
malize the systems (with the same metal-ligand constraints to
keep the complex formed).

3. Results and discussion

The paper is organized as follows: we first present a bench-
mark of density functionals to validate our models in the gas
phase. Then, we tackle the question of the speciation of mixed
UO0,**/NO; /H,0/L complexes in SMD-water. Finally, we inves-
tigate the structure and the dynamics of selected complexes by
DFT/MM-MD and DFT-MD simulations in explicit hexane,
water and at the hexane/water interface. Based on these
results, we propose two reaction pathways for the extraction
process of UO,>" by L in hexane/water binary systems.

Dalton Trans., 2015, 44, 2623-2638 | 2625
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3.1. Influence of the density functional and validation of the
computational protocol in the gas phase

We first screened selected density functionals to account for
the relative stability of three isomers of the [UO,(NO;)(H,0)4]"
complex (see Scheme 2). The latter have been studied in detail
previously (see ref. 44) by static calculations in the gas phase
(BLYP level) and represent a good test case to investigate the
relative stability of hexa- vs. penta-coordinated complexes
and H,O dissociation vs. partial decoordination of NO;™,
which are relevant to the speciation study undertaken herein.
We first computed the relative energies of the three isomers at
the CCSD(T) level (the “gold standard” in quantum chemistry)
and then considered different density functionals (see relative
energies in Table 1).

In ref. 44, BLYP calculations showed that the penta-
coordinated isomer “1.3.0..H,O” is the most stable (by
8.7 kcal mol™"), while 1.4.0a and 1.4.0b are very close in
energy, the latter being slightly more stable than the former
(by 1.6 kcal mol™). Repeating these calculations at the BLYP/
SDD+ level, we obtain similar values (6.8 kcal mol™" and
1.9 keal mol™, respectively). Comparing these results with our

+ ? o + +

o]

N~

oo, || O O\N\/Of% | .OH,

U—OH o0—u
07 | on Heg?” [ ok,

(o] / (@]

,«"H
14.0a 1.4.0b H0" 13.0..H,0
Scheme 2 Isomers of the [UO,(NO3)(H,0),4]* complex considered for

the benchmark of density functionals (see Table 1 for relative energies at
various computational levels).

Table 1 Benchmark of density functionals against CCSD(T). Gas phase
energies in kcal mol™?

1.4.0a — 1.4.0b 1.4.0a — 1.3.0...H,O

AEga AEg,“ (cor.) AEgas AEg," (cor.)
Single point energies on BLYP optimized geometries”
CCSD(T)/SDD+ 6.2 [5.5] -2.4 [-3.8]
BLYP (CP-opt)” 1.6 -8.7
BLYP/SDD+ 2.0 [1.9] —-6.7 [-6.8]
BLYP-D3/SDD+ 2.5 [2.5] —-4.0 [-4.1]
BLYP-D3 (CP2K) 3.3 -2.3
PBE0-D3/SDD+ 4.6 4.5 —4.1 [-4.3
MO06/SDD+ 6.1 6.1 -1.3 [-1.5
M06-2X/SDD+ 6.6 6.6 -0.7 [-0.8
B3LYP/SDD+ 3.4 3.3 -5.8 [-5.9
MP2/SDD+ 11.8 [11.9 0.0 [-0.3

Single point energies on BLYP-D3/SDD optimized geometries

BLYP-D3/SDD+ 2.8 2.7 -3.5 [-3.6

PBEO-D3/SDD+ 5.6 5.6 -3.1 [-3.2

MO06-2X/SDD+ 7.7 7.7 0.0 [-0.1
“The basis set is aug-cc-pVTZ everywhere. ” Car-Parrinello

optimizations from ref. 44. “ Gas phase energies including a correction
for the BSSE (counterpoise method).
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CCSD(T)/SDD+ reference, it is found that BLYP predicts the
correct sequence of stability among the series but underesti-
mates both the binding of the sixth aquo ligand and the
bidentate coordination mode of the nitrate, making the hexa-
coordinated complex 1.4.0a artificially too unstable. This
feature is (at least partially) due to the lack of an explicit
description of van der Waals interactions, and more accurate
values can be obtained after addition of the “~D3” correction,
i.e. at the BLYP-D3 level. At this level, the relative stability of
“1.3.0...H,O” vs. 1.4.0a is well described, but 1.4.0a is not
stabilized enough compared to 1.4.0b (by ca. 3 instead of
5.5 kcal mol™'). PBEO-D3 appears to give more satisfactory
results, since it allows for a good description of the H,O
binding in 1.4.0a and better describe the relative stability of
1.4.0a vs. 1.4.0b. Interestingly, M06 and M06-2X, which have
been recommended for actinide complexes elsewhere,*®
slightly overestimate the stability of 1.4.0a vs. 1.4.0b and sig-
nificantly underestimate the H,O binding in 1.4.0a. The
popular B3LYP functional, which we employed in previous
studies,”” gives more balanced results but still underestimates
the stability of the hexacoordinated species 1.4.0a compared to
the two pentacoordinated species. We also considered the MP2
level that has been widely employed in the literature to study
uranyl compounds®*® and we found significant deviations com-
pared to the CCSD(T) reference (see Table 1). The hybrid func-
tionals considered herein (M06, M06-2X and PBE0-D3) provide
more satisfying results.

Given the good performance of PBE0-D3 compared to
CCSD(T), we therefore calculated AEg, at this level in the rest
of the paper. Results with BLYP-D3 and M06-2X are also pro-
vided in the ESI (see Table S27). For consistency with AIMD
simulations (vide infra), the geometries of all complexes have
been optimized at the BLYP-D3/SDD level. We note that our
conclusions on the relative performances of BLYP-D3, PBE0-D3
and MO06-2X single point calculations remain the same on
these BLYP-D3/SDD optimized geometries (see Table 1), so
that PBE0-D3/SDD+ still appears as the most satisfying model
among those tested herein.

3.2. Speciation of [UO,(NO;),(H,0),L.]*~* complexes
(x=0,...,2,y=0,..,5and z = 0,..., 2) from “static” DFT
calculations in SMD-water

We investigated the relative stabilities of [UO,(NO;)(H,0) L.~
complexes (x = 0,..., 2, y = 0,..., 5 and z = 0,..., 2) in water
relative to the dicationic uranyl pentahydrate [UO,(H,0)s]*"
(0.5.0) and free nitrates and L ligands, i.e. according to eqn (4):

[UOZ(H20)5}2+(aq) + .’X.‘NO37(aq) + 2L (aq)
- [Uoz(Nos)x(Hzo)yLz]Z_x(aq) + (5 _y)HZO(aCI) (4)

Given the large number of possible stereoisomers, we first
focused on a consistent series of complexes where nitrates
and/or L are in trans position, as in 2.0.2a and found in the
solid state structures® (see Scheme 3). Selected “isomers”
(including some with ligands in cis position) have also been
considered (see Scheme 4), as the latter should be more polar

This journal is © The Royal Society of Chemistry 2015
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230a ° 221 © 212a
(-13) (-11.1) (-12.1)
Scheme 3 Investigated complexes labelled according to the number of

nitrate (first digit), aquo (second digit), and L ligands (third digit). The “a”
label corresponds to trans isomers (other isomers are shown in
Scheme 4). Reaction free energies in SMD-water according to eqn (4)
are given in red (see Table 2 for details).

and possibly more stable in polar or asymmetrical environ-
ments such as bulk water or the interface. Reaction free ener-
gies in SMD-water are gathered in Table 2.

Interestingly, in water, both nitrates and L displace water
from 0.5.0. The driving force for complexation of a first nitrate
is relatively weak when only one water is displaced from 0.5.0,
leading either to 1.4.0a (—1.1 kcal mol™) or 1.4.0b (-1.9 kcal
mol™, see Table 2). However, the displacement of two aquo
ligands by a nitrate is more favourable and affords 1.3.0 with a
significant free energy gain of 8.9 kcal mol™". A similar value
is obtained when considering the formation of the microsol-
vated complex “1.3.0...H,0” (7.6 kcal mol™"; see Scheme 2).
These results therefore suggest that, in bulk water, the mono-
nitrate complex should preferably exist as a penta-coordinated
species possessing three aquo ligands. The complexation of a
second nitrate is also thermodynamically favourable but to a
lesser extent, especially when the hexa-coordinated 2.2.0a
complex is afforded (AG = —11.5 kcal mol™"). Similarly, the dis-
placement of water by amides is thermodynamically favourable
in water, regardless of the number of coordinated nitrates. In
the dicationic series (0.5.0, 0.4.1 and 0.3.2a/b), every H,O/L
exchange releases ca. 5 kcal mol™, yielding a highly negative
free energy of formation of 0.3.2a (—10.1 kcal mol™"). This
feature is observed regardless of the isomer that is considered

This journal is © The Royal Society of Chemistry 2015
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Scheme 4 Investigated isomers. See Scheme 3 for the legend.

since the cis isomer (0.3.2b) is found to be isoenergetic with
the trans one (0.3.2a). A similar behaviour is observed in the
monocationic series (1.3.0, 1.2.1 and 1.1.2a), where the free
energy of formation of 1.1.2a amounts to —19.1 kecal mol™,
making this complex one of the most stable among those con-
sidered in this study. Monocationic complexes featuring
a monodentate nitrate and two aquo ligands (affording
a penta-coordination) are higher in free energy by ca.
9 keal mol™" (see 1.2.2a-d in Table 2).

When neutral complexes are considered, H,O — L
exchanges are still favourable: complexes with two L ligands
(2.0.2a and 2.1.2a) are more stable than those with one or zero.
As a result, the formation of 2.0.2a is exergonic in water, by
—16.6 kecal mol™". Neutral complexes possessing two mono-
dentate nitrates and an additional aquo ligand to afford a

Dalton Trans., 2015, 44, 2623-2638 | 2627
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Table 2 Reaction energies (AEg,s), correction terms for BSSE (5Egsse), solvation (8Esq,), and thermochemistry (5E), and the resulting reaction free

energies (AG) in kcal mol™ in SMD-water®

AEgas 5EBSSE 6Esolv 6EG AG
0.5.0 +L — 0.4.1 + H,O -35.2 0.2 27.3 2.8 —-4.9
0.5.0 + 2L — 0.3.2a + 2H,0 —63.8 0.4 49.1 4.2 -10.1
0.5.0 + 2L — 0.3.2b + 2H,0 —-62.1 0.4 46.8 4.6 -10.4
0.5.0 + NO;~ — 1.4.0a + H,O -191.9 0.2 186.0 4.6 -1.1
0.5.0 + NO;~ — 1.4.0b + H,O —-186.3 0.2 181.6 2.6 -1.9
0.5.0 + NO;~ — 1.3.0...H,O0 + H,O —-195.0 0.2 184.1 3.1 -7.6
0.5.0 + NO;~ — 1.3.0 + 2H,,0 -177.4 -0.1 173.1 —4.5 -8.9
0.5.0+L+NO;” — 1.2.1 +3H,0 —200.8 0.1 189.3 —-2.8 —-14.2
0.5.0 + 2L + NO;~ — 1.1.2a + 4H,O —-219.6 0.3 201.3 -1.1 -19.1
0.5.0 + 2L + NO3;~ — 1.1.2b + 4H,0 —-219.1 0.3 199.4 0.5 -19.0
0.5.0 + 2L + NO;™ — 1.2.2a + 3H,0 —229.3 0.6 208.1 9.8 -10.8
0.5.0 + 2L + NO;~ — 1.2.2b + 3H,0 —226.6 0.6 207.6 8.3 -10.1
0.5.0 + 2L + NO3;~ — 1.2.2¢ + 3H,0 —228.8 0.6 207.6 9.6 -11.0
0.5.0 + 2L + NO3;~ — 1.2.2d + 3H,0 —225.8 0.6 205.8 10.1 -9.3
0.5.0 + 2NO3;~ — 2.2.0 + 3H,0 -301.7 0.1 291.6 -1.5 -11.5
0.5.0 +L+2NO; — 2.1.1 + 4H,0 -311.0 0.3 294.9 1.0 -14.9
0.5.0 + 2L + 2NO3;™~ — 2.0.2a + 5H,0 -316.0 0.5 296.7 2.3 -16.6
0.5.0 + 2L + 2NO;~ — 2.0.2b + 5H,0 -316.6 0.5 294.4 3.7 -18.1
0.5.0 + 2L + 2NO3;™ — 2.0.2¢ + 5H,0 -307.3 0.5 290.4 4.0 -12.4
0.5.0 + 2L + 2NO;~ — 2.0.2d + 5H,0 -315.0 0.5 294.5 1.8 -18.1
0.5.0 + 2L + 2NO3;™ — 2.0.2e + 5H,0O -308.6 0.5 290.1 1.3 -16.8
0.5.0 + 2L + 2NO;~ — 2.0.2f + 5H,0 -302.9 0.5 287.6 1.3 -13.5
0.5.0 + 2L + 2NO5 ™~ = TSy.0.2a 2,021 + 5H,0 —-313.0 0.5 293.4 4.2 -15.0
0.5.0 + 2L + 2NO3~ = TS;.0.2b2.0.2¢ + 5H,0 —-306.2 0.5 288.6 3.2 -13.9
0.5.0 + L + 2NO3;~ — 2.0.1 + 5H,0 —295.4 0.0 284.0 -7.2 -18.6
0.5.0 + 2L + 2NO3;™ — 2.1.2a + 4H,0 -320.6 0.8 297.5 10.2 -12.1
0.5.0 + 2L + 2NO;~ — 2.1.2b + 4H,0 -311.3 0.8 292.7 11.6 —-6.3
0.5.0 + 2L + 2NO3;™ — 2.1.2¢ + 4H,0 —-322.8 0.8 296.5 12.8 -12.7
0.5.0 + 2L + 2NO;~ — 2.1.2d + 4H,0 -317.4 0.8 298.4 13.3 —4.8
0.5.0 + 2L + 2NO3;™ — 1.1.2a..NO;~ + 4H,0 -321.9 0.8 297.1 15.0 -8.9
0.5.0 + 2L + NO3~ — 2.0.2b...H,0 + 4H,0 -323.1 0.8 299.2 11.4 -11.7
0.5.0 + 2NO;~ — 2.3.0a + 2H,0 -303.5 0.4 293.8 8.0 -1.3
0.5.0 + L+ 2NO3;~ — 2.2.1 + 3H,0 -315.5 0.9 297.7 5.7 -11.1
0.5.0 + L +2NO;3; — 2.0.1 + 5H,0 —295.4 0.0 284.0 —7.2 -18.6
0.5.0 + 2L + NO;~ — 1.0.2 + 5H,0 -197.5 0.0 186.7 —8.6 -19.4

“AG = AEgy + 8Epssy + 8Esory + 8Eg Where AEg,, and 8Egggy are computed at the PBE0-D3/SDD+ level, 8Esoy, is computed at the M06-2X/SDD+
level with water as the solvent, and 8Eg is computed at the BLYP-D3/SDD level. BSSE corrections are 0.3, 0.5 and 0.5 kcal mol™" for the

dissociation of H,O, NO;™ and L, respectively.

penta-coordinated uranyl are less stable regardless of the
isomer considered (2.1.2a-c, see Schemes 3 and 4): water
should thus decoordinate from 2.1.2a to afford 2.0.2a/b. Simi-
larly, a spontaneous release of water from 2.1.2c¢ to afford
2.0.2d/e is predicted.

3.3. Structure, dynamics and solvation patterns of
[U0,(NO;),L,] (2.0.2) in hexane, water and at the hexane/water
interface

We investigated six “isomers” of the [UO,(NOj;),L,] complex
(2.0.2a-f; see Schemes 3 and 4) in the three different environ-
ments relevant for the extraction process: bulk hexane, bulk
water and the hexane/water interface.

3.3.1. Energy comparison of different “isomers”, investi-
gated by static DFT calculations in the bulk phases. First, we
performed static DFT calculations in SMD-hexane and SMD-
water. The results gathered in Table 3 show that the relative
stabilities of the different isomers markedly depend on the
nature of the solvent polarity. In SMD-hexane, 2.0.2a is the
most stable isomer. The partial decoordination of a nitrate to
afford a n' binding mode (in 2.0.2b) costs 1.9 kcal mol™". The

2628 | Dalton Trans., 2015, 44, 2623-2638

cis isomer 2.0.2d with two bidentate nitrates is almost iso-
energetic with 2.0.2a, and the bi- to mono-dentate coordi-
nation exchange of a nitrate to afford 2.0.2e is more
demanding (5.7 kcal mol™). The n*> to n' change of coordi-
nation mode of the two nitrates to afford a tetra-coordinated
uranyl complex is highly unfavourable, by ca. 11 kcal mol ™,
regardless of the cis/trans isomer considered (2.0.2¢ and
2.0.2f). Also, the full dissociation of one amide ligand from
2.0.2a is thermodynamically uphill, by 9.1 kecal mol ™. The full
dissociation of NO;™ is prohibitive, as expected, because it is
poorly solvated by hexane. In SMD-water, 2.0.2a is not the
most stable of the series anymore and the n>- to n* flipping of
a nitrate is favoured by —1.5 kcal mol™'. Moreover, the cis
isomer (2.0.2d) becomes more stable than 2.0.2a, by —1.6 kcal
mol . The partial decoordination of the two nitrates is also
unfavourable, but to a lesser extent than in hexane (see 2.0.2¢
and 2.0.2f). In SMD-water, however, the full dissociation of
one L or NO;™ ligand becomes possible, since 2.0.1 and 1.0.2
are more stable than 2.0.2a by —2.0 and —2.9 kcal mol ™,
respectively, according to this implicit solvation model. As
seen above, in the gas phase or in an apolar solvent, such a

This journal is © The Royal Society of Chemistry 2015
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Table 3 Relative free energies (kcal mol™) of isomers of [UO,(NOs),L,l
and of [UO,(NO3),(H,O)L,]l complexes in the gas phase, hexane and
water?

Gas® Hexane® Water?
[UO,(NO;),L,] complexes
2.0.2a 0.0 0.0 0.0
2.0.2b 0.8 1.9 —-1.5
2.0.2¢ 10.4 11.1 4.2
2.0.2d 0.6 0.8 —-1.6
2.0.2¢e 6.4 5.7 —-0.2
2.0.2f 12.2 12.2 3.1
TS,.0.2a-2.0.2b 4.9 5.1 1.6
TS5.0.2b-2.0.2¢ 10.7 11.2 2.6
2.01+L 10.7 9.1 -2.0
1.0.2 + NO;~ 107.1 63.5 -2.9
[UO,(NO3),(H,0)L,] complexes
2.1.2a —-0.3 0.2 0.7
2.1.2b 10.3 10.6 6.5
2.1.2¢ 0.0 0.0 0.0
2.1.2d 6.0 7.0 7.9
1.1.2a + NO3;~ 89.3 47.0 —5.8

“Values reported in the table are calculated as: AG = AEg, + 8Epssg +
SEgoy + SE(,, where AEgds and SFEpggy are computed at the PBEO0-D3/
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ligand dissociation is highly endergonic, showing the impor-
tance of polar solvation.

3.3.2. Dynamics of the [UO,(NO3),L,] complex (2.0.2) in
the bulk phases and at the interface. To further analyze the
structure and stability of the [UO,(NOj3),L,] complex in the
different environments (hexane, water and at the interface), we
performed MD simulations in these explicitly represented sol-
vents at the MM level (DFT/MM-MD simulations) or at the full
DFT level in water for comparison (DFT-MD simulations) start-
ing from 2.0.2a. The simulated time (32 ps) is too short to
observe ligand exchanges but reveals interesting solvent-
dependent fluxional behaviour of nitrates, as seen from the
time evolution of the U-O,;; distances and the total equatorial
coordination number*® (Fig. 1).

In bulk hexane, the complex retains its hexa-coordination
for ca. 22 ps of MD, and then one nitrate becomes monoden-
tate to afford 2.0.2b for the remaining 10 ps of MD. In bulk
water, the nitrates exhibit a fluxional behaviour, where one
quickly moves from a bidentate to a monodentate coordi-
nation mode to afford 2.0.2b, with transient recoordinations to
afford 2.0.2a. Interestingly, the identity of the bound O,;; atom

SDD+ level. 5Eso1v = 0. “8E,, evaluated using parameters of hexane R s . .
(SMD model). “8Eq, evaluated using parameters of water (SMD €an change in the process, namely: “nitrate-1” is bound via O,
model). during the first 20 ps of MD and via O, for the remaining
12 ps (see the crossing of the blue and green curves on Fig. 1
In hexane (DFT/MM-MD) In water (DFT/MM-MD)
6.0 U-Oa(niﬂ) ————
55 | U-Ob(nit1) ——
' U-Oc(nit1) ——
50 F U-Oa(n|12) E—
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45 B Lk ‘ | :
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Fig. 1 Fluxional behaviour of 2.0.2a/b: time evolution (X-axis, in ps) of uranium—-O(nitrate) distances (Y-axis, in A) and of the total equatorial coordi-
nation number around uranyl (i.e. including oxygen atoms of nitrates and amides) in water, in hexane and at the hexane/water interface. "DFT-MD"
stands for full DFT simulations on a smaller system containing 89 water molecules (see the Methods section).
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Rotational motion (DFT-MD in water):
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Scheme 5 Fluxional coordination of nitrate in 2.0.2a/b: rotational
motion and bidentate/monodentate exchanges, as observed from
DFT-MD in explicit water and DFT/MM-MD at the interface (over 32 ps).
See the time evolution of U-0O,,;; distances in Fig. 1.

at t = 20 ps). The exchange occurs with an associative process,
via 2.0.2a. A similar behaviour is observed by full DFT-MD
simulations, where “nitrate-1” remains bidentate for the whole
32 ps of MD, whereas “nitrate-2” is monodentate (as in 2.0.2b)
most of the time, but exhibits a rotational motion: during the
first 9 ps, it is originally bound by its O, atom, then a transient
bidentate coordination mode is achieved (for 0.5 ps) and O,
decoordinates (i.e. the anion remains bound by its Oy, atom).
After 4.5 ps of MD, another rotation is observed, where O,
coordinates to UO,>" while Oy, decoordinates (see Scheme 5).
Such a dynamics points to a rather weakened binding of the
nitrate to the complex in water, in accord with the result of
static calculations shown in Table 3 and with the systematic
increase of average U-O,;; distances when moving from hexane
(or gas phase) to water (see Table 4).

We note that such an elongation of U-O,; distances
when going from the gas phase to water has already been
observed in the cases of 2.2.0°° and 1.4.0a/b.** However, no
spontaneous nitrate dissociation is observed in the course of
our DFT/MM-MD and DFT-MD simulations (over 32 ps).
Regarding the L ligand, its strengthened coordination to
uranyl in a water environment is a particularly noteworthy and
important feature for the extraction mechanism.

When simulated at the hexane/water interface, the complex
does not diffuse toward any of the bulk phase, but remains
located in the interfacial domain over the 32 ps of DFT/
MM-MD. On average, its O-U-O axis sits perpendicular to
the interfacial plane, with the amide and nitrate ligands being
co-planar to the interface (see Fig. 2). Interestingly, the

2630 | Dalton Trans., 2015, 44, 2623-2638
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Table 4 Interatomic distances (in A) as obtained from optimisations in

the gas phase and from MD simulations in hexane, at the interface and
in water, at the DFT/MM-MD and DFT-MD levels®

OPT MD
G09 CP2K DFT/MM-MD DFT-MD
Gas’ Gas Hexane Interface Water Water
2.0.2a
du=0) 1.81 1.81 1.81(5) ¢ ¢ 1.82(4)
d(U-Opi) 2.54 255  2.57(13) ¢ ¢ 2.59(10)
d(U-0y)  2.44 243  2.46(10) ¢ ¢ 2.37(9)
2.0.2b
dU=0) 1.81 1.81 1.81(4) 1.81(5) 1.81(7)  1.82(3)
d(U-Onie)  2.50  2.50  2.52(7)  2.57(14) 2.57(15) 2.56(8)
d(U-Op)  2.37 2.38  2.35(7) 2.40(11) 2.45(14) 2.41(9)
d(U-0,) 2.38 2.37 2.40(8) 2.36(10) 2.33(12) 2.33(7)
2.1.2¢
du=0) 1.81 1.81 1.81(4) 1.81(8) 1.81(5)  1.82(3)
d(U-Oyni)  2.37  2.38  2.40(10) 2.49(15) 2.48(14) 2.51(12)
d(U-Or) 247 246  2.45(10) 2.39(12) 2.38(10) 2.36(7)
d(U-Oyay) 2.50 2,52 2.55(10) 2.54(15) 2.56(12) 2.47(9)
1.1.2a..NO;~
du=o0) 1.81 1.81 ¢ 4 d 1.82(3)
d(U-Op)  2.50 250 ¢ d d 2.57(10)
d(U-oy) 237 236 ¢ a 4 2.33(7)
d(U-Oye) 239 242 ¢ d d 2.45(9)
d(U-Ny;) 4.69 4.81 ¢ 4 4 5.22(53)
“The BLYP-D3 functional has been employed throughout. ” SDD basis

set. ‘Not reported because the lifetime of the hexacoordmated
complex (with two bidentate nitrates) is too short; see Fig. 1. “ No DFT/
MM-MD simulations have been performed on this species.

complex behaves similarly as in water, since 2.0.2b is afforded
most of the time with transient formation of 2.0.2a. However,
no rotational motion of NO;~ is observed at the interface.
Instead, a dynamical exchange occurs between two “isomers”
of 2.0.2b: during the first 8 ps of MD, “nitrate-1” is monoden-
tate and “nitrate-2” is bidentate, then an exchange occurs
(via 2.0.2a) to obtain the reverse situation where “nitrate-1” is
bidentate and “nitrate-2” monodentate (see 2.0.2b vs. 2.0.2b’
in Scheme 5).

3.3.3. Free energy landscape for nitrate rearrangement in
the [UO,(NO;),L,] complex studied by metadynamics in the
bulk phases and at the interface. To gain deeper insights into
the environment-dependent dynamics of nitrates and related
uranyl coordination features, we performed DFI/MM meta-
dynamics®' simulations of 2.0.2a in hexane, water and at the
interface. Two collective variables (CVs) have been considered:
the first is the total equatorial coordination number around
uranyl (including nitrates and L oxygens, denoted CN(U,0)),*®
the second is the difference between the two U-Npjiate
distances. Metadynamics simulations were run for 40 ps
(1000 hills), with the same parameters in the three environ-
ments (hills added every 40 fs, height: 0.5 kcal mol™", widths:
0.05 and 0.02 A for the first and second CV, respectively). The
reconstructions of the free energy surfaces are given in
Fig. 2.°> As a result, 2.0.2a, 2.0.2b and 2.0.2c¢ are afforded

This journal is © The Royal Society of Chemistry 2015
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2.0.2a

2.0.2b

2.1.2¢

Fig. 2 Typical snapshots of 2.0.2a, 2.0.2b and 2.1.2c at the hexane/
water interface, as obtained after 32 ps of DFT/MM-MD. Left column:
side view with the water phase on the left hand side and the hexane
phase on the right hand side. Right column: top view seen from the
hexane phase (hexane molecules are hidden for clarity).

during the metadynamics simulations, and the relative
stability and heights of the activation barriers are found to
depend on the nature of the environment: in hexane, 2.0.2a is
more stable than 2.0.2b by ca. 2 keal mol™ and an activation
barrier of ca. 8 kcal mol™" has to be overcome for passing from
one isomer to the other. The stability of 2.0.2b can be under-
stood by looking at the U-Oy; distances in the two isomers
(see Table 4): all are longer in 2.0.2a than in 2.0.2b, pointing
to some steric hindrance in the first coordination sphere of
2.0.2a that is released when one nitrate turns from bi-
to monodentate (in 2.0.2b).>® This feature is beneficial and bal-
ances the cost for U-O,; bond dissociation. The tetra-
coordinated isomer 2.0.2c¢ is also less stable than 2.0.2a by ca.
2 keal mol™, and the activation barrier for 2.0.2b — 2.0.2¢ is
also 8-10 kcal mol™". In water, the free energy surface is some-
what more “flat”, and all three “isomers” 2.0.2a, 2.0.2b and
2.0.2¢ are within 2 kecal mol™.>* The activation barrier for
moving from one structure to another is almost two times
smaller than in hexane (i.e. ca. 4 kecal mol™"). The difference
can be rationalized by solvation effects, because water solvates
the unbound oxygen atoms of nitrates and stabilizes low

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Free energy surfaces (colour coded in kcal mol™) of 2.0.2a—c as
obtained from DFT/MM metadynamics simulations in hexane, water and
at the interface. X-axis: equatorial coordination number around uranyl.
Y-axis: differences between the two U-N,; distances (in A). The time
evolution of the collective variables is given in Fig. S1 in ESI.{

coordinated complexes featuring monodentate nitrates (over
2.0.2a). These results are in qualitative agreement with
static calculations calculated at the higher DFT level in SMD
solvents from which the free energies of activation for the two
dissociation processes are significantly smaller in water than
in hexane (see TS;.0.2a-2.0.20 a0d TS5 ¢2p-2.0.2¢ i Table 3). They
also correlate well with previous results on 2.2.0 vs. [UO,-
(n"-NO3)(n*NO;)(H,0),], where both the relative free energies
and the kinetic barriers for the n*to-n' transition are halved
when going from the gas phase to water.” At the interface, the
free energy surface is reminiscent of the one obtained in water
(see Fig. 2), featuring three minima that are close in free
energy (within 2 kcal mol™) and connected by rather low free
energy barriers (of ca. 4 keal mol™).

As discussed above, we should emphasise that the biden-
tate binding mode of the nitrates may be underestimated by
the BLYP-D3 functional that is employed in the DFT/MM-MD
simulations (compare CCSD(T)/SDD+ and BLYP-D3(CP2K)
in Table 1, where the n*coordination of NO;~ in 1.4.0a vs.
n'-1.4.0b is underestimated by 2.2 kcal mol™). We therefore
expect a larger difference in stabilities between 2.0.2a, 2.0.2b
and 2.0.2¢, making the tetra-coordinated complex 2.0.2¢ in
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reality less stable. Also, the free energy surfaces could be
refined by performing longer metadynamics simulations with
smaller hills (see Fig. S2t). However, taken together, these
metadynamics results point to the solvent-dependent versati-
lity of binding mode of the nitrate that is beneficial for
changes in coordination number and for ligand exchange pro-
cesses occurring along the extraction process.

3.4. Structure, dynamics and solvation patterns of
[UO,(NO3),(H,0)L,] (2.1.2¢) in hexane, water and at the
hexane/water interface

We now consider the hydrated [UO,(NO3),(H,O)L,] complex as
a possible precursor of the extracted [UO,(NO3),L,] species, by
losing its aquo ligand. We decided to start with the cis isomer
(2.1.2¢) that might be afforded at the interface upon complexa-
tion by L via a least motion pathway. This cis isomer being
almost isoenergetic with the ¢rans one (2.1.2a) in hexane or in
water (see Table 3), the two complexes are expected to be in
equilibrium at the interface. Again, DFT/MM-MD simulations
have been performed in hexane, water and at the interface for
32 ps along with a full DFT-MD simulation in water. Time evolu-
tion of (U,0) coordination numbers around uranyl shows that
the complex retains its five ligands for the whole 32 ps of MD,
in the three environments (see Fig. 4). Again, nitrates essen-
tially remain monodentate but sometimes display transient
bidentate coordinations. Rotational motions are also observed,
as depicted in Scheme 5 in the case of 2.0.2b. Average inter-
atomic distances reported in Table 4 show that, intrinsically
(i.e., in the gas phase), the three metal-ligand distances follow
the order: d(U-Op;) < d(U-Oy) < d(U-Oyy).- NO3™ is the most
strongly bound because of its negative charge, while L is
intrinsically a better ligand than H,O (vide supra). In hexane,
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Fig. 4 Time evolution (X-axis, in ps) of equatorial U,O coordination
numbers around uranyl in 2.1.2c (Y-axis) in three different environments
(water, hexane and at the hexane/water interface). Total equatorial
coordination number (black) and separate contributions of water (red),
nitrates (purple) and amides (blue).
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average metal-ligand distances are almost identical to those
found in the gas phase, and thus follow the same order.
In water, U-Oy, is elongated by ca. 0.13 A whereas U-Oy dis-
tances are shortened by ca. 0.10 A, yielding a reverse sequence:
d(U-0y) < d(U-Oyy) < d(U-Opy). This result points to a weaker
binding of monodentate nitrates in water that should stem
from their attraction by water, as in the case of 2.0.2a/b dis-
cussed below. We note that the weak binding of nitrates in
water evidenced by these MD simulations is consistent with
the static calculations in the continuum (see Table 3), where
the full dissociation of NO;~ from 2.1.2a is found to be
favoured by 7 kcal mol™'. However, the process should be
associated with a significant kinetic barrier, as no spon-
taneous nitrate dissociation is observed in the course of
DFT-MD and DFT/MM-MD simulations in water. Conversely,
the shortening of the U-Oy, distances suggests that amides are
more strongly bound to the metal in water than in hexane.
Interestingly, the U-Oy,, distance remains similar in the two
environments but a closer look at the average structures in the
two media reveals a marked difference: in hexane, the water
ligand forms intramolecular hydrogen bonds with the two
neighbouring nitrates (as in the gas phase), whereas, in water,
it mainly forms intermolecular hydrogen bonds with the
solvent. A similar competition between intramolecular
and intermolecular hydrogen bonds has been observed
in the cases of [UO,(NO;),(H,0),]’° and LaCl, complexes
(x=1,.., 3).°

When simulated in the hexane/water biphasic system,
2.1.2¢ remains adsorbed at the interface for the whole 32 ps of
MD. The snapshot of the complex at the interface presented in
Fig. 2 shows that its orientation clearly differs from that of
2.0.2a/b, as the O-U-O axis of 2.1.2¢ does not sit perpendicular
to the interface anymore but is rather tilted, and the equatorial
plane of the complex is no longer co-planar with the interface.
It tends to adopt an amphiphilic orientation with the two L
ligands on the hexane side of the interface and the nitrates
and aquo ligands on the water side. Interestingly, metal-
ligand distances follow the same sequence as in water (see
Table 4). Visual inspection of the trajectories shows that inter-
molecular hydrogen bonds with (interfacial) water molecules
are also predominant over intramolecular hydrogen bonds, in
keeping with the fact that the polar [UO,(NO;),(H,0)] moiety
of the complex is essentially solubilized on the water side of
the interface. As a result, the uranyl-nitrate bond appears to
be significantly weakened at the interface to a similar extent as
in bulk water. Concomitantly, the uranyl-L bond is strength-
ened at the interface.

3.5. Structure and dynamics of the [UO,(NO;)(H,0)L,]"
complex (1.1.2) in water

In this section, we explore by MD simulations the stability and
structure of another potential precursor of the extracted
complex, namely the cationic [UO,(NOs)(H,0)L,]" species for
which a H,O/NO;~ exchange leads to 2.0.2. As seen above, the
1.1.2a complex, a possible intermediate between the +2
charged 0.5.0 and neutral 2.0.2 species, is also one of the most
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Fig. 5 Time evolution (X-axis, in ps) of the U-O,,,; distance (solid red)
and of the first shell (solid dark blue) and the second shell (dotted light
blue) U-N,,; distances (Y-axis, in A) in “1.1.2a...NO3s™", as obtained from
(unconstrained) DFT-MD in explicit water over 30 ps. The first 2.5 ps of
MD with constrained nitrate are not shown (see the text).

stable in the studied series in SMD-water. We thus decided to
study by DFT-MD its dynamics in the presence of a second
shell nitrate ligand. Because the “free” nitrate salt is insoluble
in the oil phase, water was chosen as the explicit solvent
environment, as a first approach. The complex more likely
forms at the interface, but its structure should be similar in
the two environments, as seen above. The DFT-MD on the
“1.1.2a..NO3™” complex was thus started with the second
sphere nitrate constrained to be hydrogen-bonded to the H,O
ligand, for 2.5 ps (by fixing the U-Ny; at 5.5 A). We then
released the constraint for an extra 30 ps of MD. Time evolu-
tion of the uranium-nitrogen distance (denoted d(U-N;))
shown in Fig. 5 reveals that the free nitrate is quite mobile,
with d(U-N,;,) oscillating from 3.85 A to 6.80 A. At longer dis-
tances, the hydrogen bond with 1.1.2a is disrupted and nitrate
is fully surrounded by solvent water molecules. The free anion
does not diffuse further into the “bulk” water phase, but
essentially remains in the second shell, forming a contact ion
pair, on average. This feature is favourable for its further com-
plexation to afford the extracted species 2.0.2a/b. However,
neither spontaneous coordination of NO;~ nor full dis-
sociation of H,O is observed in the course of the DFT-MD
(over 30 ps). Interestingly, at some stage of the dynamics (ca.
27 ps), NO;~ approaches the metal and this process is
accompanied by an elongation of U-O,,, (see the structure
extracted from the DFT-MD in Fig. 3) to reach 2.85 A. This
value is larger than the typical U-Oy,, distance in mixed
UO,>"/NO;/H,O/L complexes (see e.g. 2.1.2¢ in Table 4, where
U-Oyac = 2.48(9) A) and likely corresponds to a structure close
to the transition state for a concerted H,O/NO;~ ligand
exchange. However, it is apparent from the structure that the
nitrate does not point any of its oxygen toward the metal but
remains hydrogen bonded to the solvent and to the co-
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Fig. 6 Possible free energy profiles path-1 and path-2 (kcal mol™) for
the stepwise complexation of NOs;~ and L by 0.5.0 to afford the
extracted complex 2.0.2. Energies estimated from static calculations in
SMD-water (top). Bottom: schematic representation of selected inter-
mediates. Other intermediates are depicted in Schemes 3 and 4.

ordinated H,O. As a result, the closest U-O,;; distance remains
quite long (namely 3.54 A), suggesting that the structure
afforded during the DFT-MD is still far from the transition
structure and that the associated kinetic barrier should be
rather high. In order to estimate this barrier, we performed a
transition state search by static calculations (PBE0-D3 energies
in SMD-water on the gas phase BLYP-D3/SDD geometries, opti-
mized with a single imaginary frequency) using the structure
extracted from the DFT-MD as the starting structure (after
removing all solvent molecules). Interestingly, no transition
state could be located directly from that structure, but we
needed to slightly rotate the free nitrate to approach its closest
oxygen atom slightly closer to the metal. The search led, in
fact, to a (late) transition state for an associative process,
where the nitrate coordinates while the U-O,, bond is
retained, ie. to afford 2.1.2d. The activation barrier from
“1.1.2a...NO;™” (as depicted in Fig. 6) is found to be small
(+3.7 keal mol™") and therefore potentially accessible. Search-
ing for the full pathway connecting the “1.1.2a..NOz;™”
complex to “2.0.2b...H,0” in solution is beyond the scope of
this study. However, taken together, these DFT-MD results in
water and the small difference in their free energies of for-
mation in SMD-water (—8.9 and —11.7 kcal mol™", respectively,
see Table 2) suggest that 1.1.2a can be a potential intermediate
along the 0.5.0 to 2.0.2 transformation.
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3.6. Proposed extraction mechanism

The results on the relative stabilities of [UO,(NO;),(H,0),L.J> ™
complexes and mechanistic considerations allow us to propose
reasonable sequences of reactions involved in the uranyl
extraction by the amide ligand, starting from 0.5.0 solubilized
in water and ending up with 2.0.2a in hexane (see Scheme 1).
Two possible routes are schematized in Fig. 6, with relative
free energies calculated “in SMD-water”. These are only indica-
tive because of the limitations of the continuum SMD sol-
vation model (lack of explicit H-bond interactions with the
solute, for instance). The changes in solvation energies cannot
pretend to be accurate, especially for the complexation of
charged species in a given medium. See for instance the
recently reported case of actinide and lanthanide ion extrac-
tion.>® When compared to experimental conditions where
uranyl is extracted by amide ligands,'**” two important fea-
tures must be noted. First, the N,N-dimethylacetamide ligand
L used here for convenience is soluble in water and thus does
not extract uranyl. Its coordination features to uranyl should
be similar, however, to those of more hydrophobic oil-soluble
amide ligands.”® The latter are more bulky and polarizable
than L, and thus form stronger bonds with uranyl.>® A
second important simplification concerns the pH conditions.
Experimentally, uranyl extraction occurs from highly
acidic media (~3 M nitric acid solutions where irradiated
nuclear fuel is usually dissolved), and increases with the acid
concentration.'®®” Without acid, uranyl is not extracted.
Experimentally, some nitric acid in its HNO; form and some
water are also co-extracted with the extracted 2.0.2 complex,
presumably forming hydrogen bonds with its external nitrate
oxygens.

The two proposed routes start by the coordination of one
nitrate (path-1) or two nitrates (path-2), respectively, in “bulk
water”. The corresponding calculated free energies are overesti-
mated, if one refers to the low stability of the UO,(NO;)-
(H,0),™" cation in water,’® but are consistent with the experi-
mental®’ and computational®® evidence of increased nitrate
coordination to uranyl when nitric acid is added to the solu-
tion. Coordination of nitrate(s) (by exchange with two aquo
ligands from 0.5.0 affords 1.3.0 (one nitrate) or 2.2.0 (two
nitrates)). Both 1.3.0 and 2.2.0 species are less hydrophilic
than the dicationic 0.5.0 species and are thus expected to
approach the interface,® close enough to interact with the car-
bonyl group of L that displaces H,O from the complex,
affording 1.1.2a in path-1. This complex should sit “right at
the interface” in an amphiphilic manner, i.e. with the alkyl
groups of the amide on the oil side and the water and nitrate
ligands on the water side. As surface active species, such posi-
tively charged complexes concentrate at the interface and thus
attract free nitrate counterions to afford contact ion pairs as in
“1.1.2a...NO; ™ ” via electrostatic interactions. Then, H,O/NO3;~
ligand exchange occurs at the interface to afford the neutral
2.1.2d species, from which water decoordinates, yielding the
more hydrophobic 2.0.2b and 2.0.2a complexes. These finally
diffuse from the interface to bulk hexane.
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In path-2, the first neutral species formed is 2.2.0. From
there, displacement of H,O ligands by L at the interface suc-
cessively yields the more hydrophobic 2.1.1 and 2.0.2b or
2.0.2a complexes. Interestingly, comparing these two struc-
tures, we note that 2.0.2b with a monodentate nitrate is calcu-
lated to be slightly more stable in SMD-water, while 2.0.2a with
two bidentate nitrates is preferred in SMD-hexane. 2.0.2a
should also interact less than 2.0.2b with water at the interface.
Thus, the migration of 2.0.2 from the interface to the oil phase
is likely correlated with a switch in the n' to n* nitrate coordi-
nation mode. The free energy profiles provided in Fig. 6 show
that both path-1 and path-2 processes are favourable in SMD-
water, and are also likely to be so at the interface where inter-
facial charged species mostly interact with water (see for
instance an energy component analysis in recent classical MD
simulations).’ Interestingly, path-2 that requires more acidic
conditions than path-1 mainly corresponds to a regular down-
hill process, while path-1 involves higher energy intermediates
and might thus be kinetically less favourable. In path-1, we
located a transition state involved in the key H,0O/NO;~
exchange process and found that the height of the kinetic
barrier is rather small, indicating that associative ligand
exchange should be entirely plausible, though. It should be
noted that in reality, the extraction kinetics not only depends
on barriers for ligand coordination/decoordination, but is also
generally limited by the diffusion rates, hardly accessible from
calculations.

4. Discussion and conclusions

We report DFT studies on selected uranyl complexes involved
in the uranyl extraction from water to an “oil” phase (hexane)
by an amide ligand L, using two complementary approaches:
static DFT results “in SMD-solution” and MD studies in expli-
cit solvent environments (water, hexane, or the water/hexane
interface) represented at the MM or full-DFT level. In the fol-
lowing, we summarize the related strengths and weaknesses,
as well as the most important results regarding the studied
uranyl complexation and extraction processes.

On the methodological side, our “static” results were
obtained from high-level DFT calculations, involving a small-
core ECP on U and large basis sets including many polari-
sation and diffuse functions. The PBE0-D3 functional has been
employed to compute refined energies, after validation against
CCSD(T) calculations. This functional includes a correction for
dispersion interactions that are generally lacking in GGA and
hybrid functionals. The latter have been recognized to be
important to properly describe metal-ligand interactions in
several organometallic,®* and actinide® complexes, and turn
out to be also important to model mono- vs. bidentate coordi-
nation or H,O dissociation in uranyl nitrate complexes herein
(see Table 1). As a result, gas phase reaction energies (AEqqs)
should be quite well predicted. The estimation of changes in
solvation free energies remains the most difficult task for
present-day DFT modelling, and we tackled this issue by two
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different approaches of increasing accuracy. First, we employed
the recently developed SMD model that is recognized to
perform particularly well to compute absolute free energy of
solvation and free energies of transfer from water to an
organic phase, especially when neutral solutes are con-
sidered.”* Solvation of ions still remains a challenging task,>*
especially when “strong” explicit interactions with the solvent
are involved (namely, hydrogen bonding with water). As a
result, the solvation of the nitrates is a difficult case for the
SMD model and the latter uncomplexed appears to be not
enough solvated, making their complexation in water some-
what too favourable.®® However, free energies for exchange of
neutral ligands are expected to be better accounted for. In par-
ticular, the clear-cut preference for L over H,O binding in
SMD-water and SMD-hexane should be realistic, and is a key
feature for the extraction process: L displaces water from
uranyl, whatever be the number of coordinated nitrates. In our
second approach, the solvent molecules are represented expli-
citly, and their motions and interactions with the uranyl com-
plexes have been described by performing ab initio MD
simulations. Our mixed DFT/MM-MD protocol'* allowed us to
consider systems containing one complex and few thousands
of solvent molecules, at a similar computational expense as in
fully DFT-MD simulations on small boxes (containing one
complex and 89 water molecules only). With the DFT/MM-MD
protocol, one can thus simulate “DFT solutes” in quite large
solvent boxes, as involved in biphasic systems and their inter-
faces. Despite a lower accuracy compared to fully DFT-MD (e.g.
the lack of back polarization of the first solvation shell by the
solute), our DFT/MM model captures most of the solvation
effects. For instance, the polarisation of the solute by the
solvent'? and the influence of aqueous solvation on the struc-
ture of a uranyl peroxo complex®” have been qualitatively well
described elsewhere. Herein, for instance, the shortening/
elongation of metal-distances in water vs. gas phase (see
Table 4) and the fluxional coordination of the nitrates (see
Scheme 5) are described satisfactorily when compared to full
DFT-MD at the same DFT level. Our simulations of uranyl com-
plexes at the hexane/water interface reveal that their structure
in this peculiar nano-domain is more “water-like” than “oil-
like”. The binding of L is thus reinforced compared to the gas
phase, a feature particularly important in the context of a com-
plexation process occurring “right at the interface”. Another
important feature concerns the cis/trans forms of the com-
plexes. DFT/MM-MD simulations, supported by static DFT cal-
culations, reveal that the formation of cis isomers is
competitive to that of trans isomers, in the bulk solvents as
well as at the interface. Interestingly, the former can be
afforded via a least motion pathway upon complexation with
interfacial L ligands (oriented in an amphiphilic manner),’*
and then rearrange to less amphiphilic and less surface active
trans isomers when diffusing to the organic phase. Taken
together, our results allowed us to propose possible paths for
the overall extraction process of UO,>" by N,N-dialkylamide
ligands, and shed new light on the key role of the interface in
the process. Similar features are expected by other ligands like
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TBP. To the best of our knowledge, our study reports the first
DFT/MM-MD simulations of a uranyl liquid-liquid extraction
system. Further work will focus on improving our hybrid DFT/
MM model by considering the actual oil-soluble amide ligand
(with long alkyl chains on L, e.g. described at an MM level),
and by taking into account the high concentration of L in the
organic phase, the ionic strength and the acidic pH of the
aqueous phase, thus approaching the complexity of “real”
extraction systems. Beyond the case of uranyl extraction, the
results have a bearing on biphasic processes in chemistry and
biology, involving ion separation or transport or phase transfer
catalysis processes.®®
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