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Constrained Car−Parrinello molecular dynamics simulations and
thermodynamic integration have been performed for an associative
pathway of water exchange between aqueous [UO2(OH2)5]2+ and
bulk water. The simulated free energy of activation for this process,
6.7 kcal mol-1, is significantly lower than that computed for a purely
dissociative mechanism, 10.8 kcal mol-1. Because the transient
hexahydrate is indicated to have no chemically significant lifetime,
the exchange mechanism can be classified as associative
interchange.

How do ligand-exchange reactions proceed at transition-
metal centers? Rates of such processes can be measured with
a variety of techniques, but elucidation of the underlying
mechanisms is far more difficult.1 Quantum-chemical cal-
culations can complement experimental studies by identifying
the most favorable pathways for ligand-substitution reactions.1c

The reliability of such computations hinges on the proper
treatment of electron-correlation and solvation effects. The
latter are of particular importance for ions in polar, protic
solvents, for example, in the prototypical water-exchange
reactions between ligands from the first and second solvation
shells in aquo complexes.

We have recently become interested in the coordination
number of the metal center in uranyl(VI) hydrate and other
uranyl(VI) complexes.2 According to Car-Parrinello mo-
lecular dynamics (CPMD)3 simulations with a pointwise
thermodynamic integration (PTI) scheme, dissociation of one
water molecule from aqueous [UO2(OH2)5]2+, affording
aqueous [UO2(OH2)4]2+, is endergonic on the Helmholtz free-
energy surface by∆A ) 8.7 kcal mol-1. The free-energy
barrier of∆Aq ) 10.8 kcal mol-1 for this process was found
to be comparable with the free energy of activation for water
exchange between [UO2(OH2)5]2+ and the bulk,∆Gq ) 9.1
kcal mol-1 at 298 K, as derived by17O NMR spectroscopy.4

It was noted, however, that “no definite conclusion can be
drawn from this result regarding the mechanism for this
process, dissociative vs associative or interchange”.2a We
now present a constrained CPMD study of the latter
pathways, allowing such a conclusive prediction.

We employed the same methods and parameters5 as those
in our study of the dissociative mechanism.2a To model the
putative six-coordinate, transient [UO2(OH2)6]2+, we im-
mersed a corresponding structure in a periodic water box,
constraining two adjacent U-O(H2) bonds to be equal
(labeledr1 andr2 in Figure 1). When propagated for a total
of 3.3 ps, this constrained structure remained stable, with
mean constrained distances ofr1 ) r2 ) 2.69(12) Å [in
parentheses is the standard deviation; the mean value for the
four unconstrained U-O(H2) bonds is 2.51(10) Å]. The mean
constraint force〈f〉 remained close to zero (4× 10-4 au),
suggesting that this form could be either an intermediate or
a transition state. When the constraint was lifted after 3.3 ps
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Figure 1. Starting structure for simulations of transient, six-coordinate
[UO2(OH2)6]2+ (corresponding to, e.g., structure III in ref 15f).
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and the system was propagated freely, one of the constrained
water molecules was immediately expelled from the complex
into the bulk, with the corresponding U‚‚‚O(H2) distance
increasing steadily and exceeding 3.5 Å after 0.3 ps. This
result thus strongly argues against a genuine, associativeA
mechanism and makes an interchange pathway more likely.

To study such a path more quantitatively with the PTI
technique,6 we constructed a reaction coordinate by fixing
the differenceê ) ∆r ) r1 - r2 at successively larger values
(in step sizes of 0.2 Å) and propagating the system at each
point until 〈f(ê)〉 was sufficiently converged.7 Helmholtz free
energies8 were then evaluated according to

via numerical integration. With increasing distancer1, the
leaving water molecule gradually accepts a hydrogen bond
from the other aquo ligand included in the constraint. At∆r
) 1.8 Å, 〈f(ê)〉 is again close to zero, because the distant
water molecule is now incorporated in the second solvation
sphere, i.e., well within a region where the U-O(H2) pair
correlation function of the unconstrained pentahydrate in
water has its second, broad maximum.2b Taking this point
as the reference state with∆A ) 0, the free-energy profile
depicted in Figure 2 is obtained.

Relative to this five-coordinate reference state, the six-
coordinate form with∆r ) 0 is higher in free energy by 6.4
kcal mol-1. Of the different coordination modes studied so
far, five-coordination is thus clearly preferred in water.9 The
highest point on the free-energy surface in Figure 2 is found

for ∆r ) 0.2 Å, corresponding to a barrier of∆Aq ) 6.7
kcal mol-1 for the interchange path. This value is noticeably
lower than the experimental free-energy barrier, 9.1 kcal
mol-1, but consistent with the tendency of present-day
density functionals (DFTs) to underestimate, rather than
overestimate, reaction barriers.10 More importantly, the
barrier computed for this interchange mechanism is signifi-
cantly lower, by more than 4 kcal mol-1, than that for
dissociation, ruling out the latter as the predominant water-
exchange pathway.

Interchange pathways can further be classified intoIa, I,
or Id mechanisms, depending on the relative advancement
of bond breaking vs bond formation in the transition state,
as reflected in the activation volume.1,11 We use Rotzinger’s
bond-length criterion as an indicator for the latter:1c,12 On
going from the five-coordinate state at∆r ) 1.8 Å to the
transition-state region at∆r ) 0 or 0.2 Å, the sum of all six
U-O(H2) distances (mean values along the designated
trajectories) decreases significantly, from 16.4 to 15.4 Å.
Thus, the reaction coordinate sampled by our CPMD
simulations is consistent with anIa pathway.

When the reaction coordinate in Figure 2 is extended to
∆r ) -0.8 Å, i.e., toward the final product with exchanged
water molecules, a slight increase in the free energy is found,
followed by a steep drop, essentially mirroring the points
between∆r ) 0 and 0.8 Å. According to these results, the
symmetric six-coordinate form with∆r ) 0 might be
characterized as a shallow minimum. Its rapid decay in an
unconstrained molecular dynamics (MD) run, however, (see
above) argues against the presence of such an intermediate
with a chemically significant lifetime, and the whole region
between∆r ) -0.4 and+0.4 Å is probably best described
as a shallow, rugged plateau. A representative snapshot from
this area is included in Figure 2.

To assess the role of the solvent, which turned out to be
of paramount importance for theD path,2a we attempted to
drive pristine [UO2(OH2)6]2+ in the gas phase (again starting
from a structure like that shown in Figure 1) along the same
reaction coordinate∆r toward a [UO2(OH2)5]2+‚H2O adduct.
These attempts were thwarted, however, by the occurrence
of spontaneous rearrangement to four-coordinate [UO2-
(OH2)4]2+‚2H2O at some point along this path (irrespective
from which side the path was followed, i.e., forward from
the six-coordinate or backward from a 5+ 1 form). Appar-
ently, the thermodynamic stability of the (hydrated) four-
coordinate species over the five-coordinate one in the gas
phase (∆A ) -2.2 kcal mol-1 for 5 f 4 + 12a) provides a
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Figure 2. Change in free energy,∆A, for associative displacement of one
water ligand from [UO2(OH2)5]2+ with one from the second hydration
sphere, as obtained from thermodynamic integration (reaction coordinate:
difference∆r ) r1 - r2, as defined in Figure 1). Top: representative
snapshots from early and late stages of association.

∆Aafb ) -∫a
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sink on the free-energy surface that prevents construction
of a simple reaction coordinate connecting five- and six-
coordinate forms. As a rough guide for the energetic
preferences in the gas phase, we computed relative energies
on the potential energy surface by optimizing a number of
isomeric, pristine [UO2(OH2)5]2+‚H2O, [UO2(OH2)6]2+, and
[UO2(OH2)4]2+‚2H2O structures with the same setup as that
used in the CPMD simulations.5 For the lowest minima found
in each case (see the Supporting Information), relative
energies of∆E ) 0, +10.8, and-2.5 kcal mol-1, respec-
tively, are obtained. Consistent with the MD results, four-
coordination is clearly preferred in the gas phase (whereas
it is strongly disfavored in solution2a). Six-coordinate species
are quite high in energy both in the gas phase and, judging
from the free energies, in water as well.

Besides possible inherent shortcomings of the accuracy
of the particular flavor of density function theory (DFT)
employed,13 the precision of our∆A values may further be
limited by a potentially incomplete sampling due to the short
simulation times7 that are presently possible. The choice of
an improper reaction coordinate might also introduce a
spurious bias; our difference coordinate, arguably, is flexible
enough to adapt itself to a variety of associative and
dissociative pathways and to let the system find the most
favorable one. However, when another PTI path was started
from a well-equilibrated unconstrained CPMD simulation of
aqueous [UO2(OH2)5]2+, pulling in one water molecule from
the second solvation sphere via the same∆r coordinate used
so far (i.e., by modeling the reverse reaction of that used for
generating the data of Figure 2), a gradual accumulation of
excess mean forces was observed on going from∆r ) 2 to
0.4 Å, at which point both water molecules involved in the
constraint spontaneously drifted off into the bulk, leaving
four-coordinate [UO2(OH2)4]2+ behind.14 Up to this point,
the computed free energy had risen to 10.4 kcal mol-1, in
very good accord with the barrier for the dissociative process
using a single bond length as the reaction coordinate (∆Aq

) 10.8 kcal mol-1).2a There is thus no guarantee that a
particular reaction coordinate produces a unique pathway.
In principle, however, the computed relative free energies
between the initial and final states should be independent of
the path between them, and it is unlikely that our simulated
free-energy difference between five- and six-coordinate
forms, around 6-7 kcal mol-1, is plagued by an artifact of

our PTI procedure. As far as this barrier is concerned, our
computational protocol passes the ultimate test against
experiment reasonably well, at least qualitatively, and we
are confident that theIa pathway as emerging from our
simulations is a faithful representation of the actual water-
exchange mechanism.

The mechanism of this exchange process15 has previously
been studied by Vallet et al.,16 who optimized salient minima
and transition states at the Hartree-Fock (HF) level, followed
by MP2 single-point energy calculations, all including a con-
tinuum solvation model (CPCM). TheD mechanism was
highly unfavorable throughout, and the activation energies
for theA pathway were computed as 5.0 and 4.5 kcal mol-1

at HF and MP2 levels, respectively. These levels were re-
cently criticized as being inadequate because of the lack or
insufficient treatment of electron correlation.1c,17 In a recent
MD study of aqueous uranyl(VI) involving an ab initio
(CASPT2)-derived force field,18 singular events described
as associative or “something betweenA andI” were observed.

In conclusion, we have presented the first quantum-
chemical study of the solvent exchange at aqueous uranyl(VI)
hydrate that takes the effects of solvation and dynamics ex-
plicitly into account. This approach goes beyond the common
practice of performing static optimizations including solva-
tion only implicitly via continuum models and furnishes un-
precedented insights into the mechanistic details of this ex-
change process. The free-energy barrier simulated for an asso-
ciative interchange pathway agrees qualitatively with experi-
ment and is significantly lower than that for a pureD mech-
anism. Within the limitations of present-day density func-
tionals concerning their quantitative accuracy, CPMD simula-
tions can now be used to study structure, speciation, and sub-
stitution reactions of uranyl species in an aqueous solution.
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