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According to constrained Car−Parrinello molecular dynamics
simulations and thermodynamic integration, the free binding energy
between uranyl hydrate and pertechnetate in aqueous solution is
significantly lower than that between uranyl and nitrate, namely,
by 1.7 kcal mol-1. This is the first study of the differential binding
of these two ligands to uranyl, which can have implications for
the separability of uranium and technetium during the reprocessing
of nuclear waste.

Efficient separation of radionuclides from nuclear waste
is a prerequisite for their reuse or storage. One problem
during extraction of uranium from spent nuclear fuel, e.g.,
in the PUREX process,1 is the rather poor separation from
technetium. Under the oxidizing conditions of this process
(dissolution in concentrated nitric acid), both elements are
present in the forms of uranyl(VI), UO22+, and pertechnetate,
TcO4

-. It has been shown recently by X-ray crystallography2

and99Tc NMR spectroscopy3 that both ions can form addition
complexes, which can persist in an organic solvent. It has
been suggested that this complex formation may be the
reason for the poor separability of both ions because they
could be simply extracted together into the organic phase.
In the presence of suitable scavenger ligands, typically
phosphine oxides R3PO, uranyl can be extracted in the form
of complexes of the type UO2(NO3)2(R3PO)2. It is conceiv-
able that, in such complexes, pertechnetate could replace
nitrate. Alternatively, complexes of the type UO2(TcO4)2-
(R3PO)3 could form.2 In any event, the TcO4- ligand would
have to compete with nitrate, which is present in huge excess.
As a first step toward the assessment of the relative affinities
of the two ligands toward uranyl, we have now computed
the relative binding energies of NO3

- and TcO4
- ions with

uranyl hydrate in water. To this end, we employed con-
strained Car-Parrinello molecular dynamics (CPMD)4 simu-
lations and pointwise thermodynamic integration,5 a protocol
that we had used successfully to reproduce thermodynamic
and kinetic properties of aqueous uranyl(VI) hydrate.6

Reasonably well equilibrated solutions of the expected
additional products, [UO2(H2O)4(η1-XOn)]+ (1, XOn ) NO3;
2, XOn ) TcO4) were prepared in a periodic water box,
employing the same methods and parameters7 as those in
our previous studies.6 The mean U-O(X) bond distances
are 2.46(9) and 2.44(8) Å for16e and2, respectively (over 3
and 4 ps, respectively, of unconstrained simulation). We have
recently shown with the same computational protocol that
the monodentate five-coordinate complex1 is the preferred
species for uranyl mononitrate in water and that bidentate

* To whom correspondence should be addressed. E-mail: buehl@
mpi-muelheim.mpg.de.
(1) For instance, see: (a) McKibben, J. M.Radiochim. Acta1984, 36, 3.

(b) Wilson, P. D., Ed.The Nuclear Fuel Cycle; Oxford University
Press: Oxford, U.K., 1996.

(2) Sarsfield, M. J.; Sutton, A. D.; May, I.; John, G. H.; Sharrad, C.;
Helliwell, M. Chem. Commun.2004, 2320.

(3) Sutton, A. D.; John, G. H.; Sarsfield, M. J.; Renshaw, J. C.; May, I.;
Martin, L. R.; Selvage, A. J.; Collision, D.; Helliwell, M.Inorg. Chem.
2004, 43, 5480.

(4) Car, R.; Parrinello, M.Phys. ReV. Lett. 1985, 55, 2471.
(5) For instance, see: Sprik, M.; Ciccotti, G.J. Chem. Phys. 1998, 109,

7737 and references cited therein.
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species are less stable, by up to 2.8 kcal mol-1.6e For 2, we
assume the same basic structure, in line with theη1-binding
mode and five-coordination observed or inferred for uranyl
pertechnetate complexes.2,3,8

We then used the U-O(X) distance as the reaction
coordinate, elongating it in steps of 0.2 Å and running
constrained CPMD simulations at each point until the mean
constraint force was reasonably well converged.9 This
procedure was continued until the anionic ligand was
incorporated into the second coordination sphere, forming
contact ion pairs [UO2(H2O)4]2+XOn

- with near-zero forces
on the constraint. Numeric thermodynamic integration of the
resulting mean forces affords the Helmholtz free-energy
profiles depicted in Figure 1.

We first turn to the nitrate complex. Formation of the
contact ion pair with uranyl tetrahydrate according to

is computed to be endergonic by∆A ) 7.7( 0.5 kcal mol-1

(curve a in Figure 1). With the same protocol, water
dissociation from uranyl hydrate

had been found to be endergonic by∆A ) 8.7 kcal mol-1.6a

When the driving force for complete dissociation of the ion
pair on the right-hand side of eq 1 is neglected, a free energy

of ∆A ) 1.0 kcal mol-1 is thus obtained10 for the displace-
ment reaction

From the experimental binding constant of nitrate and
uranyl,11 a free energy of∆G° ) -0.4 ( 0.2 kcal mol-1

can be inferred for this process. Even though the theoretical
estimate has the wrong sign, it is well within the accuracy
of ca. 2.5 kcal mol-1 established previously6c,d for the
methodology employed, and the fact that nitrate binds only
weakly to uranyl is very well reproduced. The theoretical
estimate can be further refined by taking the aforementioned
driving force for ion-pair separation into account. According
to a very simple model from the literature, the equilibrium
constant for dissociation of a hydrated contact ion pair (or
outer-sphere complex) composed of a dication and a
monoanion into the infinitely separated constituents can be
estimated as logK ) -0.74,12 from which a Gibbs free
energy of ∆G ) +1.0 kcal mol-1 can be calculated.
Subtracting this correction from our∆A value for eq 3,13

we arrive at an estimate of ca. 0 kcal mol-1 for this process,
in good accord with the experiment. Even though this degree
of agreement is certainly fortuitous to some extent (given
the potential shortcomings of density functional theory and
the limitations in the system size and simulation times), it is
further testimony to the capability of the CPMD-based
approach to capture the essentials of uranyl chemistry in
aqueous solution.

For the pertechnetate complex2, formation of the corre-
sponding contact ion pair with uranyl tetrahydrate is com-
puted to be endergonic by∆A ) 6.0( 0.4 kcal mol-1 (curve
b in Figure 1). This value is significantly lower, by 1.7 kcal
mol-1, than that of the analogous nitrate complex. Thus,
pertechnetate is predicted to form an even weaker complex
with uranyl than nitrate. Following the same lines as those
discussed above for nitrate,10 the free binding energy of
pertechnetate according to
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Figure 1. Change in the free energy,∆A, upon dissociation of the nitrate
and pertechnetate ligands from1 (dashed line, curve a) and2 (solid line,
curve b), respectively, together with selected typical snapshots from the
trajectories. Reaction coordinates are the U-N and U-Tc distances,
respectively.
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is estimated to be∆A ) +2.7 kcal mol-1 (+1.7 kcal mol-1

with the correction for ion-pair separation).
As mentioned above, theabsoluteaccuracy of free energies

obtained with the CPMD-based protocol so far is ca. 2.5
kcal mol-1 relative to the experiment. The computed differ-
ence in the uranyl binding energies between nitrate and
pertechnetate,∆A ) +1.7 kcal mol-1 for eq 5,

is of the same order of magnitude. ThisrelatiVe change in
the binding energy, however, should be more reliable because
of the identical setup for both systems and the expected
cancellation of systematic errors. From this value and from
the experimental data of uranyl nitrate,11 the following
binding constant for uranyl pertechnetate can be inferred:

With this weak binding constant, TcO4
- to a large degree

resembles ClO4-, which essentially does not bind at all to
uranyl in aqueous solution. The most significant consequence
of this result is that pertechnetate cannot compete with nitrate
for coordination to aqueous uranyl hydrate, i.e., that forma-
tion of uranyl pertechnetate complexes in the nitric acid phase
during the PUREX process can safely be excluded. Such
complexes therefore have to be formed in the organic phase
(or at its boundary) during extraction. While this result might
have been intuitively anticipated from aqueous uranyl
chemistry, we now substantiate it by the first dedicated,
computational evidence for the differential binding of the
relevant ligands.

It would be desirable to simulate the reaction paths from
Figure 1 in an organic solvent (or better yet, at an aqueous/
organic interface), which would be of more immediate
relevance for the actual coextraction of the two radionuclei
under the experimental conditions. Unfortunately, the con-
comitant need for larger boxes and longer simulation times
would render CPMD simulations prohibitively expensive at
present.14 Modeling the corresponding free energies in vacuo
is also not easily possible because pristine1 proved unstable
in an unconstrained CPMD simulation,6e precluding the
construction of a reaction path in the gas phase corresponding
to that in Figure 1. Static optimizations15 indicate an even
weaker relative binding of TcO4- vs NO3

- in the gas phase
or with a polarizable continuum model (PCM), illustrated
by the reaction energies of∆E ) +28.2 kcal mol-1 (gas
phase) or+15.3 kcal mol-1 (PCM) for the reaction in eq 5.

What is, finally, the reason for the different binding
strengths of pertechnetate and nitrate? It is quite likely that
electrostatic interactions are of paramount importance. From
atomic charges computed for pristine TcO4

- and NO3
-, it

would appear that the former should bind stronger to a

cationic center because the O atoms are more negatively
charged than those in the latter (e.g.,-0.64e vs-0.56e for
TcO4

- and NO3
-, respectively, using natural population

analysis).15 On the other hand, the electrostatic potential
(ESP) around the O atoms is more negative in NO3

- than in
TcO4

- (see the graphical representation in Figure S1 of the
Supporting Information). For nitrate, the minima of the ESP
in the valence shell around the O atoms roughly coincide
with the positions of the in-plane lone pairs (at ca. 1.2 Å
from the O atom and at an angle of ca. 100° with the N
atom). For TcO4

-, the most negative ESP values in the
corresponding region are smeared out in a toroidal area about
the O atoms (at ca. 1.3 Å from the O atom and 110-120°
with the Tc atom). The corresponding minimal ESP values
(at the BLYP level)15 amount to-0.28 and-0.20 au for
NO3

- and TcO4
-, respectively, qualitatively consistent with

the relative binding strengths of both ions toward uranyl in
the gas phase and in water. In this context, it is interesting
to note that for phosphines the analogous quantity, namely,
the minimum of the ESP near the lone-pair position, has been
correlated with the binding strength toward transition met-
als.16 Similar studies for the binding of O-donor ligands to
uranyl could be rewarding.

In summary, we have computationally reproduced the
binding constant between uranyl and nitrate in aqueous
solution, using a quantum-chemical method that takes the
effects of solvation and dynamics explicitly into account.
With the same approach, we have for the first time predicted
the corresponding binding constant between uranyl and
pertechnetate, a quantity that has implications for the
separability of the two radionuclides during reprocessing of
nuclear waste. We have presented strong evidence that in
water the affinity toward uranyl is significantly smaller for
pertechnetate than for nitrate. To what extent this result is
transferable to other extractable uranyl complexes and
organic solvents is an interesting question worth being further
pursued. Within the limitations of present-day density
functionals concerning their quantitative accuracy, CPMD
simulations can now be used to studyand predictstructures
and thermodynamic quantities of uranyl species in aqueous
solution.
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