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The structures and vibrational frequencies of X\H30),2" and UQ(H,0)s>" have been calculated using
density functional theory and are in reasonable agreement with experiment. The energies of various reactions
were calculated at the density functional theory (DFT) and MP2 levels; the latter provides the best results.
Self-consistent reaction field calculations in the PCM and SCIPCM approximations predicted the free energy
of the water exchange reaction, k{8,0)2" + H,O <> UO,(H,0)s?*. The calculated free energies of reaction

are very sensitive to the choice of radii (O and H) and isodensity values in the PCM and SCIPCM models,
respectively. Results consistent with the experimental HEXS valuelof9 + 0.42 kcal/mol (within +3
kcal/mol) are obtained with small cavities. The structures and vibrational frequencies of the clusters with
second solvation shell waters: lg(ﬁzO)4(Hzo)82+, UOz(H20)4(H20)102+, UOz(HzO)4(H20)112+, UOz(H20)5-

(H20)7#*, and UQ(H,0)s(H.0)15*", were calculated and are in better agreement with experiment as compared

to reactions involving only UgiH,0)42" and UQ(H.0)s?". The MP2 reaction energies for water exchange
gave gas-phase results that agreed with experiment in the rabdeto +3.3 kcal/mol. The results were
improved by inclusion of a standard PCM model with differences df2 to+2.7 kcal/mol. Rearrangement

reactions based on an intramolecular isomerization leading to a redistribution of water in the two shells provide

good values in comparison to experiment with valueAGxchangdrom —2.2 to—0.5 kcal/mol so the inclusion

of a second hydration sphere accounts for most solvation effects. Calculation of the free energy of solvation

of the uranyl cation yielded an upper bound to the solvation energy4df + 5 kcal/mol, consistent with
the best experimental value ef421 + 15 kcal/mol.

Introduction on the chelation mode (monodentate or bidentate) and steric
factors. Although U-O equatorial bonds are typically strong
and routinely observed, the binding of ligands containing other
dulona'[ing atoms such as C, N or S, as well as halide atoms, is
also possiblé:> Several studies have also indicated the impor-
tance of charge transfer in these types of ligand complexes from
the ligand to the uranyl ion, as well as significant polarization
'of the ligands themselvésClavaglea-Sarrio et al. showed

that explicit polarization and charge-transfer effects must be

The solution chemistry of the early actinide metal cations
has been the subject of a variety of experimental studies focuse
on elucidating their speciation in aqueous systéfisere is a
need to understand the behavior of this series of elements in
solution, including the separation of actinide ions in aqueous
waste streams and modeling their behavior in the subsurface
particularly with respect to cleaning up the United States
Department of Energy nuclear weapons production facilities, L L :
for example, the Hanford site. The solution chemistry of the gg%t'ed explicitly in deriving a model potential for uranyl-water
uranyl cation, U@ has been studied extensively due to its inding. . o
stability under oxic conditions. In addition, there are a large N aqueous systems in the absence of strongly coordinating
number of solid-state Crysta| structures of the urany| Cation’ |igands, the diffuse Charge nature of noncoordinating counterions
indicative of its ubiquitous natueThe uranyl cation, a linear ~ results in little to no direct observable binding to the uranyl
moiety with trans oxo ligands, typically exists in solution as a i0on. Extended X-ray absorption fine structure (EXAFS) spec-
complex ion with ligands bound equatorially to the uranium troscopy measurements have confirmed the noncoordinating
center. In most cases, the uranyl cation acts as a Lewis acid bynature of, for example, the perchlorate anion (€0to the
accepting lone-pair electrons from ligands in the equatorial uranyl cation over a range of ClO concentration$.If there
plane, which act as Lewis bases. Instances of the uranyl cationare no other ligands to bind to the metal ion, water molecules
acting as a Lewis base have also been documented but are quitill coordinate to the metal to form the first coordination shell.
rare due to the very low partial negative charges on the oxo The effective inner coordination shell around a metal ion can
ligands? In the presence of strongly coordinating ligands such often be treated as being rigid for the purposes of interpreting
as OH, NOs~, and CQ?", complexes with octahedral, pen- spectral propertiesalthough the actual dynamics can and do
tagonal bipyrimidal, and hexagonal bipyramidal geometries lead to exchange of these inner shell water molecules with those
result due to bonding of 4, 5, or 6 atoms, respectively, in the in the bulk solvent? The structure of water in outer solvation
equatorial plané.The total number of ligands varies depending  shells is characterized by dynamic movement and exchange of
water molecules leading to a lack of a rigid defined structure.
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ions have been performed using a variety of techniques,

including X-ray diffraction (both single-crystal and solution),
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techniques and continuum dielectric approaghbave been
used to predict the solution structure and behavior of a range

Raman and IR spectroscopies, EXAFS, NMR, and high-energy of metal cations, including alkalt, alkaline eartt? transition

X-ray scattering (HEXS). Raman and IR studies of the,JO
(H20)2* ion(s) provide information on the bond stretching of
the UQ2" moiety in aqueous solution, with symmetric and
asymmetric stretching frequencies of about 870 and 961tcm
respectivelyt! X-ray diffraction studies of uranyl perchlorate

metal?~23 and lanthanide catiorf4.Pratt and co-workers have
developed the quasi-chemical apprcd&cto provide a more
formal basis to the prediction of solvation free energies based
on combining the binding energy of the cluster to an ion with
a continuum dielectric model of the remaining solvent. The

solutions are consistent with a pentagonal bipyramidal geometry approach developed by 3idor predicting the free energies of

with U=0 and U-Ogq bond distances of 1.702(5) and 2.421-
(5) A, respectively, although it is generally agreed that the
reported B=0 length is anomalously shortLow temperature

IH NMR measurements also show a coordination number of 5,

and it was suggested that this is also true at room tempera-

ture1213 Single-crystal X-ray crystallographic studies of BO
[ClO4] 22 7H20,14 [UO2(H20)s5)(ClO4)2,1° [UO2(H20)s](ClO4)2*
2H,0,*> and [UG(H20)s](CF3S0s),+ C1H2406 show pentagonal
bipyrimidal geometries in the solid state as well, with only water
molecules bound equatorially to the uranyl ion atQkqlengths

of 2.45, 2.42, 2.41 and 2.41 A, respectively. Interestingly, the
structure of UQ(CIO4)2(H20); contains two equatorially bound
ClO4~ ligands!® EXAFS has been used to elucidate details of

the structural nature of these aquo ions in solution as the
scattering of X-ray photoelectrons is dependent upon the number
and type of nearest neighbors. EXAFS data fits have indicated

a coordination number ofi = 5 corresponding to the U©

(H20)s2+ as the favored species in aqueous perchlorate solutions

The U—-Oeq bond distance was determined to be 2.41 A for
these water moleculés,’ consistent with the X-ray diffraction
studies in solution and the solid state.

Although the majority of experimental measurements indicate
that the UQ(H,O)s2" is the dominant species in aqueous

solutions (in the presence of noncoordinating ligands), there is

experimental evidence suggesting that AH30),2" may also

be a minor component of these systems. For example, both

NMR and EXAFS studies have indicated coordination numbers
below 5, although it is typically concluded that the value is likely
5 in solution. The interpretation of HEXS measurem&ntd

the uranyl ion in perchlorate media recently showed that an
equilibrium exists in solution between the four- and five-
coordinate uranyl:

UO,(H,0),*" + H,0 = UO,(H,0)5*" €Y
Integration of the HEXS peak at 2.420(1) A yielded 46.1
electrons, 3.9 electrons short of the number that would cor-
respond to five-coordinating water molecules. As it is chemically
unlikely that nearly four electrons are transferred to the uranyl
ion, it was concluded that an equilibrium between four- and
five-coordinated water molecules accounts for this difference.
Modeling of the data yielded an equilibrium with the five-
coordinate uranyl favored over four-coordinate by 86(7)% to
14(7)%. This yielded the result that at the given experimental
conditions, five-coordinate uranyl is more stable than the
counterpart by-1.19+ 0.42 kcal/mol at 298 K.

Quantum chemical studies of the uranyl ion in both the gas

solvation for ions is essentially the same as the Pratt approach
except that we have used a clustemoivater molecules as a
reactant instead ofh single water molecules to minimize
differences in the nonelectrostatic parts of the long-range
interaction with the continuum. With our reactant cluster
approach, it would be difficult to change the pressure from the
standard state.

Progress has also been made in using solvation approaches
to describe water-exchange mechanisms in transition nétals.
One of the earliest studies on the hydration of the;tJ@ation
was performed by Spencer et 28l.who performed DFT
calculations with the BLYP exchangeorrelation functional
on UGy,(H,0O)n2" (n = 4—6) complexes in both the gas and
agueous phases, using the Hay RECP and bastosatranium
and a DZP basis set on H and O. Their solvation approach used
a simple dielectric continuum approach with an ellipsoidal cavity
and found that the five-coordinate is lower in energy than the

‘four-coordinate complex by-7.2 kcal/mol. A previous study

has shown that spherical and molecular-shaped cavities can
produce opposing trends in metaixygen bond distances upon
inclusion of solvation effect® Spencer et al. concluded that
then = 5 structure was the most stable structure in both the
gas and liquid phases, and that solvent effects are critical for
predicting ligand-binding properties, although no predictions of
relative free energies in solution were provided. They also noted
significant amounts of charge transfer from the water to the
uranyl so that the solvent water molecules are acting like actual
binding equatorial ligands. Hay et#reported different results

for the stability of then = 5 structure in the gas phase versus
aqueous solution. Using the B3LYP exchangerrelation
functional with the Hay and Martin 78 e RECP and basig’set
on uranium and 6-31G* basis set on H and O, they predicted
that then = 6 structure is the most stable in the gas phase,
with the n 5 structure becoming the most stable when
solvation effects are included. They also reported a free energy
of reaction in solution for reaction 1 6f6.5 kcal/mol, which
differs from the experimental HEXS value by greater than 5
kcal/mol. We do note that these calculations were done before
the experimental HEXS measurement. Tsushima and Sifzuki
performed MP2 calculations (with the Ortiz et al. basis set and
RECP* on uranium and the 6-311G** basis set on H and O)
on uranyl aquo ions witm = 3-5, as well as QM/MM
calculations on the second hydration sphere witti® explicitly
included water molecules. They predict the= 5 structure to

be the most stable and predicted structural parameters from the
MP2 calculations in good agreement with experimental results.

phase and solution phase can provide insight into properties They noted that inclusion of the second hydration sphere was

that are difficult to measure experimentally. Until recently,

computational studies of heavy elements, particularly actinides,

important for predicting the hydration number of the uranyl ion.
Tsushima et a¥°> used a polarizable continuum model and the

were challenging because of the large number of electrons andB3LYP functional with the Ortiz et al. basis set and RECP on

the importance of relativistic effects. However, with the
development of density functional methods and relativistic
effective core potentials, the treatment of actinide-containing

uraniun?* and 6-33+G** on H and O to predict a hydration
number for uranyl in the liquid phase of five. Fuchs ef®al.
calculated the free energy difference for reaction 1 with the

complexes has become more routine and the results moreCOSMO approach at the all-electron scalar relativistic LCGTO

reliable!® In addition, calculations using modern computational

FF-DF level (Minami and Matsuoka basis®atn uranium and



8842 J. Phys. Chem. A, Vol. 110, No. 28, 2006

standard Gaussian basis sets on H af) @ be —7.3 kcal/
mol. They also predict a solvation energy ®#07 kcal/mol
consistent with the experimental value-e#02 + 60 kcal/mol
derived from an ICR measureméhbut not with the earlier
values near—320 kcal/mol® Recent molecular dynamics
simulations by Hagberg et 4l.using a force field developed
for the study of uranyl in aqueous solution support the presence
of five-coordinated water molecules in the equatorial plane with
no hydrogen bonding between the oxo ligands of uranyl and
waters of the outer hydration spheres.

Buhl et al* recently reported a CaiParrinello molecular
dynamics (CPMD) simulation of the water exchange reaction.
Using the BLYP functional, their gas-phase CPMD simulation
indicated that the four-coordinate structure with a hydrogen-
bonded second sphere water is more stable than the five-
coordinate one by 2.2 kcal/mol. In addition, a CPMD simulation
in bulk water (total of 66 water molecules) suggests that the
five-coordinate becomes more stable than the four-coordinate
counterpart by 8.7 kcal/mol. Their use of the BLYP functional
results in a gas-phase reaction energy for reaction -12§.6
kcal/mol, which is higher (less negative) than many reported
literature values.

More recent computational studies have focused on the free
energy of hydration of the uranyl cation because of the
considerable uncertainty in the experimental measurement.
Moskaleva et at2 performed all electron calculatiofsusing
the LCGTO-FF-DF approach with the VWN (local) and BP
functionals and COSMO solvation to examine the stability of
various aquo ion species in solution, as well as evaluate the

Gutowski and Dixon

Figure 1. Gas-phase structures of W®,0)s?>" at B3LYP (s, top)
and SVWN (4, bottom) levels.

the authors refined from experimental data of Mafund

Gibson et aP?!
In the current study, we have used electronic structure

hydration free energy of the uranyl ion. With a DFT treatment calculations at the density functional theory (DFT) and molec-
of the first shell using the BP functional and a continuum ular orbital (MO) theory levels on molecular clusters coupled
treatment of the remaining solvent, they predict a solvation free with continuum solvation models to predict the free energy of
energy for the uranyl ion of422 kcal/mol, which is consistent ~ reaction of reaction 1. First, gas-phase and solution-phase
with the value derived from the ICR data, although they suggest structural details of the UfH.0),?* and UQ(H,0)s** aquo

that this solvation energy could be too large and should be ions are reported and compared with experimental and other
shifted to—372 to—382 kcal/mol. They predict that the five-  theoretical literature values. Next, gas-phase values for the free
coordinate and six-coordinate uranyl aquo ions are equally stableenergy of reaction for reaction 1 are reported at both the MP2
in solution, which disagrees with Hay et3land a variety of and DFT levels including the effects of basis set size on the
experimental measurements, including NMR, EXAFS, and light atoms as well as higher angular momentum functions on
HEXS, which indicate five-coordinate uranyl in aqueous solu- the uranium. A comprehensive study on solvation effects from
tion. Cao and Balasubramanfameported similar results with ~ self-consistent reaction field (SCRF) models is reported and the
respect to the uranyl solvation energy and the equal preferenceeffects on cavity size are discussed. Optimized clusters that

of the five-coordinate and six-coordinate structure in solution
using a PCM solvation model (with varying radii) with DFT/
B3LYP, MP2, and CCSD calculations (78 e core on uranium
from Ermler et al4®> RECP and basis set on ®,and van
Duijneveldt’s basis set on4). They state that the solvation
free energy of the uranyl ion is best treated in the method of
Moskaleva et al. and the solvation energies varied in the range
—405 to—435 kcal/mol at the B3LYP level an€432 to—472
kcal/mol at the MP2 level, depending on the atomic radii used

include part of the second solvation shell, 4,0)4(H.0)g?",
UO,(H20)4(H20)16>+, UO(H20)a(Hz0)12", UO(H20)s(H20)T,

and UQ(H,0)s(H.0)1%", are used to evaluate the water
exchange energetics in conjunction with including the effects
of SCRF models. Finally, we estimate the free energy of
solvation of uranyl in aqueous solution.

Computational Methods
The optimized structures of WH,0)s>" and UG(H,0)42"

in the PCM model. These values are again within the range of with the gradient corrected hybrid B3L¥#and local SVWN3

the predictions from the ICR data considering the large error
bars of 60 kcal/mol. Shamov and Schrechenifc$tudied
the solvation free energy of the uranyl ion using COSMO and
CPCM solvation with the hybrid B3LYP and generalized
gradient approximation (GGA) PBE functionals (the former with
a 60 e RECP and basis ¢&for uranium and 6-31G* on H and

O and the latter at the all-electron ZORA level). Using the
pentaaquo ion as well as larger clusters with explicit water

exchange-correlation functionals are shown in Figures 1 and
2. Previous studies on W& have shown that good agreement
as compared to the fully relativistic CCSD(T) calculations can
be obtained with the small core Stuttgart RECP and associated
Stuttgart orbital basis séfsfor U and valence triplé€- plus
polarization (TZVP) DFT optimized basis s&tfor the oxygen
atoms. All of our DFT geometry optimizations and frequency
calculations were done with the Stuttgart small core RECPs and

molecules in the second shell, they obtained a free energy ofthe corresponding Stuttgart orbital basis sets for the U atom

—384 kcal/mol for the former and betweer407 and—425
kcal/mol for the latter clusters. The cluster results are in good
agreement with an estimated value-e421 + 15 kcal/mol that

and the TZVP orbital basis set for the O and H atoms. In
addition, DFT calculations with the aug-cc-pVnZ 0D, T,
Q)*¢on O and H were also performed for comparison purposes
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TABLE 1: Atom Radii (A) for U, O, and H for Use in the

PCM Model
cavity U (0] H O+H
UAO 1.698 1.750 - 1.950
4 UFF 1.698 1.750 1.443
_ﬂ UAHF 1.698 1.590 - 1.680
UAKS 1.698 1.500 - 1.680
Klamt 2.00 1.72 1.30 -
Pauling 1.86 1.40 1.20 -
3 Bondi 1.86 1.52 1.20 -

9

Figure 2. Gas-phase structure of Y@,0),#" at both the B3LYP

TABLE 2: Relative Electronic Energies (kcal/mol) of
UO,(H,0)s?" Structures

and SVWN levels D). structure symm rel energy no. imag modes
B3LYP Dsn 0.32 3
and to examine the effect of basis set size. In all cases, spherical B3LYP Ds 0.06 0
basis sets were employed. We eliminated the most diffuse gi’;‘\—/m gl 8-(7)8 g
. - . . s .
functions in the U basis set, those with an exponent of 0.005. SVWN C 0.00 0

These were deleted due to the difficulty in converging the wave
function with such diffuse functions, in part due to the types of Results and Discussion
grids that were used. These diffuse functions were replaced with
less diffuse exponents of 0.013, 0.059, 0.026, and 0.067 for the

S, P, d, an.d f functions, optalned by geomgtrlc extrapoloéﬁon. levels are shown in Figure 1. For each DFT functional, different
Single-point MP2 calculations at the optimized DFT geometries symmetries were enforced, and the resulting relative energies

were also performed on the uranyl aquo ions employing the peqyveen these structures are listed in Table 2. At the B3LYP
modlfle_d Stuttgart small core basis set (_Wlth and without added level, structures witlCy, Ds, andDs, symmetries were studied.

g functions and corresponding ECP with the aug-cc-pVnZ (0 The U=0 and U-O,q bond distances remained identical for
= D, T, Q) basis sets on the light atoms. We did not find each of these structures upon optimization and only the OUOH
significant BSSE effects on expanding the size of the basis set,dihedral angles varied (to a small extent) dependent on the
so for the larger clusters, the single-point MP2 calculations were symmetry. TheC; structure was the most stable of the three,
done with the aug-cc-pVTZ basis sets on the light atoms and put only by 0.06 kcal/mol over thBs structure. Both theC;

the modified Stuttgart RECP and basis set with g functions. andDs structures were minima on the potential energy surface
MP2 calculations were performed with the 1s core orbitals as indicated by the absence of imaginary frequencies in the
frozen on oxygen atoms and 5s, 5p, and 5d orbitals frozen onvibrational analysis. This difference could well be due to
uranium following other worker? Thermochemical corrections  inaccuracies in the grid, but the difference is so small as to not
to the MP2 energies to obtain the free energies were done usingbe chemically important. ThBs, structure with three imaginary
the geometries and frequencies obtained at the B3LYP/aug-cc-frequencies was 0.32 kcal/mol higher in energy as compared
pVTZ level for the UQ(H20):2" ions (up ton = 5) and at the to the lowest energ{; structure. The B-O and U-Ogq bond
B3LYP/TZVP level for the large clusters. All calculations were distances in th®sy structure were identical to those in tig
performed with the Gaussian®3uite of programs on the SGI  andDs structures. The potential energy surface for rotating the
Altix 350 and Cray XD1 at the Alabama Supercomputer Center dihedral angles of the water molecules is thus quite flat as
and the NWChem suite of prograﬁﬁgn the massive|y para||e| indicated by the closeness of the relative energetic Ordering of
1980 processor HP Linux cluster in the Molecular Science the structures. The low energy difference betweenhend
Computing Facility in the William R. Wiley Environmental ~ C1 structures suggests that the observed structure at 298 K is

Molecular Sciences laboratory at the Pacific Northwest National likely to haveDs symmetry. As a result, thBs structure for
Laboratory. the UQy(H20)s?" aquo ion was used throughout to take

advantage of molecular symmetry in the calculations. In all
structures, the 80 and U-Ogqbond lengths optimized to 1.75
and 2.50 A, respectively, with a=€U=0 angle of 180. The
symmetric and asymmetric stretching frequencies for the uranyl
are 955 and 1043 cm in the Ds structure and show little
variation for the three structures.

Gas-Phase Structure and EnergeticsThe optimized gas-
phase structures of WH,0)s?" at the B3LYP and SVWN

Solvation effects were included through the use of the
polarizable continuum model (PCM) conductor-like polariz-
able continuum model (CPCMj,and self-consistent isodensity
polarizable continuum model (SCIPCM)as implemented in
Gaussian03. A dielectric constant of 78.39 was used corre-
sponding to that for water as the solvent. COSMGan Previously we have shown that the geometries of the
implementation of the conductor-like polarizable continuum i ctures arising from the interaction of Owith anions can
model employing Klamt radii, was also used. Cavity effects in pe yeliably predicted at the LDA levé® However, these
the CPCM and PCM approaches were studied using the radiistryctures do not involve hydrogen bonds, which are potentially
obtained by using the UA®, UFF5 UAHF 5 UAKS 5 present in the uranylwater clusters and involve a stronger
Pauling$> and Bondf* radii as implemented in Gaussian03. Coulombic interaction than present in the water complexes. DFT
Klamt radiP* were used in the PCM model to perform a with local exchangecorrelation functionals leads to overbind-
COSMO calculation. The radii are given in Table 1. SCIPCM ing, especially of systems with important nonbonded interactions
calculations were performed with different isodensity values, a which are weakly bounéf. The SVWN structure (Figure 1) was
974 integration point Lebedev grid, and integration using a distinctly different from the B3LYP structure, having a distorted
single origin. Natural bond orbital (NBO) analyses were C; structure, with theDs structure lying 0.79 kcal/mol higher
performed at the optimized geometries at the B3LYP DFT level in energy (Table 2). Use of the SVWN functional resulted in
with the program Gaussian@8. U—0Oeqbonds in theC; structure that were too short (2.406 A),
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TABLE 3: Calculated Geometric Gas-Phase Parameters Compared to Experimental Values in the Condensed State

structure method R(U=0), A R(U—Og), A R(U—Osecond,> A 0(0=U=0), deg
UO2+ B3LYP 1.701 180.0
UOo2?* SVWN 1.703 180.0
UO,(H20)42" B3LYP (Dan) 1.746 2.436 180.0
UO,(H,0)42* SVWN (Dapn) 1.755 2.355 180.0
UO,(H20)s2" B3LYP (Dsn) 1.748 2.500 180.0
UO,(H20)s2" B3LYP (Ds) 1.748 2.500 180.0
UO,(H20)5%" B3LYP (Cy) 1.748 2.500 180.0
UO,(H20)s2" SVWN (Ds) 1.758 2.413 180.0
UO,(H,0)s2" SVWN (Cy) 1.761 2.406 (avg) 174.3
UO(H20)4(H.0)e?+ B3LYP (Cy) 1.765(0) 2.369(1) 4.48(1) 180.0
UO,(H20)4(H20 )02 B3LYP (Cy) 1.769(4) 2.363(29) 4.43(15) 179.7
UO,(H20)4(H20 )12 B3LYP (Cy) 1.770(2) 2.361(25) 4.45(9) 179.2
UO,(H20)s(H.0)2* B3LYP (Cy) 1.763(0) 2.442(1)2.546 4.45(16) 178.1
UO,(H0)s(H20)1> B3LYP (Cy) 1.767(1) 2.433(5)2.525 4.64(19) 177.3
HEXS 1.766(1) 2.420(1) 4.50
EXAFS 1.76(1) 1.783(5} 2.41(1)9 2.413(5)
XRDsoInc 1702(5) 2421(5) 4.37
XRDsoid 1.71(8) 2.45(10) 161(3)
XRDsoiid® 1.76(2) 2.42(5) 177.3(9)
XRDsoic? 1.76(1) 2.41(1) 179.2(3)
XRDsoiid 1.76(1) 2.41(3) 179.0(1)

a Average of oxygen distances (with standard deviation) from second sphere waters involved in hydrogen bonding to primary sphere waters.
b Reference 18 Reference 124 UO,[CIO]2-7H;0 (ref 14).[UO,(H,0)s](ClOy); (ref 15).¢ [UOA(H20)s](ClO4)2-2H,0 (ref 15).F [UOA(H0)s](CFSOs)2
Ci2H2406 (ref 16).9 Reference 84! Reference 8b.Average of the four short equatorial bondémax, min)= (4.50, 4.47); (4.60, 4.23); (4.60,
4.34); (4.61, 4.16); (4.96, 4.35).

TABLE 4: Calculated Symmetric and Asymmetric UO2* the condensed phase, the=0 bond should lengthen and the
Stretching Frequencies (cm*) Compared to Experimental U—0O¢q bonds should shorten on the basis of solvation effects.
Values in the Condensed State The predicted symmetric and asymmetric uranyl stretches are
structure method Vsym Vasym too high by 86 and 81 cni, respectively, consistent with=8
Uo2+ B3LYP 1041.2 1140.7 O bond distances that are too short. Although the geometry
Uo2* SVWN 1018.8 1122.4 parameters for the SVWN structure were in good agreement
UO(H-0)e" B3LYP Da)  961.9 1050.6 with experiment (except for the=8U=0 angle), this method
882%:28;} SmNP ((DD‘;*;?) ggg:g 184212:411 is not appropriate for treating a second solvation_ s_heII so the
UO,(H20)62" B3LYP (D)  955.2 1043.4 B3LYP structure was used for our solvation predictions.
UO,(H.0)s** B3LYP (C,)  955.1 1043.4 The optimized gas-phase structure of 400).2 is il-
UO,(H-0)e> SVWN (Ds) ~ 926.8 1018.4 lustrated in Figure 2. At both the B3LYP and SVWN levels,
882("'20)5 - SVWN (C) 915.8 1008.7 the D4y structure is the most stable. This is consistent with
(H20)4(H20)g 921.3 1014.1 ; : . . .
UO2(H20)(H20)1?+ 913.6 1007.7 previous reports in the literature and is due to less steric
UO,(H20)4(H20)112* 910.3 1001.3 crowding in the equatorial region of the uranyl ion. The=O
UO2(H20)5(H20)7*" 915.2,927.6 1011.6 distances at both the B3LYP and SVWN levels are 1.75 and
gaorzrs:éo)s(Hzo)mH 9§é§987 o 1009.6 1.76 A, but the U-Ogqdistances (2.44 and 2.36 A, respectively)
R ' 965¢ 961 differ slightly. This is consistent with the equatorial bond length
shortening that occurred in the pentaaquo species at the SVWN
* Reference 11& Reference 111 Reference 11c!Reference 11d.  |eyel. The symmetric stretching frequencies for the uranyl are

predicted to be at 962 and 935 chin the B3LYP and SVWN

leading to repulsions between the neighboring oxygen atoms Structures, respectively, and the asymmetric stretches are at 1051

1 ‘ i, .
and significant deviation of the water molecules out of the and 1026 cm'. Considerable difficulty was encountered in

o o ) ot
equatorial plane. The80 bond length (1.76 A) was consistent obtaining an optimized gas-phase structure for(40)s

with the B3LYP structure, but the<€U=0 bond angle deviated with six atoms in the inner solvation shell due to the high degree
from linearity at 174.3 due to the asymmetry of the structure of steric crowding in the equatorial region. Experimental results

and the low G=U=0 bending mode of the isolated ior {50 strongly suggest that six-_coordir?ate uranyl aquo ion_s are n_ot
cmY). The symmetric and asymmetric uranyl stretches occurred PreSent to a large extent in solution, and therefore this species
at 916 and 1009 c, respectively. was not included in our analysis. Qur result is also qon3|.stent
The predicted geometric and vibrational parameters in the With the results of Cao et &k who find a structure with six
gas phase are compared to available experimentally determineVater molecules in the gas phase to have five molecules in the
values in the condensed state in Tables 3 and 4. In the B3LYPINner shell with one water hydrogen bonded externally to this
Ds structure, the B-O bond length is predicted to be too short shell. This structure was predicted to be 5.3_kca|/m_o| more stable
by 0.012-0.035 A as compared to the HEXS and EXAFS than a structure with six water molecules in the first solvation
results (as well as the upper end of the solid-state XRD values).She”-44
Additionally, the calculated HOgq bond lengths are too long The gas-phase energies, enthalpies, and free energies for
by about 0.08-0.09 A. This is consistent with the fact that the reaction 1 at various levels of theory are provided in Table 5.
calculated values correspond to isolated ions in the gas phaseThe first five entries compare the gas-phase free energies
as well as to the fact that the gradient corrected bond distancesobtained at the local and nonlocal DFT levels. The SVWN value
tend to be somewhat longer than the experimental values. Indiffers significantly from the B3LYP values and this is due to
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TABLE 5: Gas-Phase Energies, Enthalpies, and Free
Energies (kcal/mol) at the DFT (B3LYP and SVWN) and
MP22 Levels for Reaction 1

level AEeiec AZPE AEg AEzgg AHzgs AGogg
B3LYP/TZVP —245 10 —235 —22.6 —23.2 —158
B3LYP/aug-cc-pvDZ —22.7 0.8 —21.9 —21.0 —21.6 —14.2
B3LYP/aug-cc-pVTZ —229 1.2 -21.7 —21.0 —21.6 —135
B3LYP/aug-cc-pvQz —-22.8 12 —-21.5 —209 —215 —133
SVWN/TZVP —33.3 18 —315 —31.2 —31.8 —243
MP2/aug-cc-pVDZ —28.0 12 -—-26.8 —26.0 —26.6 —18.5
MP2/aug-cc-pVTZ —-27.8 12 -—26.6 —25.9 —26.5 —18.4
MP2/aug-cc-pVQZ —-272 12 —-26.0 —253 —259 —17.8
MP2/aug-cc-pVDZ () —27.3 1.2 —26.1 —25.3 —25.9 —17.8
MP2/aug-cc-pVTZ () —27.1 1.2 —259 —-252 —258 —17.6
MP2/aug-cc-pVQZ () —26.9 1.2 —25.7 —25.0 —25.6 —17.5
DFT/B3LYP® —289 1.7 -—-27.2 —19.3

a\With B3LYP/aug-cc-pVTZ thermochemistry correctiofifg) =
added g functions on uranium basis $dReference 31.

the tendency of the local functional to overestimate ligand
binding energies. For this reason, the SVWN energetics will
not be discussed further. The value obtained at the B3LYP level,
with the 6-31G* basis sets for O and H, and a large core (78 €)
RECP and basis set on U are in significant disagreement with
our best DFT calculations by nearly 6 kcal/niélt has been
shown that the 78 e large core RECP of Hay and M&tan
result in a bent structure with a=8J=0 angle of 153 at the
DFT level$8

We also performed MP2 calculations with large basis sets to
approach the complete basis set limit with up to aug-cc-pvQZz
on the O and H atoms and including g functions on the small
core Stuttgart uranium basis set. Inclusion of the g functions

on the uranium basis set and using the largest aug-cc-pvVQZ
basis on O and H results in an increase in the reaction free

energy of 1.0 kcal/mol over the no-g/aug-cc-pVDZ treatment,
from —18.5 to—17.5 kcal/mol, consistent with the presence of
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tractable method currently available, yet as shown below and
consistent with other studié$,Cis very sensitive to the choice

of parameters, especially if no waters of solvation are present.
However, as shown in a number of studies on monatomic
cations, the inclusion of explicit water molecules in the first
hydration sphere is necessary to converge to reliable values of
the free energy of solvatioff.Inclusion of the second or higher
order hydration spheres is generally not used due to the large
size of the necessary clusters and the nonstatic nature of the
second shell. As shown below, inclusion of more than the inner
hydration shell does improve the results for the free energy of
reaction for water exchange and does provide useful insights
into the solution chemistry. Ab initio molecular dynamics
simulations are also an alternative solution but are computa-
tionally intensive whereas MD methods based on classical force
fields need to be carefully parametriz€d.

The continuum-based solvation models used in this study
partition the solutesolvent environment into two distinct
regimes, one of which is a cavity containing the solute molecule,
and the other is the solvent medium surrounding the cavity
defined solely by its dielectric constant. Induced charges on the
surface of the cavity due to solutgolvent polarization allow
one to obtain the free energy of solution of the solute under
study?® Table 6 contains the electrostatic and nonelectrostatic
solution energy contributions to the free energy of reaction from
the PCM, CPCM, and SCIPCM models as a function of atom
radii (or isodensity value) (Table 1) and level of theory (B3LYP
and SVWN) for the reaction defined in reaction 1. Examination
of the data reveals that the solution energy contributions from
the PCM and CPCM models are invariant with respect to the
type of functional used. The maximum difference in the
electrostatic contribution to the reaction free energy between
the two methods is 2.6 kcal/mol with the CPCM (Pauling radii),
and the overall average difference is 1.2 kcal/mol. The maximum
difference in the nonelectrostatic contribution between the two

some BSSE in the smaller basis set calculations. Our best MP2

free energy £17.5 kca/mol) differs from our B3LYP/TZVP
and B3LYP/aug-cc-pVQZ free energies by 1.7 and 4.2 kcal/
mol, respectively, indicating that the B3LYP approach is

mewhat over ilizing the r ntsinr ion 1 with r .
somewhat overstab g the reactants in reactio t espect%ree energies. The comparable results for the B3LYP and SVWN

to the MP2 approach. We have used the best MP2 gas-phas

free energy as the baseline for later solvation corrections. This

system should be well described by a single reference method
thus making use of MP2 appropriate. Single-point CCSD
calculations of UQH20)42" and UGQ(H,0)s2" with the U ECP

methods is 0.8 kcal/mol, and the overall average difference is
0.5 kcal/mol. On the basis of the discussion of the dependence
of the energetics and geometries on the functional, only the
B3LYP values were used in the analysis of the final solution

unctionals also show that the PCM and CPCM methods are
relatively insensitive to the geometries of the uranyl aquo ions,
as the optimized gas-phase structures for each methods are
significantly different.

and basis set and the aug-cc-pVDZ on O and H were performed  The PCM and CPCM approaches performed similarly as a

to obtain the T diagnostic to provide an estimate of the
multireference character of these i6A3he T; diagnostics were

function of the radii set. Within the B3LYP results, the
difference in the electrostatic terms for the reaction free energy

0.023 and 0.022, respectively, showing that a single referencePetween PCM and CPCM was from 0.1 to 0.2 kcal/mol. This
wave function does provide an appropriate description of these Suggests that modifying the boundary problem by changing the

systems.
Natural bond order (NBO) calculations were also performed
to examine the importance of charge transfer in theBgD),2*

dielectric value from a specific finite value to = oo will
introduce little change and thus both are equally well suited
for studying the solution chemistry of the uranyl ion.

aquo ions. Previous studies have commented on the significant The nonelectrostatic contributions to the solution free energy

amount of charge transfer that occurs, making the water

for reaction 1, although accounting for only a small portion of

molecules appear as actual equatorially bound ligands. Chargethe total energy contribution to the free energy of reaction in
transfer was quantified as the group charge on the central uranylmost cases (8.7% average for B3LYP/PCM), were included for

moiety and was determined from B3LYP calculations. In the
UO,(H,0)42" aquo ion, the NBO calculations show that 0.48 e
was transferred to the uranyl, lowering the positive charge on
the uranyl to+1.52 e. In the UQH,0)s2", 0.52 e was
transferred to the uranyl, slightly greater than in the tetraaquo
ion, lowering the uranyl positive charge #1.48 e.

Solution Thermodynamics.The general approach of using
a continuum solvation model is the most computationally

completeness. It should be noted that in calculating the
cavitation, dispersion, and repulsion contributions to the non-
electrostatic energy, the dispersion and repulsion contributions
from uranium were neglected as no parameters are currently
available.

The B3LYP results in Table 6 are most readily evaluated by
comparing the atomic radii used to define the solute cavity, as
well as the resultant cavity volumes and surface areas generated
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TABLE 6: PCM, CPCM, and SCIPCM Solvation Energy Contributions (Electrostatic and Nonelectrostatic) (kcal/mol) for the
Energy of Reaction ®

B3LYP SVWN
model cavity parameter electrostatic nonelectrostatic sum electrostatic nonelectrostatic sum
PCM UAO 13.4 —2.7 10.7 14.6 —2.8 11.8
UFF 14.6 -1.3 13.3 14.6 -1.8 12.8
UAKS 20.7 -0.7 20.0
UAKS (scaled) 12.7 -0.7 12.0 13.9 -1.4 125
UAHF 20.8 -0.8 20.0
UAHF (scaled) 13.0 -0.8 12.2 14.2 -1.6 12.6
Klamt¢ 16.9 -0.7 16.2 17.0 -1.2 15.8
Pauling 24.0 1.9 25.9 215 1.6 23.1
Pauling (scaled) 18.5 1.9 20.4
Bondi 22.4 1.2 23.6 21.4 0.5 21.9
Bondi (scaled) 17.7 1.2 18.9
CPCM UAO 13.5 =27 10.8 14.7 —-2.8 11.9
UFF 147 -1.3 134 14.9 -1.7 13.2
UAKS (scaled) 12.8 -0.7 12.1 13.8 -15 12.3
UAHF (scaled) 131 -0.8 12.3 14.2 -1.5 12.7
COSMC 17.8 -0.7 17.1 18.4 —-1.2 17.2
Pauling 24.2 1.9 26.1 21.6 16 23.2
Bondi 225 1.2 23.7 21.5 0.5 22.0
SCIPCM 0.001 14.0 14.0
0.002 14.9 14.9
0.0027% 17.4 17.4
0.0028 22.4 22.4

2 Calculated at B3LYP/TZVP/Stuttgart and SVWN/TZVP/Stuttgart leveBcale factor= 1.2.° PCM calculation using Klamt radii (from COSMO).
d Scale factor= 1.1.¢ COSMO as implemented in Gaussian03 (U scale faetdr.17).f Isodensity value, in au.

by the PCM method. The atomic radii used are listed by type smaller than the others, which has a dramatic effect on the
in Table 1. Graphical representations of cavity sizes and shape<lectrostatic contribution to the reaction free energy, as smaller
(with volumes and surface areas) are shown in Figure 3 for UO cavities lead to larger positive differences in the solvation
(H20)s2™ and UQ(H,0)42". The UAO, UAHF, and UAKS radii contribution to the free energy of reaction in solution. The
are based on the United Atom Topological Model, where the electrostatic energy contribution to the free energy of reaction
oxygen and hydrogen atoms are combined at sites where theyin solution is now 5.57.0 kcal/mol more positive than that
are connected via bonding. The remaining UFF, Pauling, and from the COSMO/Klamt approach. These small cavities also
Bondi radii use explicit spheres on all atoms, including have positive nonelectrostatic contributions, making the total
hydrogen, as evident in the more contoured surfaces of thesolvation contribution to the free energy of reaction in solution
cavities in Figure 3. The COSMO implemented approach in 7—10 kcal/mol more positive than the COSMO/Klamt method,
Gaussian03 uses the CPCM method and Klamt radii on all and 16-15 kcal/mol more positive than the other approaches.
solute atoms; Klamt radii were also used to mimic the COSMO It has recently been suggested that, to properly model ion
model in the PCM framework. cavities, scaling factors should be used to either decrease or
The correlation between the cavity size and the electrostatic increase the size of the radliWe applied scaling factors of
contributions to the reaction free energy shown in Table 6 1.1 to the Pauling and Bondi radii at the B3LYP/PCM level to
indicate that the primary factor governing the contribution of make the cavities slightly larger. We also used unscaled UAHF
solvation effects to the free energy of reaction in solution is and UAKS radii, because these are typically scaled by 1.2 in
the volume of the cavities. The UAO, UFF, scaled UAHF, and the literature. Scaled Pauling and Bondi radii generated slightly
scaled UAKS radii (we note that Barone et’#lrecommend larger cavities, which were enough to lower the electrostatic
that UAHF and UAKS radii be scaled (1.2) by default) all and total solvation contributions to the free energy of reaction
contain rather large spheres on the O and H atoms, thus givingin solution by 5.5 and 4.7 kcal/mol, respectively, with no effect
larger solute cavity volumes. Generation of larger cavities results on the nonelectrostatic term. Unscaled UAHF and UAKS radii
in smaller total solvation energy contributions, as the charge resulted in electrostatic and total solvation contributions to the
polarization is spread over a larger volume and the solute is free energy of reaction in solution that were 8.0 and 7.8 kcal/
thus less effectively solvated by the electrostatic field of the mol larger than results using the recommended scaled (1.2) radii.
solvent. Additional negative nonelectrostatic contributions lower The individual electrostatic contributions to the free energy of
the solvation energy contribution to the free energy of solution, reaction in solution for Ug[H,0)s?", UO,(H,0)4", and HO
even further leading to free energies of reaction in solution that using unscaled UAHF and UAKS radii were all significantly
are too negative. The COSMO/Klamt radii for uranium and more negative than any of the other approaches, indicating that
oxygen are comparable to the previous sets, but the hydrogenthe smaller OH spheres may result in errant electrostatic
radius is smaller. Due to the hydrogen being on the exterior of behavior.
the cavity, the effect is to decrease the cavity size and to increase The SCIPCM approach is not based on atomic radii assign-
the electrostatic contribution to the free energy of reaction in ment, but rather a specified contour of the electron density.
solution by 2-4 kcal/mol over the UAO, UFF, scaled UAHF, Figure 4 shows the variation in the electrostatic contribution to
and scaled UAKS results. Relatively large changes in the the solution energy as a function of the SCIPCM isodensity
uranium radius are energetically inconsequential, as it is buried value’? Calculations were performed at isodensity values over
within the center of the cavity. The Pauling and Bondi radii the range 0.000010.0029 au to adequately sample the electron
(unscaled) contain the most compact oxygen and hydrogendensity. It is clear from the plot that the choice of the isodensity
atoms of all the sets. These cavity volumes are considerablycontour leads to significant differences in the electrostatic
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Figure 3. UOy(H-0)s2* (top) and UQ(H,0):2* (bottom) cavities with volumes @ and surface areas $fat B3LYP/PCM level (with scaled
UAHF and UAKS radii and unscaled Pauling and Bondi radii).

contribution to the free energy of solvation at the low and high ~ The solution free energy change for exchange reaction 1 is
ends of the range we chose but gives value of the electrostaticshown in Table 7 as a function of cavity type with the PCM
contribution that are fairly constant over the range 0004 model, and isodensity value with the SCIPCM model. As
0.00225 au. It has been suggested that an isodensity value irdescribed above, the PCM and CPCM models give nearly
the range 0.00040.001 au is appropriate and suitable for neutral identical results, so we only report the PCM results for the
molecules, but this is not necessarily true for anions and thermodynamic predictions. The free energy in solution for the
cations’® Over the contour range from 0.001 to 0.0025 au, the exchange reactiomyGexchange Varies substantially and illustrates
electrostatic contribution varies by onty1.6 kcal/mol and is the high sensitivity of the free energy change to the methodology
consistent with large cavities such as that found with UAO and used to generate the cavitGexchangefOr @ given cavity was
UFF methods. To obtain electrostatic values that are more calculated by summing the gas-phase free energy from the
indicative of small cavities, isodensity value®.00275 au are combined MP2 and B3LYP calculations 6fL7.5 kcal/mol and
needed. With contours of 0.00275 and 0.0028 au, the electro-the electrostatic and nonelectrostatic contributions from Table
static contributions to the free energy of solvation are 17.4 and 6. An additional standard-state thermodynamic correction was
22.4 kcal/mol, respectively, a sharp increase in the electrostaticapplied to correctly model the solution chemistry of the uranyl
contribution over a narrow range of contours. If one examines aquo iong>74The gas-phasAGg,gg values reported in Table 5
the energy changes for Y®,0),2" and UQ(H,O)s2" in going are applicable only at a pressure of 1 atm. In the liquid phase
from 0.00275 and 0.0028, there is a difference-af.5 and (new standard state), water molecules are present at a concentra-
—2.5 kcal/mol, respectively, indicating that the isodensity tion of 55.5 M, yielding a pressure of 1354 atm (frdth=
contour is very sensitive for smaller volumes. pRT). Each water molecule has less translational freedom, as
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TABLE 7: Free Energy of Reaction in Solution (AGgor)
(kcal/mol) at the PCM and SCIPCM Levelst

Gutowski and Dixon

kcal/mol). However, when corrected for the new standard state,
Atheory-exp bECOMES—4.4 kcal/mol in this case. The results for
AGexchangaWith unscaled Pauling and Bond radii are in contrast
with the other predefined radii sets. BecauS&exchange iS
positive (8.4 and 6.1 kcal/mol, respectively), the solvation
contribution dominates the gas-phase free energy, giving an
endothermic result. This is consistent with smaller cavities and
larger solvation energies. After the standard state corrections,
the Bondi radii provide a result that is in relatively good
agreement with experiment, with a valuea®., = 1.8 kcal/

mol and a deviation of#-3.0 kcal/mol. Use of the Pauling radii
leads to an energy change that is too positive, disagreeing with
experiment by+5.3 kcal/mol.

If the Pauling and Bondi radii are scaled by 1.1, leading to
slightly larger cavities, the results are in even better agreement
with experiment. The corrected solution free energies—lirel
and—2.9 kcal/mol, yieldingAteory-exp Of —0.2 and—1.7 kcal/
mol, respectively. Similarly, unscaled UAHF and UAKS provide
corrected solution free energies-61.8 kcal/mol in both cases,
an improvement of-8 kcal/mol over the recommended scaled
results, leading t@neory-exp = —0.6 kcal/mol. Scaling the radii
is consistent with other approaches reported in the liter&ture
and is important in modeling the solvation effects on the

model cavity AGechange  AGoon Aoy o energetics of reaction 1. Overall, it is apparent that smaller

PCM gég :S'g __13'; :?'g cavities (larger solvation energy corrections) are needed to
UAKS 25 18 06 predict the equilibrium free energy for reaction 1 in solution.
UAKS (scaled) -55 -938 -8.6 The results are very dependent upon the choice of the radii and
UAHF 25 -1.8 —0.6 must be carefully chosen. Explicit radii sets were used to
UAHF (scaled) —53 9.6 —8.4 examine the effects of small, incremental changes in radii on
g;:ﬂ:]g _18'i —54.:31 ;g:g the reaction energetics and these results are included as
Pauling (scaled) 29 14 —0.2 Supporting Information. We noted that small changes in the O
Bondi 6.1 1.8 +3.0 and H radii can be used to fine-tune the energetics but that there
Bondi (scaled) 14 —2.9 —1.7 was essentially no effect for any reasonable value for the U

SCIPCM  0.00% —-3.5 —-7.8 —6.6 radius.
0.002 —2.6 —6.9 57 . . .
0.00275 —0.1 —4.4 -3.2 Clearly, the most desirable way to predict these solvation
0.0028 4.9 0.6 +1.8 effects is a method that does not depend on assigning predefined

aWith respect to the MP2/aug-cc-pVQEZ() gas-phase free energy
(—17.5 kcal/mol), including the solvation energy (electrostatic
nonelectrostatic) at the B3LYP/TZVP level and standard state correc-
tion. ® Ateory-exp= AGeorr — (—1.2). ¢ Scale factor= 1.2.9 Scale factor
= 1.1.¢Isodensity value, in au.

the translational entropy partition function is pressure dependent.
The result is to lower the overall reaction free energy of reaction
1 by —4.3 kcal/mol. Table 7 contains the solution free energies
of reaction that have been appropriately corrected for the
standard state changAGco).
At the PCM level, the most negativ®GexchangelS predicted

to occur for the UAO, UFF, scaled UAKS, and scaled UAHF
methods 4.2 to—6.8 kcal/mol). For these methods, the cavity
for each of the solute species is large, leading to a smaller

radii to the atoms. The SCIPCM is such an approach, and the
variation in the electrostatic contribution with SCIPCM isoden-
sity value was presented in Figure 4. It is apparent from the
above discussion that more compact solute cavities are ap-
propriate for studying the species in reaction 1. Using an
isodensity value of 0.001 au gave results that were similar to
those obtained with the UAO and UFF cavities, and thus the
electron density contour defining the cavity in this manner was
too small, giving a cavity that was too large. Increasing the
size of the contour to 0.002 au gave results that were consistent
with the Klamt/COSMO approach and were also in error, by
—4.5 kcal/mol. However, as shown in Table 7, a contour in the
range 0.002750.0028 yielded results that were more consistent
with the experimental value, at-4.4 and 0.6 kcal/mol,

positive solvation contribution to the free energy of reaction in '€SPectively. Because these free energies are essentially upper
solution and the reaction free energy in solution is dominated &nd lower bounds to the chemical accuracy desired, it is then
by the gas-phase exothermicity. Addition of the standard state @PParent that the appropriate contour values lie somewhere in
correction leads to results that are even more exothermic forthiS range. However, in this region, the electrostatic contribution
the final free energy of reaction in solutioAGeor, and have a varies significantly over a small range of contours. These results
greater deviation from the experimental value when using the suggest that a value of 0.001 au may not be not suitable for
UAO, UFF, scaled UAHF, and scaled UAKS cavities. Thus large cations, although it may work well for most neutral species,
solute cavities are not appropriate for the description of the and a larger contour (smaller cavity) is necessary just as found
uranyl aquo ion water exchange chemistry. The disagreementfor anions in predicting K4's for acids’® Thus, benchmarking
with experiment Qeory-exp) iS between—7.3 and—9.9 kcal/ of the SCIPCM method requires a precise knowledge of
mol in these cases. The PCM model using the Klamt radii yields experimental solvation free energies to calibrate isodensity
a slightly negative 1.3 kcal/mol) exchange free energy, and values. This will help to broaden the applicability of the
the best agreement with the experimental HEXS resuls 4 SCIPCM approach to more types of species, notably dications.
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Cluster Geometries and Thermodynamics.On the basis
of the above results, we decided to look at larger clusters where
part of the second solvation shell is present. To examine the
effect of explicit second sphere solvent molecules on the
geometries, as well as the water exchange energetics, of the
UO,(H20)42" and UQ(H,0)s?" ions, the clusters U§iH,0);-
(H20)g2", UO(H20)a(H20)162", UO(H20)a(H20)142", UO,-
(H20)5(H20)72, and UGQ(H,0)s(H20):>" were optimized at
the B3LYP level with the previously defined basis sets and ECP.
Vibrational frequencies were calculated to ensure that the located
structures were minima (zero imaginary frequencies). In the first
and fifth clusters, two second sphere water molecules were
assigned to hydrogen bond to each of the primary sphere water
molecules, whereas in the remaining clusters this 2:1 water ‘

Y )

stoichiometry was not maintained, resulting in both a deficit
and excess of water in this sphere. For these other clusters, the
water molecules were initially assigned in typical hydrogen
bonding positions. Although our inclusion of outer sphere water
molecules is likely to underestimate the actual number present
in solution, it should provide a more realistic picture of solution
effects on the geometry about the uranyl ion. The structures of
the UQ(H20)4(H20)82+, UOz(H20)4(H20)102+, and UQ(H20)4-
(H20)11%" clusters are shown in Figure 5 and the (&0)s-
(H20)2" and UQ(H20)s5(H20)162" clusters are shown in Figure

6. As indicated by the dashed lines, hydrogen bonding plays a
significant role in the interactions between the first and second
hydration spheres, as well as within the second shell. The
structural parameters and uranyl vibrational frequencies of all
five clusters are listed in Tables 3 and 4.

In the three tetraaquo clusters k{8,0)4(H20)s?", UO,-

(H20)4(H20)162", and UQ(H20)4(H20)112", the U=0 bonds ‘av‘
lengths are lengthened by 0.019, 0.023, and 0.024 A, respec-

tively, compared to the B3LYP gas-phase structure of,UO
(H20)42*. This is indicative of more charge transfer to the
uranium center, causing a lengthening of the oxo bonds (see
below). In addition, the equatorial bonds are shortened by 0.067,
0.073, and 0.075 A due to stronger interactions with the uranyl ;
as a result of the second shell effects. The uranyl symmetric “
and asymmetric stretches are lowered by about3®and 37 9 y.
50 cnT?, respectively, in the larger clusters, consistent with the &
lengthening of the B-O bonds, and are now much closer to

the experimental values. In the Y®l,0)4(H,0)s*" cluster, )

there is no observable hydrogen-bonding present between wategigre 5. Optimized gas-phase structures (B3LYP/TZVP/Stuttgart)
molecules in the second shell, due to the open nature of theof UO(H,0)(H20)&2*, UOx(Hz20)u(H20)12", and UQ(H,0)s(H,0) 2+
cluster, and the overall shape of the cluster is approximately ion clusters, with hydrogen bonds indicated by dashed lines.

cubic. Thus, no significant rearrangement of the (H30O),>"

core occurs, and the symmetry is only reduced to approximately U—Qgeongdistances are 4.45(16) and 4.64(19) A, respectively,
D4 from Dgn. In the two larger clusters, however, the larger which agree well with the HEXS measured value. In both
number of water molecules in the second shell leads to hydrogenc|usters, the B-O bond is lengthened compared to that in the
bonding in the second shell, which causes the core to distortgas-phase structure of Y®.0)s2" by 0.015 and 0.019 A,
slightly, resulting in approximat€, and C; symmetry for the respectively, and both values are in excellent agreement with
core, respectively. The uranyl moiety remains linear in each HEXS and EXAFS values of 1.766 and 1.76 A. The calculated
cluster, with only small deviations due to asymmetries caused values show larger differences in comparison to the 1.783 A
by the hydrogen bonding between the first and second solvationEXAFS valué® and the solution XRE? results, suggesting a
shells. The average 4O distance to water molecules in the poor refinement of the bond length in these cases. Lengthening
second shell varies from 4.48(1) to 4.43(15) to 4.45(9) A in of the oxo bond is again consistent with enhanced charge transfer
the three respective clusters. The smallest variation in this lengthdue to waters in the second shells (see below).

occurs for UQ(H,0)4(H20)s?", whereas larger variations are The addition of the second sphere water molecules has a
found for the latter two clusters. The pentaaquo clusters-UO dramatic effect on the structure of the &{B,0)s>" core.
(H20)5(H20)2" and UQ(H20)s5(H20)102" can be directly Significant hydrogen bonding occurs, which in the 40,0)s-
compared with the condensed-phase experimental data listedH,0)10?" cluster, results in a partitioning into two distinct

in Table 3. The latter cluster is the most realistic, as the HEXS structural regions. First, there is a region encompassing two
results suggest 10 water molecules in the second shell at arequatorial oxygen atoms and four second shell waters that is
average distance of 4.50 A. In the two clusters, the averagepartitioned into a pyramid-like structure with a well-defined
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species may contribute significantly to the solution equilibrium.
In the clusters, the frequencies for the symmetric uranyl stretches
are lowered by 28 and 40 crhas compared to the B3LYP
gas-phase values, and the asymmetric uranyl stretches are
lowered by 32 and 34 cm, respectively. The agreement with
experiment is improved, although there is still a difference of
about 56-60 cnt! in the symmetric stretch and 487 cnt?!

in the asymmetric stretch. The differences from experiment are
due to our neglect of anharmonic contributions, the functional
that was used, and additional solvation effects. The experimental
HEXS spectrum shows a peak at 4.50 A indicative of 10 water
molecules in the second shell, which is in relatively good
agreement with the U§H,0)s(H,0)162+ cluster results at 4.6

A, although the high standard deviation of the calculated values
indicates strong fluctuations in this shell. Overall, the explicit
inclusion of outer sphere solvent molecules provides a more
realistic description of the uranyl aquo ion system that is
otherwise absent in the gas-phase results when only the first
solvation shell is included For all of the clusters studied, we
note that there is a lack of hydrogen-bonding to the uranyl
oxygen atoms. In all cases, the second sphere water molecules
form an exclusionary space in the region of axial oxygen atoms
with their hydrogen atoms pointed up, thus preventing water
Y molecules from entering and interacting with the oxo atoms.

°,
” ’3 Instead, additional waters would likely prefer to form hydrogen
9

bonds with the second sphere water molecules. This is supported
W by the molecular dynamics simulation of the uranwlater
system of Hagberg et &.They noted that no hydrogen bonding
is found between the uranyl oxygen atoms and water molecules
: 3 during the course of the simulation. In our &{8,0)4(H20)12"
o cluster, one of the second shell water molecules effectively starts
3 a “third” solvation shell by hydrogen bonding to a second sphere
water rather than forming an interaction with an oxo ligand.
Figure 6. Optimized gas-phase structures (B3LYP/TZVP/Stuttgart) In the UQy(H,0)5(H20)1*" cluster, charge-transfer effects
of UOy(Hz0)s(H-0)7**, and UQ(H0)s(Hz0)¢>" ion clusters, with account for the movement of 0.66 e to the uranyl (34 group
hydrogen bonds indicated by dashed lines. charge), 0.14 e more than in Y®,0)2*, based on NBO
shape. Second, there is a region comprising the remaining ﬁrstcalculatiqns. This clearly shqws that qdditional chargq transfer
and second sphere waters that encompasses an entire hemisphefFQm the inner tightly bound first solva'_[lon shell can be induced
of the overall cluster and is linked together via hydrogen- by the presence of a second hyd“’%“°f‘ _sphere. '_r_he 10 water
bonding. Whereas, in the isolated [8,0)s2* ion, all of the molecules in the second shell ha_ve individual positive charges
water molecules are nearly parallel with the uranyl axis, giving of betweent-0.022 and—2|-+0.045, with & net charge 6f0.369.
it Ds symmetry, here one water molecule is now nearly In the UQy(H20)4(H20)s?™ cluster 0.65 e are transfgrred to the
perpendicular to the uranyl axis and there is significant twisting uranylzgr+137 group charge), 0.16 e more than in the O
of the remaining water molecules, all of which are due to strong (H20)4*"- The eight water molecules in the second shell acquire
hydrogen bond effects, giving it approxima@ symmetry. a net positive charge af0.392. In the remaining clusters, GO
Short hydrogen bonds (HO- - -H) are present that range from (H20)4(H20)5°", UOAHz0)a(H20)11", and UQ(H0)s(H-0)7",
1.64 to 1.97 A and exist between second sphere oxygen atomdhe uranyl group charges werel.34, +1.34, and+1.37,
and first sphere hydrogen atoms. A similar effect is observed respectlvgly. Tr_us sugg_ests that mqlecular dynamics simulations
in the UOy(H-0)s(H,0)2* cluster, although the smaller number of th(_ase ions in solution shquld include charge-transfer and
of water molecules in the second shell results in enhanced strainPolarizability effects’® In addition, our charge-transfer results
on the core structure and stronger twisting of four of the bound confirm the average amount of charge transfer assumed by
water molecules, with a fifth perpendicular water as in the Soderholm et al®in fitting the HEXS results.
previous case (approxima@ symmetry). As discussed above, the addition of a second hydration sphere
In the clusters UG(H,0)s(H20)2" and UQ(H20)s(H,0)10*" to UOy(H.0)42" and UQ(H,0)s2" greatly improves the agree-
the equatorial region has four short bonds and one relatively ment of the geometric parameters of the core uranyl aquo ion
long bond in each case. The former bonds are shortenedwith experiment. Also, the NBO charges show an impact on
compared to the gas phase by 0.058 and 0.067 A, respectivelythe charge distribution, and hence the energetics, in the core
and are in excellent agreement with the experimental valuesdue to the presence of outer sphere water molecules. These
(within 0.01-0.03 A). However, one of the equatorial bonds additional water molecules, analogous to the inclusion of a
in each cluster is lengthened significantly with respect to the continuum dielectric, are effectively polarizing the charge
other four at 2.546 and 2.525 A, respectively. This is a strong distribution of the solute. The energetics of the water exchange
indication that inclusion of the second sphere waters has areaction as shown in reaction 1 with the larger clusters were
destabilizing effect on the UfH,0)s?" core and supports the  calculated using both the B3LYP with the TZVP and Stuttgart/
conclusion based on the HEXS measurement that the tetraaqud&CP basis without g functions energies and single point MP2
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TABLE 8: Individual Energy Component Contributions (kcal/mol) for Reactions 2—7 at the B3LYP and MP22 Levels

AGexchange AGexchange AGcorr AG(:or
rxn method AEeec AZPE AE; AExgs AHxs —TAS9es AGyes (electrostatidd SScorf (nonelectrostati€) (electrostaticd (full)e
2 B3LYP —456 132 —324 —36.2 —38.0 42.0 4.0 314 —-12.9 -9.0 22.5 13.5
3 B3LYP —28.0 74 —20.6 —23.7 —24.3 25.2 0.9 17.0 -1.4 7.4 16.5 9.1
4 B3LYP -—19.1 6.4 —12.7 —148 —154 18.2 2.8 13.7 —-4.3 -7.0 12.2 5.2
5 B3LYP —133 41 —-92 —-114 -114 11.9 0.5 10.2 +2.2 —6.6 12.9 6.3
6 B3LYP -—15 34 1.9 0.0 0.0 7.5 7.5 0.0 0.0 —-4.7 7.5 2.9
7 B3LYP 3.1 4.5 14 —-11 -11 10.7 9.6 3.0 0.0 —6.9 12.6 5.7
2 MP2 —51.7 129 —38.8 —42.7 —445 42.1 24 314 —12.9 -9.0 16.1 7.1
3 MP2 —35.6 74 —28.1 —31.2 —31.8 251 -6.7 17.0 -1.4 7.4 8.9 1.5
4  MP2 —25.5 6.3 —19.3 —214 —220 18.2 —3.8 13.7 —4.3 -7.0 5.6 —-1.4
5 MP2 —20.4 42 —-16.2 —184 —-18.4 121 6.3 10.2 +2.2 —6.6 6.1 —0.5
6 MP2 —6.9 34 -35 -54 -54 7.5 2.1 0.0 0.0 —-4.7 2.1 —-2.5
7 MP2 —10.9 45 —-64 -89 -89 10.7 1.8 3.0 0.0 —6.9 4.8 —-2.1

aMP2 with aug-cc-pVTZ on H, O and Stuttgart small core basis set (w/ RECP) plus g functions 'derasn PCM/UAQ solvation model
performed at the B3LYP/TZVP/Stuttgart levélStandard state correction (see ref 78)otal corrected free energy including only electrostatic
contribution to solvation® Total corrected free energy including full solvation correction.

energies with the modified Stuttgart 60 e basis and RECP on U free energy change for the cluster reaction results in a substantial
including g functions, and aug-cc-pVTZ basis sets on H and shift of the values in a positive direction, pushing the reactions
O. Such calculations minimize the reliance on the SCRF to be less favorable. For the B3LYP values, all of the reactions
approach, which can predict values only to withi2—3 kcal/ become endothermic and the MP2 reactions in a number of cases
mol. The reactions of the clusters are given by the following approach and bracket a value of 0. There are clearly large
reactions (overall the stoichiometry is the same as that in reactionentropy contributions to the free energy when the number of
1): particles in the reaction changes. In addition, an important
contribution to the entropy of the cluster in each case is the
UO,(H,0),(H,0)*" + 3H,0 = UO,(H,0)s(H,0),7" (2) vibrational entropy due to the large number of low vibrational
modes that these “floppy” clusters have as the second shell is
UO,(H,0),(H,0)*" + (H,0); = UO,(H,0)s(H,0)," (3) quite fluxional, i.e., nonrigid. We note that our treatment of the
entropy based on the harmonic oscillator approximation could
2+ - 2+ lead to some errors in the calculated entropies for a given cluster
VOAH0)(HO)o + H0 = UO,H,0)(H.Ohso @ but that the similar cluster sizes will cause some of these errors
24 . to cancel in predicting the entropy change for the reaction. In
UO,(H,0)u(H,0)o” + (H0), == addition, there could be a number of geometric isomers for a
UOZ(HZO)5(HZO)102++ H,O (5) given structure that are low in energy that should be included.
However, the fact that we obtain quite good agreement with
UQZ(H20)4(H20)82+: U02(|_|20)5(|_|20)72+ (6) the experimental results suggests that we are not making a
substantial error in using the lowest energy structure and the
UOz(H20)4(HZO)112+ - UOz(HZO)s(HzO)loH @) frequencies corresponding to that structure.
The solvation energies were obtained from an SCRF calcula-
Reactions 2 and 3 involve the addition of three water molecules tion on the optimized gas-phase structures as described above.
to the UQ(H20)4(H20)g?" cluster to form UQ(H20)s(H20)162" For the large uranyl clusters, a standard PCM model (using UAO
and are treated as individual water molecules in reaction 2, andradii) was deemed sufficient to account for solvation effects
as the water trimer in reaction 3. In these systems, the changebecause the large size of the cluster should effectively cancel
in the number of free particles that must be treated is reducedout dramatic effects that were observed in the smaller core
from three to one. Reactions 4 and 5 involve the addition of Structures. The PCM prediction of the free energy of solvation
one water molecule to UfH,0)4(H20)10?" to form UG, of the water molecule resulted in a solvation energy-6t.3
(H20)5(H20)102". In reaction 4, the reactant water is treated as kcal/mol, in reasonable agreement with the experimental value
discrete entity, whereas in the reaction 5 it is treated as a dimer,0f —6.3 kcal/mol’*3 As shown in Table 8, the electrostatic
with the corresponding formation of a monomer product. In solvation energy contribution is largest for reactions52due
reaction 5, there is no net change in the number of free particlesto the necessity of treating the excess free particles in reactions
from reactants to products, and the reaction energy includes the2—4 and the difference between the water molecule and the
hydrogen bond energy of the dim&rReactions 6 and 7 are  dimer in reaction 5. Electrostatic solvation effects approximately
rearrangement (intramolecular isomerization) reactions, which cancel in reactions 6 and 7, and are almost essentially negligible
do not depend on water molecules or different size clusters inin each case, but are included for consistency. As shown in
the reaction. These reactions involve an intramolecular transfer Table 8, the nonelectrostatic component actually accounts for
of a water molecule from the second sphere to the primary a large fraction of the overall solvation energy contribution, and
sphere as a ligand bound to uranium. are thus more important than for reaction 1. It is also noted
Table 8 contains the individual energy components used to that the cavitation and dispersion terms are likely to be negligible
predict the reaction energetics from reactions/2In all cases, for uranium in these larger clusters as it is completely enclosed.
the gas-phase reaction enthalpies at 298 K are distinctly The AGcor Values correspond to the sum AfGygs and the
exothermic (thermoneutral for reaction 6 at the B3LYP level), electrostatic and/or the nonelectrostatic solvation contributions
with the MP2 values being more negative than the B3LYP (see Table 8, footnotes d and e), as well as the standard state
values in all cases, consistent with the gas-phase results in Tableorrection described above when there is a net change in the
5. However, the entropy correction at 298 K to the gas-phase number of free particles or water cluster size in the reacfion.
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TABLE 9: Solvation Free Energy (kcal/mol) of the Uranyl Cation Using the SCIPCM Approach and a 0.001 au Contout

AAGsolv
rxn method  AEelec AZPE AEg AEgs AHaog —TASes AGgog (electrostatid)  SScorf  AGgo®
8 B3LYP —192.6 0.7 —192.0 —-191.4 —192.0 12.2 —179.8 —225.9 -1.1 —406.8
9 B3LYP —223.9 9.3 —2146 —2152 —217.8 39.0 —178.8 —208.4 —-17.2 —404.4
10 B3LYP —207.2 -0.4 —207.6 —206.3 —206.9 11.6 —195.3 —-217.1 -0.9 —413.3
11 B3LYP —248.4 10.3 —238.1 —237.9 —240.8 46.3 —194.5 —194.5 —21.5 —410.5
8 MP2 —195.1 0.6 —194.5 —193.9 —194.5 12.0 —182.5 —225.9 -1.1 —409.5
9 MP2 —223.0 9.2 —213.8 2144 —-216.7 38.6 —178.1 —208.4 —-17.2 —403.7
10 MP2 —213.3 —-0.2 —213.5 —212.3 —212.9 12.0 —200.9 —217.1 -0.9 —418.9
11 MP2 —249.9 104 —239.4 —239.3 —2423 46.7 —195.6 —194.5 —21.5 —411.5

aNonelectrostatic contribution neglected because it is approximately negligiblé {o+3.6 kcal/mol from PCM analysis). SCIPCM contributions
were obtained at the B3LYP/TZVP/Stuttgart leveBolvation contribution of water cluster and uranylater cluster¢ Standard state correction
(see ref 78)d Total corrected free energy including electrostatic solvation correction.

TABLE 10: Solvation Free Energy (kcal/mol) of the Uranyl Cation Using the PCM Approactt

AAGsolv AAGsoIv
rxn  method AEqee AZPE AEp AEzs  AHas —TASos AGys (electrostati® SScorf (nonelectrostati€) AGeo®
12 B3LYP —259.7 —10.0 —269.6 —262.8 —263.4 -—10.6 —274.0 —149.0 -0.4 11.8 —411.6
13 B3LYP —-261.1 -6.6 —267.7 —262.8 —263.3 -3.1 —266.4 —149.0 -0.4 7.2 —408.7
14 B3LYP —-266.6 —9.4 -—-276.0 —269.7 —270.3 —9.7 —280.0 —142.7 —-0.3 11.0 —412.1
15 B3LYP —-269.7 —-5.0 —2746 -—-270.8 —2714 +1.0 —2704 —139.4 —-0.3 4.1 —406.0
12 MP2 —256.6 —10.0 —266.6 —259.7 —260.3 —10.6 —270.9 —149.0 -0.4 11.8 —408.5
13 MP2 —2635 —-6.6 —270.0 —265.1 —265.7 —-3.1 —268.8 —149.0 —-0.4 7.2 —411.0

2 PCM/UAO contributions obtained at the B3LYP/TZVP/Stuttgart le¥&olvation contribution of water cluster and uranyl-water clustStandard
state correction (see ref 78)Included because not negligibleTotal corrected free energy including full solvation correction.

In all cases, the full corrected free energy chan§€cor- contributes significantly to moderating the reaction energies.
(full), at the B3LYP level for all of the reactions is too positive  The results for reaction 7 also support the presence of 10 water
with respect to the experimental value .2 kcal/mol. The molecules in the second coordination sphere as observed in the
B3LYP results are too positive, consistent with the gas-phase HEXS experimental results, further demonstrating that our
values reported in Table 5 and are due to a gas-phase value ofmodel is providing a reasonable picture of the solvation shells
AEgecthat is too positive. The MP2 results are in much better about the uranyl ion. These results are not consistent with those
agreement with the experimental value. In reaction 2, the gas-of Spencer et &8 (AG = —7.2 kcal/mol), Hay et ai! (AG =
phase free energy is negative but becomes too positive when—6.5 kcal/mol), and Bhl et al??2 (AA = —8.7 kcal/mol) who
corrected for solvation and pressure, indicative of the difficulty report substantially too negative exchange reaction free energies.
in treating the large number of free reactant particles in this This can be attributed to the use of molecular cavitites that are
case. The corrected reaction free energies of reactiefisade too large for the first two. The CPMD results of Biet al. are
in much better agreement with the experimental value with too negative, potentially due to inadequate sampling. On the
differences oft-2.7,—0.2, and+0.7 kcal/mol, respectively. The  basis of their BLYP gas-phase electronic energy-80.6 kcal/
latter two are within chemical accuracy#fl kcal/mol. In these mol, it is highly unlikely that a free energy 6f8.7 kcal/mol is
reactions, the free particle problem is reduced to only one, a converged result, because the use of both large and small
making its treatment more tractable. Overall, these results cavities in a PCM framework (see Table 6) would result in free
suggest that our treatment of the solvation of the particles andenergies of roughly 312 kcal/mol with respect to their gas-
the use of pressure correction is adequate in these cases (excephase value, which differs from our highest level MP2 value
reaction 2) and is providing a realistic picture of the chemistry by more than 6 kcal/mol.
involved. However, if larger water clusters or more free particles  An important consequence of the results from reactions 6
are used as variations on reactions 4 and 5, larger errors areand 7 is the apparent unimportance of bulk solvation effects in
found and such an approach is not recommended. describing the energetics of the uranyl water exchange reaction.

The rearrangement reactions 6 and 7 avoid the need to treain Table 5, the gas-phase MP2 reaction free energy change was
free particle solvation and the standard state correction andpredicted to be-17.5 kcal/mol. Inclusion of a only a single
minimize differential solvation effects due to the similarities in  shell of water molecules in the second sphere (although-UO
size of the clusters. As shown in Table 8, the full corrected (H,0)4(H,0)1:2" contains what can be considered one-third shell
reaction free energies for these rearrangements are in excellentvater molecule) increases the gas-phase reaction free energy
agreement with experiment, differing by ontyl.3 and—0.9 by 19.6 and 19.3 kcal/mol, respectively, accounting for most
kcal/mol, respectively. If only the gas-phase reaction energies of the solvation effects. In fact, if one looks at the MR®;gg
are considered, the discrepancy with experiment33 and values in Table 8, all of the reactions are in qualitative agreement
+3.0 kcal/mol, respectively In these cases, the electrostatic with the experimental value, with the maximum being only.5
contribution is actually quite small, and only the nonelectrostatic kcal/mol. This strongly suggests that solvation effects beyond
contribution is important, pushing the reactions in the proper the second shell are not that important for describing the
direction (more negative). In the rearrangement reactions, asenergetics of reaction 1. Because the actual energy difference
the number of water molecules increases, the results areis so small, the SCRF approach can lead to both underestimates
converging to the experimental value ofL.2 kcal/mol. Ac- and overestimates of the reaction energy.
counting for solvation effects is important in reactions32 The fact that these reactions representing predominantly a
where the gas-phase reaction free energies are too negative, anduster approach to the prediction of the energetics of reaction
solvation of the small water molecules and water clusters 1 are only slightly favored (in most cases) is consistent with
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the destabilization of the UH,0)s2+ by the second solvation  agreement with a recently derived value-e#21 & 15 kcal/
shell, as indicated by a lengthening of one of the @H, molP%5ifor the free energy of solvation of the uranyl ion, which
equatorial bonds. Thus the electrostatic attraction of the dicationreduces the error bars from the earlier experimental value of
for the stabilizing water ligands must compete with the effects —402 & 60 kcal/mol3® Both computational and experimental
of hydrogen bonding between the water molecules in solution. values show that the earlier derived experimental value3#2
The steric crowding in Ug{H,0)s?" is not observed in U® + 5 kcal/mol for the free energy of solvation is too hitfh.
(H20)4?" as there is less crowding in the equatorial plane. The  Due to difficulties in converging SCIPCM calculations on
balance between steric repulsion, electrostatic attraction, andthe larger uranyl cluster, the remaining reactions {i(2p)
hydrogen bonding is why the tetraaquo ion accounts for 14% (Table 10) were modeled with PCM solvation using UAO radii.
of the population in aqueous solution. In addition, the lack of At the B3LYP level, the free energies of solvation ranged from
any observed interaction of the water molecules in the second—406.0 to—412.1 kcal/mol, with an average value of 40%:6
shell with the oxo ligands is consistent with our structures, as 2.9 kcal/mol. Due to the excellent agreement between B3LYP
such an interaction should affect the reaction energetics, andand MP2 in nearly all instances, MP2 calculations were
this is not observed. performed only for the (bD)12 cluster reaction. These values
Solvation Free Energy of the Uranyl lon.Tables 9 and 10  were —408.5 and—411.0 kcal/mol for reactions 12 and 13,
contain an evaluation of the solvation free energy of the bare respectively, averaging te409.8+ 1.8 kcal/mol. The overall
uranyl dication at the B3LYP/TZVP/Stuttgart and MP2 (aug- average value with the PCM approach wa409.7+ 2.3 kcal/
cc-pVTZ on H, O and Stuttgart with g functions on U) levels mol. Between both the SCIPCM and PCM methods (at B3LYP
based on the energies of the water clusters. We used theand MP2 level), the average uranyl free energy was calculated

following reactions for this prediction to be—409.8+ 3.9 kcal/mol, indicating that both methods are
in excellent agreement and provide a narrow range of values
UO,*" + (H,0), — UO,(H,0),*" (8) that are consistent with the best experimental value 421 +
15 kcal/mol. Our values agree well with those of Shamov and
UO,%" + 4H,0 — UO,(H,0),* (9) Schreckenbach who used WE,0)s5(H20)72", UO(H;0)s-
(H20)1%", and UQ(H0)s(H.0)122" clusters and obtained
U022+ + (H,0) — UOZ(HZO)52+ (10) values 0of—407.8,—415.9 and—415.6 kcal/mol, respectively,

and recommend a value 6#413.5 kcal/mol. Our results should
ot o provide an upper bound to the free energy of solvation so we
UO,"" + 5H,0 — UO,(H,0)s (11) can state that the free energy of solvation of the uranyl ion is
<—410 £+ 4 kcal/mol using both first and second hydration
U022+ + (H,0);,— UOZ(HZO)4(HZO)82+ (12) sphere models. This result is consistent with the latest experi-
mental estimates as well as those of Shamov and Schrecken-
U0 2" + (H,0),,— UO,(H,0)s(H,0),%* (13) bach?® Our results with the SCIPCM model may be converged
at the first solvation shell consistent with what has been
previously found for the free energies of solvafioaf H™ and
Li*, which would allow us to estimate a value e#410 + 5
ot oy kcal/mol for the free energy of solvation of Y&. However,
UG, + (H;0),5— UO,(H;0)5(H;0),6 (15) in our previous work, we were able to demonstrate convergence
by calculations on larger clusters. We were unable to converge
based on our previous supermolecule/continuum approach tothe wave functions with the SCIPCM for larger clusters with
the prediction of the free energies of solvation of small i8nhs.  more than one solvation shell to demonstrate this convergence.
We used water clusters (instead of discrete water molecules) toor values do not support the higher range of values rdZ0
keep the right- and left-hand sides of the reaction comparable kca1/mol reported by Cao and Balasubramaffiamased on
in size in terms of the cluster, although we do include individual ¢|yster/continuum models but are consistent with their values
water molecules at the SCIPCM level (reactions 9 and 11) for negr —421 kecal/mol reported for the naked uranyl ion. Our
comparison. The SCIPCM solvation model with an isodensity resyits are consistent with the experimental vaiasd those
value of 0.001 au was used to predict the reaction energies forca|cylated at the quasichemical Ieffor the hydration free
reactions 811. At the B3LYP level, the free energies of energies of divalent metal cations &), which largely fall in
solvation of the uranyl dication fall in the range404.4 to the range (with a few exceptions, such ag'Cand B&+) —390
—413.3 kcal/mol, with an average value-6f08.8+ 3.9 kcal/ to —480 kcal/mol. The hydration free energy of WO is

mol. Atthe MP2 level, the free energies fall in the rang#03.7 comparable to early first row transition metals ions, such as
to —418.9 kcal/mol, with an average value 6#10.9+ 6.3 S&*, Tiz+, V2+, Cr2*, and M2+, which fall on the more positive

kcal/mol. The overall average value within the SCIPCM range of values, due to the relatively larger ionic radii.
approach was-409.8+ 5.0 kcal/mol. Our values for reactions

9 and 11 are not consistent with the results of Shamov and ~,c|usions

Schreckenbacff who reported a value of383.9 kcal/mol for

the uranyl cation using the WH,0)s2" complex and discrete Previous computational studies on actinide-containing com-
waters from a combined all electron-ZORA-PBE/COSMO plexes have indicated the importance of including solvation
approach. However, Shamov and Schreckenbach note that thieffects to obtain accurate geometries and relative energies of
low value is due to an approach that underestimates thevarious species in solution based on using polarizable continuum
estimated experimental value by-380 kcal/mol as well as our  models (PCM) with clusters. We have shown that the use of
computational results. Our computational results are consistentPCM models to study the change in free energy of the water
with the value of—413.5 kcal/mol obtained at the SC-EEP exchange reaction for the addition of a single water molecule
B3LYP/CPCM level by Shamov and Schreckenbach. Our to UOx(H,0),2" has many difficulties. Successful use of PCM
average value 0f—409.8 + 5.0 kcal/mol is in excellent models requires that the parameters be properly chosen as the

U022+ + (H0);5— UOZ(H20)4(H20)112+ (14)
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cavity. We found that the free energy of solvation was very
sensitive to this value in the region where good agreement is
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