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We report theoretical studies on the complexation of uranyl nitrate and the dissolution of nitric acid in
supercritical CO2 by TBP. According to quantum mechanical calculations, TBP (modeled by trimethyl
phosphate TMP) displays stronger hydrogen-bonding interactions with HNO3 than with H2O, and this has
been modeled in force-field calculations. Different combinations of water, TBP, and acid are compared in
SC-CO2 and simulated by molecular dynamics (MD), demonstrating the importance of TBP and water
concentrations. In MD simulations, which started from “random” mixtures of water, TBP, nitric acid, and
uranyl nitrate, complexation of uranyl by TBP is observed and the yield increases with the TBP concentration.
TBP molecules are also necessary to dissolve nitric acid in the supercritical phase. Indeed, without TBP,
nitric acid alone self aggregates via hydrogen-bonding interactions. Adding water to this solution leads to the
formation of water microdomains containing the acid and uranyl salts. The simulations show that a high
TBP/nitric acid ratio is needed to fully dissolve the acid in the supercritical phase and to form CO2-philic
UO2(NO3)2(TBP)2 complexes. The resulting hydrogen-bonding and solvation patterns are analyzed. The results
are consistent with experimental observations and provide microscopic views of this important extraction
system.

Introduction

Supercritical CO2 “SC-CO2” can be used as a promising
ecological alternative in liquid-liquid extraction systems.1,2 This
is of particular interest in the context of nuclear waste partition-
ing, which is generally initiated from aqueous solutions of metal
ions, obtained by the dissolution of irradiated material in
concentrated nitric acid solutions. Examples of metal extrac-
tion to SC-CO2 from solid or liquid matrices involve extrac-
tion of metallic, lanthanide, and actinide cations byâ-diketonate
ligands, of strontium by crown ethers, or of UO2

2+, Th4+,
lanthanides, or heavy metals by organophosphorus ligands.3

Recently, a new technique for dissolving solid uranyl dioxide
in SC-CO2 with the CO2-philic TBP‚HNO3 complexant without
requiring dissolution by acid in water has been reported.4-9 This
extraction technology appears promising for effective processing
with marked reduction in waste generation because no aqueous
solutions and organic solvents are involved and phase separa-
tion can be achieved easily by depressurization. It is based on
the “homogeneous” introduction of nitric acid with TBP in
SC-CO2, leading to UO2 dissolution and conversion to UO2

2+.
As in classical extraction, uranyl is complexed with TBP,
forming UO2(NO3)2(TBP)2 neutral complexes that are highly
soluble in SC-CO2.

Concentrated nitric acid contains a large amount of water
(up to 30% for “pure” nitric acid) and has a low solubility in
SC-CO2. Solubilization in SC-CO2 is achieved by shaking
TBP with a concentrated nitric acid solution, likely leading to
the formation of TBP(HNO3)x(H2O)y adducts. Thex and y
proportions depend on the relative amounts of TBP and nitric
acid. Typically,x can be up to 2.5 andy varies between 0.4
and 0.8, on the average.8 Two types of complexes, withx )
0.7 and 1.8, respectively, have been characterized.8 The complex

with a HNO3/TBP ratio of 0.7 was found to cause cloudiness
of the supercritical fluid phase, indicating the formation of small
water droplets released from the complex. The mechanisms of
nitric acid solubilization by TBP and of the resulting uranium
dissolution and complexation in the SC-CO2 are not well
known at the microscopic level.

Computer simulations10 contribute to our understanding of
solvation patterns and what happens in ion extraction. We
recently reported the first molecular dynamics (MD) investiga-
tions on water/SC-CO2 interfaces, either neat or in the presence
of salts and extractant molecules such as calixarenes, crown
ethers, and cryptands.11 Inspired by the “green” (ecological)
version of the PUREX (plutonium uranium extraction) process
in which the organic phase is replaced by SC-CO2, we also
investigated the uranyl complexation and extraction by TBP
from pH-neutral versus acidic solutions, focusing on the water/
CO2 interface.12-14 In this paper, we report MD simulations of
SC-CO2 solutions containing various amounts of TBP, water,
nitric acid, and uranyl nitrates with the aim of exploring to which
extent TBP promotes the dissolution of nitric acid and whether
the complexation of uranyl will take place in this medium, in
relation to the recent work from Wai et al.7,8 The simulations
start from “random” positions of the solutes, including water
(see Methods) which are thus “perfectly mixed” at the micro-
scopic level (probably more than they are in reality). We want
to investigate how they evolve spontaneously and relax and, in
particular, how the acid, TBP, and uranyl nitrate species will
distribute and interact once the equilibrium is reached. In all
cases, we represent the acid by its neutral HNO3 form, which
should be dominant in the SC-CO2 phase and a priori more
soluble in this medium than the dissociated ionic form.

The simulated systems, notedA to P, are described in Table
1. SeriesA-D deals with nitric acid in the supercritical phase
without TBP and can be used as a reference to investigate the* Corresponding author. E-mail: wipff@chimie.u-strasbg.fr.
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effect of TBP (in systemsE-P). A-D contain 120 HNO3
molecules per simulation box, which corresponds to a concen-
tration of about 2.2 mol/L. SystemsE-P contain 30 or 60 TBPs,
6 UO2(NO3)2 complexes, and different combinations of TBP,
acid, and water. These systems allow us to investigate the effect
of the acid/TBP ratio (from 4 to 0.5) and of the water/acid ratio
(from 1 to 0) on the solubilization of acid in the supercritical
phase and the complexation of uranyl nitrate. Solution models
with two concentrations of nitric acid (120 vs 30 HNO3

molecules) and three concentrations of water (∼120, 20, and 0
H2O molecules), with or without uranyl salts, were prepared
and simulated.

Because water and nitric acid likely compete to “solvate”
TBP molecules in the organic phase, it is important to depict
the interactions between the different partners correctly, in
particular, the TBP‚‚‚HNO3 interactions should be strong enough
to overcome the HNO3‚‚‚HNO3, HNO3‚‚‚HOH, and H2O‚‚‚HOH
ones. The first ones are thought to lead the dissolution of nitric
acid by TBP, whereas the others likely prevent this process.
For this purpose, we investigated these dimers as well as TBP-
(H2O)x(HNO3)y hydrogen-bonded trimers by quantum mechan-
ical (QM) methods in the gas phase, and these results served as
a reference to calibrate the charges used to simulate these species
in SC-CO2 solution by MD. In the QM calculations, TBP was
mimicked by trimethyl phosphate TMP for computer time-
saving purposes. Because TBP and TMP have similar dipole
moments (3.02 vs 3.07 D) and donor numbers (DN) 23.0 vs
23.7 kcal/mol),15 they should display similar hydrogen-bonding
interactions with NO3H or H2O molecules.

Methods

Molecular Dynamics.The MD simulations were performed
with the modified AMBER 5.0 software16 where the potential
energy is described by a sum of bond, angle, and dihedral

deformation energies and pair-wise additive 1-6-12 (electrostatic
+ van der Waals) interactions between nonbonded atoms.

The UO2
2+ and NO3

- parameters are from Guilbaud and
Wipff.17 Water was represented with the TIP3P model.18 For
SC-CO2, we used the parameters of Murthy et al.:19 charges
qC ) 0.596,qO ) -0.298 e; van der Waals parametersRO

* )
1.692,RC

* ) 1.563 Å; andεO ) 0.165,εC ) 0.058 kcal/mol.
All of the O-H, C-H, and CdO bonds of CO2 were
constrained with SHAKE using a time step of 2 fs. As in ref
13, the UO2(NO3)2 salts were constrained to remain bound and
neutral. The charges on HNO3 and TBP were adapted in order
to fit the quantum mechanics calculated TBP/HNO3, TBP/H2O,
and HNO3/H2O interaction energies in the gas phase, retaining
the TIP3P model for water. Another key feature concerns the
preferred complexation of TBP over water by uranyl nitrate,
and we made sure that the AMBER model also accounts for
this trend.20

The MD simulations were performed in the NVT ensemble.
The initial density of the CO2 box was 0.80 g/cm3, which is
above the critical density (0.468 g/cm3 at 304 K) and close to
the density of 0.79 at 345 K and a pressure of 30 Mpa.21,22The
temperature was monitored by separately coupling CO2 and the
solutes to a thermal bath at the reference temperature using the
Berendsen algorithm23 with a relaxation time of 0.5 ps. The
systems were represented with 3D periodic boundary conditions,
and the nonbonded interactions were calculated using a 15-Å
cutoff with a reaction field correction for the electrostatic
interactions.24

The solutes (including water molecules) were initially im-
mersed in a box of CO2 solvent. After 1000 steps of energy
minimization, the system was mixed by MD for 1 ns at 700 K,
scaling down the electrostatic interactions by a factor of 100 to
enhance the mixing of hydrophobic and hydrophilic species.
This lead to “chaotic mixtures” of CO2 and solutes (see, for
example, Figure 1). The “demixing” simulations were then
initiated by resetting the temperature to 350 K and the dielectric
constant of the medium to 1.0. Equilibration was attained in
about 0.5 ns, but the dynamics was run for at least 2 ns (see
Table 1). In one case (systemE), the dynamics was pursued up
to 7.3 ns. The results have been analyzed using our DRAW
and MDS software,25 and typical snapshots have been redrawn
with VMD.£Humphrey, 1996 no. 7061. The hydrogen bonds
between H and O atoms were selected based on structural

TABLE 1: Characteristics of the Systems Simulated in
SC-CO2

systems nCO2 + H2O
a

box size
(Å3)

timeb

(ns)

A 120 HNO3 901+ 123 43.6× 41.8× 52.6 2.0
B 120 HNO3 902+ 20 43.5× 41.6× 53.9 2.0
C 120 HNO3 901+ 0 43.9× 41.8× 50.1 2.0
D 120 HNO3 +

6 UO2(NO3)2

900+ 120 43.4× 41.5× 54.9 2.2

E 120 HNO3 +30 TBP+
6 UO2(NO3)2

901+ 125 43.4× 41.6× 61.8 7.3

F 120 HNO3 +30 TBP 901+ 123 43.7× 41.8× 61.5 2.0
G 120 HNO3 +60 TBP+

6 UO2(NO3)2

900+ 120 43.9× 41.8× 70.1 3.0

H 120 HNO3 +60 TBP 902+ 122 43.9× 41.8× 69.1 2.0
I 30 HNO3 +60 TBP+

6 UO2(NO3)2

899+ 120 43.9× 41.9× 64.9 2.6

J 30 HNO3 +60 TBP 900+ 122 43.7× 41.8× 64.5 2.0

K 120 HNO3+30 TBP+
6 UO2(NO3)2

899+ 20 54.4× 39.5× 53.4 2.0

L 120 HNO3 +60 TBP+
6 UO2(NO3)2

899+ 20 43.9× 41.8× 69.0 2.0

M 30 HNO3 +60 TBP+
6 UO2(NO3)2

899+ 20 43.8× 41.8× 64.6 2.0

N 120 HNO3 +30 TBP+
6 UO2(NO3)2

900+ 0 43.4× 41.6× 60.8 3.0

O 120 HNO3 +60 TBP+
6 UO2(NO3)2

902+ 0 43.9× 41.8× 67.0 2.2

P 30 HNO3 +60 TBP+
6 UO2(NO3)2

902+ 0 43.9× 41.9× 62.4 2.0

a Number of CO2 and H2O molecules in the simulation box.
b Demixing time after 1 ns of mixing.

Figure 1. Simulation box.
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criteria, that is, for H‚‚‚O distances shorter than 2.4 Å.
Calculations of the average density curves along theZ axis and
analysis of hydrogen bonds were performed during the last
0.4 ns.

Quantum Mechanics.TMP(HNO3)x(H2O)y complexes (x, y
) 0, 1, or 2), the related hydrogen-bonded dimers were
optimized with the Gaussian 98 software26 at the density
functional theory (DFT) level of theory (BLYP functional) using
the 6-31G* and 6-311G++(d,p) basis sets. TMP (trimethyl
phosphate), which models TBP was in the (gauche, gauche,
trans) form. The interaction energies were calculated and
corrected for basis-set superposition errors (BSSE).27

Results

We first describe the basic hydrogen-bonding interactions
between TBP (modeled by TMP), H2O, and HNO3 in the gas
phase, which constitutes a basis for empirical models used in
the MD studies. This is followed by MD results on various
mixtures of CO2, water, TBP. and acid.

1. QM and Force-Field Studies on the Hydrogen-Bonded
Dimers and Trimers Formed by TBP, H2O, and HNO3 in
the Gas Phase.Table 2 reports the interaction energies of all
of the hydrogen-bonded dimers between H2O, HNO3, and TMP
as well as the trimers involving TMP as proton acceptor, from
five computational protocols, noted QM1-QM5. Comparison
of QM1 with QM2 and of QM4 with QM5 shows that BSSE
effects can be quite substantial (up to∼5 kcal/mol) and thus
need to be taken into account. The effect of basis set for structure
optimization (compare QM3 with QM4) is much smaller (∼0.5
kcal/mol). The five sets of QM calculations indicate that, in
the series of dimers, TMP prefers HNO3 over H2O (by 3-4
kcal/mol) and the H2O‚‚‚H2O dimer is somewhat less stable
than the HNO3‚‚‚HNO3 dimer (by 1-2 kcal/mol). The sequence
of binding energies of H2O‚‚‚HNO3 versus TMP‚‚‚HOH is
somewhat basis-set dependent. We thus consider the BSSE-
corrected 6-311G++(d,p) results, which are a priori most
satisfactory, and indicate increased H-bonding strengths in the
series (H2O)2 < (HNO3)2 < H2O‚‚‚HNO3 < TMP‚‚‚HOH <
TMP‚‚‚HNO3. We note that the binding energy calculated for
TMP‚‚‚HNO3 (-10.7 kcal/mol) is identical to the value reported
at the MP2/6-31G(d,p) level of theory.28 The preference of TMP
for nitric acid over water is also seen in the trimers, whose
stability increases in the series TMP(H2O)2 < TMP(H2O)-

(HNO3) < TMP(HNO3)2. Adding another HNO3 molecule to
the TMP(HNO3) or TMP(H2O) dimers is also more favorable
(-7.6 and-9.2 kcal/mol, respectively) than the addition of one
H2O molecule (-5.1 and-6.2 kcal/mol, respectively). The
stronger coordination of TMP to HNO3, compared to H2O can
be seen in the optimized structures of the dimers and trimers
(Figure 2) where the PdO‚‚‚HO distances are∼0.2 to 0.1 Å
shorter with HNO3 than with HOH. As expected, these are, for
a given type of proton donor, somewhat longer (by∼0.1 Å)
in the trimers than in the dimers. The above results ob-
tained with TMP should be valid for TBP, as confirmed by
DFT-BLYP calculations (6-31G* basis with BSSE correc-
tion): both ligands display quasi identical interaction energies
with H2O (-7.0 vs-7.0 kcal/mol) as well as with HNO3 (-9.4
vs -9.2 kcal/mol).

We attempted to reproduce these trends with the AMBER
empirical force field (with TBP, instead of TMP) using various
combinations of charge distributions, labeled FF1-FF6. These

TABLE 2: Interaction Energies (in kcal/mol) in the Dimers and Trimers of TBP, H 2O, and HNO3 Obtained with Different
Levels of QM and FF Calculations. The Energy of the ABC Trimer Is Defined as∆E ) EABC - EA - EB - EC

H2O/
H2O

HNO3/
HNO3

H2O/
HNO3

TMP/
(H2O)

TMP/
(HNO3)

TMP/
(H2O)2

TMP/H2O/
HNO3

TMP/
(HNO3)2

QM1 BLYP/6-31G* opt -7.9 -10.0 -14.2 -10.4 -13.0 -19.9 -22.4 -23.1
QM2 BLYP/6-31G* opt+ BSSE -4.7 -6.4 -9.4 -7.0 -9.4 -9.7 -12.6 -15.4
QM3 BLYP/6-311 G++(d,p)a -4.4 -6.3 -8.3 -6.7 -11.3 -11.7 -15.6 -18.2
QM4 BLYP/6-311 G++(d,p) opt -5.5 -6.5 -8.0 -7.5 -11.9 -13.7 -16.7 -19.3
QM5 BLYP/6-311 G++(d,p) opt+ BSSE -4.7 -5.8 -6.7 -6.7 -10.7 -12.0 -14.8 -17.0

FF1 standard chargesb -6.6 -14.8 -13.4 -11.9 -21.9 -12.4
-11.0

-11.0
-21.1

-22.3
-21.7

FF2 HNO3-mod chargesc -6.6 -7.8 -8.6 -11.9 -15.3 -12.4
-11.0

-9.2
-12.0

-11.6
-11.4

FF3 TBP-ESP 6-31G* chargesd -6.6 -7.8 -8.6 -7.5 -10.2 -7.4e -10.5e -9.3e

FF4 TBP-ESP 6-311G++(d,p) chargesd -6.6 -7.8 -8.6 -9.1 -11.7 -9.5
-3.0e

-8.2
-7.9e

-10.3
-8.35

FF5 ESP 6-31G* charges -4.3 -8.0 -8.3 -6.4 -11.2 -5.8e -5.7e -10.4
-9.7

FF6 ESP 6-311G++(d,p) charges -5.1 -9.3 -9.6 -8.3 -14.1 -8.3
-7.3

-7.7
-13.6

-13.9
-12.4

a BLYP/6-31G* optimization.b TBP ESP/MINDO- HNO3 ESP HF/6-31G*- H2O TIP3P.c TBP ESP/MINDO- HNO3 mod - H2O TIP3P.
d TBP ESP- HNO3 mod - H2O TIP3P.e One H2O or HNO3 is not bonded to the Oxygen of TBP but to the OH2O or ONO3H.

Figure 2. TMP, H2O, and HNO3 complexes. Optimized structures and
OTBP‚‚‚H bonds distances (in Å) obtained from BLYP/6-311G++(d,p)
calculations.
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are given in Figure S1. In FF1-FF4, the H2O molecule is
described by the TIP3P model (qO ) -0.834 e), whereas in
FF5 and FF6, its charges are fitted from electrostatic ESP
potentials (Merz-Kollman procedure implemented in Gaussian
98)26 and are somewhat less polar (qO ) -0.71 e with the
6-31G* basis set and-0.76 e with the 6-311G++(d,p) basis
set). For TBP and HNO3, two QM models obtained from DFT-
BLYP 6-31G* and 6-311G++(d,p) ESP (Merz-Kollman)
calculations were considered. Standard (std) models from the
literature (refs 12, 29, and 30 for TBP and 14 and 31 for HNO3)
were also tested. The std TBP model comes from MNDO
calculations.29 The resulting PdO bond is more polar than that
with the two QM models and should thus form stronger H
bonds. For nitric acid, the std model (from HF/6-31G* calcula-
tions with SPARTAN32) and a “modified” less polar version
(vide infra) have also been considered. The dimers and trimers
have been minimized by MD at low temperature (100 K) for 1
ns in the gas phase, starting from the BLYP optimized structures.
The energy results are gathered in Table 2. Our main focus
concerns the HNO3 versus H2O binding to TBP, and this is
qualitatively well reproduced by models FF1-FF6 but clearly
exaggerated by FF1 (∆ ) 10 kcal/mol, compared to the QM
value of 4 kcal/mol). The results obtained with QM derived
charges on all of the hydrogen-bonded partners (FF5 and FF6
models) are somewhat basis-set dependent and also exaggerate
the preference for HNO3 (∆ ≈ 5 to 6 kcal/mol). Furthermore,
they underestimate the H2O‚‚‚H2O energy and are thus less
satisfactory to depict bulk water. This is why the FF5 and FF6
models were discarded for further MD studies. Among the
remaining FF1-FF4 models, based on TIP3P water, FF3 and
FF4 depict the dimers satisfactorily but not the trimers which
were found to dissociate during the MD minimization, presum-
ably because the PdO group is not polar enough. However,
the FF1 model clearly exaggerates the interactions involving
HNO3, presumably because its O-H bond is too “acidic” and
polar: its charges are O-0.526-H0.463. The latter and the
remaining nitric acid charges were thus stepwise adapted,
leading to the more satisfactory modified model FF2 with
O-0.4-H0.3 charges. This is why we finally retained the FF2
model (the TBP and acid charges are shown in Figure 3), which
accounts for the HNO3 over H2O preference in the dimer with
TBP (∆ ) 3.4 kcal/mol). For the trimers, the FF2 difference of
3.9 kcal/mol between TBP(HNO3)2 and TBP(H2O)2 is also
reasonably close to the QM5 calculated value of 5.0 kcal/mol.
FF2 also qualitatively accounts for the QM calculated sequence
of dimers reported above. The interactions with TBP are
somewhat stronger with the FF2 than with the QM5 models,
which is favorable for the studied process of nitric acid
solubilization by TBP.

2. MD Simulations on Pure Nitric Acid/Water Solution
in SC-CO2 (No TBP). We first simulated model solutions of

HNO3/water in SC-CO2 at different acid/water ratios without
TBP (systemsA-D). The systems evolved differently during
the simulations, depending on the amount of water. Typical
snapshots are given in Figure 4 and the statistics of hydrogen
bonds is summarized in Table 3.

We first consider systemA with a HNO3/H2O ratio of 1:1.
The water concentration (∼22%) is not far from the experi-
mental one (30% in pure nitric acid) and can be thus considered
as more realistic than that in drier systemsB andC. After 2.2
ns of dynamics ofA, the water and acid molecules, which were
randomly dispersed aggregate via H bonds, forming a single
droplet in the supercritical phase in the absence of TBP. The
shape of the droplet is very irregular and far from being
spherical. The statistical analysis shows that all 120 HNO3

molecules are involved in hydrogen-bonding interactions: 26
are hydrogen bonded with another acid molecule and 97 are
hydrogen bonded with water (58 Hac‚‚‚Ow plus 40 Oac‚‚‚Hw

hydrogen bonds). Similarly, among the 123 H2O molecules,
about one-half (61) interact with water, whereas the other half
(59) interact with HNO3. We note that the dominant popula-
tion of hydrogen bonds via acid‚‚‚water interactions (97) also
mirrors the highest interaction energy among the dimers in the
gas phase. In condensed phases, however, the situation is more
complicated because of multiple proton donor and acceptor
capability of water and the acid. See, for instance, the large
occurrence of Oac‚‚‚Hw hydrogen bonds, despite the weak
interaction energy.33

The effect of decreased water concentration can be seen in
simulationsA-D, showing that the acid molecules self ag-
gregate and that the number of HNO3‚‚‚HNO3 interactions
increases: from 26 for systemA (123 H2O per box) to 38 for
B (20 H2O) and to 44 forC, which is anhydrous. In the latter
case, HNO3 molecules collapse together, forming small ag-
gregates in the CO2 phase. A visual inspection of the trajectories
indicates that the acid is somewhat more diluted in the dry than
in the humid solutions, which indicates that water reduces its
solubility in CO2.

When uranyl nitrate complexes are added to the most humid
solution (compare systemsA andD), the distributions of nitric
acid and water are hardly affected. The majority of the water
and acid molecules are aggregated in a single elongated droplet
and uranyl salts concentrate at the border of or inside this
droplet. The first coordination sphere of the uranyl ions is
completed in the equatorial plane by HNO3 molecules or with
a nitrate anion shared with another UO2(NO3)2 species, thus
forming uranyl‚‚‚nitrate‚‚‚uranyl chains in a local water mi-
croenvironment. Thus, in the absence of TBP, there are
microphases of acid and water and the complexes form
oligomers, instead of diluting in SC-CO2.

3. MD Simulations on the Effect of Adding TBP to Nitric
Acid/Water Mixtures in SC -CO2. Systems E-J. In this
section, we investigate the effect of TBP addition to SC-CO2

solution containing water, uranyl salts, and nitric acid, simulated
for at least 2 ns. SystemsE-J contain∼120 H2O molecules
and 120 HNO3 acid molecules, which are thus in a 1:1 ratio,
and 30 or 60 TBP molecules, that is, an excess of acid over
TBP. Some systems also contain 6 UO2(NO3)2 species (E, G,
and I ). Different situations were finally observed, depending
on the HNO3/TBP ratio. Typical snapshots are given in Figures
5 and S2, and the statistics of hydrogen bonds and uranyl
complexes with TBP are summarized in Table 3.

In the E andF systems (acid/TBP) 120:30), which differ
only by the presence (E) or not (F) of UO2(NO3)2, the majority
of water and nitric acid molecules aggregate to form a

Figure 3. TBP and nitric acid charges used for the MD simulations
(FF2 model).
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microdroplet of disk shape (∼25 Å in diameter and 7 Å in
thickness) in the CO2 phase. This droplet formed very quickly
(in about 0.2 ns) and remained stable until the end of dynamics.
The comparison with systemA (no TBP) shows that TBP
solubilizes part of the nitric acid molecules in the SC-CO2

phase, via the formation of hydrogen-bonded dimers or trimers
with H2O or HNO3 molecules. As a result, about half of the
acid molecules sit in the organic phase and form mainly TBP-
(HNO3), TBP(HNO3)2, or TBP(HNO3)(H2O) adducts. The
densities of the solutes of systemE and F as a function of
their Z position show clearly two main types of arrangements
(Figures 5 and S2). One is composed mainly of a big do-
main of water and nitric acid (no CO2) covered by TBP

molecules, whereas other TBPs are “dissolved” in the CO2 phase
forming TBP‚‚‚acid‚‚‚water adducts. This suggests that the
amount of TBP (30 TBPs) is not sufficient to further dissolve
the water-acid aggregate.

Doubling the TBP concentration (compare systemsE andF
with 30 TBPs toG andH with 60 TBPs) markedly modifies
the nature of the CO2 phase and further solubilizes the acid
(see snapshots and density curves in Figures 5 and S2). At the
end of the dynamics, systemsG andH, which contain a 120:
60 proportion of HNO3/TBP, are quite homogeneous. There is
no more water-acid droplet, but a “uniform” dispersion of TBP,
HNO3, and H2O molecules in the box. Following the Le
Chatelier rule, as the number of TBP increases, one observes

Figure 4. Final snapshots of systemsA-D representing separately the surface of water and the surface of nitric acid. Density along theZ axis for
CO2 (orange), H2O (blue), and HNO3 (pink).

TABLE 3: Average Numbers of HNO3‚‚‚X and H2O‚‚‚X Hydrogen Bonds between the Different Species and Number of TBP
Complexes with UO2(NO3)2 Formed in SC-CO2

a

Hac/TBP Hac/Hw/TBP Hw/TBP UO2(NO3)2(TBP)xHac/Oac

1:1 2:1 1:1:1 1:2:1
Hac/Ow Oac/Hw

1:1 2:1
Ow/Hw

x ) 1 x ) 2

A 26.0 57.8 39.7 61.0
B 37.9 15.4 7.4 2.2
C 44.0
D 23.9 49.2 34.7 57.9

E 17.3 4.7 10.6 5.5 0.7 48.7 25.7 2.5 7.2 62.3 4 2
Eb 18.7

(3.5)
2.4
(1.2)

6.2
(2.0)

6.6
(1.7)

0.8
(0.8)

52.0
(4.5)

24.9
(4.5)

2.7
(1.6)

9.2
(3.0)

56.3
(4.5)

4 2

F 16.6 5.9 10.0 8.4 0.9 50.0 28.0 2.8 10.0 63.7
G 9.8 11.8 10.8 13.0 1.2 46.6 18.6 8.4 16.8 45.3 1 5
H 10.5 11.7 15.2 14.1 1.8 48.5 17.8 8.1 27.6 54.5
I 0.3 8.4 0.8 4.1 0.3 10.5 2.8 14.8 33.6 50.9 1 5
J 0.0 8.2 2.1 4.5 0.4 11.9 2.9 19.0 43.4 51.9

K 24.1 7.1 17.4 3.9 0.0 14.9 5.3 1.3 1.0 1.2 1 3
L 15.1 23.3 33.2 5.2 0.4 11.3 3.5 3.1 3.6 2.5 3 3
M 0.0 21.8 0.0 0.2 0.0 0.5 0.3 14.1 7.4 0.0 1 5
N 28.2 5.5 27.6 2 4
O 15.5 25.7 43.2 0 6
P 0.0 23.5 0.0 0 6

a Unless otherwise specified, the averages are calculated between 1.6 and 2.0 ns.b Averages and fluctuations (in parentheses) calculated between
6.9 and 7.3 ns.

5212 J. Phys. Chem. A, Vol. 109, No. 23, 2005 Schurhammer and Wipff



an increasing number of TBP‚‚‚HNO3 adducts (from 21 with a
120:30 HNO3/TBP ratio to 37 with a 120:60 ratio). TBP, which
is well soluble in SC-CO2, solubilizes nitric acid and water
via the formation of hydrogen-bonded adducts. This phenomena
is still more pronounced in systemsI andJ where TBP is in
excess compared to the acid (the TBP/HNO3 ratio is 60:30). In
these systems, about half of the 30 HNO3 molecules are H
bonded to TBPs, whereas the other half are H bonded to water
but nevertheless dissolved in the CO2 phase. Looking at the
computer graphics system reveals that much of these acid
molecules sit in the second shell of TBP, forming TBP(H2O)n-
(HNO3) aggregates.

The statistical analysis of hydrogen bonds confirms the
diversity of “complexes” (Table 3). TBP is involved in
TBP(HNO3)n and TBP(HOH)n dimers (n ) 1) and trimers (n
) 2), as well as in mixed TBP(HNO3)(HOH) adducts, whose
proportion varies with the concentrations of the different part-
ners and will not be discussed in detail. The importance of
water autoaggregation can be seen in the similar number of
Owat‚‚‚Hwat interactions (about 50 to 60 in the systemsE to J),
which contrasts with the more variable numbers of acid‚‚‚acid
and water‚‚‚acid interactions. Typical adducts are represented
in Figure 6, showing dimers and trimers with TBP as well as
more complex cooperative arrangements. See, for instance, the
(TBP)2(H2O)2(HNO3)2 “supermolecule”, or the two forms of
(TBP)2(H2O)2(HNO3), that is, one where the acid coordinates
to TBP and one where it coordinates in the second shell via
one H2O molecule. Such arrangements could hardly be detected
by nearest-neighbor analysis.

Concerning the uranyl salts, they all spontaneously coordi-
nated to TBP molecules during the dynamics to form UO2-
(NO3)2(TBP) and UO2(NO3)2(TBP)2 complexes, as found at the
water/CO2 or water/chloroform interfaces or in water/CO2 binary
solutions.12,30 In systemE with 30 TBPs, the majority (4/6) of
the complexes with TBP are of 1:1 type, and 2/6 are of 1:2
type, leaving uncomplexed TBP molecules hydrogen bonded
with nitric acid and water. This suggests that this TBP concen-
tration is too low to fully complex uranyls. Indeed, doubling
the TBP concentration (from 30 TBPs inE to 60 TBPs inG
andI ) increases the proportion of UO2(NO3)2(TBP)2 complexes
(from 2/6 to 5/6), at the detriment of UO2(NO3)2(TBP)
complexes (from 4/6 to 1/6), and this is favorable as far as
their solubilization in SC-CO2 is concerned. If one compares
systemsG and I , which differ by the acid concentration, one
sees that the latter does not modify the extent of uranyl
complexation.

4. On the Role of Water on the Nitric Acid Solubilization
by TBP in SC-CO2. Experimentally, concentrated liquid nitric
acid contains a large amount of water, but the amount of water
extracted to SC-CO2 with TBP may be much smaller. This is
why we decided to investigate the influence of the water
concentration of TBP containing systems in which the water
content was reduced (from∼120 to 0 H2O molecules). Nitric
acid is thus in excess over water, as observed in a TBP phase
into which the concentrated acid has been dissolved.8 Systems
K-M contain “traces” of water (20 H2O molecules), whereas
systemsN-P are dry, with no water at all. All systemsK-P
contain 6 UO2(NO3)2 complexes.

Figure 5. Final snapshots of the uranyl-containingE, G, andI systems, representing separately the surface of water, nitric acid, and the phosphoryl
(TBP) oxygens. Linear density along theZ axis for CO2 (orange), H2O (blue), TBP (red), and HNO3 (pink). A full version of the Figure, including
the correspondingF, H, andJ systems without uranyl is given in Figure S2.
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Concerning the effect of TBP, systemsK-M are found to
display the same trends (see Figure 7 and Table 3) as their more
humid analogues,E, G, and I . The distribution of nitric acid
depends mainly on the amount of TBP. When it is too low,
compared to the acid and water (systemK with 30 TBPs), the
latter components aggregate around the polar uranyl salts. When
the number of TBPs increases from 30 to 60, the number of
TBP‚‚‚HNO3 dimers also increases (from 7 in systemK to 23
in L ) and the acid and water molecules are more dispersed.

Concerning the effect of decreased humidity of the CO2 phase,
ones sees that the number of TBP‚‚‚HNO3 H bonds increases
(the total, including monomers and homo+ hetero dimers
evolves from 33 in systemE to 46 inK and 60 inN) because
of the reduction of the competitive TBP‚‚‚HOH interactions.
The same trend is found in the systems with 30 HNO3 and 60
TBP molecules (there are 14 H bonds inI , 22 in M , and 24 in

P). This favors the acid dissolution. The number of H2O‚‚‚HNO3

adducts also decreases, together with the possibility of aggrega-
tion and formation of acidic water droplets. This phenomenon
is magnified in the dry systems,N-P, where all of the TBPs
are either hydrogen bonded with HNO3 molecules or complexed
to form UO2(NO3)2(TBP)2 complexes exclusively.

Discussion

We report theoretical studies on the effect of TBP on nitric
acid dissolution and uranyl complexation in supercritical CO2,
a complex phenomenon that depends on the concentration of
the different partners. First, among the different combinations
of hydrogen bonds involving nitric acid, water, and TBP
(mimicked by TMP), QM calculations in the gas phase show
that the TBP-acid interaction is strongest, in agreement with

Figure 6. Snapshots of typical hydrogen-bonded adducts that formed spontaneously with TBP during the dynamics (systemJ).

Figure 7. Final snapshots of systemsK-P representing separately the surface of water, nitric acid, and the phosphoryl oxygens of TBP. Linear
density along theZ axis for CO2 (orange), H2O (blue), TBP (red), and HNO3 (pink).
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another theoretical study.34 This critical feature is accounted
for by an empirical force-field representation of the po-
tential energy used for MD studies. Several combinations of
TBP, acid, water, and uranyl salts have been simulated by MD
in SC-CO2, allowing for pair-wise comparisons and revealing
different microscopic behaviors. There is no firm criteria to
define to what extent the acid will be dissolved in the
supercritical phase, but visual inspection of the systems, as well
as a statistical analysis of hydrogen-bonding interactions,
demonstrate the effect of TBP. Indeed, without TBP, the HNO3

molecules aggregate with water to form a microphase, and nitric
acid therefore does not dissolve in CO2. It can be surmised that
ionic forms NO3

- H3O+ of the acid, if present, would further
“catalyze” the aggregation of water, thus preventing dissolution
of the acid in SC-CO2. This contrasts with the TBP-containing
solutions where the percentage of nitric acid dissolved in the
organic phase increases. Because the TBP‚‚‚HNO3 interactions
are stronger than the HNO3‚‚‚HNO3 and HNO3‚‚‚H2O ones,
TBP molecules are practically all H bonded to nitric acid or to
water in the studied systems, forming a large variety of
complexes during the dynamics. Many are of TBP(HNO3)x or
TBP(H2O)x type (withx ) 1 or 2) or mixed TBP(HNO3)(H2O)x
with x ) 1 or 2, but more complex supramolecular arrangements
can be observed (Figure 6), which could hardly be detected by,
for example, vibrational spectroscopy. As expected, one finds
more TBP/HNO3 than TBP/H2O adducts at equal concentrations
of acid and water. The total number and stoichiometry of
hydrogen-bonded TBP adducts increases with the TBP concen-
tration, following experimental observations.7,8 The observed
percentage of dimers is highest when the HNO3/TBP ratio is
smaller than one. When this ratio becomes larger than one, the
number of trimers also increases.

It should be noted that hydrogen-bonded supermolecules are
dynamic in nature, especially at the simulated temperature of
350 K. This can be seen, for example, in the case of systemE
by the important fluctuations (Table 3) as well the visual
inspection at different times (see snapshots in Figure S3). Thus,
pursuing the dynamics further from 2 to 7.3 ns leads to
somewhat different numbers of hydrogen-bonded species, but
the overall trends remain the same (see Table 3). In addition,
the numbers of 1:1 and 1:2 uranyl complexes formed by TBP
are identical after 2 ns and 7.3 ns of dynamics. We thus believe
that the evolutions from one system to another are well captured
after 2 ns of simulation.

According to the simulations, uranyl solutes, although polar,
have little effect of the solubilization of nitric acid in the CO2

phase, presumably because of their relatively low concentration.
One remarkable result concerns their spontaneous complexation
by TBP molecules during the dynamics, forming 1:1 and 1:2
complexes whose relative populations evolve with the TBP
concentration. In the UO2(NO3)2(TBP)2 complexes, uranyl
is shielded from solvent, and the latter are diluted in the
SC-CO2 phase. This contrasts with the unsaturated UO2(NO3)2-
(TBP) complexes that tend to oligomerize at low TBP concen-
tration and are thus less CO2-philic. Another point of interest
concerns the role of water, which at high concentration catalyzes
the acid condensation and prevents its dissolution in the CO2

medium. In the extreme case of the dry solutions, a small amount
of acid (systemsM andP with 30 HNO3 molecules) dilutes in
the CO2 phase via hydrogen-bonding interactions with an excess
of TBP. When the acid is in excess over TBP, however, it aggre-
gates without forming a well-defined droplet or microphase as
in the humid conditions. What happens at other TBP, acid, and
water concentrations or under different thermodynamic condi-

tions (temperature, pressure) remains to be investigated. It is
hoped that the microscopic views presented here will contribute
to a better understanding of the complex process of uranyl
complexation and nitric acid dissolution in SC-CO2 by TBP.
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