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Mixed uranyl aquo chloro complexes of the type [WB,0).Cl]>™Y (y =1, 2, 3, 4;x + y = 4, 5) have been
optimized at the BLYP, BP86, and B3LYP levels of density functional theory in vacuo and in a polarizable
continuum modeling bulk water (PCM) and have been studied at the BLYP level withRaarinello molecular
dynamics (MD) simulations in the gas phase and in explicit aqueous solution. Free binding energies were
evaluated from static PCM data and from pointwise thermodynamic integration involving constrained MD
simulations in water. The computations reveal significant solvent effects on geometric and energetic parameters.
Based on the comparison of PCM-optimized or MD-averaged urdigdnd bond distances with EXAFS-
derived values, the transition between five- and four-coordination about uranyl is indicated to occur at a Cl
content ofy = 2 or 3.

Introduction toward lower total coordination numbers with increasing
chloride content.It appeared desirable at this point to comple-

is of interest for a variety of technological applications. The ment these conflicting findings and interpretations by reliable

affinity of the UO2* moiety toward anionic complexation ~tN€oretical calculations for these species.

partners can be important for processes such as the reprocessing Quantum-chemical computations of actinide complexes have
of nuclear waste, where the nitric acid employéturnishes a @ long history] as do classical molecular dynamics (MD)
large excess of nitrate ions, or the disposal of nuclear waste inSimulations with empirical force fields.When these two
geological salt formations, where concentrated chloride solutions @Pproaches are bridged, MD simulations are possible on
may occur, which can considerably enhance actinide mobility. Potential energy surfaces derived from density functional theory
Stability constants for uranyl mono- and dichloride complexes (DFT), allowing for the explicit inclusion of temperature and
in aqueous solution have been determined experimeritally. solvent effects in the calculations, thereby approaching the actual

The speciation of uranyl(VI) complexes in aqueous solution

Structural information is available for aqueous monty; ¢li- experimental condition3!° We have been using DFT-based
(2), and trichloride complexes) from EXAFS studie$;5 and Car—Parrinello MD (CPMD) simulations in combination with
for the tetrachloride, [UGCIs?~ (4), from X-ray crystal- thermodynamic integration to study structures and free energies

lography® The latter was also ascribed to the species presentOf uranyl complexes in water. With this methodology, key
in a concentrated chloride solution by Dowex anion-exchange thermodynamic and kinetic parameters have been successfully
resin? reproduced, including the barrier for water exchdhged the

The most recent EXAFS-derived bond distances between acidity constant of uranyl hydrats!? as well as the binding
uranium and the equatorial ligands are remarkably insensitive constant between aqueous uranyl and nitrée all these cases,
to the number of chloro ligands and amount te- @4 = 2.41 the calculated free energies were found to be withindea 5
+ 0.02 A and U-Cl = 2.71+ 0.02 A for the complexes with ~ kcal/mol of experiment, a typical accuracy for present-day DFT.
one, two, or three halogefisiVhat appears to be difficult to ~ We now apply this methodology, as well as conventional static
refine with this technique, however, is the total number of DFT computations, to study uranyl chloro complexes in agueous
equatorial water and chloro ligands present. Two different fitting solution. Special attention is called to details of the ligand
models yielded conflicting results, favoring either five-coordina- €nvironment about uranyl such as geometrical parameters,
tion about uranyl, as in the parent uranyl hydrate j(HRO)s] 2+ coordination number, and stereochemistry. To our knowledge,
(5), or four-coordination, as im. Eventually, the former guantum-chemical computations of uranyl chloro complexes so
interpretation of the EXAFS data was favored (because the far have been restricted #3* and to some uranyl chloro species
U—ClI distances were noticeably elongated compared to thosewith an incomplete first solvation sh#8llor to those with acetone
refined for4, which seemed to suggest a higher coordination instead of watet®
number), and the species present were formulated ag{JO)s-
CIl* (1d), [UOy(H20):Cl,]° (2a), and [UG(H20),Cls] ~ (3a).° Computational Details
In contrast, an earlier EXAFS study had suggested a trend
The same methods and basis sets as in our previous studies
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ated and validated in ref 10a. Periodic boundary conditions were
imposed using cubic supercells with a lattice constant of 13 A.
Kohn—Sham orbitals were expanded in plane waves at the
I'-point up to a kinetic energy cutoff of 80 Ry. For the
complexes in vacuo, CatParrinello molecular dynamiél
simulations (denoted CPMD) were performed in the NVT
ensemble using a single NesEloover thermostat set to 300 K
(instantaneous heat-up, frequency 1800 Yma fictitious
electronic mass of 600 a.u., and a time step of 0.121 fs. These
unconstrained simulations were followed ovet2ps, the first

0.5 ps of which were taken for equilibrati8hFor the aqueous
solutions, labeled CPMD(aq), the boxes were filled with 56,
55, and 54 water molecules fboy 2and3, respectively, affording

a density of ca. 1.0 g cm. In order to maintain the time step,
hydrogen was substituted with deuterium, and in order to
increase the mobility of the solvent, the thermostat was set to
320 K. Long-range electrostatic interactions were treated with
the Ewald method. No electrostatic decoupling between repli-
cated cells was included, as it had been shown that no noticeable
errors are introduced by this procedure even for divalentibns.
Starting structures were generated from previous well-equili-
brated simulations (e.g., uranyl mononitrate from ref 13) by
manually replacing the anionic ligand with the appropriate
number of chlorine atoms and water molecules.

Constrained CPMD and CPMD(aq) simulations were per-
formed along predefined reaction coordinates (bond distances
r) connecting complexes with different coordination numbers,
in order to evaluate the change in the Helmholtz free energy
by pointwise thermodynamic integration (P¥l)pf the mean

constraint forceéflJalong these coordinates via
with its (3s3p2d2f) valence basis of contracted Gaussfans,

standard 6-31G(d,p) basis for all other elements, and a fine
integration grid (ultrafine option). The minimum character of

each stationary point was verified by computation of the
harmonic vibrational frequencies, which were all real. The
geometries were reoptimized with the same methods and basi

sets using the polarizable continuum model of Tomasi and co- =1~ . ;
workerg! (employing the united-atom UFF radii and the N Figure S1 of the Supporting Information for ref 10a). Each

parameters of water), denoted PCM. Refined single-point €W point was continued from the final, equilibrated configu-

energies for these PCM-optimized geometries were obtained"ation of the previous one, using 2000 steps of continuous slow
with the same functionals used to optimize the geometry and 9rOWth t0 increase the constrained distance.
SDD(+) basis, denoting the small-core Stuttgabresden
relativistic ECP together with its valence basig&gtom which
the most diffuse s-,p-,d-, and f-functions were omitted each, The molecules of this study are sketched in Chart 1. In the
affording a [7s6p5d3f] contraction) and 6-31G(d,p) basis® first part of this section, structural parameters of these complexes
on all other elements. Results of these computations areare discussed, whereas the second part will concentrate on salient
summarized in the Supporting Information. Following the energetics.
suggestion of a referee, all geometries and energies have 1. Geometries.Optimized geometrical parameters bf-5
subsequently been recomputed using the small-core SDD ECPare collected in Table 1, together with experimental data, where
instead of the large-core LANL ECP on U [again using 6-31G- available. All isomers are characterized as minima in the gas
(d,p) basis on the ligands during optimization and 6-8Gt phase at the DFT/SDD levels. In most cases, these minima have
(d,p) for the single points]. These results are given in the main C; symmetry, due to intramolecular interactions between one
paper and are denoted SDD. Estimates for the basis-setor more of the positively charged H atoms and coordinated
superposition error of individual bonds were computed with the electronegative O or Cl atoms. In the MD simulations in the
Counterpoise methott,employing SDD{) basis and the PCM/  gas phase, however, rotations of bound water ligands about the
SDD geometries optimized with the respective density func- U—O bonds are frequently observed, which essentially make
tional. These calculations were performed with the Gaussianthose bonds equivalent that bear the same label in Chart 1
03 progrant® (primed or unprimed). We thus report the correspondingly
CP-opt denotes geometries optimized using the CPMD averaged values also for the static minima in the gas phase.
program?® until the maximum gradient was less tharx5.04 The DFT/SDD minima were also reoptimized in a polarizable
a.u. The BLYP functional was used together with norm- continuum (labeled PCM in Table 1); here, several of the
conserving pseudopotentials that had been generated accordingtationary points that were located do not correspond to true
to the Troullier and Martins proceddreand transformed into  minima but rather to transition states for rotations of one or
the Kleinmanr-Bylander form?2® For uranium, the semicore (or more water ligands. Because these rotations are associated with
small-core) pseudopotential was employed that had been generfairly low imaginary frequencies below 26m~1,32 and because

AA, =~ [ O(r)Er 1)

At each point, the system was propagated ufifil was
Sufficiently converged (usually within 1-52 ps after 0.5 ps of
equilibration, similar to the degree of convergence documented

Results
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TABLE 1: Geometrical Parameters (Bond Distances in A3 of Complexes +5, Computed with the BLYP Functional [in Square
Brackets: B3LYP/SDD] and Refined from EXAFS Data in Solution

gas PCM gas PCM
compd bond SDD SDD B3LYP B3LYP CP-opt CPMD CPMIy, exp exp
la r(U=0) 1.80 1.81 [1.76] [1.77] 1.79 1.80(2) 1.82(2) 1.76 1.76
r(U—C_Cl) 2.61 2.69 [2.59] [2.69] 2.61 2.61(6) 2.76(9) 271 271
r(U—0) 2.58 2.48 [2.55] [2.46] 2.55 2.60(11) 2.48(9) 241 241
r(u—0) 2.55 2.52 [2.54] [2.49] 2.57 2.64(11) 2.49(9)
1b r(U=0) 1.80 1.81 [1.76] [1.77] 1.80 1.80(1) 1.82(3)
r(U—C_l) 2.56 2.64 [2.54] [2.64] 2.55 2.56(6) 1.68(6)
r(U—0) 2.48 2.40 [2.47] [2.39] 2.48 2.52(8) 2.38(6)
r(U—0") 2.50 2.40 [2.49] [2.40] 2.52 2.57(7) 2.39(7)
cis-2a r(U=0) 181 181 [1.77] [1.77] 1.80 —cis-2b-H,0 -
r(U—Cl) 2.66 2.72 [2.65] [2.71] 2.65  —cis-2b-H,0 -
r(U—0) 2.68 2.54 [2.64] [2.51] 2.72 —cis-2b-H,0 -
r(U-0) 2.63 2.58 [2.60] [2.54] 2.66 —cis-2b-H,0 -
cis-2b r(U=0) 1.81 1.81 [1.77] [1.77] 1.81 1.81(2) -
r(U—Cl) 2.62 2.67 [2.60] [2.66] 2.61 2.61(5) -
r(U—0) 2.56 243 [2.54] [2.41] 2.57 2.66(12) -
trans2a r(U=0) 1.80 1.81 [1.77] [1.78] 1.80 —trans2b-H,O 1.82(2) 1.76 1.76
r(U—C_l) 271 2.74 [2.70] [2.73] 2.70 —trans2b-H,O 2.77(10) 271 2.73
r(U—0) 2.55 251 [2.52] [2.49] 2.55 —trans2b-H,O 2.46(8) 241 2.50
r(u—0) 2.60 2.54 [2.57] [2.51] 2.62 —trans2b-H,O 2.53(10) 241 2.50
trans2b r(U=0) 181 1.81 [1.77] [1.77] 181 1.80(2) 1.81(3) 1.76 1.76
r(U—C_l) 2.64 2.68 [2.63] [2.68] 2.63 2.65(7) 2.73(8) 271 2.73
r(U—0) 2.53 2.43 [2.51] [2.40] 2.52 2.59(11) 2.38(7) 241 2.50
cis-3a r(U=0) 1.82 1.82 [1.78] [1.78] 181  —3bH0 -
r(U—C_Cl 2.64 2.74 [2.63] [2.72] 2.64 —3bH,0 -
r(U-Ccly 281 2.78 [2.80] [2.77] 280  —3bH0 -
r(U—0) 2.72 2.60 [2.69] [2.56] 2.76 —3bH,0 -
trans3a r(U=0) —Cis-2bCl~ 181 [1.77] [1.78] 1.81 —Cis-2b-Cl~ —3b-H,0
r(U—C_l) —cis-2b-Cl~ 2.76 [2.69] [2.75] 2.64 —cis-2b-Cl~ —3b-H,0
r(U—C_r) —cis-2b-Cl~ 2.80 [2.97] [2.79] 2.80 —cis-2b-Cl~ —3b-H,0
r(U—0) —cis-2b-Cl~ 2.57 [2.60] [2.54] 2.76 —cis-2b-Cl~ —3b-H0
3b r(U=0) 1.81 1.82 [1.77] [1.78] 1.81 1.81(2) 1.82(3) 1.76  1.77
r(U—C_Cl) 2.66 2.69 [2.64] [2.68] 2.65 2.65(4) 2.69(6) 271 2.73
r(u-clry 273 2.71 [2.71] [2.70] 2.71 2.72(8) 2.74(9)
r(U—0) 2.65 2.44 [2.62] [2.42] 2.69 2.73(12) 2.41(7) 241 2.52
4 r(U=0) 1.82 1.82 [1.78] [1.78] 1.82 1.82(2) 1.82(4) 1.76
r(U—C_l) 2.77 2.73 [2.75] [2.72] 2.2 2.76(8) 2.71(8) 2.67
5 r(U=0) 1.78 1.80 [1.75] [1.76] 1.78 1.78(1) 1.81(3) 1.76 1.77
r(U—0) 2.50 2.46 [2.49] [2.44] 2.50 2.54(8) 2.48(10Y 241 2.42

a Averaged values, where appropriate; in parentheses: standard deviations over the CPMD trajectorie® faxst)2see Chart 1 for definition.
b EXAFS data from ref 5 (quoted uncertainti¢s0.02 A). ¢ EXAFS data from ref 4 (quoted uncertainti#s0.02 A), using the numbers obtained
at chloride concentrations of 4, 10, and 16 M for2, and3, respectively? Box length 11.5 A, from ref 10.

there are typically quite large amplitudes for such rotations in labeledr(U=0), are quite sensitive to the functiorf&By and

the CPMD simulations in water (albeit without showing free large, the BLYP/SDD and BLYP/CP-opt derived distances are
rotation on the short time scales that could be followed), the quite close to each other. With the large-core LANL ECP on
geometrical parameters (and in particular, the total energies) ofuranium (instead of the small-core SDD variant), someQJ
these saddle points should be reasonably good approximationgond lengths are overestimated significantly, by ca. 6@3%

to those of the actual PCM minima. We thus did not attempt to A (see Table S1 in the Supporting Information). The shortcom-
locate the latter in all cases. The initial LANL optimizations ings of the large-core LANL ECP had been noted before in
were effected with several exchange correlation functionals. The context with computed thermodynamic properfigs.
BP86/LANL optimized distances were found to be consistently  Among the five-coordinated complexes, odlyis stable (or
shorter by ca. 0.04 0.03 A than those at the BLYP/LANL  at least metastable) for a few picoseconds in unconstrained
level. In context with the CPMD simulations in water, we will CPMD simulations in the gas phase. All others spontaneously
discuss preferentially the BLYP/SDD values, because that rearrange to four-coordinated species with an additional ligand
functional performs better for describing the properties of liquid in the second coordination sphere (indicated by the arrows in
water34 The LANL data are given as Supporting Information. Table 1). Foris- andtrans-2a, as well axis-3a, a water ligand
Because hybrid functionals can be superior to pure GGAs for detaches, whereas forans3a it is a chloride ligand (Clin
certain thermodynamic properti&s3®we have also performed  Chart 1) that is expelled, affording a complex between2b
B3LYP/SDD optimizations (values in square brackets in Table and CI, which is stabilized by two strong hydrogen bonds

1).

between the chloride and two OH moieties from the adjacent

We will first turn to the static optimized geometries in the water ligands. The latter transition occurs already during
gas phase. On going from the BLYP to the B3LYP functional, geometry optimization with the LANL ECP, both with BLYP
the bond lengths tend to shrink by ca. 0-@L04 A (compare and B3LYP functionals, indicative of a rather weak affinity of
SDD and [B3LYP] entries in Table 1), consistent with previous 2b for a third chloro ligand (see below). On going from the
experience with first- and second row transition-metal com- equilibrium geometry to the dynamic average in vacuo, all bond
plexes®’ In particular, the distances to the terminal oxo ligands, lengths increase, as expected for anharmonic stretching poten-
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TABLE 2: Computed Energies and Free Energies (in Kcal/mol) for the Cumulated Chloride Binding Energies of Uranyl
Hydrate According to Eq 4 (SDD Level)

BLYP B3LYP
A AE AG AE [AES7] AE AG AE [AESA]

n (gas) PCM PCM SDD(+)/PCMe AE (gas) PCM PCM SDD(+)/PCM?
1 —202.0 —4.5 —6.5 —8.4[-9.5] -197.8 2.8 4.4 —-6.0[-7.2]
2 (cis) —321.2 ~5.6 -10.0 ~13.7 [-15.9] —314.6 -2.8 -6.1 —9.3[~11.6]
2 (trans) —324.4 5.7 -9.7 ~13.7 [-15.9] -319.3 -3.3 6.7 —9.9[-11.9]
3 (cis) —361.2 -2.9 -10.6 ~15.2 [-18.3] —353.4 0.3 -6.0 ~10.0 [-11.5]
3 (trans) —368.7 3.5 -105 ~15.9 [-18.9] —356.2 -0.8 -6.8 ~11.1[-12.6]
4 (—326.0)° 4.0 -6.7 ~13.2 [-17.6] (-319.8y 7.2 -15 ~7.3[-12.0]

2 Single point energies using 6-3tG(d,b) basis on the ligands [in square brackets: counterpoise-corrected energies (see 'téfams)pa
optimized tocis-2b-Cl~ in the gas phasé.Because no [UgfH,0)Cly]>~ minimum can be located in the gas phase, these values in parentheses refer
to a microsolvated [UEL14]?>(H20) complex; all other entries in this row are for the five-coordinate (H20)Cls]>~ species that can be optimized
in the continuum.

tials (compare CP-opt and CPMD values in Table 1). In general U—O distances expand slightly, by 0.01 and 0.02 A, respec-
the U—Cl bonds are less strongly affected than the@bonds tively, at the CPMD(aq) level, similar to what is found in the
to the water ligands, which tend to increase by ca. ©@b9 static PCM computations, e.g., 0.04 and 0.02 A, respectively,
A upon dynamic averaging. As more and more water ligands at the PCM/B3LYP level. The latter predicts a further consider-
are replaced with the bulkier chloride ions, all bond distances able increase when the CI content is increased at constant
in the four-coordinate complexes increase; e.g. on going from coordination number, amounting to a total change ef@) and
1b to 3b, the CPMD-derived mean tCl distance increases mean U-O distances by 0.08 and 0.07 A, respectively, between
from 2.56 to 2.70 A (U-O from 2.55 to 2.73 A). laandtrans-3a. In particular the computed change in the Ol
Selected complexes were subsequently studied with CPMD distance appears large enough to be detectable. In contrast, on
in aqueous solution. As the static cis and trans isomers of agoing from five-coordinatedla to four-coordinated higher
given complex turned out to be very similar in energy (see chlorinated species entails much smaller changes: for example,
below), only one of both isomers was explicitly simulated for for the change of the mean+Cl distance betweeha and3b,
each of2 and 3, namely, the corresponding trans forms. Five- the PCM/B3LYP and CPMD(aq) levels predict 0.0 A an@.04
coordinatedla and trans-2a remained stable in the uncon- A, respectively, which would seem more compatible with
strained MD runs in water, wheretrans-3a rapidly (after 1.8 experiment.

ps) lost one water ligand to the bulk, affording aque8is To summarize this section, the computed bond distances
This outcome is in interesting contrast to that of the simulation between uranyl and chloro or water ligands are sensitive to the
in the gas phase (which started from the same five-coordinate computational model (ECP, density functional), thermal averag-
trans-3a configuration), where a chloride ion was expelled ing, and solvation. For the five-coordinate monochloride
during the MD. modeled in water (either explicitly or with a continuum),

For all complexes where a direct comparison between CPMD simulated and refined parameters agree reasonably well, within
in vacuo and in water is possible, solvation significantly reduces the accuracy found for other uranyl complexes so far. All
the U-0O bond distances to the coordinated water ligands, by computational models agree that there is a tendency to increase
up to 0.21 A. There is a trend toward a concomitant increase in all metal-ligand distances as water ligands are replaced by
the U—CI distances, which is most pronounced in catiohéc chloride ions at constant coordination number, and to decrease
(increase by 0.15 A), attenuated in neutrains-2b (increase these distances as the coordination number is reduced from five
by 0.08 A), and all but disappeared in monoanioBl(small to four by removing a water ligand.

net increase of 0.02 A in the mean distances). A similar 2 Relative EnergiesThe coordination number about uranyl
differential solvation effect on neutral and anionic ligands had depends on the affinities toward the different ligands, water and
been noted previously for uranyl nitrate compleX¥s. For chloride in our case. We will first turn to the binding energies
dianionic4, hydration produces a significant reduction of the = of chloride ions, because the first two binding constants in water
U—ClI diStance, by 0.05 A Itis nOteWOfthy that all these trends are known experimentaug/,from which free energies can be
are reproduced qualitatively in static optimizations employing derived for the following processes:

a polarizable continuum, irrespective of the functional (compare
SDD and PCM/SDD, or B3LYP and PCM/B3LYP values in
Table 1).

For five-coordinate 1a, the CPMD(aq) distances agree
reasonably well with the EXAFS data, showing the typical (see
above) overestimation of the bond lengtRsThe simulated
U—CIl and mean U-O distances are overestimated by ca. 0.05 It should be noted that the actual equilibrium constants depend
A and 0.08 A, respectively, similar to the degree of agreement noticeably on the ionic strength of the solufi®see below).
for 4 and5 (note that these deviations would likely be reduced Table 2 summarizes some salient energetic data computed at
with hybrid functionals). Assessment of the geometrical pa- various DFT levels involving static PCM optimizations and
rameters for di- and trichlorides are best made in terms of single-point energy evaluations for the following processes:
relative changes from the monochloride. Experimentally, these
changes are indicated to be undetectably small, which has beenyo,(H,0)]?" +
taken as indication of constant coordination number. On going _ on
from 1la to five-coordinatedrans-2a, both U-C| and mean nCl" == [UO,(H,0)s_.Cl " "+ nH,O (4)

UO,2" + CI” = UO,CI", AG’ = —0.2 kcal/mol  (2)

UO,2" + 2CI" == UO,Cl,, AG’ = +1.5 kcal/mol  (3)
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TABLE 3: Computed Energies and Free Energies (in kcal/mol) for Water Dissociation from Uranyl Aquo Chloro Complexes
According to Eq 7

BLYP B3LYP
AE AE AGH AE [AESP] AE AE AGH AE [AESA]

n (gas) PCM PCM SDD()/PCM? (gas) PCM PCM SDD()/PCM?
0 28.6 19.1 9.9 9.6 [7.6] 30.0 19.9 125 12.1[10.1]
1 20.8 15.1 6.2 6.1[4.1] 222 16.0 7.5 8.6 [6.6]
2 (cis) 16.9 11.2 2.0 3.2[1.2] 17.7 12.3 4.6 5.6 [3.6]
2 (trans) 20.5 12.2 3.7 4.4[2.4] 23.7 13.3 4.8 6.4 [4.4]
3 (cis) 10.9 7.4 -1.0 -0.1[-2.1] 10.0 8.3 0.7 2.3[1.3]
3 (trans) 17.8 7.9 -1.1 0.6 [-1.4] 12.8 9.3 15 3.3[1.3]
4 (16.5) 1.5 6.1 ~4.8[-6.8] (16.9% 2.5 —5.0 —2.6 [-4.6]

a—¢ See corresponding footnotes in Table! Entropies evaluated at a pressure of 1345 atm (see text).

Computation of these data is straightforward, but simplistic, r = 2.76 A, the contact ion pair is reachedrat 4.6 A, at
because the models involve many approximations such as thatwhich point the mean constraint force is essentially zero. This
of a simple continuum without specific hydrogen bonds, or that point is higher in free energy than the starting pointA& =
of an ideal-gas behavior for derivation of the thermodynamic 5.4 kcal/mol, with a barrier oAA* = 9.1 kcal/mol atr ~ 3.8
functions. Furthermore, significant BS8Eand only little A, with a numerical uncertainty of cat0.8 kcal/mol. As in
favorable error cancelation is to be expected. The PCM resultsour previous PTI studie®¥; 12 the uncertainty was estimated
correctly reproduce the qualitative finding that the binding from the largest standard deviation of the running average of
energies between uranyl and chlorides are much smaller in waterfJduring the last ps of the constrained runs, multiplied with
than in the gas phase, where oppositely charged ions alwaysthe total integration widti?
attract each other strongly. Quantitatively, however, the binding Complete dissociation of the ion pair depicted in the lower
strengths still appear to be overestimated in water. For instance,right of Figure 1 into the infinitely separated constituents (which

for the equation would correspond to the ideal state of infinite dilution) is,
evidently, impractical to model with this approach. According
[UO,(H,0)J*" (5) + to a simple estimate from the literature, the free energy necessary
2\ 12

- + to separate such a contact ion pair (or outer-sphere complex)
cl [VO,(H0),ClT™ (18) +H,0 (22) formed between a dication and a monoanion should amount to

the equivalent of eq 2 assuming five-coordination about uranyl +1 keal/mol® The free blnd_lng energy of a water ligand in
throughout, driving forces oAG = —6.5 to—4.4 kcal/mol are uranyl pentahydrat8, according to
computed, depending on the functionals (2&e entries forn ot ot
= 1 in Table 2), i.e., significantly more negative than the [UO,(H0)s]” — [UO,(H,0),]°" + H,0 (6)
observed value;-0.2 kcal/mol. What is more, binding of two
or more chloride ions is computed to be even more favorable had been simulated with the same methodology ta\Be=
than that of one, in qualitative disagreement with experiment. +8.7 kcal/mol*°@ Thus, the total driving force for chloride
Increasing the basis set does not appear to improve the PCMbinding according to eq 2a (including the estimate for ion-pair
results (compard\E PCM andAE SDD(+)/PCM entries in dissociation) is computed to b&A = 8.7 — (5.4 + 1.0) =
Table 2). We note in passing that corresponding cis or trans +2.3 kcal/mol at the CPMD(aq) levéf. Even though this
isomers are predicted to be very close in energy at all levels, number has the wrong sign compared to experimaA@’(=
well within 1 kcal/mol in most cases. It has been proposed to —0.2 kcal/mol), it does constitute an improvement over the static
model reactions of type 4 as an intramolecular exchange betweerBLYP/PCM results in Table 2 and falls just within the accuracy
molecules from the first and second coordination sphere in of +2.5 kcal/mol established so far for the thermodynamic and
suitable outer-sphere complex@3ihile this approach might  kinetic properties of aqueous uranyl complexes computed with
be feasible for the single exchange in reaction 2a, it would be this CPMD-based approach. It should be noted that the situation
rather cumbersome for larger chloride numbersecause of modeled in the CPMD simulation does not correspond to the
the very many possible minima that have to be considered for ideal standard state of infinite dilution. With a roughly 1 M
such microsolvated clusters. concentration (and a corresponding ionic strength), equilibrium
Deriving free energies in the dynamic ensemble of explicitly constants can be inferred from the experimental data that would
solvated complexes is a way to go beyond the simple static correspond to small and positiveG values on the order of
PCM picture. We have done this by means of constrained +0.5 kcal/mol (see Table 9.3 and example 2 on p 341ff. in ref
CPMD simulations along two consecutive paths designed to 3c), which would improve the accord between simulation and
mimic the process in eq 2a. In analogy to our study on the experiment.
binding free energies between uranyl and nitrate or pertechne- In order to assess the effect of the solvent, we have followed
tate!3 we have first constructed a path for dissociation of the the dissociation path of eq 5 also in the gas phase. The resulting
anionic ligand according to free-energy profile is included in Figure 1 (upper, dotted curve).
Atr=3.6 A, a spontaneous proton transfer occurred, affording
[UOL(H,0),CN" (18) = [UO,H,0),]*" + CI~  (5) a [UO,(H20);(OH)]HCI complex. In order to prolong the path
further, we have imposed two additional constraints from this
and evaluated the free energy for this proéesi@ thermody- point on, namely fixing the two OH distances that form the
namic integration, using the tCl distancer as reaction hydrogen bridge to the leaving chloride (see the snapshot in
coordinate. The resulting free-energy profile is depicted in the upper right of Figure 1) to their mean values at the point
Figure 1 (lower, solid curve). Starting from the minimdraat with r = 3.4 A. Because significant mean forces are accumulated
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Figure 2. Change in free energyA, for dissociation of one water
ligand in agueoudransUO,(H,O):Cl, (trans-2a), as obtained from
constrained CPMD simulations and thermodynamic integration, includ-
ing representative snapshots from the indicated regions (reaction
- coordinate: U-O distance).
Figure 1. Change in free energWA, for dissociation of the chloride
ligand in [UOGy(H20)4Cl]* (1a), as obtained from constrained CPMD
simulations and thermodynamic integration, including representative i assumptions, the simple continuum model for solvation
snapshots from the indicated regions (reaction coordinate:ClU . ! . .
distance). Top: gas phase (dashed line); bottom: aqueous solution (solioenerg_'es, and.the |dgal-gas modell for enthalpic 'and entropic
line). contributions in solution, only qualitative conclusions can be
made based on these static results: As expected, the propensity
for five-coordination drops significantly with increasing chlorine
on these additional constraints s increased, the calculated content. While all levels agree that the monochlorlgghould
AA values from this point onward are probably only to be used be five-coordinated (as alAE and AG values in the second
as a rough guide. Interestingly, a plateau is reached in the free-row of Table 3 are positive), the trichloride is indicated to prefer
energy profile at = 4.0 A, characterized by a near-zero mean four-coordination in water (cf. the negative or very smat
constraint force om, which is 21.7 kcal/mol abovéa. Starting and AE SDD(+)/PCM values in the fifth and sixth rows), in
from the last snapshot of this point, we can optimize a stationary accordance with the results of the unconstrained CPMD
point on the potential energy surface (with a fully optimized simulations of aqueouda and trans-3a discussed in the
U—ClI distance ofr = 4.02 A at the CP-opt level), which is  preceding section.
14.9 kcal/mol above the fully optimized minimuba. For larger The dichloride may just be borderline. In order to go beyond
values ofr beyond this apparent plateau, the simulated free the static PCM picture in this case, we studied water dissociation
energy continues to rise, and would, in the limit of an infinitely from trans-2a in aqueous solution by constrained CPMD and
large box, eventually attain a value on the order of 200 kcal/ thermodynamic integration. During the unconstrained simulation
mol (cf. the gas-phase energies in Table 2rfer 1). We note of this complex (which are documented in Table 1), one of the
that at that point where the chloride atom has completely left water ligands turned out to be somewhat more labile than the
the coordination sphere of uranyl in water# 4.6 A), the others, as it reached longer instantaneous tistances during
stabilization of the contact ion pair due to hydration amounts the fluctuations along the trajectory. Th@J—O) distance to
to ca. 20 kcal/mol, as judged by the differenceNA between  this ligand was therefore chosen as constraint for a reaction
the two curves in Figure 1 at that point. coordinate and was subsequently elongated stepwise by 0.2 A,
We now turn to the question of the total coordination number affording the free-energy profile shown in Figure 2.
about uranyl for a given number of chloro ligands. This question  After passing a barrier chA* = 5.6 kcal/mol atr =3.2 A,
is assessed by computing the water binding energies accordinghe producttrans2b, is obtained at =4.2 A andAA = —0.7
to the following dissociation reactions: kcal/mol, with an estimated numerical uncertaintyf. 7 kcal/
mol.** Thus, the CPMD simulations (which are free of BSSE
[UO,(H,0)s_,Cl]> "= [UO,(H,0), ,ClI* "+ H,0 (7) and should account reasonably well for entropic effects) also
predict a very weak binding of the fifth water ligand. Five- and
The results are summarized in Table 3. The absolute raw four-coordinated2a and 2b are indicated to be essentially
binding energiesAE are certainly overestimated, because of isoenergetic in water at the BLYP level and would thus be
basis-set superposition erBrin order to model the changes present in form of an equilibrium mixture. Given the increase
in entropy for the condensed phase, reflected in the changesof the water dissociation energy on going from the static BLYP
between correspondindAE and AG values, the standard to B3LYP levels (by ca. 2.5 kcal/mol, compare, for example,
expressions from statistical thermodynamics have been evaluatedhe correspondindE SDD(+)/PCM entries fon = 2 in Table
at a pressure of 1345 atthBecause of the crude nature of the 3), a slight preference for five-coordination should persist at
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the B3LYP level, which would sugge&a to be the major and CPMD(aq)-simulated geometrical parameters of four-
component of such a mixture. As mentioned above, four- coordinate3b, on the other hand, are not very disparate from
coordinate specie8b is likely to be more prominent for the  those of five-coordinatéa and, thus, from the EXAFS values

trichloride, also at the B3LYP level. (Table 1). Taken together, the structural and energetic results
presented herein strongly suggest that the uranyl trichloro
Discussion and Concluding Remarks complex can accommodate only one additional water ligand in

solution and that it should thus be formulated as four-coordinate
3b (perhaps as the principal component of an equilibrium
mixture with3a).52 If real, the apparent insensitivity of the-tD

and U-Cl distances toward the chlorine content betw&amd

3, as suggested by the newer EXAFS anal§sssindicated to
arise from a balance between the tendencies to increase these
distances with the chlorine content at constant coordination
number and to decrease them upon removal of one water ligand.
By and large, our results serve to support the earlier interpreta-
tion of the EXAFS datd,according to which the total coordina-
tion number about uranyl decreases with increasing chloride
loading. Specifically, on going from the refined number of
chloro ligandsn = 1.0 ton = 2.6 (the highest value at 14 M
chloride concentration), the total coordination number has been
reported to drop from 4.9 to 4.5. Even though this change is
not significant with a quoted uncertainty in the respective atom
numbers of+0.3/ this result would be compatible with our

Elucidating the precise coordination environment about uranyl
in mixed aquo chloro complexes in aqueous solution is a difficult
task both for experimental and computational techniques. With
oxygen donors, the overwhelming majority of uranyl(VI)
complexes prefers five-coordination in the equatorial pf&rfé,
with the pentahydratg as the archetypical example. In contrast,
when four chloro ligands are present, it appears difficult to
increase the coordination number beyond fotThe transition
between preferential five- and four-coordination must occur at
an intermediate chlorine content. All DFT-based methods
applied in this study agree that the monochloride comgdlex
should be five-coordinated and should therefore be formulated
as [UQ(H20)4CI] " (14). This assignment is supported by the
good agreement (at least within the accuracy typically achievable
for a particular density functional) of the PCM-optimized or
CPMD(aq)-simulated bond distances with those derived from
i;( ?ﬁesospﬁitgzcg%éﬁg&;))j dFecr)irv? digu(;i;;\ %rge'gai‘m;ﬁ/r_'am predicted change in coordination number whéyecomes larger

; . . . than 2.
ing the water ligands are slightly shorter than the experimental . . ) . . .
estimates, which would be very uncommon for this level of Where di- and tri-chlorides can exist as different stereoisomers
DFT. We have not computed the free energy of water dissocia- (labeled cis and trans in this study, see Chart 1), the PCM-
tion from La explicitly with constrained CPMD simulations and ~ Pased results predict little energetic discrimination between
thermodynamic integration. The correspondifg value for them. In no case do relative energies or free energies between
monocationiclais expected to fall within those simulated with ~ CiS and trans isomers (which can be inferred from the reaction
this approach for dicationis, +8.7 kcal/moli2 and neutral energies in Table 2) exceed 1.1 kcal/mol. For instance, four-
trans-2a, —0.7 kcal/mol (Figure 2), probably closer to the former coordinatecis- andtrans-2b are computed to be within 0-0
than to the latter (cf. the corresponding PCM datarfer 0—3 0.6 kcal/mol of each other at the SDBYPCM level (with
in Table 3). The assignment of the aqueous monochloro complexBLYP and B3LYP, respectively). This result is in qualitative
to five-coordinatela can thus be made with some confidence. accord with observations that cis and trans isomers of phos-
Already for the dichloride2, static BLYP and B3LYP phinoxide complexes USEIy(OPCy), can coexist in ChCly
optimizations, as well as dynamic BLYP simulations predict a SO',““‘;? (the related phosphinimine derivatives even in the
very weak binding of one water ligand or an actual preference S°lid)>* For 2a and3a, cis and trans forms, respectively, are
of four- over five-coordination in water. This preference is Predicted to be slightly preferred, whereas #ir the relative
somewhat less pronounced with the B3LYP than with the BLYP ©rdering depends on the density functional (cis preferred with
functional, or with an explicit solvation model than in a simple BLYP, trans with B3LYP). In view of the small energy
polarizable continuum (compare the numbers in Table hifor ~ differences involved, definite conclusions concerning the ster-
= 2 with the CPMD-derivedAA = —0.7 kcal/mol for water eochemistry in aqueous solution are difficult. Farand 3,
dissociation irtrans-2a, Figure 2). No clear distinction between —complex equilibria not only between four- and five-coordinated
2a and 2b can be made based on these results. Given the forms, but also between cis and trans isomers are to be expected.

propensity of DFT to underestimate binding energies of water ~ Accurate computation of binding energies between dicationic

ligands in transition-metal or uranyl complex@s?it is well uranyl hydrates and chloride anions in aqueous solution is a
possible that five-coordination may actually prevail in the difficult task for simple continuum models, because the huge
dichloro complex. differential hydration energies of reactants and products cannot

All DFT methods applied in this study agree that the always be fully described by screening effects in a dielectric.
preference for four- over five-coordination should be more Even for a constant coordination number of five (cf. eq 4),
pronounced for the trichlorida than for2 (see entries fon = notable driving forces are computed for formation of all
2 and 3 in Table 3). Five-coordinate variants3afcan only be complexes containing up to three or even four chlorides (Table
located as stationary points on potential energy surfaces but are?). As just discussed, water dissociation from five-coordinate
indicated to be unstable in CPMD simulations, both in vacuo chloro complexes is predicted to be favorable with this approach
and in water (at least with the BLYP functional). Given that when two or more chlorides are bound (Table 3). Allowing for
for laand2a, the PCM-optimized distances (in particular with  such water elimination under concomitant formation of four-
the B3LYP functional) are in good accord with the CPMD(aqg) coordinate species would thus further increase the computed
values and the EXAFS estimates (Table 1), the PCM/B3LYP driving forces for binding of two or more halides. These PCM
predictions for3a should also be reliable. Because at that level, results are in contrast to experiment, where only the monochloro
the uranytligand distances are significantly elongated with complex has a small negative free energy of formation, whereas
respect to those ifia (Table 1); there would be a considerable all others are expected to be essentially unbéwamdi can only
deterioration in comparison with the newer EXAFS values, be populated at high or very high chloride concentrations. It
which are essentially invariant betwekand3. PCM-optimized would be interesting to see if static computations with explicit
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or mean constraint forces, were reasonably well converged within the present paper.

duration of the simulations, without showing noticeable drifts. (47) Following the argument in Martin, R. L.; Hay, P. J.; Pratt, LJR.
(31) Marx, D.; Hutter, J.; Parrinello, MChem. Phys. Letl995 241, Phys. Chem. A998 102, 3565-3573, where this simple procedure has
457-462. o been proposed as adjustment for the concentration of water molecules in
(32) Sprik, M.; Ciccotti, GJ. Chem. Phys1998 109, 7737-7744, and the liquid, and where the necessary value for the pressure has been derived
references cited therein. n _from the experimental density of liquid water. Even though less well defined
(33) Some of the gas-phase minima showed more and larger Imaginary for the other occurring species besides water, we used the same pressure
frequencies upon reoptimization in the continuum (exceeding @90%); correction throughout (implying standard reference states of infinitely diluted

in these cases lower-lying stationary points were located in the continuum 5que0us solutions). In the implementationGaussian 03the change in

(true minima in most cases), which are labeled (PCM) in the Supporting gpsolute free energy on going at 298.15 K from a pressure of 1 atm to

Information. ) o ) 1354 atm amounts t&-4.3 kcal/mol per particle, irrespective of the particle
(34) The initial CPMD/BLYP simulations in the Parrinello group have 514 the level of theory. This correction affects only the translational part

afforded good descriptions of liquid water, see for instance: (&) Sprik, M., of the entropy and, thus, applies only to reactions where the particle number

Hutter, J.; Parrinello, MJ. Chem. Phys1996 105, 1142-1152, although changes, such as eq 7 and not to those where it is constant, such as egs 4

potential shortcomings of this functional are now better appreciated; see gnq 2a.

(b) VandeVondele, J.; Mohamed, F.; Krack, M.; Hutter, J.; Sprik, M.; . - Ewi .

Parrinello, M.J. Chem. Phys2005 122 014515, and references cited C.(ég)n;?eric::e?;Ja&ngp;% 3(2) ]I-35115r2315P7OC(5wI|3TJ?n§JCHH%vg:SgtrJlrgl -

therein. : ; - | 1
. . Chemistry. InThe Chemistry of the Actinide Elemerzad ed.; Katz, J. J.;
13(33)323_233;“" G. A.; Schreckenbach, G.; Vo, T.Ghem. Eur. J2007, Seaborg, G. T.; Morss, L. R., Eds.; Chapman and Hall: New York, 1986;
' : Vol. 2, Chapt. 20, pp 14171479.

sat(g]?a)cg(r:i(l:a?éogglrlr){’ L‘J)tuart?oﬁgéf t?]lé?'hmiz t?;r?isGrgun:rttli%r;aL?EoepSrr;?]rT (49) With chelating ligands with small bite angle, such as nitrate, six-
Yy P Y prop Y coordination is also quite common; see for example: (a) Dalley, N. K;

Il\?n'csheeenﬂforE?l);aTgé%ehg_gséggXZéz V. Matveev, A. V./§ar, S.; Rech, Mueller, M. H.; Simonsen, S. Hnorg. Chem 1971, 10, 323-328. (b)
.(37) (a'\) Blh'l, M Kabréde. "3 Cherm. Theory Compu006 2, 1282 Villiers, C.; Thuery, .P.; Ephritikhine, MPolyhedrorn2004 23, 1613-1618.

1290. (b) Waller, M. P.; Braun, H.; Hojdis, N.;"By M. J. Chem. Theor. (c) Crawford, M.-J.; Mayer, Pl.n_org. Chem 2005 44, 8481—84.85'

Comput 2007, 3, 2234-2242. (50) In contrast, four fluoro Il%fm_ds can accommodate a fifth donor, as
(38) The shorter B3LYP values appear to be more consistent with \?\)/(grr:l]prheﬂr?duInst:hh?rrl[r%gﬁ‘(e'-r'fr?)] B 'IR/T(SIISEE' ;Ozragéagpger:{ﬁg?;} Vs

experiment, but we do not dismiss the BLYP level based on this finding, Cher‘rgzodl '40 3516—35p25 9.5 R P 10rg.

because the errors in the geometrical parameters are fairly systematic : . N .

throughout. Thugelative energies should be affected only to a small extent. , _(91) Seeforinstance: (a) Rotzinger, F.JRPhys. Chem. B005 109,

Even the error in terms afbsoluteenergies is indicated to be quite small: ~ 1510-1527; (b) Rotzinger, F. RChem. Eur. J2007 13, 800-811.

According to single-point energy computations at a sophisticated multiref-  (52) For instance, the free-energy difference between uranyl penta- and

erence ab initio level for a uranyl hydrate complex, a BLYP/SCRF optimized hexahydrate, decisive for the activation barrier for water exchange in the

geometry (despite its elongatecH® distances) is only 0.9 kcal/mol higher pentahydrate, is underestimated by ca. 2 kcal/mol with our CPMD/PTI

in energy than the corresponding B3LYP/SCRF geometry (which shows Methodology (ref 11).

more accurate 80 bond lengths); see Table 5 in ref 51b. Unfortunately, (53) Areferee has suggested to look at the uranyl stretching frequencies

the use of hybrid functionals such as B3LYP is prohibitively expensive s potential probe for the coordination number. Earand 1b, however,

with CPMD. very similar UQ stretching vibrations are obtained in the continuum (e.g.
(39) Shamov, G. A.; Schreckenbach, &.Phys. Chem. 2005 109, wasym = 894 and 891 cm! for 1a and 1b, respectively, at BLYP/SDD/

10961-10974. PCM), suggesting that this property is probably a poor indicator for the

(40) For the more strongly bound uranyl fluoride complexes, B3LYP- coordination number in uranyl chloride complexes.
optimized U-F bond lengths were found to be in good accord with EXAFS- (54) Haller, L. J. L.; Kaltsoyannis, N.; Sarsfield, M. J.; May, I.; Cornet,
derived values: Vallet, V.; Wahlgren, U.; Schimmelpfennig, B.; Moll, H.;  S. M.; Redmond, M. P.; Helliwell, Minorg. Chem2007, 46, 4868-4875.
Szabo, Z.; Grenthe, Inorg. Chem 2001, 40, 3516-3525. (55) See for instance: Siboulet, B.; Marsden, C. J.; VitorgeChem.

(41) At the SDDH/LANL levels, the Counterpoise-derived estimates Phys 2006 326, 289-296.
for the BSSE of the equatorial bond types are remarkably similar for five- (56) While it would be desirable to include the counterions in the CPMD
coordinate complexeka—5. For 1a, these corrections amount to 0.87 kcal/  simulations, we have not done so, because those present in the experiments
mol and 1.98 kcal/mol for BCl and U-O bonds, respectively, at the (typically alkali metal cations) are usually well hydrated, forming solvent-
BLYP/SDD(+)//BLYP/SDD level [0.81 and 1.98 kcal/mol, respectively, separated, rather than contact ion pairs. Realistic computational modeling
at B3LYP/SDD(t+)//SDD]. These values have been used to evaluate the of the real solutions would require much larger boxes and, in particular,

AECP entries in Table 2 and 3. much larger simulation times, as the relative diffusion of hydrated ions
(42) Vallet, V.; Wahlgren, U.; Grenthe,J. Am. Chem. So2003 125 happens on a longer time scale. It is well possible that even such distant
14941-14950. counterions could exert noticeable effects on the properties under

(43) MD simulations performed at constant volume yield Helmholtz free  scrutiny, but most likely this would just fine-tune the latter, not radically
energiesAA. In practice, for condensed phases these should be very close alter them.



