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Introduction

The kinetics of the water-exchange reaction [Eq. (1)] of the
[UO2ACHTUNGTRENNUNG(OH2)5]

2+ ion have been investigated by Farkas et al.[1]

in a variable-temperature 17O NMR study.

½UO2ðOH2Þ5�2þ þH2O ! ½UO2ðOH2ÞðOH2Þ4�2þ þH2O ð1Þ

They determined the activation parameters (DH�, DS�,
and DG�) at 25 8C, but not the activation volume (DV�). For
the assignment of the exchange mechanism, they resorted to
quantum chemical computations based on a model[2] involv-
ing constrained optimizations, which is known[3,4] to favor
the dissociative pathway. Not unexpectedly, they postulated
a dissociative mechanism for the reaction shown in Equa-
tion (1). In a second study[5] on this reaction from the same
laboratory, an improved model[3,4] was used, and hydration
was treated on the basis of the conductor polarizable contin-
uum model (CPCM).[6–9] In contrast to the first investiga-
tion,[1] the associative (A) mechanism, proceeding through
the [UO2ACHTUNGTRENNUNG(OH2)6]

2+ intermediate with an increased coordina-
tion number, was claimed to operate, because it was found
to be more thermodynamically advantageous, by
�40 kJmol�1, than the dissociative (D) pathway, which in-
volves the [UO2ACHTUNGTRENNUNG(OH2)4]

2+ intermediate exhibiting a reduced
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coordination number. Very recently, this reaction [Eq. (1)]
was reinvestigated[10] by using constrained Car–Parrinello
molecular dynamics simulations (CPMD)[11] based on the
BLYP[12–14] functional. For the D mechanism, an activation
free energy (DA�) of 45.2 kJmol�1 was obtained (at 27 8C),
which is �7 kJmol�1 higher than the experimental DG�

value (at 25 8C).[1] For the associative mechanism, a lower
DA� (28.0 kJmol�1) was found, which is 10 kJmol�1 lower
than that found by experiment.
In addition to reaction (1), Vallet et al. studied the water-

exchange reaction of the bisoxalato aqua dioxouranium(VI)
complex, [UO2 ACHTUNGTRENNUNG(C2O4)2OH2]

2�, which was claimed to proceed
by means of the A mechanism[5] as for [UO2ACHTUNGTRENNUNG(OH2)5]

2+ . In a
later investigation from the same laboratory,[15] the water-ex-
change reaction of the similar tetrafluoro aqua dioxoura-
nium(VI) complex, [UO2F4ACHTUNGTRENNUNG(OH2)]

2�, exhibiting the same
charge as the bisoxalato dioxouranium(VI) ion, was claimed
to proceed through the D mechanism. It is incomprehensi-
ble that the rather similar oxalato and fluoro complexes
should undergo the water-exchange process with opposite
mechanisms. Thus, the substitution mechanism of these
UO2

2+ complexes cannot be considered as fully understood.
It will be shown that computational methods, the applicabili-
ty of which was not verified, were used in these UO2

2+ stud-
ies;[1,5,15] thus the quality of the computed activation ener-
gies is not established. Evidently, the preferred reaction
mechanism, associative or dissociative, cannot be predicted
on the basis of such data.
For the computation of activation energies of reactions in

solution, solvation and electron correlation have to be treat-
ed adequately. In the first study of reaction (1) by Farkas
et al. ,[1] the geometries were optimized using the Hartree–
Fock (HF) procedure for the free ions in the gas phase, and
the energies were computed with MP2, also for the free
ions. Static electron correlation, which is present in the
UO2

2+ ion as in all metal-oxo complexes, such as the [VO-
ACHTUNGTRENNUNG(OH2)5]

2+ complex[16] , was neglected in both the geometry
optimizations and the energy computations. It is important
to note that MP2 involves configurations with excitations of
up to two electrons. Therefore MP2 should only be applied
if the contribution of configurations arising from excitations
of more than two electrons is negligible, and if the perturba-
tion is small, otherwise static electron correlation is present.
In such cases, the zero-order HF wavefunction is not a suffi-
ciently good approximation and single-reference perturba-
tion theory based on excitations of up to two electrons is in-
appropriate.[16]

The second quantum chemical study of reaction (1) from
the same laboratory by Vallet et al.[5] was again based on
HF geometries and MP2 energies, although hydration was
treated with CPCM.[6–9] In this investigation too, static elec-
tron correlation, which arises from the population of s* ACHTUNGTRENNUNG(O=
U=O) and p* ACHTUNGTRENNUNG(O=U=O) molecular orbitals (MOs) by sACHTUNGTRENNUNG(O=
U=O) and pACHTUNGTRENNUNG(O=U=O) electrons (see Computational Meth-
ods and Results sections) was neglected. The authors did
not assess the validity of these approximations. As shown re-

cently,[16,17] the inappropriate treatment of electron correla-
tion can lead to incorrect conclusions.
The result of the very recent CPMD studies[10] of reac-

tion (1), in which the solvent was treated quantum chemical-
ly, might be affected by the limitations of density function
theory (DFT). At least for aqua ions, DFT favors systemati-
cally the lower coordination number,[16] and this is the
reason that, for example, B3LYP[18–20] and BLYP[12–14] give
rise to a preference for the dissociative mechanism together
with a discrimination of the associative pathway. These
CPMD calculations,[10] based on the BLYP functional, might
underestimate the activation energy for the D mechanism,
but, in contrast to the above-mentioned cases,[16] they under-
estimate the activation energy for the associative pathway as
well. In fact, in the first CPMD study,[10a] the authors made
the statement “Arguably, the largest uncertainty arises from
the particular quantum chemical method employed, BLYP
in our case.” This, however, was supported neither by data
nor by a reference, although such information was available
from the literature.[16]

With DFT, the structure of the transition state [cis-V-
ACHTUNGTRENNUNG(OH2)5··· ACHTUNGTRENNUNG(OH2)2]

2+� cannot be obtained because the weak
metal–aqua and hydrogen bonds are not balanced correct-
ly.[16] Furthermore, the geometry of the water adducts [M-
ACHTUNGTRENNUNG(OH2)6·OH2]

3+ , in which the seventh H2O is bound to the
first coordination sphere by means of a single hydrogen
bond, cannot be computed with DFT because of a spontane-
ous H+ transfer from the first to the second coordination
sphere, which leads to [M ACHTUNGTRENNUNG(OH2)5OH·H3O]3+ .[16] Reaction (1)
is a textbook example illustrating that computed properties
can depend critically on the treatment of electron correla-
tion.
The present study on reaction (1) is performed with quan-

tum chemical methods that take into account static and dy-
namic electron correlation. The systematic deviations in ac-
tivation and reaction energies, which were obtained with HF
and post-HF methods (MP2, CCSD(T),[21] MCQDPT2,[22,23])
on one hand, and DFT (B3LYP, BLYP) on the other hand,
are illustrated. The effect of quantum chemical methods for
geometry optimization and energy computation on the ener-
getics and, therefore, the mechanism of reaction (1), is dem-
onstrated. The activation parameters for the A and D mech-
anisms, computed at 25 8C, are compared with the experi-
mental data. The activation enthalpy (DH�) and free enthal-
py (DG�) for the A mechanism agree with experiment. The
D mechanism is less likely, since its DG� is higher by at
least 15 kJmol�1. The lifetime of the intermediates for the A
and the D mechanisms was computed to be short. Criteria
for the distinction of the stepwise (A and D) from the con-
certed (Ia and Id) mechanisms are presented. The present
data allows the rationalization of the reactivity of UO2

2+

complexes and the attribution of their preferred water-ex-
change mechanisms.
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Computational Methods

All of the calculations were performed using the GAMESS[24] programs.
For uranium, the relativistic effective core potential (ECP) basis set of
Hay and Martin[25] was used, in which the 1s–5s, 2p–5p, 3d–5d, and 4f
shells are included in the relativistic core, and the 6s, 7s, 6p, 7p, 6d, and
5f shells are represented by a (10s, 8p, 2d, 4f) basis set contracted to [3s,
3p, 2d, 2f]. For O and H, the 6–31G(d) basis set[26,27] was used (ad=

1.20[28]), which was shown to be adequate for water and oxo ligands.[16] To
determine the effect of p polarization
functions on the H atoms, computa-
tions with a 6–31G ACHTUNGTRENNUNG(d,p) basis set for
H2O (ap=0.80[28]) were performed.
Figures 1–3 were generated with
Molden,[29] and Figures S1 and S2
(Supporting Information) were plot-
ted using the graphics programs of
GAMESS.[24]

The Hessians were calculated numer-
ically (with analytical gradients)
using the double difference method,
and projected to eliminate rotational
and translational contaminants.[30]

The thermodynamic variables (DH�,
DS�, and DG�) at 25 8C were com-
puted on the basis of statistical me-
chanics.[31] Unscaled CAS-SCF ACHTUNGTRENNUNG(12/
11)-SCRF or CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM
frequencies were used for the calculation of the vibrational partition
functions. The DFT calculations (B3LYP and BLYP) were performed
with a grid finer than the default (NTHE=24 and NPHI=48; the default
is NTHE=12 and NPHI=24). The computed vibrational spectrum of
transition states exhibited a single imaginary frequency, whereas for the
other species, all of the calculated frequencies were real.

The active MOs for the complete active space self-consistent field (CAS-
SCF) wavefunctions were determined with configuration interaction (CI)
using the iterative natural orbital (INO) method.[32] The details of the
computations for [UO2 ACHTUNGTRENNUNG(OH2)5]

2+ are given in the Appendix (see the Sup-
porting Information). Thus, apart from one exception, all of the CAS-
SCF and MCQDPT2 calculations were based on an active space of 12
electrons in 11 orbitals (12/11). In the post-HF calculations (MP2,
CCSD(T), and MCQDPT2), the 1s MOs of oxygen were treated as
frozen cores.

For the geometry optimizations, which were all performed at the CAS-
SCF level, hydration was included using the self-consistent reaction field
(SCRF)[33–35] model with a spherical cavity. It included monopole–dipole
and dipole–dipole solute–solvent interactions. The cavity radius was de-
termined as described.[36] It should be noted that for molecules without
permanent dipole moments, the SCRF geometry is equal to that of the
free ion in the gas phase. The geometries were further optimized on the
basis of a more elaborate treatment of hydration, using the polarizable
continuum model (PCM),[6–8, 37] whereby a covalent radius of 2.50 P was
taken for U. Geometry optimizations based on PCM require the use of
C1 symmetry, and for the geometry optimizations, but not the energy
computations, a finer tessellation had to be used (NTSALL=240, the de-
fault is 60; in PCM, each atom is represented by a sphere, which is ap-
proximated by NTSALL triangles). The energies were calculated (using
NTSALL=60) at the MCQDPT2[22, 23] level, whereby hydration was
treated with PCM as described.[36] For the presently used (12/11) active
space, the computed geometries and energies are denoted as CAS-SCF-
ACHTUNGTRENNUNG(12/11)-SCRF/PCM and MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM, respectively. The
atomic coordinates of all species, the geometries and frequencies of
which were computed at the CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF/PCM level, are
given in Tables S1–S6 (Supporting Information).

Results

Dependence of activation and reaction energies on the com-
putational method : The striking differences in activation
and reaction energies that are obtained with various compu-
tational methods are illustrated in Table 1. The energies
were calculated based on the gas-phase geometries of Vallet
et al.[5] , whereby a different basis set[25] was used for urani-

um. Multiconfiguration quasi-degenerate second-order per-
turbation theory (MCQDPT2),[22,23] which takes into account
static and dynamic electron correlation, as well as coupled-
cluster methods, are expected to yield the most accurate en-
ergies (see Electron Correlation in Dioxouranium(VI) Com-
plexes section). It can be seen that the HF data are, fortui-
tously, quite close to MCQDPT2. Due to the presence of
static electron correlation, it is uncertain whether (single-
reference) MP2 is adequate. Recently, Cao and Balasubria-
mian[39] investigated, among other things, the dependence of
the U=O and U�O bond lengths in [UO2ACHTUNGTRENNUNG(OH2)n]

2+ (n=0,
4–6) complexes on the computational methods B3LYP,
MP2, and CCSD. The B3LYP and CCSD (gas-phase) geo-
metries are quite similar, whereas considerably longer U=O
bonds (0.04–0.05 P longer) and shorter U�O bonds were
obtained with MP2. A possible reason why MP2 could nev-
ertheless yield energies close to MCQDPT2 and CCSD(T)
is given in the Discussion section. It should be noted that
the B3LYP and BLYP energies deviate strongly from those
obtained with high-level ab initio methods as seen[16] for
other aqua ions.

Basis set superposition error (BSSE): This error was calcu-
lated by using the counterpoise method.[40] The BSSE of one
U�OH2 bond in [UO2ACHTUNGTRENNUNG(OH2)5]

2+ was computed with current-
ly used quantum chemical methods (Table 2) for the process
shown in Equation (2).

UO2
2þ þ ðOH2Þ5 ! ½UO2ðOH2Þ5�2þ ð2Þ

It is interesting to note that MCQDPT2 gives rise to a small-

Table 1. Gas-phase activation or reaction energies[a] calculated on the basis of the Hartree–Fock gas-phase ge-
ometries of Vallet et al.[5]

Reaction HF MP2 CCSD(T) MCQDPT2[b] B3LYP BLYP

ACHTUNGTRENNUNG[UO2 ACHTUNGTRENNUNG(OH2)5]
2+!ACHTUNGTRENNUNG[UO2 ACHTUNGTRENNUNG(OH2)4 · · · OH2]

2+�

(activation energy for the D mechanism)
37.8 39.2 39.8 39.3 25.0 17.7

ACHTUNGTRENNUNG[UO2 ACHTUNGTRENNUNG(OH2)5·OH2]
2+!“UO2 ACHTUNGTRENNUNG(OH2)4··· ACHTUNGTRENNUNG(OH2)2

2+”[c]

(energy of the intermediate for the A mechanism)
35.7 35.2 32.7 35.9 40.7 40.7

ACHTUNGTRENNUNG[UO2 ACHTUNGTRENNUNG(OH2)5·OH2]
2+! ACHTUNGTRENNUNG[UO2 ACHTUNGTRENNUNG(OH2)4· ACHTUNGTRENNUNG(OH2)2]

2+

(energy of the intermediate for the D mechanism)
44.4 46.2 47.0 46.1 29.0 20.7

[a] Units: kJmol�1. [b] Second-order perturbation calculation based on the CAS-SCF ACHTUNGTRENNUNG(12/11) wave function.
[c] The nature of this species depends on the U basis set: according to the calculations of Vallet et al. ,[5] this
species is a transition state (for the I mechanism), whereas it is an intermediate on the basis of the work of
Hay et al.[38] and the present computations, which have both been performed with the U basis set of Hay and
Martin.[25]
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er BSSE than the post-HF techniques MP2 and CCSD(T),
and that DFT lies between HF and MCQDPT2. Irrespective
of the mechanism of reaction (1), two major BSSE contribu-
tions have to be considered. The first involves the BSSE cor-
rection due to bond formation (or breaking), and the second
BSSE correction arises from the slight elongation (or short-
ening) of the “spectator” H2O ligand bonds, which do not
participate in the exchange process. It will be shown below
(see Mechanism of the Water-Exchange Reaction of [UO2-
ACHTUNGTRENNUNG(OH2)5]

2+ section), that the BSSE is virtually constant for
the present reactions: for the example of the A mechanism,
the BSSE arising from the shortening of the U···OH2 bond
of the entering H2O increases, while the bond lengths of the
five spectator H2O ligands are elongated slightly, which
gives rise to a decrease of the BSSE. Thus the sum of these
two BSSE contributions is approximately constant. For reac-
tion (1), the BSSE was calculated at the HF level. The cor-
responding BSSE corrections for MCQDPT2 were obtained
from the HF-BSSE by scaling (MCQDPT2-BSSE=HF-
BSSEQ16.5/9.3).

Electron correlation in dioxouranium(VI) complexes : In all
of the investigated UO2

2+ ions, there is static electron corre-
lation in addition to the omnipresent dynamic correlation.
As found from the CI calculations (see Computational
Methods), static correlation arises from the population of
s* ACHTUNGTRENNUNG(O=U=O) and p* ACHTUNGTRENNUNG(O=U=O) MOs by sACHTUNGTRENNUNG(O=U=O) and p-
ACHTUNGTRENNUNG(O=U=O) electrons (Figure 1) as in the [VO ACHTUNGTRENNUNG(OH2)5]

2+

ion.[16] The s* ACHTUNGTRENNUNG(O=U=O) natural orbital, NO 45, exhibiting
an occupation of <0.02 electrons (Figure 1c) was not taken
into the active space of the CAS-SCF ACHTUNGTRENNUNG(12/11) calculations,
because its inclusion did not affect the geometry significant-
ly (see below), and because of its considerably lower NO oc-
cupation (Figure 1). This low population is considered to
arise from dynamic correlation (which is taken into account
by second-order perturbation theory). Table 3 summarizes
the multiconfiguration self-consistent field energies
(MCSCF ACHTUNGTRENNUNG(12/11)-PCM) of the hydrated [UO2 ACHTUNGTRENNUNG(OH2)5]

2+ ion
(CAS-SCFACHTUNGTRENNUNG(12/11)-PCM structure with ~C2v symmetry, see
next section). The active space was the same as for the
CAS-SCFACHTUNGTRENNUNG(12/11)-SCRF/PCM calculations, but the degree of
electron excitation was varied. These computations were
performed using the occupation-restricted multiple active
space (ORMAS) method developed by Ivanic.[41] The error
(DE) with respect to the CAS-SCFACHTUNGTRENNUNG(12/11)-PCM energy is
large for an excitation degree of two electrons. This indi-
cates that (single-reference) CI singles–doubles and MP2

techniques are not applicable. Another indication that MP2
is not suitable arises from the low contribution (87.6%) of
the HF electron configuration in the CAS-SCFACHTUNGTRENNUNG(12/11) wave-
function. For an excitation level of four, the error is much
smaller, but not negligible. Hence, MP4 ACHTUNGTRENNUNG(SDQ), for example,

Table 2. Basis set superposition error (BSSE) of an U···OH2 bond in
[UO2 ACHTUNGTRENNUNG(OH2)5]

2+ .

Method BSSE[a] [kJmol�1] Method BSSE[a] [kJmol�1]

HF 9.3 MP2 18.9
CCSD(T) 19.4 MCQDPT2[b] 16.5
B3LYP 11.4 BLYP 13.1

[a] These calculations were performed for the CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF ge-
ometry. [b] Second-order perturbation calculation based on the CAS-
SCF ACHTUNGTRENNUNG(12/11) wave function.

Figure 1. Natural orbitals (NOs) of the [UO2 ACHTUNGTRENNUNG(OH2)5]
2+ ion (CAS-SCF ACHTUNGTRENNUNG(12/

12)-SCRF structure with D5 symmetry): a) s ACHTUNGTRENNUNG(O=U=O), NOs 36 and 37
with occupations of 1.9565 and 1.9530, respectively; b) two degenerate p-
ACHTUNGTRENNUNG(O=U=O) pairs, NOs 34/35 and 38/39 with occupations of 1.9602 and
1.9475, respectively; c) s* ACHTUNGTRENNUNG(O=U=O), NOs 40 and 45 with occupations of
0.0712 and 0.0196, respectively; d) two degenerate p* ACHTUNGTRENNUNG(O=U=O) pairs,
NOs 41/42 and 43/44 with occupations of 0.0559 and 0.0362, respectively.

Table 3. Dependence of the MCSCF ACHTUNGTRENNUNG(12/11)-PCM energy of [UO2-
ACHTUNGTRENNUNG(OH2)5]

2+ on the number of excitable electrons.

Excitation
level

Number of
determinants

E ACHTUNGTRENNUNG(MCSCF ACHTUNGTRENNUNG(12/11)-PCM)
ACHTUNGTRENNUNG[hartrees]

DE
ACHTUNGTRENNUNG[kJmol�1]

10[a] 213444 �580.623377 reference
8 212508 �580.623375 0.0
6 172683 �580.623342 0.1
4 45311 �580.621554 4.8
2 1261 �580.597351 68.3

[a] This corresponds to the CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM calculation.
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might not be appropriate either. Agreement with the CAS-
SCF ACHTUNGTRENNUNG(12/11)-PCM energy is obtained for excitations of six
and eight electrons. A presently feasible treatment of elec-
tron correlation, which is expected to approach the full CI
limit as closely as possible, involves the second-order pertur-
bation calculation of the MCSCF ACHTUNGTRENNUNG(12/11) wavefunction with
an excitation level of at least six. The MCQDPT2 ACHTUNGTRENNUNG(12/11)
method corresponds to such a computation with an excita-
tion level of ten. The data in Table 3 show that quantum
chemical methods that involve a total excitation degree
below eight are unlikely to approach the full CI limit. Alter-
natively, coupled-cluster methods might also be suitable,
but, for the present systems, they are much more demanding
in terms of CPU time.

Geometry and its effect on the energy

ACHTUNGTRENNUNG[UO2ACHTUNGTRENNUNG(OH2)5]
2+ : All of the aqua complexes of UO2

2+ were
investigated with CAS-SCFACHTUNGTRENNUNG(12/11), because of the presence
of static electron correlation, as described in the previous
section. Accurate computations on aqueous UO2

2+ ions re-
quire CAS-SCF-based second-order perturbation theory,
such as CASPT2,[42,43] MCQDPT2[22,23] or coupled-cluster[21]

methods, and an adequate treatment of hydration. Today,
such techniques are applicable for the present energy com-
putations, but not for the geometry optimizations. Hence,
for the latter, approximations were unavoidable. Hydration
was treated with the SCRF model (which includes mono-
ACHTUNGTRENNUNGpole–dipole and dipole–dipole solute–solvent interac-
tions)[33–35] or PCM.[6–8,37] For [UO2ACHTUNGTRENNUNG(OH2)5]

2+ exhibiting D5

symmetry and, therefore, no permanent electric dipole
moment, the SCRF geometries are identical to those of the
free ions (in the gas phase). The PCM geometries are con-
siderably more computationally demanding, and are more
accurate than those obtained with SCRF (Table 4).
DFT, in particular B3LYP, treats static and dynamic elec-

tron correlation adequately, since the U=O and U�O bond
lengths agree with experiment (Table 4). The fact that the
U�O bonds are still too long probably arises from the ne-
glect of solvent to solute charge transfer (which is neglected

in both the SCRF and PCM calculations). Alternatively, the
geometries were computed with CAS-SCF methods, in
which dynamic electron correlation is neglected. The U=O
bond lengths agree with experiment, but the U�O bonds are
longer than with B3LYP, because of the neglect of dynamic
correlation. The geometries are virtually equal for the (12/
11) and the (12/12) active spaces. The [UO2 ACHTUNGTRENNUNG(OH2)5]

2+ ion
has D5 symmetry (Figure 2a), except for the CAS-SCFACHTUNGTRENNUNG(12/

11)-PCM computations, for which the symmetry is ~C2v

(Figure 2b). The CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM species, calculated
with ~D5 symmetry, exhibited three imaginary vibrational
frequencies, which indicated that a more stable conformer
exists. The U=O bond lengths obtained with HF are too
short due to the neglect of static electron correlation.
For each geometry (Table 4), the energy was computed

with the best available method, MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM,
which takes into account static and dynamic electron corre-
lation as well as hydration with PCM. The energy of the
CAS-SCFACHTUNGTRENNUNG(12/11)-SCRF species is higher by �14 kJmol�1

than that of its corresponding PCM analog because of the
longer U�O bonds. The HF-SCRF species has a considera-
bly higher energy. The B3LYP-PCM structure has the
lowest energy, since only with B3LYP is dynamic electron
correlation taken into account in the geometry optimization.

ACHTUNGTRENNUNG[UO2ACHTUNGTRENNUNG(OH2)5···OH2]
2+� (Transition state for the A mecha-

nism): This transition state (Figure 3) exhibits a weak U···O
bond and two hydrogen bonds,
which are absent in the [UO2-
ACHTUNGTRENNUNG(OH2)5]

2+ ion (Figure 2). The
errors in the U=O and U�O
bond lengths are as in [UO2-
ACHTUNGTRENNUNG(OH2)5]

2+ , whereby BLYP
gives less accurate results than
B3LYP (Table 5). The U···O
bond length depends slightly
on the computational method
and the treatment of hydra-
tion, but it is not affected by p
polarization functions added
on the H atoms. In contrast,
the two hydrogen bonds, H···O,
of the incoming (or leaving)
H2O with two H2O molecules

Table 4. Bond parameters of the [UO2ACHTUNGTRENNUNG(OH2)5]
2+ ion (exhibiting D5 symmetry, unless noted otherwise), com-

puted with various methods.[a]

Method d ACHTUNGTRENNUNG(U=O) dACHTUNGTRENNUNG(U�O) dACHTUNGTRENNUNG(O�H) aACHTUNGTRENNUNG(HOH) a ACHTUNGTRENNUNG(H2O-UO2)
[b] DE[c]

EXAFS[d] 1.76 2.41
EXAFS[e] 1.77 2.42
HF-SCRF 1.695 2.535 0.951 107.8 24.8 48.0
CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF 1.751 2.549 0.950 107.7 26.1 13.9
CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF[f] 1.750 2.555 0.949 106.7 24.0
CAS-SCF ACHTUNGTRENNUNG(12/12)-SCRF 1.760 2.550 0.950 107.7 26.3
B3LYP-PCM 1.77[g] 2.46[g] 0.97[g] 107.9[g] ~36[g] �10.9
CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM 1.76[g,h] 2.51[g,h] 0.95[g,h] 107.8, 108.6[g,h] ~0, ~90[g,h] 0.0[h]

CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM 1.76[g,i] 2.51[g,i] 0.95[g,i] 108.0[g,i] ~34[g,i] 3.7[i]

[a] Units: bond lengths (d): P, angles (a): 8, energy differences (DE): kJmol�1. [b] Torsional angle between
H2O and the UO2 fragment. [c] Calculated at the MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM level. [d] Reference [44]. [e] Ref-
erence [45]. [f] 6–31G ACHTUNGTRENNUNG(d,p) basis set for H2O. [g] Average values; the computation had to be performed in C1

symmetry. [h] [UO2 ACHTUNGTRENNUNG(OH2)5]
2+ with ~C2v symmetry. [i] [UO2 ACHTUNGTRENNUNG(OH2)5]

2+ with ~D5 symmetry, exhibiting three
imaginary frequencies (168.7i, 103.5i, 61.4i cm�1).

Figure 2. Perspective view of the [UO2 ACHTUNGTRENNUNG(OH2)5]
2+ ion: a) CAS-SCF ACHTUNGTRENNUNG(12/

11)-SCRF structure with D5 symmetry, and b) CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM
structure with ~C2v symmetry.
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in the first coordination sphere (Figure 3) are very sensitive
to the quantum chemical method: the two hydrogen-bond
lengths calculated with the ab initio MO methods HF or
CAS-SCF differ greatly from those obtained with DFT
methods, such as B3LYP and BLYP. Furthermore, they also
depend on the treatment of hydration. The polarization
functions on the H atoms cause an elongation of one hydro-
gen bond (by �0.07 P); otherwise their influence on the ge-
ometries is weak. The present results are in line with previ-
ous findings on aqua ions,[16] that the currently used func-
tionals might yield inaccurate and, in some cases, even unre-
liable hydrogen bonds. Furthermore, weak metal–ligand and
hydrogen bonds in transition states, for example, might not
be balanced correctly.[16] Because of these rather severe limi-
tations of B3LYP (and BLYP), already mentioned in the In-
troduction section, DFT was not used for the investigation
of reaction (1), even though B3LYP yields more accurate
U�O bond lengths. The conformation of the equatorial H2O
ligands (Figure 3) depends on the treatment of hydration.
For SCRF and PCM solvation, they differ in a similar way
as in [UO2ACHTUNGTRENNUNG(OH2)5]

2+ .
For each geometry (Table 5), the energy was computed at

the MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM level as for [UO2ACHTUNGTRENNUNG(OH2)5]
2+ .

The deviations with respect to the CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM
geometry resemble those of [UO2ACHTUNGTRENNUNG(OH2)5]

2+ . The energy dif-
ference of the B3LYP-PCM geometry of [UO2-
ACHTUNGTRENNUNG(OH2)5···OH2]

2+� is slightly larger than that of [UO2-
ACHTUNGTRENNUNG(OH2)5]

2+ , despite the inaccuracy of the hydrogen bonds. At
least for the present two ions, [UO2ACHTUNGTRENNUNG(OH2)5]

2+ and [UO2-
ACHTUNGTRENNUNG(OH2)5···OH2]

2+�, the energy errors arising from inaccurate
geometries are approximately constant and tend to cancel
out (Tables 4 and 5). However, the errors arising from inad-
equate methods for the energy computation, in particular
B3LYP and BLYP, do not cancel (Table 1).

Mechanism of the water-exchange reaction of [UO2-
ACHTUNGTRENNUNG(OH2)5]

2+ : The D [Eq. (3)] and the A [Eq. (4)] mecha-
nisms[17,46] of reaction (1) were investigated on the basis of
the previously introduced model.[3,4]

½UO2ðOH2Þ5�2þ !½UO2ðOH2Þ4 	 	 	OH2�2þ� !
½UO2ðOH2Þ4 	OH2�2þ

ð3Þ

½UO2ðOH2Þ5 	OH2�2þ !½UO2ðOH2Þ5 	 	 	OH2�2þ� !
½UO2ðOH2Þ6�2þ

ð4Þ

The geometries of the reactants ([UO2 ACHTUNGTRENNUNG(OH2)5]
2+ and

[UO2ACHTUNGTRENNUNG(OH2)5·OH2]
2+), the transition states ([UO2-

ACHTUNGTRENNUNG(OH2)4···OH2]
2+� and [UO2ACHTUNGTRENNUNG(OH2)5···OH2]

2+�), and the hexa-
coordinated ([UO2 ACHTUNGTRENNUNG(OH2)4·OH2]

2+) and octacoordinated
([UO2ACHTUNGTRENNUNG(OH2)6]

2+) intermediates were optimized with CAS-
SCF ACHTUNGTRENNUNG(12/11), for which hydration was treated with the com-
putationally efficient SCRF model and the superior, but
computationally rather demanding PCM. The Hessians were
computed with the same method as the geometries, CAS-
SCF ACHTUNGTRENNUNG(12/11)-SCRF or CAS-SCFACHTUNGTRENNUNG(12/11)-PCM. Unscaled vi-
brational frequencies were used for the calculation of the
zero-point energy (ZPE) and the thermodynamic variables.
The total energies (E) were computed at the MCQDPT2-
ACHTUNGTRENNUNG(12/11)-PCM level. DE� is the activation energy without
ZPE and thermal corrections. The activation enthalpy
(DH�) was based on DE�, to which the ZPE and the corre-
sponding thermal corrections were added (see Computation-
al Methods). The activation free enthalpy (DG�) includes
the activation entropy (DS�). DE, DH, DG, and DS repre-
sent the corresponding variables for the intermediates. All
of the thermodynamic data was computed for 25 8C.
The CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF structures (Figures 2a, 3a, S1,

and S2) are similar to those found by Vallet et al.[5] at the
HF-CPCM level, but the CAS-SCFACHTUNGTRENNUNG(12/11)-PCM structures
of [UO2ACHTUNGTRENNUNG(OH2)5]

2+ , [UO2ACHTUNGTRENNUNG(OH2)5···OH2]
2+�, and [UO2-

ACHTUNGTRENNUNG(OH2)6]
2+ exhibit different conformations of the H2O li-

gands. As already mentioned, the SCRF structure of [UO2-
ACHTUNGTRENNUNG(OH2)5]

2+ has D5 symmetry at the CAS-SCFACHTUNGTRENNUNG(12/11)-SCRF
level, whereas the symmetry of the corresponding PCM
structure is ~C2v (Figure 2). The energy difference (DE) be-
tween these two conformers is small (Table 4), but not so
the entropy difference (see below). For [UO2ACHTUNGTRENNUNG(OH2)5]

2+ ,
BUhl et al.[10a] also obtained two structures with close ener-
gies, one being the species with D5 symmetry. All of the at-

Figure 3. Perspective view of the transition state [UO2ACHTUNGTRENNUNG(OH2)5···OH2]
2+�

for the A mechanism: a) CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF, and b) CAS-SCF ACHTUNGTRENNUNG(12/
11)-PCM geometries.

Table 5. Selected bond lengths of the transition state [UO2 ACHTUNGTRENNUNG(OH2)5···OH2]
2+� for the A Mechanism.[a]

Method d ACHTUNGTRENNUNG(U=O) d ACHTUNGTRENNUNG(U�O) d ACHTUNGTRENNUNG(U···O) d ACHTUNGTRENNUNG(H···O) DE[b]

HF-SCRF 1.697, 1.696 2.531, 2.550, 2.551, 2.547, 2.632 2.887 2.442, 2.698 50.6
CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF 1.752, 1.753 2.549, 2.566, 2.569, 2.563, 2.662 2.874 2.450, 2.729 16.2
CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF[c] 1.751, 1.751 2.572, 2.570, 2.573, 2.560, 2.680 2.864 2.524, 2.734
B3LYP-SCRF 1.764, 1.762 2.472, 2.507, 2.498, 2.552, 2.554 2.961 1.951, 3.031 �1.1
BLYP-SCRF 1.806, 1.805 2.489, 2.517, 2.511, 2.543, 2.585 2.986 1.913, 3.203 2.8
CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM 1.759, 1.760 2.529, 2.569, 2.533, 2.532, 2.533 2.953 2.291, 2.347 0.0
B3LYP-PCM 1.771, 1.770 2.466, 2.496, 2.466, 2.504, 2.501 2.975 1.858, 2.597 �14.2

[a] Units: bond lengths (d): P, energy differences (DE): kJmol�1. [b] Calculated at the MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM level. [c] 6–31G ACHTUNGTRENNUNG(d,p) basis set for H2O.
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tempts to compute a CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF structure like
the PCM one failed. With SCRF and PCM hydration, the
same conformation of the H2O ligands in the transition state
for the D mechanism, [UO2ACHTUNGTRENNUNG(OH2)5···OH2]

2+�, was found
(Figure S1); attempts at calculating a species with two H2O
ligands perpendicular to each other, as in [UO2ACHTUNGTRENNUNG(OH2)5]

2+

with ~C2v symmetry, failed. The conformation of the H2O li-
gands in the transition state and the intermediate for the A
mechanism are as in the reactant [UO2ACHTUNGTRENNUNG(OH2)5]

2+ . For both
pathways, the transition states obtained with PCM hydration
have a higher symmetry than those with SCRF.
Experimental and computed activation parameters for re-

action (1), proceeding by means of the D and the A mecha-
nisms, are summarized in Table 6. The present CAS-SCFACHTUNGTRENNUNG(12/
11)-SCRF/PCM DE� and DE (Table 6) are compared with
those of Vallet et al.[5] (Table 6). For the D pathway, their
DE� (not corrected for the BSSE) is higher by 6.6–
9.6 kJmol�1 than the present data (also without BSSE cor-
rections), whereas for the A mechanism, it is lower by 9.2–
12.6 kJmol�1. Their DE� favors the A mechanism by
�40 kJmol�1 in contrast to the present results, according to
which A is considerably less favored, by 18.8–21.7 kJmol�1.
DE follows similar trends. Upon inclusion of BSSE correc-
tions (Table 6), DE� (as well as DH� and DG�) increases for
both mechanisms by �3–4 kJmol�1, whereas the A�D DE�,
DH�, and DG� differences remain virtually unchanged. Fur-
thermore, the A�D energy difference is not affected by ad-
ditional p polarization functions on the H2O ligands
(Table 6).
Before discussing the computed DH�, DS� and DG�

values, an observation of Cooper and Ziegler[47] is presented.
In a study on substitution reactions on square planer Pd2+

complexes with H2O, NH3, and Cl� ligands, they found that
DG� agrees with experiment in contrast to DH� and DS�,
because of a compensation of errors. These errors arise
from the model in which specific solute–solvent interactions,
and solvent–solvent interactions in proximity of the solute,
that might differ from those in the bulk, are neglected.
In PCM[6–8] calculations, the electrostatic component of

the solute–solvent interactions is taken into account, but sol-
vent to solute charge transfer is neglected as well as the di-
rectionality of the hydrogen bonds. These simplifications
give rise to some (computed) vibrational frequencies of co-
ordinated water molecules that are too low. For [Fe-
ACHTUNGTRENNUNG(OH2)6]

2+ and [Co ACHTUNGTRENNUNG(OH2)6]
2+ , exhibiting water-exchange

rates of the same order of magnitude as [UO2 ACHTUNGTRENNUNG(OH2)5]
2+ , li-

brational modes (Rx, Ry, Rz) of 597, 675, 418 and 623, 564,
382 cm�1, respectively, have been obtained by Rode and co-
workers.[48,49] For each of the presently investigated UO2

2+

species, there are up to ten vibrational modes exhibiting fre-
quencies much too low, with values below 150 cm�1. In the
course of the exchange reactions [Eqs. (3) and (4)], some of
these low-frequency modes change considerably. Thus, the
accuracy of the vibrational partition functions is unknown;
their error might be sizable. DS and DS� are expected to be
affected most strongly, whereas, as pointed out by Cooper
and Ziegler,[47] this error might cancel approximately for DG
and DG�. As an artifact of the present model, including
only the first coordination sphere and a single H2O in the
second sphere [Eqs. (3) and (4)], the conformations of the
H2O molecules depend on the method for the treatment of
hydration. It will be shown in the following, that mainly DS
and DS� are affected by the differing H2O conformations,
which arise from the geometry optimizations on the basis of

SCRF or PCM hydration.
The deviation in DS� is siza-

ble (Table 6), because of the
above-mentioned limitations in
the model. The computed DS�

values for the D mechanism
appear to depend strongly on
the treatment of hydration. An
inspection of the entropy of
[UO2ACHTUNGTRENNUNG(OH2)5]

2+ shows, howev-
er, that the PCM entropy
(based on the ~C2v species) is
greater than the SCRF entropy
by �25 JK�1mol�1. A small
part of the difference in DS�

(for the D mechanism) arises
from the different models for
the treatment of hydration,
and is due in large part to the
different conformations of the
H2O ligands in the reactant
[UO2ACHTUNGTRENNUNG(OH2)5]

2+ (Figure 2),
since the SCRF and PCM en-
tropies of the transition state
[UO2ACHTUNGTRENNUNG(OH2)4···OH2]

2+� (exhib-

Table 6. Experimental and computed thermodynamic activation parameters.[a]

Mechanism DE� (DE) DH� (DH) DS� (DS) DG� (DG) DVcav
� (DVcav)

experimental data[b] 26 �40 38

CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF geometries/frequencies, and MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM energies[c,d]

D 50.1 (44.3) 48.4 (46.2) 2.7 (11.4) 47.6 (42.8) 6.9 (8.7)
D 49.6 (45.2[e]) 48.2[e] (47.3[e]) �0.3[e] (8.3[e]) 48.3[e] (44.9[e]) 6.3[e] (8.2[e])
A 31.3 (29.5) 27.2 (27.7) �17.7 (�0.4) 32.4 (27.8) �4.1 (�3.6)
A 27.9 (26.9[e]) 23.6[e] (25.0[e]) �11.6[e] (7.7[e]) 27.0[e] (22.7[e]) �3.9[e] (�3.7[e])

CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM geometries/frequencies, and MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM energies[c,d]

D 52.6 (47.9) 50.0 (48.7) �24.0 (�14.9) 57.1 (53.2) 3.1 (3.6)
D 55.3[f] (48.4[f]) 52.7[f] (49.2[f]) 59.8[f] (53.7[f])
A 31.0 (26.0) 28.4 (25.7) �23.4 (�2.4) 35.3 (26.4) �2.4 (�2.9)
A 35.0[f] (30.9[f]) 32.4[f] (30.6[f]) 39.3[f] (31.3[f])

HF-CPCM geometries/MP2-CPCM energies[c,g]

D 59.2 (54.5) [h] [h] [h] 4.9 (3.6)
A 18.7 (15.8) [h] [h] [h] �3.0 (�3.4)

CPMD geometries/CPMD energies[c,i]

D 45.2 (36.4)[j]

A 28.0 (26.8)[j]

[a] Units: energies: kJmol�1, entropy: JK�lmol�1, volume: cm3mol�1. [b] From reference [1]. [c] In parenthe-
ses: parameters for the corresponding intermediate. [d] This work. [e] 6–31G ACHTUNGTRENNUNG(d,p) basis set for H2O. [f] Cor-
rected for the BSSE. [g] From reference [5]. [h] The vibrational frequencies were not computed. [i] From refer-
ence [10] [j] DA� (DA), Helmholtz free energy at 27 8C.
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iting the same conformation of the H2O ligands) differ
merely by �8 JK�1mol�1. In the two conformers of [UO2-
ACHTUNGTRENNUNG(OH2)5]

2+ , the torsional frequencies of the H2O ligands
differ, since in the species with ~C2v symmetry, there are
four H···O bonds within the coordinated H2O molecules,
which are shorter by �0.2 P than in the D5 structure. This
example shows that the computed entropy might depend
critically on the model. As a consequence, DG�, depending
on DS� (DG�=DH��TDS�), will also be affected by DS� in
cases, like the present one, in which DH� (but not DS�) is
insensitive to the conformation of the ligands. For the D
mechanism, the difference in DG� based on SCRF and
PCM hydration amounts to �10 kJmol�1.
Both methods for the treatment of hydration give rise to

the same conformers of the reactant ([UO2ACHTUNGTRENNUNG(OH2)5·OH2]
2+)

for the A mechanism (Figure S2). The conformation of the
H2O ligands in the transition state (Figure 3) and the inter-
mediate differ as in [UO2ACHTUNGTRENNUNG(OH2)5]

2+ (Figure 2). In this case,
the different conformations do not give rise to substantially
different DS� values. All of the PCM conformers were ob-
tained starting from the corresponding SCRF species. At-
tempts at obtaining other conformers with either SCRF or
PCM hydration failed. The original CAS-SCFACHTUNGTRENNUNG(12/11)-SCRF
structure of [UO2ACHTUNGTRENNUNG(OH2)5]

2+ was recovered when the compu-
tation was started from the corresponding CAS-SCFACHTUNGTRENNUNG(12/11)-
PCM geometry. The different conformers are due to differ-
ences in the PCM and SCRF models: in the more elaborate
PCM, a shape-adapted cavity is used, and electrostatic
solute–solvent interactions are taken into account.[6–8] Since
solute–solvent hydrogen bonding is mainly electrostatic,
PCM is expected to describe the major influence of the
second coordination sphere on the first sphere.
On the basis of both the CAS-SCFACHTUNGTRENNUNG(12/11)-PCM and the

CAS-SCFACHTUNGTRENNUNG(12/11)-SCRF geometries, the D mechanism is less
favorable than A by �20–22 and �15–21 kJmol�1, respec-
tively. Furthermore, DG� for the A mechanism is close to
the experimental value, which suggests that this is the pre-
ferred water-exchange mechanism for reaction (1). The
agreement of the computed DH� with experiment lends ad-
ditional support for the A mechanism; DH� for D is higher
by 020 kJmol�1.
The (BLYP-based) CPMD free activation energies of

BUhl et al.[10] for the D and A mechanisms (Table 6) are
lower than the corresponding DG� values. These deviations
with respect to MCQDPT2 are smaller than those reported
for transition metal aqua ions[16] and the corresponding
MCQDPT2-BLYP differences in Table 1.
The substitution mechanism can be derived from the acti-

vation volume (DV�) or, more precisely, from its intrinsic
component (DV�

int).
[46] The difference in solute cavity volume

(DV�
cav) is approximately equal to DV�

int. These data, together
with the reaction volumes for the formation of the inter-
mediates (DVcav), are included in Table 6. The absolute
DV�

cav values for both the A and the D pathways are larger
for the SCRF geometries. The corresponding HF-CPCM
data of Vallet et al.[5] lies between the CAS-SCFACHTUNGTRENNUNG(12/11)-
SCRF and the CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM values.

Lifetime of the intermediates : The lifetime of an intermedi-
ate (tI) may be calculated on the basis of the rate constant
(kI) with which it decays [Eq. (5)].[4] kI is obtained from
transition state theory [Eqs. (6)–(8)],[50–52] in which kB is the
Boltzmann constant, h is PlanckVs constant, and R is the gas
constant. DG�

I [Eq. (7)] represents the free enthalpy differ-
ence (at 25 8C) between the intermediate and the corre-
sponding transition state.

tI ¼ 1=kI ð5Þ

kI ¼ Gnk
kBT
h

e�DG
�
I =RT ð6Þ

DG�
I ¼ DG��DG ð7Þ

Gn ¼ 1þ 1
24

�
hn�

kBT

�2

ð8Þ

The transition probability (k) is assumed to be 1, and the
nuclear tunneling factor (Gn), estimated on the basis of
WignerVs equation [Eq. (8)],[52] is close to 1, that is, 1.001–
1.006 for the present reactions (n� is the imaginary frequen-
cy, being in the range of 39i–79i cm�1 for the present transi-
tion states). The lifetime (tI) of an intermediate may be
shorter or of the order of the duration of the vibrational
mode with which the intermediate reacts to form the prod-
uct. In this case, the lifetime of an intermediate with an in-
creased coordination number, for example [UO2ACHTUNGTRENNUNG(OH2)6]

2+ ,
could not be measured even if adequate experimental tech-
niques existed, because it would decompose immediately
after its formation. Experimentally, such an intermediate
could not be distinguished from a transition state (because
the “first” U�O stretching vibration would transform it into
the product). Likewise, an intermediate with a reduced coor-
dination number, for example [UO2 ACHTUNGTRENNUNG(OH2)4·OH2]

2+ , would
react immediately with a molecule or ion in its second coor-
dination sphere. No equilibration of the second coordination
sphere with the bulk solution would be possible after the
formation of the intermediate, since, as soon as the inter-
mediate was formed, it would react immediately with a spe-
cies in the second sphere to form the product.
For the present intermediates [UO2ACHTUNGTRENNUNG(OH2)4·OH2]

2+ and
[UO2ACHTUNGTRENNUNG(OH2)6]

2+ (Table 7), the duration (tvib) of the vibration-
al mode (ñ) leading to the product is 0.3–0.4 ps. tI is approxi-
mately 1 ps, 2–3 times longer than tvib apart from the excep-
tion of the intermediate [UO2 ACHTUNGTRENNUNG(OH2)6]

2+ for the A mecha-
nism, computed at the CAS-SCFACHTUNGTRENNUNG(12/11)-PCM level, for
which tI is considerably longer than tvib. This species could
be considered as a genuine intermediate.

Discussion

Electron correlation in dioxouranium(VI) complexes : Static
electron correlation, which was shown to be present in the
UO2

2+ fragment, can be treated with MCSCF involving an
excitation level �6. Thus, the treatment of static and dy-
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namic electron correlation of aqua complexes of UO2
2+ re-

quires a total excitation level of at least 8. MCQDPT2 ACHTUNGTRENNUNG(12/
11) as well as coupled-cluster methods satisfy this require-
ment. As can be seen in the three examples in Table 1, the
MP2 energies are equal to those of MCQDPT2ACHTUNGTRENNUNG(12/11) and
CCSD(T) in spite of an insufficient excitation level of only
2. Evidently, for the energies, but not the geometries[39] (see
Dependence of Activation and Reaction Energies on the
Computational Method), there must be a compensation of
errors, which is most likely to arise from the virtually con-
stant U=O bond lengths of the UO2

2+ species involved in
the water-exchange reactions by both the associative and
the dissociative mechanisms.

Approximations in the present calculations : In the present
study, the best level for the geometry and frequency compu-
tations is achieved with CAS-SCFACHTUNGTRENNUNG(12/11)-PCM (Table 6).
The DH� and DG� values for the A mechanism agree with
experiment within 3 kJmol�1, whereas the corresponding
data for the D mechanism is higher by �20 kJmol�1. This
A�D energy difference is not altered upon addition of p po-
larization functions on the H atoms or BSSE corrections.
Therefore, the dissociative mechanism is unlikely to operate
for reaction (1). The computations are more accurate than
the previous[1,5,10] ones, because of an improved treatment of
electron correlation. The agreement with experiment of the
DH� and DG� energies computed for the A mechanism
might suggest, erroneously, that the CAS-SCFACHTUNGTRENNUNG(12/11)-PCM/
MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM calculations on the basis of the
cluster model, represented by Equation (4), produce accu-
rate thermodynamic activation parameters. It should be
noted that, in spite of the demanding level of these calcula-
tions, a variety of approximations had to be made, giving
rise to errors that are either negligible or which cancel largely:

1) Possible errors arising from the “split-valence + polari-
zation” basis set cannot be assessed, since today, CAS-
SCF ACHTUNGTRENNUNG(12/11)-PCM/MCQDPT2 ACHTUNGTRENNUNG(12/11)-PCM computations
with larger basis sets are very demanding.

2) Dynamic electron correlation was neglected in the geom-
etry optimizations.

3) Charge transfer from the solvent to the solute dication as
well as the covalent character of the solute–solvent hy-
drogen bonds are not treated with PCM.

4) The geometry was opti-
mized by minimization of
the quantum chemical total
energy (E) and not the free
enthalpy (G).

5) The accuracy of the vibra-
tional partition functions is
unknown.

6) The computed data depend
on the conformation of the
H2O ligands.

Items 2) and 3) give rise to
longer U�O bonds, and most likely also to errors in the en-
tropies, but their effect on the energy differences is un-
known. The consequences of approximation 4) are also un-
known, and those of 5) and 6) have been discussed. The cor-
rection of item 2) is not (yet) feasible with ab initio meth-
ods, but it might be or become possible with DFT, if one of
the currently developed functionals treats hydrogen bonding
and weak metal–ligand bonds properly. The improvement of
approximations 3), 5) and probably also 6) would require
demanding CAS-SCF ACHTUNGTRENNUNG(12/11) computations with a quantum
chemically described second hydration sphere (whereby
items 5) and 6) alone might already be improved with a clas-
sical second sphere). Methods for the geometry optimization
based on the free energy have been reported recently.[53,54]

These techniques are applicable for HF and DFT, but not
yet for CAS-SCF.
Alternatively, hydration can be treated with molecular dy-

namics (MD) simulations. Very recently, such a study,[55] in
which the force field was derived from CASPT2ACHTUNGTRENNUNG(12/12) com-
putations including corrections for the basis set superposi-
tion error, was published. The inclusion of an attractive
term describing solvent water to uranyl(VI) charge transfer
was necessary. No hydrogen bonding of (solvent) water with
the oxo ligands was observed. All of the monitored events
corresponded to the associative (A) pathway or “something
between A and I”. Since during the short simulation time of
100 ps two water replacements were observed, the water-ex-
change rate was overestimated by several orders of magni-
tude (the experimental rate constant is 1.3Q106 s�1[1]). In an-
other classical MD investigation based on nonrigid water
molecules, the deprotonation of [UO2ACHTUNGTRENNUNG(OH2)5]

2+ was investi-
gated.[56] Unconstrained ab initio MD (AIMD) simulations
on reactions like the present one are prohibitive because of
their long simulation times. However, activation free ener-
gies (DA�) for the aquation of [cis-PtACHTUNGTRENNUNG(NH3)2Cl2]

[57] and the
water-exchange reaction of [UO2ACHTUNGTRENNUNG(OH2)5]

2+ [10] have been ob-
tained with constrained AIMD. As already seen, DA� for
both the associative and the dissociative mechanisms are un-
derestimated (Table 6). Furthermore, the choice and appli-
cation of the constrained coordinate for the A mechanism
was not straightforward.[10b] Hydration can also be treated
with hybrid quantum-mechanical/molecular-mechanical
(QM/MM) methods, which have been used for the study of
very fast exchange reactions, for example that of the aqua

Table 7. Properties of the intermediates [UO2 ACHTUNGTRENNUNG(OH2)4]
2+ and [UO2ACHTUNGTRENNUNG(OH2)6]

2+ related to their lifetimes.

Mechanism Geometry and
frequency

DG�

I

ACHTUNGTRENNUNG[kJmol�1] [Eq. (7)]
tI [ps]
[Eqs. (5)–(8)]

ñ[a]

ACHTUNGTRENNUNG[cm�1]
tvib

[b]

[ps]

D CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF 4.8 1.1 98.4 0.34
D CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF[c] 3.4 0.63 96.1 0.35
D CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM 3.9 0.8 94.7 0.35
D CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM 6.1[d] 1.9[d]

A CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF 4.6 1.0 81.9 0.41
A CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF[c] 4.3 0.9 82.2 0.41
A CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM 8.9 5.8 100.6 0.33
A CAS-SCF ACHTUNGTRENNUNG(12/11)-PCM 8.0[d] 4.1[d]

[a] Vibrational mode giving rise to product formation. [b] Duration of the vibrational mode ñ, tvib= (cñ)�1 (c :
speed of light). [c] 6–31G ACHTUNGTRENNUNG(d,p) basis set for the H2O ligands. [d] Corrected for the BSSE.
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ion of Ag+ .[58] Often, in ab initio or QM/MM MD simula-
tions, exchange events cannot be observed within the avail-
able simulation time, even if the reaction rates are very high
(0109 s�1). In the absence of exchange events, the activation
free energy (DA�)[59] or the mean residence time[60,61] of
water in the first coordination sphere can nevertheless be
determined. On the basis of DA�, the water-exchange rates
of Na+ , K+ , Cs+ , Ca2+ , Cu2+ , Ag+ , Hg2+ , and Au+ were ob-
tained.[62] The mean residence time of water in the first coor-
dination sphere of Cs+ , Ag+ , Au+ , Ca2+ , and Hg2+ were
computed on the basis of Impey et al.[60] as well as the
direct[61] method. The water-exchange rate of [Cu ACHTUNGTRENNUNG(OH2)6]

2+ ,
the coordination number of which is debated,[63] was investi-
gated[64] with QM/MM and the method of Impey et al.,[60] in
which the first and second coordination spheres were treat-
ed with HF. The computed mean residence time (of 21–
23 ps) agrees with experiment. The water-exchange rates of
ammine–aqua complexes of Ni2+ were found to proceed by
means of the D mechanism, but the rates were overestimat-
ed by a factor of �104.[65]

For many systems, an associative as well as a dissociative
pathway is feasible.[17] For the understanding of the role of
the ligands and the electronic structure of the metal ion on
the reactivity, the energy difference between the associative
and the dissociative mechanisms needs to be computed, if
they both exist. In such cases, the computational method
should not favor one pathway over the other. This requires
that electron correlation and solvation are treated adequate-
ly. This has been achieved with the present computations
and the constrained CPMD studies[10] on reaction (1). Both
methods produced the same ordering of DG� or DA� for
the A and D mechanisms and favor the A pathway by simi-
lar energies, for which, as already mentioned, CPMD tends
to underestimate the DA� values for both pathways. Con-
strained QM/MM calculations at the CAS-SCF level would
be an alternative, which has not been realized thus far.

Water-exchange mechanism of uranyl(VI) complexes : For
[UO2ACHTUNGTRENNUNG(OH2)5]

2+ , the computed thermodynamic activation pa-
rameters (Table 6) favor the associative water-exchange
pathway over the dissociative pathway on the basis of the
lower DG� and its agreement with experiment. DG� for D
depends on the conformation of the H2O ligands in the reac-
tant. The deviation of DG� from the experimental value is
not so large that this mechanism could be excluded with ab-
solute certainty because of the approximations 1)–6), as dis-
cussed above.
Due to the very short lifetime (Table 7) of the intermedi-

ate [UO2 ACHTUNGTRENNUNG(OH2)4·OH2]
2+ (tI), which is only around three

times longer than the duration of the vibration leading to
the product (tvib), it might be more appropriate to attribute
the Id mechanism to the dissociative pathway, provided that
it would nevertheless be more favorable than the associative
mechanism. The corresponding DA�

I (=DA��DA) value of
8.8 kJmol�1 from the CPMD study[10a] is larger than DG�

I ,
again because of the preference of DFT for the species with
a lower coordination number (the intermediate has a lower

coordination number than the transition state, since the
latter exhibits an additional weak or partial U···O bond).[16]

Based on this value, tI�5.6 ps is estimated, which would
suggest the D instead of the Id mechanism.
For the associative mechanism, the two methods for the

treatment of hydration, yielding different conformations of
the H2O ligands in the transition state [UO2ACHTUNGTRENNUNG(OH2)5···OH2]

2+�

(Figure 3) and the intermediate [UO2ACHTUNGTRENNUNG(OH2)6]
2+ (Figure S2),

have a small effect on DE� and DH�, as well as DH and
DG. DG�

I differs by 4.3 kJmol�1 for the two sets of computa-
tions, and although this is a modest difference, it is responsi-
ble for the difference of tI by a factor of �6 (Table 7).
Hence, the Ia mechanism would be attributed on the basis of
the CAS-SCF ACHTUNGTRENNUNG(12/11)-SCRF geometries and frequencies. Ac-
cording to the CAS-SCFACHTUNGTRENNUNG(12/11)-PCM computations, howev-
er, the reaction would proceed by the A mechanism because
tI is 12–18 times longer than the duration of the vibration
(tvib) giving rise to product formation. The attributed mecha-
nism depends critically on DG�

I . The difference in the DG�
I

values based on SCRF or PCM geometries does not arise
from the variation of the T ACHTUNGTRENNUNG(DS��DS) terms (which amounts
to 1.1 kJmol�1), but it is due to the DE�

I (=DE��DE) terms
which differ by 3.2 kJmol�1 (for the SCRF and the PCM cal-
culations). This is an example showing that small deviations,
lying well within the error of the calculations, can have a de-
termining influence on the conclusions. For the associative
pathway, there might be some preference for the A mecha-
nism on the basis of the intrinsically more accurate CAS-
SCF ACHTUNGTRENNUNG(12/11)-PCM geometries and frequencies, although the
Ia mechanism cannot be ruled out. If tI is estimated from
DE�

I instead of DG�
I , the Ia mechanism would be attributed

on the basis of both methods for the treatment of hydration.
It remains an open question, whether the present model
[Eqs. (3) and (4)] and computational techniques can produce
sufficiently accurate DG�

I and tI values, which could allow
the distinction of the stepwise from the concerted mecha-
nism. The intermediates of both mechanisms have very
short lifetimes, being of the order of picoseconds. Longer
lifetimes, in the nano- or microsecond regime, are unlikely.
In their second CPMD study, BUhl and Kabrede[10b] claim-

ed that the Ia mechanism operates for reaction (1) on the
basis of the small DA�

I value of �1.2 kJmol�1. For the ener-
gies, they estimated an error of �4.2 kJmol�1, which sug-
gests that their DA�

I value is rather inaccurate. Furthermore,
as shown in the Results section (Lifetime of the Intermedi-
ates), it is not on the basis of the magnitude of DG�

I (or
DA�

I ) alone, but on the basis of the ratio of tI/tvib [Eqs. (5)–
(8), Table 7] that stepwise mechanisms can be distinguished
from concerted ones. BUhl and KabredeVs data certainly
does not allow the definitive assignment of the Ia mechanism.
The present discussion shows that the distinction of the

stepwise (D or A) from the concerted (Id or Ia) mechanism
has to be made on the basis of small energy differences
(DG�

I ) the errors of which, although small, can be critical. It
is not my intention to make definitive statements as to
whether the stepwise or the concerted pathway operates,
but to supply criteria which are based on physical quantities.
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In an earlier study[66] on the water-exchange reaction of
[CrL5OH2]

3+ complexes, the influence of the ligands which
do not participate in the water-exchange process (the “spec-
tator” ligands) on the mechanism was analyzed. For L li-
gands that are weak electron donors, such as H2O, the asso-
ciative character is most pronounced. The reaction proceeds
by the Ia mechanism with the shortest Cr···O bonds in the
transition state [(OH2)5Cr··· ACHTUNGTRENNUNG(OH2)2]

3+�. If the ligand trans to
the exchanging H2O is replaced by a stronger electron
donor, such as NH3 or NH2CH3, the Cr···O bonds are
longer. Replacement of the cis ligands by stronger donors
has a weaker effect on the Cr···O bonds. The exchange
mechanism becomes dissociative (D or Id), when the five
H2O ligands are replaced by five NH2CH3 ligands. The re-
placement of the rather weak electron donor H2O by stron-
ger donors, more basic ligands, reduces the associative char-
acter of the mechanism or increases its dissociative charac-
ter, for which the effect of the trans ligand is larger than
that of cis ligands.
For the water-exchange reaction of [UO2ACHTUNGTRENNUNG(OH2)5]

2+ , an as-
sociative as well as a dissociative pathway is feasible, for
which the associative mechanism is more advantageous by a
modest free enthalpy difference of �15–21 or �20–
22 kJmol�1 for SCRF or PCM hydration (Table 6). In the
present context, the question whether the reaction follows a
stepwise (A or D) or a concerted (Ia or Id) mechanism, is
not relevant. The application of the principles based on the
[CrL5OH2]

3+ study[66] suggests that the replacement of some
of the H2O ligands of [UO2ACHTUNGTRENNUNG(OH2)5]

2+ by stronger electron
donors, for example F� or C2O4

2�, is expected to lower the
activation energy for the dissociative pathway and to raise
that for the associative pathway.
The water-exchange reaction of [UO2ACHTUNGTRENNUNG(C2O4)2OH2

2�] was
claimed[5] to follow the A mechanism. The geometries were
optimized at the HF level for the free ions in the gas phase,
and the energy was computed at the CPCM-MP2 level.[5]

Because of the presence of permanent electric dipole mo-
ments in the pertinent oxalato complexes, the gas-phase ge-
ometries are questionable and furthermore, the U=O bonds
are too short (it should be noted that SCRF calculations are
not more demanding than gas-phase calculations). Hence,
the conclusion of Vallet et al.[5] that this water-exchange re-
action proceeds by means of the A mechanism is based on
inappropriate computational techniques and furthermore, it
contradicts the expected trends as discussed above, when
four weak H2O ligands are replaced by two bidentate and
stronger C2O4

2� donors. The data in Table 1 suggests that
the HF energies are, possibly fortuitously, close to the
MCQDPT2 and CCSD(T) values. It is interesting to note
that the gas-phase HF data of Vallet et al.[5] favor the D
mechanism over A by �21 kJmol�1 (“DU ACHTUNGTRENNUNG(SCF)” column in
Table 6 of reference [5]). This can be taken as a support for
the expected dissociative pathway.
The water-exchange mechanism of [UO2F4 ACHTUNGTRENNUNG(OH2)

2�], re-
sembling [UO2ACHTUNGTRENNUNG(C2O4)2OH2

2�], was also investigated by
Vallet et al.,[15] who found, on the basis of their usual ap-
proximations (HF-CPCM geometries/MP2-CPCM energies),

that the D pathway is preferred over I, as expected for a
system in which four H2O ligands have been replaced by
stronger F� donors. Apart from one exception (deviating by
�12 kJmol�1), the HF activation parameters are equal to
those based on MP2.
The substitution mechanism of UO2

2+ complexes depends
on their ligands: for weak electron donors (such as H2O),
the associative pathway is preferred if steric effects are
absent. Complexes with stronger donors (for example OH�,
F� or C2O4

2�) react preferentially through the dissociative
pathway.
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