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The aim of this work is to demonstrate that theoretical chemistry can be used as a complementary tool in determining
geometric parameters of a number of uranyl complexes in solution, which are not observable by experimental
methods. In addition, we propose plausible structures with partial geometric data from experimental results. A
gradient corrected DFT methodology with relativistic effects is used employing a COSMO solvation model. The
theoretical calculations show good agreement with experimental X-ray and EXAFS data for the triacetato—dioxo—
uranium(VI) and tricarbonato—dioxo—uranium(VI) complexes and are used to assign possible geometries for dicalcium—
tricarbonato—dioxo—uranium(VI) and malonato—dioxo—uranium(VI) complexes. The results of this exercise indicate
that carbonate bonding in these complexes is mainly bidentate and that hydroxo bridging plays a critical role in the
stabilization of the polynuclear uranyl complexes.

1. Introduction has been a substantial development in the use of sensitive
Uranium . i lied spectroscopic techniques to gain structural information
ranium fluxes in aqueous systems are mainly controlie regarding the main aqueous species. In this context, extended

by the redox_ state of the system and.by the presence OfX—ray absorption fine structure (EXAFS) technigues have

oxygen containing Ilggnds. Uranlum(VI) is more soluble and 0y successfully used to ascertain the composition and

the'refc.)re more mob_lle than uramum(ly), and the uranyl structure of some uranyl complex&s.

cation is a hard ion with a tendency to build strong complexes Theoretical chemistry techniques can be used to comple

with oxygen containing ligands such as carbonate, phosphate . . . -
vd 99 phosp ment the determined stoichiometric and structural data in

and low molecular weight organic ligands such as acetate o .
9 g 9 order to distinguish among plausible structures and to support
and malonate. . . . .
the information obtained by spectroscopic means, notably

There_ Is a wealth of data congerr_ming thg thermodynamics by EXAFS spectroscop¥:.® Although actinides present a
of uranium and the main stoichiometries that conform

uranium speciation in natural water systeiisThis has been
the result of a large effort in developing and applying solution

chemical and spectroscopic methods. In the last years, there
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challenge to theoretical chemistry due to the large relativistic
effects and the role of the 5f orbitals in the molecular

as well as low molecular weight organic molecules, like
acetate and malonate, are present in soils, waters, and

bonding, there are several examples in the literature dealingsediments and are important ligands for the migration/

with successful applications of DFT and other ab initio
calculations for the uranyl ion and its compleXe®.

The objective of this work is to demonstrate the validity
of the theoretical DFT approach in order to complement and
validate structural and solution chemical data. In addition,
we will discuss the most probable structures that conform
the proposed stoichiometries from solution chemical and
spectroscopic data. The work is performed in a two-step
approach: First, triacetatadioxo—uranium(VI) [UO,-
(CH3;COOQY)]~ and tricarbonate dioxo—uranium (VI) [UG,-
(COy)3]* complexes are studied to test the validity of the
theoretical methodology on relatively simple cases where
there is enough experimental information to calibrate the

computational results. Second, we propose plausible struc-

tures for calcium uranyl carbonate and uranyl malonate
complexes in solution based on a combination of DFT
calculations and the available EXAFS experimental data.

retardation of uranium and other metal ions in natural
systemg8:37

2. Computational Details

All the calculations were carried out by using the Amsterdam
Density Functional Program (ADF 2002), developed by Baerends
et al383°The numerical integration scheme used in the calculations
was developed by te Velde et #3*and the geometry optimization
algorithms were implemented by Versluis and Ziegtéfunctionals
used were VWK together with the PerdewWang 1991 exchange-
correlation correction, PW91x%¢ A gradient corrected methodology
has been chosen due to the inaccuracy of the local density approach
(LDA) for some metal-containing systertfsAll the complexes have
been fully optimized without any geometrical or symmetrical
constrain.

Two basis sets (named basis set | and Il) have been used and
compared. Basis set | consists of a trigledth double polarization
for all. Basis set Il is a triplé: with polarization for uranium and

Uranium(VI) acetate and malonate complexes are relevanta double¢ with polarization basis set for the rest of the atoms.

in understanding the mobility of uranium in surface environ-

The frozen core approximation is used in both basis set:5tls

ments. They also have been chosen as a chemical model foglectrons for U and 1s electrons for the rest of heavy atoms. First-
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order ZORA48 scalar relativistic corrections were added for all
systems as they should be included for the f-block at#fms.

The solvent effects were included by means of the COSMO
modeP®-52 as implemented in ADF2 The solvent accessible surface
(SAS) of the solvent cavity was determined using the GEPOL93
algorithm®* A value of 78.4 was used for the dielectric constant
of water.

3. Results and Discussion

3.1. Complex 1. Triacetato-Dioxo—Uranium(Vl),
[UO,(CH3COO);3] . This complex was selected to calibrate
the DFT calculations based on the already existing compre-
hensive experimental X-r&°¢ and EXAFS data. The
spectroscopic data indicated that the oxygen atoms of the
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Figure 2. Complex2, tricarbonate-dioxo—uranium(VI), [UGy(COz)3]*".

Figure 1. Complexl, triacetate-dioxo—uranium(VI), [UG(CHsCOO)] . Table 2. Relevant Distances (&) of Complex

Table 1. Relevant Distances (A) of Compleix RU-04 Ru-o,, Ru-04 Ru_c
Ru-o,, Ru-o,, Ru-cH, solvent MBPT23 241 1.88 411 2.84
56 EXAFS 244 1.80 4.20 2.89
)é;?\fss 28 e o solvent, basis | 2.48 1.86 421 2.93
solvent. basis | 2 50 1 81 .438 solvent, basis Il 2.46 1.85 4.16 2.90
solvent’ basis Il 2'50 1.81 4-38 gas-phase, basis Il 2.56 1.85 4.29 3.01
gas-phase, basis Il 2.51 1.81 4.38

tion number and quite similar distances for-Q, and

. . . . U—0Ogq This arrangement is also observed in X-ray studies

L_lranyl group are in axial pos_mon_whlle the thre_e acetate of UO,(CO3)#™%° and the bis(dicarbonatgeroxo-urany-

Icl:gagds ::oordlnate tge gra(ljn_lum t;nd the ec;ua;[](_)nal plr?rlleg late) complex® Figure 2 shows the optimized structure of
arboxyl groups are bonded in a bidentate fashion with 1:3 4, uranyl carbonate complex. The experimental observations

stpichiometry. Figure 1 shows the optimi;ed geometry.for together with our DFT calculations are summarized in Table
this complex, and Table 1 reports the experimentally obtained

palraTeFers tc_>r§r;]ethervxlnthfthe r;sult of tg%;féesné theorguoal Gas-phase calculations failed to reproduce the observed
calculations. The results from X-ray an etermina- jisiances beyond the experimental error. However, the

tions are qgltehsml?g |nd|cat|n%that complbhaslthg SaMe  calculated geometry in aqueous solution is in agreement with
geometry in the solid-state and in aqueous solution. the results from the EXAFS measurements and is very similar

The EXAFS result_s show that the uranium atom is to the previously reported high level ab initio MBPT2
surrounded by 2 axial oxygen atoms at 1.78 A and 6 calculation<®

equatorial oxygen atoms at a medium value of 2.44 A. As in the previous case, the triacetatioxo—uranium-
Normally, light elements such as C anij&o are not detected /)y complex, both basis sets | and II, gave similar results
by EXAFS at distances longer than 3 A. However, in thiS ¢, the calculations of comple including solvent effects.

case, the EXAFS results clearly indicated the existence of 31,4 |5rger difference in the calculated distances was 0.05 A
equatorial carbon atoms at 4.34 A, detected due to their Iinearin the U—Oy bond.
U—C~—C arrangement. _ _ _ 3.3. Complexes 36. Dicalcium—Tricarbonato —Di-

The calculations performed in agueous medium and in the oxo—Uranium(V1), [Ca ;UO,(COs)]°. This species has been

gas-phase gave the same results for compexThe  recently reported to be predominant in the U(VI) speciation
calculated distances, although slightly longer than the i, ,ranium mine effluents in moderate alkaline environ-

observed ones, are in agreement with the experimental datamensst The stoichiometric and structural characterization
Moreover, the smal!er basis set' Il yields quite a similar ¢ this complex has been performed by using an array of
geometry than the high level basis set I. We also attemptedgpeciroscopic techniques including, time-resolved laser-
to optimize complexl with the acetate groups bound in & jnqyced fluorescence spectroscopy (TRLFS), laser-induced
monodentate fashion. This structure resulted in being 36 photoacoustic spectroscopy (LIPAS), and EXAFS studlies.
N —1 H H . : . .
kcakmol™ less stable than the one assuming bidentate The EXAFS studies of calcium uranyl carbonate in solution
coordination, and the calculated distances did not match thejqicate that this complex has approximately the same
experimentally determined ones. This is a confirmation than g ,ctural arrangement as the uranyl carbonate complex

the theoretical calculations are sensitive enough to reproduce(comp|exz)_ In addition. a new Y-Ca interaction is observed
the observed geometries and discriminate between the various;; 3 g4 A with a coordination number of 2. This would

structural arrangemeqts. ) ] indicate a similar structural geometry as that of the mineral

3.2. Complex 2. Trlgarponato—Dloxo—Uramum(VI), phase liebigite, GJO,(COs)s*10H:0, where the calcium
[UO(COs)s]*". The stoichiometry and structure of complex  atoms are located in the equatorial plane between the
2 has been largely investigated as it constitutes one of the 5rhonate groups.

predominant uranyl species in aquatic systems. EXAFS  The addition of two calcium atoms to the uranyl carbonate

studies in aqueous solutibshow that the three carbonate  coordination sphere increases the number of possible con-
groups are bound in a bidentate mode, to the uranyl ion in
the equatorial plane in a geometry similar to that of complex (57) Coda, A.; Della Giusta, A.; Tazzoli, \Acta Crystallogr.1981, B37,

; ; foo 1496
1, previously described. They also show the same coordina (58) Mereiter, K.Acta Crystallogr.1986 CA42, 1682,

(59) Effenberger, H.; Mereiter, KActa Crystallogr.1988 C44, 1172.

(55) Templeton, D. H.; Zalkin, A.; Ruben, H.; Templeton, L. Kcta (60) Mikhailov, Yu. N.; Lobanova, G. M.; Shchelokov, R. Bh. Neorg.
Crystallogr. 1985 C41, 1439. Khim. 1981, 26, 718.

(56) Navaza, A.; Charpin, P.; Vigner, D.; Heger,A&ta Crystallogr.1991, (61) Bernhard, G.; Geipel, G.; Bendler, V.; Nitsche, Radiochim. Acta
CA47, 1842. 1996 74, 87.
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Figure 3. Dicalcium—tricarbonate-dioxo—uranium(VI), [CaUO,(COs)3]°,

conformers, complexe3—6.

Table 3. Distances (A) of Complexe3—6

Erel
Ru-0,, Ru-o, Ru-04 Ru-c Ru-ca (kcalmol?)
EXAFS® 2.44 1.81 4.22 2.90 3.94
Gas-Phase, Basis Il

3 2.53 1.81 4.27 3.05 3.68 +22.8
4 2.52 1.95 4.23 3.02 3.31 +2.54
5 2.45 1.90 4.14 2.94 3.19 0.0
6

Solvent, Basis Il
3 2.46 1.83 419 2.94 3.86 0.0
4 2.43 1.88 414 2.90 3.48 +13.4
5 2.43 1.87 4.14 291 3.34 +6.0
6 2.45 1.86 417 2.93 3.38 +8.1

Solvent, Basis |
3 2.46 1.83 4.20 2.94 3.86 0.0
4 2.43 1.86 4.15 2.90 346 +12.7
5 2.43 1.86 4.14 291 3.35 +6.3
6 2.45 1.86 4.16 2.94 3.38 +9.0

depicted as complex&s-6 in Figure 3. In Table 3, we report
their relative energy and the relevant distances in the gas-
phase and in aqueous solution.

The most stable of the four complexes in aqueous solution
is depicted as compleX This is ca. 6 kcamol™* more stable
than complex5, which is the second most stable. The
calculated bond distances of compl&in aqueous solution
are in agreement with the reported EXAFS data and are
similar to a recent publication by Tsushima ef&lt has
the typical UQ?" axial geometry and an equatorial plane
containing the three carbonate ligands and the two calcium
atoms. The calculated tCa distance is 3.86 A (0.08 A
shorter than the experimental value). None of the other three
possible complexes are able to reproduce the observechl
distance. For the gas-phase calculations, the structure de-
picted as comple% is not observed, and compléxturns
out to be the most stable: 2.5 kaabl~* more than complex
4, and ca. 23 kcammol~! more than comple8. None of the
calculated gas-phase geometries is in agreement with the
experimental EXAFS data, as indicated by the-Ch
distances.

The inverted energy order obtained when including solvent
effects in the calculations can be explained as follows. In
the absence of water, the energy gained by the electrostatic
interaction of the C& ion and the negative charged oxygen
atoms is larger than the energy needed to distort the?UO
cation (note the great O, elongation for complexed
and5 in the gas-phase in Table 3 and the distortion of the
Oax—U—0O4 angle in Figure 3). In aqueous solution, the
Ca&"—oxygen electrostatic interactions are not so intense due
to the polarizing effect of the water molecules. Consequently,

formers. The new calcium atoms can be either inside or the energy needed to distort the ¥Ocation is larger than
outside the equatorial plane defined by the carbonate groupsthe electrostatic compensation.

In order to study this behavior, we have performed a

As in the case of complexdsand2, both basis sets give

complete conformational study, and we have found four similar results for the calculated geometries in aqueous
different geometries that are consistent with the existence solution. These are also in agreement with the experimental
of three equatorial carbonate groups. These structures arelata. On the contrary, the calculated gas-phase geometries

Figure 4. Complexes7—9, malonate-dioxo—uranium(VI) complexes with water bridge ligands: [(J&@CsH204)2(H20)4+n]° Wwheren = 0, 2, or 4.
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Figure 5. Complexesl0—12, malonate-dioxo—uranium(VIl) complexes with hydroxo bridge ligands: [(R)&C3H204)2(OH)2(H20)24+n]2~ wheren = 0,
2,0r4.

fail to reproduce the EXAFS distances (with errors that are
much larger than 0.1 A for the-dCa distance). As we have
already indicated, the gas-phase calculations give an energetic
ordering different from the one from aqueous solvent
calculations. According to our DFT calculations, the pre-
dicted geometry for the most stable [C#,(COs)3]° con-
former, depicted as compleX in aqueous solution agrees
well with the experimental EXAFS values. The calculated
structure would suggest that the two calcium atoms are in
the equatorial plane between two carbonate ligands, similarly
to the structural arrangement of liebigite.

3.4. Complexes #14. Malonato—Dioxo—Uranium(V1).
As we have discussed in the uranyl complexes previously
studied, the performance of the large basis set | is quite
similar to that of the smaller basis set Il. In addition, solvent
calculations reproduced the experimentally determined ge-
ometries much better. Therefore, we decided to study the
malonate-dioxo—uranium(VI) complex using basis set I
only and including solvent effects.

The EXAFS spectrfaof the malonate-dioxo—uranium-
(V1) complex show a B-U distance at 3.96 A. This would
indicate that this complex in solution is polynuclear with, at
least, two close uranyl groups. Two main features can be gigyre 6. Complexest3 and 14, malonate-dioxo—uranium(Vl) cyclic
observed, the typical YO, distance at 1.81 A and a slight  complexes.
decrease in the O, distance from 2.44 A in complex
to 2.37 A in the actual complex. The coordination number tion of metallic cations in aqueous me#i&* while water
of equatorial oxygen atoms decreases from 6 to 5. In this rarely constitutes a bridging ligand in aqueous complexes,
case, the acid groups can chelate the uranium either asilthough there are some exceptiGhyVe tested, however,
bidentate carboxyl ligands, as in the previous cases, or asthe hypothesis of kD bridging for the sake of completeness.
monodentate carboxyl groups. We also attempted to optimize a binuclear complex where

We optimized three different “families” of these com- €ach uranyl cation is bound to two malonate ligands.
plexes: two uranytmalonate moieties bonded by two bridge According to our calculations, the structure is unstable, and
ligands, either water (Figure 4) or hydroxo (Figure 5) where
the malqnate ligands act as monodentate ones, bondeq t462) |Ir31?eerss}; iechcz:; ,\'}/g\efvsn\;g:i( Rl.g%he Hydrolysis of CationsWiley-
the uranium atom by the two carboxyl groups and a cyclic (g3) Bruno, J.J. Chem. Soc., Dalton Trans987, 2431.

structure containing three uranyl groups bonded by three (64) TBruno,ngégr;mBe, I.; SandstnpM.; Ferri. D.J. Chem. Soc., Dalton
H : H : : rans. ) .
bidentate malonate ligands (Figure 6). In principle, hydroxo (65) Perry. D. L. Ruben, H.: Templeton, D. H.; Zalkin, forg. Chem.

and oxo bridging are the preferred options for the condensa-  198Q 19, 1067.
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Table 4. Distances (A) of Uranyl Malonate Complexes of two and four water molecules forming hydrogen bonds
Ru_o Ru_o Ru_u with the hydroxo bridges improves the reproducibility of the
EXAFS? 237 178 3.96 experimental distances by the theoretical results. This would
H,0 Bridge indicate that polar water molecules have a key role in
7 251 1.80 452 stabilizing malonate-dioxo—uranium (VI) binuclear com-
8 2.47 1.80 4.34 plexes in aqueous solution.
9 2.46 1.80 4.24
OH" Bridge 4. Conclusions
10 2.43 1.81 3.82
1 2.42 181 3.92 The performed calculations in this work are in good
12 2.41 1.82 3.87 . . .
i agreement with experimental EXAFS data for a series of
13 545 Cyele 80 6.86 uranyl carboxylate and carbonate complexes. Both the larger

14 252 1.79 7.22 basis set | and the smaller basis set Il give quite similar
e , , i ) results. Gas-phase calculations fail to reproduce in most cases
it dls_somates in two mononuclear dimalonagmuo-dioxo— the observed EXAFS distances and coordination numbers.
ura_nll_Jm(yI) complexes. Hence, the results of the structural This is the case for the tricarbonatdioxo—uranium(V1),
optimization are not reported. complex2, and the dicalciumtricarbonate-dioxo—urani-

It is interesting to notice that for the structures of the um(VI), complexes3—6, where the predicted geometry is
complexes depicted ag and 10 in Figures 4 and 5, i, gisagreement with the experimental observations. These
respectively, the addition of another water ligand to each reqits would indicate that the polarizing effects of the

uranyl coordination sphere results in the motion of the new aqueous medium are quite strong for the uranyl carbonate
water molecule from the equatorial positions to form two complexes.

hydrogen poqu with the bridge ligands. This rgsults in the In the case of the mononuclear uranyl complexes, solvent
struc_:tures indicated as compl@&aandl], respectlyely, and calculations give satisfactory results. However, for the

has 'mpo”a'?t consequences in the_ cqlculatedULdilstances dimeric malonate-dioxo—uranium(VI) complex, the explicit

as reported in Table 4. This would indicate that the hydrogen addition of water molecules in the calculations largely

bonds and their effect on the overall geometry cannot be improves the results due to the formation of hydrogen bonds
properly reproduged by the COSMO continuous solvent with the bridging hydroxo ligands. These cannot be correctly
model. TolfurtTer improve thehse rt()ag(l;lts, \llye hzve a%de.d .tWOreproduced by the solvent continuous models.

water molecules more 1o the bridge figands, obtaining The results of this study corroborate the fact that carbonate

complexes9 and 12, to generate four hydrogen bonds. As - . . ; .
" . : and carboxylate binding to hard cations, like uranyl, is mainly
expected, the addition of this new water ligand affects the . o "
bidentate and that hydroxo bridging is a key cornerstone in

eometry of the complexes, but to a lesser extent than the : :
ghangesyfrom structufe& to8or10to 11, see Table 4 and the bu'.ld up of hydroxo and mixed hydroxo carbonate and
Figures 4 and 5. In the case of [(W@C3H204)2(H20)41n]°, carboxilate complr(]axes.l lati din thi K
complexes—9 (Figure 4), the U-U distance decreased from In.summa_ry, the ca cu.atlons presented in this wor
4.52 to 4.34 and 4.24 A respectively; these values are farProvided unique geometries for the not well-established
from the experimental distance, 3.96 A. For [(D© calcium uranyl carbonate and uranyl malonate complexes
(CsH202)2(OH)s(H:0)p-1]°, complexed 012 (Figure 5), the in aqueous solution that complement and help to interpret
U—U distance changes from 3.82 to 3.92 and 3.86 A, the results form EXAFS spectroscopy.

respectively. The last two values of the-U distance are Acknowledgment. The authors thanks Dr. Christoph
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with the experimental value, approximately 7 A. Hence, we MCYT).

discarded these geometries as not being compatible with the

experimental information. Supporting Information Available: Coordinates and total
On the other hand, the optimized structufigsand 12, energies of all computed structures with basis set Il and solvent

containing two hydroxo bridging ligands, reproduce quite effects. This material is available free of charge via the Internet at

accurately the EXAFS data with an acceptable error thresholdMP+//pubs.acs.org.

on all the distances below 0.1 A. The explicit introduction 1C0342393
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