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We studied uranium(VI) monocarboxylate complexes by a relativistic density functional method using simple carboxylic
acids as ligands, i.e. [UO,(OOCR)]* (R = H, CHs, CH,CH3). These complexes exist in aqueous solution and, for
R = CHsz and CH,CHs;, may also be considered as models of uranyl complexated by humic substances. We
investigated mono- and bidentate coordination modes. Short-range solvent effects were accounted for explicitly via
aqua ligands of the first hydration shell and long-range electrostatic interactions were described via a polarizable
continuum model. The calculated results for the uranyl U=0 bond, the bond to aqua ligands, and the averaged
uranium distances to equatorial oxygen atoms, U—Ogq, agreed quite well with EXAFS-derived interatomic distances.
However, the uranyl-carboxylate bond was calculated to be notably shorter than the experimentally determined
value. Experimental differences between mono- and bidentate coordination, obtained mainly from crystal structures,
were qualitatively reproduced for the U-C distance but not for the average bond length, U—-Ogq. We discuss these
discrepancies between calculated and experimental results in some detail and suggest changes in the coordination
number rather than variations of the coordination geometry as the main source of the experimentally observed

variation of the U-Ogq distance.

Introduction

with various carboxylate ligands have been investigated
experimentally by X-ray diffraction (XRD) and extended

Complexation of act_inides by biological de(_:omposition X-ray absorption fine structure spectroscopy (EXAESY.
products such as humic substances plays an important rol&se inent theoretical studies are still rare, restricted to urany

in the migration and retardation of actinides in natural
systems:? Thus, understanding the interaction of actinide

species with humic substances is an essential ingredient of

triacetaté® as a benchmark, as well as uranyl malonate and
oxalate complexe®:*”

safety analysis for radioactive waste management, including (7) Templeton, D. H.; Zalkin, A.; Ruben, H.; Templeton, L. Acta

long-term storagé? Carboxylic groups are considered to be

the functional groups of humic substances which are mainly

responsible for the complexation of metal ions at low pH
values because of their strong actinide-complexing aBifiy;
in addition, phenolic, enolic, and aliphatic OH groups as well

as amino sites and possibly other functional groups may also
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H,0 O a experimental efforts, to many properties of these complexes.
. | RSN In addition, actinide chemistry is complicated by the fact
H20u™"" 72 U\OC/ o that solvation is essential. Short-range solvent effects can
H20w ” be modeled by explicit treatment of the hydration sphere in
' the guantum chemical mod&l,32 while long-range electro-

HOuw. [ o Hy ﬁ b s.tatic interaf:tions with Fhe bulk solvent are well described
HZOW----:,U’/ v Py via a po!arlzable continuum model (PCM)?5:34 Thesg .
HOp ”\oc R computatlonal methpd; have peen successfully appllgd in
"o studies of the coordination environment of solvated actinyls

AnO,"" (An = U, Np, Pu) and the stabilization energies of
these complexe&;28:3+38

The density functional (DF) investigation reported here
explored the structure and energetics of monocarboxylate
model complexes of uranyl with formiate, acetate, and

Realistic models for carboxylate complexes are difficult propionate ligands in solution, [JDOCR)]" (R = H, CHs,
to construct because, even for simpler systems, a variety ofand CHCHs). We compared bi- and monodentate coordina-
possible species, differing in number and coordination type tion of a carboxylic group, and we investigated short- and
of the carboxylate ligands, have been reported dependinglong-range solvation effects. These complexes are known
on the actinide element, metal and ligand concentrations, asto exist in solution at appropriate conditiolg#.1°-3%n the
well as on the pH valug!® Most available information refers  other hand, they may serve as simple models of complexing
to uranyl. A carboxylate group can coordinate to an actinide sites of humic substances. Thus, in the spirit of both these
in bi- or monodentate fashion (Figure 1); pseudobridging views, we have compared our results to structural infor-
coordination (i.e., monodentate coordination accompanied mation from the EXAFS experiments. Previous efforts to
by a hydrogen bond between the free carboxylate oxygenclarify the structural aspects of complex heavy-element
and an aqua ligand of the uranyl) has also been sugg&sted. systems, like heterogeneous catalystgve provided us with
The U-O. bond between an uranium center and the oxygen the experience that it is very useful to supplement EXAFS-
atoms of a carboxylic group (Figure 1) and the distane€2U derived information by accurate computational results. In
to the carbon center of the carboxylic group are commonly addition, to assess the quality of our computational approach,
used as indicators for the coordination mode of the carboxy- we also calculated uranyl triacetate, [({OOCCH)3] ~, as
late ligand to an uranyl moiety, when one evaluates X-ray a benchmark system with a well-characterized first ligand
data on crystals and EXAFS results for solutfdrt820 shel| 710151939

For some time, quantum chemistry studies of actinide

Figure 1. Schematic structure of uranyl monocarboxylate complexes{UO
(OOCR)(HO)q] ™ (R = H, CHs, CH,CHz). The carboxylate ligands are
coordinated in (a) bidentate and (b) monodentate fashions to the uranyl
ion. Additionally, three and four aqua ligands are coordinated in the
equatorial plane to yield pentagonal coordination of the uranium center.

compounds were scarce because the required simultaneous©mputational Method

treatment of relativistic effects and electron correlation

We carried out scalar-relativistic all-electron calculations with

presented a great challenge. Recent developments of quanturthe LCGTO-FF-DF (linear combination of Gaussian-type orbitals

chemistry method$ 28 rendered relativistic electronic struc-

fitting function density functional) methdHas implemented in the

ture calculations possible even for large complexes of heavyparallel code ParaGau$s'® The relativistic density functional
elements and opened a computational route, complementmgnethOd applied is based on the second-order Dotidlas!l —Hess
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refrained from including spirorbit interaction because all species instance, with g exponents, the bond lengths of uranyl monoformiate
examined feature U(VI) centers and a closed-shell electronic in monodentate coordination changed by less than 0.002 A, and
structure. the total energy changed less than 4 kJ Thol

We employed two exchange-correlation functionals: the local-  Long-range electrostatic solvation effects were taken into account
density approximation (LDA) as parametrized by Vosko, Wilk, and using & PCM variant, the COSMO (conductor-like screening model)
Nusair (VWN)*S and the gradient-corrected functional (generalized mMethod*as implemented in ParaGau$sn the COSMO approach,
gradient approximation, GGA) suggested by Becke and Perdew @S in all continuum models, the solute is placed inan empty CaVity
(BP)#6:47 Structures were optimized at the LDA level, invoking a  Of @ dielectric medium. The solute cavity for the electrostatic part
quasi-Newton algorithm and analytical ford84.DA often yields of the solute-solvent interaction was constructed from atomic
more accurate results for molecular geometries and frequenciesSPheres of van der Waals radfiiscaled by 1.2 (except for H);

whereas gradient-corrected functionals yield improved binding @dditional spheres were created according to the GEPOL algo-
energieg950 Therefore, we applied the GGA-BP functional self- ithm.>**"The dielectric constant of water was takereas 78.39.

consistently to calculate binding energies in a “single-point fashion” 1N addition to the original COSMO model, the ParaGauss solvent

at structures that had been optimized at the LDA-VWN level. The module also accounts for short-range nonbonding solvent effects
symmetric uranyl stretching frequency was determined via numer- (Cavitation energy, etc.) via a force fieid.

ical second derivatives, keeping other degrees of freedom frozen.
On the basis of tests for uranyl monocarboxylate complexes in the
gas phase, we estimate deviations from a complete frequency Our choice of structural models for uranyl monocarboxylate
analysis to be less than 5 cf complexes in aqueous solution has been guided by pertinent X-ray

The Kohn-Sham orbitals were represented by flexible Gaussian- Crystal structure data and EXAFS results. For that reason and to
type basis sets, contracted in a generalized fashion using appropriat@rovide a basis for the subsequent discussion of the results, we
atomic eigenvectors. For U, we used a basis set of the size (24ssummarize the experimental background, including structural
19p, 16d, 11ff* contracted to [10s, 7p, 7d, 4f]. The light atoms characteristics that are commonly invoked to distinguish between
were described by standard basis §2{8s, 5p, 1d)— [5s, 4p, 1d] bi- and monodentate coordination modes of the carboxylate group
for C and G2aband (6s, 1p)— [4s, 1p] for H52a¢|n the LCGTO- (Figure 1).

FF-DF method, the classical Coulomb contribution to the eleetron Only X-ray crystal structures provide definite information on
electron interaction is evaluated via an approximate representationthe coordination type of carboxylate ligands. According to an
of the electron density using an auxiliary basis*dathe exponents ~ Overview of several crystalline uranyl carboxylate complékes
of the corresponding s- and-type “fitting functions” were bidentate coordination is generally characterized by tweQJ
generated from the orbital basis by a standard procédweadded ~ distances of 2.48& 0.05 A, associated with one-C distance of
five p-, d-, and f-type “polarization exponents” each as geometric 2.86+ 0.05 A per carboxylate ligand (Figure 1a); the-O distance
series with a progression of 2.5, starting with 0.1, 0.2, and 0.3 au, does not represent a direct bond, of course. On the other hand,
respectively. Thus, the auxiliary charge density basis sets were (24sdistinctly shorter U-Oc distances, 2.3% 0.05 A, were found for
9r2, 5p, 5d, 5f) for U, (9s, 5; 5p, 5d) for C and O, and (6s,2r monodentate coordination (Figure B8)the corresponding JC
5p) for H. A comparison with results of other DF calculations distance of 3.5+ 0.1 Ais clearly elongate#*! Distances to oxygen
confirmed the accuracy of the current FF approach for actinide centers, 4-Oy, of the first hydration shell, 2.42 0.06 A, are
complexe$?3 Extension of the auxiliary basis of U by a set of five ~ Similar to the U-O; distances in the monodentate cé&5Bi- and
g exponents, constructed according to the procedure given abovemonodentate coordination yleld similar distances to terminal oxygen
confirmed the accuracy of the selected auxiliary basis set. For centers of uranyl, &0, 1.76+ 0.03 A0
The interpretation of the corresponding EXAFS data is normally
(42) Belling, T. Grauschopf, T.; Kager, S.. Mayer, M.; Ncemann, F. based on a comparison with typical distances derived from X-ray
Staufer, M.; Zenger, C.; Rah, N. InHigh Performance Scientific diffraction on crystal structures. However, in the EXAFS spectra,
and Engineering Computingungartz, H.-J., Durst, F., Zenger, C., it is often not possible to differentiate various types of-O
ci Lo Mo n Conpualon Scetce and Efdneeing. Vol istances because 40, dsiances are comparable to-0,
(43) Belling, T.: Grauschopf, T.; Kiger, S.; Notemann, F.; Staufer, M.; distances of monodentate and sometimes even of bidentate car-
Mayer, M.; Nasluzov, V. A.; Birkenheuer, U.; Hu, A.; Matveev, A.  boxylate ligands. Therefore, only average equatorial distances
V.; Fuchs-Rohr, M. S. K; Shor, A. M.; Neyman, K. M.; Ganyushin, U—0Oeq can be derived.

D. I.; Rosch, N.ParaGauss version 2.2; Technische Univergita : . . .
Miinchen: Munich, Germany, 2001. Various EXAFS data in solution have been obtained on uranyl

Experimental Background and Models

(44) Hzberlen, O. D.; Rech, N.Chem. Phys. Lettl992 199, 491-496. complexation by carboxylic ligands such as acetate and glyco-
(45) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~ late10.14 Accordingly, bidentate coordination is characterized by
45) }32elc}(-e A. DPhys. Re. A 1988 38, 3098-3100. U—0. distances of 2.432.50 A associated with YC distances
(47) Perdew, J. FPhys. Re. B 1986 33, 8822-8824:1986 34, 7406. of 2.84-2.91 A; these results are similar to previously discussed
(48) Nasluzov, V. A.; Rech, N.Chem. Phys1996 210, 413-425. data in crystalline systems. For bidentate coordination, equatorial
(49) Ziegler, T.Chem. Re. 1991, 91, 651-667. oxygen distances HOgq are 2.42+ 0.04 A on averagé?14se

(50) Galing, A.; Trickey, S. B.; Gisdakis, P.; Rah, N. InTopics in
Organometallic Chemistry, Vol.;8Brown, J., Hoffmann, P., Eds.;
Springer: Heidelberg, Germany, 1999; pp +a®%5.

(51) Minami, T.; Matsuoka, OTheo. Chim. Actd 995 90, 27—39. (54) Klamt, A.; Schiirmann, G. JJ. Chem. Soc., Perkin Tran$993 2,

(52) Van Duijneveldt, F. BIBM Res. Repl971 RJ945. (b) Huzinaga, S.; 799-805.

Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E.; Sakai, Y.; (55) Bondi, A.J. Phys. Chem1964 68, 441-451.
Tatewaki, H. Gaussian Basis Sets for Molecular Calculatipns  (56) Pasqual-Ahuir, J. L.; Silla, El. Comput. Chem199Q 11, 1047—

Definitive EXAFS data for monodentate coordination in solution

Elsevier: Amsterdam, 1984 [O: d exponent 1.15; C: d exponent 0.60]. 1060.
(c) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Physl984 80, (57) Silla, E.; Tun, I.; Pasqual-Ahuir, J. LJ. Comput. Cheml991, 12,
3265-3268 [H: p exponent 1.0]. 1077-1088.
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are rare: average tOeq values are~2.38 + 0.04 A1014\When
U—C distances of~2.9 A (indicative of bidentate coordination)
are absent, then these-d.q distances are generally assigned to
monodentate carboxylate ligan¥Typical U-0O,, distances in
solution of 2.384+ 0.02 and 2.430.01 A have been reported for
[UO,(CH;COO)]" and [UO(H,0)s]?", respectively; they indeed
are similar to reported YOy values!o.3558
EXAFS data both on the complexation of actinides by natural
and synthetic humic acids, from crystalline compounds and in
solution, indicate predominantly monodentate coordination, based
on average YO distances of 2.372.39 A and missing UC
distances near2.9 A2205960However, it is unclear why only
monodentate complexation of actinides should occur, considering
the complex structure of humic substances and the predominance
of carboxylic groups as complexing sites.
To contribute to the discrimination of mono- and bidentate
complexes, we decided to study different coordination modes in
model complexes of uranyl with formiate, acetate, and propionate
ligands, [UQ(OOCR)]" (R = H, CHs;, and CHCHy). In these
models, we accounted for the strong short-range solvent effects by
adding explicit aqua ligands in the first hydration sphere, three for
bidentate and four for monodentate coordination. In this way, the rigure 2. Optimized structures of uranyl triacetate complexes UO
typical pentagonal coordination of an uranyl moiety is achieved (OOCCH)s]~ (a) without and (b) with three additional water molecules to
(Figure 1)!11461Hexagonal coordination has been suggested for s_;imulate hydrogen bonding of the solvent to the carboxylate groups (dashed
some uranyl carboxylate complexés. lines).
To reduce the computational effort, we appli€d symmetry Table 1. Calculated Structural Parameters (LDA, A) and Symmetric
constraints in all our models, except for the bidentate coordination Uranyl Stretching Frequencys (cm™Y), of Uranyl Triacetate,
mode with R= H (C,,). In the monodentate systems [WO [UOZ(QOCCH;)g]i for Bidenta_te Coordination in Comparison to
(OOCR)J, we chose the equatorial uranyl plane, spanned by O cE))t<rp])er|mental Data from Solution (sol) and Crystals (cryst) as well as
; . er Calculated Results (caléd)
centers of the carboxylate ligand {Gand the aqua ligands ()
as the symmetry plane (Figure 1b). For the bidentate systems, we [VO2(00CCH)3~ U=0G,  U-O; U-C  U-CHs s

considered the equatorial plane as well as a plane perpendicularto GP 1.792 2.449 2.816 4315 837
it which includes the uranyl moiety (Figure 1a). In the following, Z'C:”\i o i?gg %-igg ggg Z‘gg? gé%
we will dISCUSS_ only results from the_energetlcally more stable PCM+ 3H,0 1792 5438 5849 4323 831
conformers which feature the equatorial plane as a mirror plane. '

; ; exp
In general, the differences between the two bidentate models are sob 178(2) 2.44(2) — 434 823

small (i.e., distances, angles, and total energies differ by less than  ¢yge 1.78(1) 2.48(2) 2.88(3) — -
0.02 A, 2, and 10 kJ moal?, respectively).

calcd!
GP 1.81 251 — 4.38 -
Results PCM 1.81 2.50 - 4.38 -

: _ aGiven are results from gas phase (GP) and solvation (PCM) calculations,
Uranyl Triacetate as a Benchmark.To assess the accur as well as results including three water molecules to simulate hydrogen

acy of our computational approach, we first studied uranyl bonding to the carboxylate groups3H;0). For the designations of atoms,
triacetate, [UQ(OOCCH)3]~, as a benchmark system, as- see Figure 1° Refs 15 and 19 Average from refs 7, 8, 9, and 16ZORA
suming bidentate coordination of all three ligands &hd GGA, ref 16.

symmetry (Figure 2a). This complex is suited as a test caseadded in the uranyl equatorial plane to account for hydrogen
because, on one hand, experimental data confirming ourponds to the carboxyl groups.

structural model are available for comparisoff;*>*on In Table 1, we present computational results on uranyl
the other hand, the uranium coordination sphere of fUO  rigcetate both from the gas-phase (GP) and solvation (PCM)
(OOCCHy)s] ™ is saturated by three acetate ligands and thus cg|culations. Both sets of results are quite similar. As the
there are no short-range solvent effects via aqua ligandsmain difference, we note that the-d, distance is slightly
directly coordinated to the metal center. To investigate the ghorter in solution, by 0.025 A; other pertinent bond distances
influence of aqua ligands in the second hydration shell, we jiffer at most by 0.02 A. The elongation of the=®; bond
also examined the solvated model species{AOCCH)s- (0.01 A) in the PCM calculation is reflected in a slightly
(H20)s]~ (Figure 2b) where three water molecules were requced uranyl stretching frequency, which is calculated 26
cm ! lower than that for the corresponding complex in the

(59) Denecke, M. A.; Reich, T.; Pompe, S.; Bubner, M.; Heise, K. H.. gas phase. Models with three explicit water molecules in
Nitsche, H.; Allen, P. G.; Bucher, J. J.; Edelstein, N. M.; Shuh, D. gas p ‘ P

K.: Czerwinski, K. R.Radiochim. Acta1998 82, 103-108. the second coordination shell yield slightly longer equatorial
(60) Igchmheicgje,@lf-: Sacchr?, SA; ggtéggrésl\ﬂi;lggcl%ﬂ Heise, K. H.; bond distances. Both in the gas phase and in solution (PCM),
ernnard, norg. Im. AC . _ . .
(61) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.; the U-O,, U—C, and U-CH; distances increase abouF the
Wiley: New York, 1988; pp 986993. same amount (0.01 A, 0.03 A, and 0.02 A, respectively)
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because of the aqua ligands in the second hydration shellTable 2. Calculated Structural Parameters (A) and Symmetric Uranyl

; Stretching Frequency;s (cm™1), of [UOx(OOCR)(HO)n] " (R = H,
E)Table 1)'hAS eXp(la_Cteda the ;ormatlon of ?ygroge% bonds CHs, CH,CHjg) Exhibiting Bidentate (bin = 3) and Monodentate
etween the aqua ligands and thed®nters of the carboXy-  (mono,n = 4) Carboxylate Coordination in Comparison with

late groups weakens the uranium carboxylate bond©LJ Experimental Data for Aqueous Solution (sol) and Crystals (cryst)
Concomitant with this weakening of the equatoriat O R U=0, U-O, U-C U-0, U—Oeqq s
bonds, th_e terminal &0; bonds become stronger, as ;7 1783 2394 2770 2356 2371 860
reflected in the shorter bond, by 0.01 A, and the larger CHs 1.787 2371 2769 2360 2364 858
symmetric stretching frequency, 20 ch(Table 1). CHCH; 1786 2369 2768 2369  2.369 853
AHOav 0.03 011 010 - 0.16 —57
_ The most el_aborate mo_del (PCMt ?fHZO' Tab_le 1) _ APCMav 0.01  0.04 003 —-006 -002 -24
includes solvation effects via three explicit aqua ligands in exptl CHgsoP 1.78(1) 2.50(2) 2.91(2) 2.38(2) 2.43(2) 861
the second coordination shell and a PCM treatment. Of all i;’;sf, i;ggg g-igggg g-ggggg g-gggg gié% -
modgls, its structure agrees best with the EXAFS data for mono H 1788 2221 3400 2415 2376 851
solution?s Deviations are less than 0.01 A for the bonds CHs 1790 2201 3401 2421 2377 846
U=0, and U-O,, less than 0.02 A for the CH; distance, CHCH; 1.790 2201 3401 2421 2.377 849
1 . , AH,Oav 0.03 014 -0.01 - 037 -55
and only 8 cm?! for the symmetric uranyl stretching APCMav 001  0.04 0.03 —0.04 —002 -—22
frequency. These results illustrate the accuracy of our Abiav 000 017 -0.63 -0.06 —0.01 9

exptl sof 1.78(1) — - - 2.384) -

computational models; their quality is rather typical for cryst 176(3) 2.39(5) 35(1) 2.42(6)  2.36(2) —

actinide complexe¥53:62
. . aSolvent effects are included via explicit aqua ligands and a PCM
In Table 1, we also included Computatlonal results for treatment. Also given are average changds;O, from the addition of the

uranyl triacetate from a previous stdfiyvhere a similar aqua ligands to the corresponding bare complexes(OOCR)]" in the
computational approach (scalar-relativistic DF calculations ?Ssop)fﬁsi?{ gnggf\lﬂl\/é;r\m rt]f:ﬁeenth\figriggeOL Lh:n;;g}péljgecz Pédggngf)(-)r
with the GGA-PW91 functional, solvent effects via a PCM, cofnplnexes in solution with moﬁodenta?e coordination of the carboxylate
treatment) had been used. The results of these earliefigands with respect to the corresponding bidentate complexes. For the
calculations are almost identical for gas phase and PCM designations of atoms, see Figuré Refs 10, 19, and 39.Average values
models: interatomic distances agree to 0.01 A or better. ™M refs 10, 14, and 58 Average values from refs 9, 10, and 20.
However, compared to experimental data in solution, all
pertinent distances of that earlier study are too long (i.e.,
U=0 by 0.03 A, U-O, by 0.06 A, and U-CHs by 0.04
A).18 With a corresponding DKH GGA-BP PCM optimiza-
tion, we corroborated this overestimation of bond distances
(within 0.01 A) as typical for gradient-corrected exchange-
correlation functionals, and we confirmed our choice of the
local density approximatioff.>°

Geometry of Bidentate Uranyl Carboxylate Complexes.
Table 2 summarizes results for bidentate complexation of
the uranyl complexes [UQOOCR)(HO)s] ™ with R = H,
CHjs, and CHCH; (i.e., with formiate, acetate, and propionate
ligands (Figure 3)). As stated before, solvation effects were
taken into account by three explicit aqua ligands of the first
hydration sphere, supplemented by a PCM treatment.

The calculated structural parameters of these complexes
vary only slightly for the three residues R. While the
distances for the acetate and propionate complexes differ by
at most 0.01 A, somewhat larger deviations are found for
formiate, pointing toward a weaker bonding of the latter
ligand (Table 2). Compared to the former, larger ligands, o
the U-Oc bond is 0.02 A longer and the aqua ligands are a E%jzr(% g-CR())(F:_Eg)'SZﬁ’d Rsiu(g)ultisib())fcﬂégﬁldTc(;rgéacﬁz)%ﬁti | ggmg::xes
little closer to the center. This results in the shortest uranyl ¢oordination of the carboxylate group.

bond U=0; and the strongest uranyl symmetric stretching N o ]
frequency in the series. These trends, albeit faint, are by the addition of three explicit aqua ligands to a bare uranyl

confirmed by energetic considerations and are also obtainedcarboxylate complex [UROOCR)]" which was calculated
for monodentate carboxylate coordination (see below). N the gas phase; then, we embedded such an aqua complex

. . A
For a detailed investigation of solvation, we simulated [UO(OOCR)(HO)s] " in @ PCM environment, resulting in

short-range and long-range effects in two consecutive steps.ChangeSAPCM' All differences, A, listed in Table 2
represent average values for all three types of carboxylate

First, we determined the changes;1,0 (Table 2), caused o
complexes; deviations from these averages are less than 0.01

(62) Schiosser, F.: Kger, S.; Rech, N.Eur. J. Inorg. Chem2003 3144 A for distances and 6 cm for the uranyl stretching
3151. frequency.
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Explicit consideration of aqua ligands leads to a distinct
elongation of the uranium carboxylate distancesQ@} and
U—C by 0.11 A and 0.10 A, respectively (Table 2). The
U=0 distance elongated slightly, by 0.03 A, while the
O~=U=0, angle decreased from 176 172. These bond
elongations resulted from increased bonding competition with
the aqua ligands at the uranium center. The weaker uranyl
bonds were reflected in a reduction of the uranyl stretching
frequency, by~57 cnT! on average. These observed strong
effects caused by the coordination of aqua ligands confirm
previous findings*3® namely, that aqua ligands of the first
hydration shell interact rather strongly with the uranium
center.

Long-range solvent effects further elongated the distances
U—-0, U—C, and U=0, by 0.04, 0.03, and 0.01 A,
respectively (Table 2). Screening of polar bonds via polariza-
tion by the solvent leads to the®dPCM increments. The
weakening of the uranyl bond is reflected in a further
reduction of the uranyl stretching frequency ¥4 cnt?.

On the other hand, uraniunwater distances decrease by
~0.06 A because of the PCM treatment. Overall, one notes
that the solvent effects described by the PCM model are

; ; igure 4. Optimized structures of uranyl monocarboxylate complexes
noticeably smaller than the changes due to aqua ligands Of[Fuoz(ooc:R)(wO)41+, R = (a) H (b) GHy and () CHCHs, with

the first solvation shell. monodentate coordination of the carboxylate group.
Because only limited experimental structure data are

available for systems assigned as monocarboxylate speciesand U-C, respectively® Concomitantly, the average dis-
we compare our results also to averaged data of complexegance, U-Og, from uranyl to neighboring oxygen atoms is
with more than one carboxylate ligand and a total ef65 underestimated by-0.05 A. These discrepancies are sig-
equatorial O centers in solution (sol) as well as in crystals nificantly larger than typical errors of DF calculations; thus,
(cryst) (Table 2). The uranyl moieties are calculated to feature they may point to an overestimation of the uranium car-
terminal uranium-oxygen distances, €0;, of 1.78-1.79 boxylate bond distances in our models. On the other hand,
A and slightly bent @U=0, moieties with angles of 174 the rather long experimental interatomic distances between
177. The calculated B0, distances are typical for small U and the carboxylate for R= CH3 in comparison to
uranyl complexes and agree very well with the experimental averaged data for complexes with two or three bidentate
data for uranyl acetate, 1.78(1)*Aand the average data carboxylate ligands (Table 2) is hard to rationalize, if one

for bidentate complexes in solution, 1.78(1)!%# Con- considers that carboxylate ligands bind more strongly than
comitant with the accurate results forR@,, the calculated  aqua ligands (see below). Still, from these experimental data
symmetric uranyl stretching frequencies, of 853-860 it has been concluded that uranium is coordinated by 6
cm! also match the experimental value of 861 ¢rfor R (+£25%) equatorial oxygen atomd$ A comparison of our

= CH..'® The average uraniuraqua distances, YO, of results for uranyl complexes with one and three acetate

2.36 A are in satisfactory agreement with experimental data ligands shows that both distances-0O. and U-C, are
for acetate, 2.38(2) A% as well as with the averages of the reduced by 0.05 A for the monoacetate, while the corre-

experimental data;-2.40(4) A1°%8 The values for B=0,, sponding data in ref 10 for monoacetate exceed even the
U—0y, andvs are also quite similar to the results calculated experimental results for triacetate (Table”132:15
for the solvated uranyl ion [UQH.0)s]2": 1.78 A, ~2.36 Geometry of Monodentate Uranyl Carboxylate Com-

A, and 866 cm, respectively. As for the other data discussed plexes.We now turn to the corresponding calculations for
here, that calculation of the solvated uranyl ion applia2d  monodentate coordination in [U@OCR)(HO)4] ™ with R
symmetry and a PCM treatment of solvation effects. Thus, = H, CHs, and CHCH;z (Table 2, Figure 4). Solvation effects
a bidentate carboxylate group affects the uranyl moiety in were taken into account as before; however, to reach
much the same way as two aqua ligands. pentagonal coordination of the uranyl moiety, four explicit
The uranium carboxylate bond is characterized byQJ agua ligands were added to the complexes. In addition to a
and U-C distances of 2.372.39 and 2.77 A, respectively  general discussion, we will compare our results to those for
(Table 2). However, these distances are distinctly shorter,the corresponding bidentate complexabi(in Table 2).
more than 0.1 A, than the corresponding EXAFS data for R Again, all complexes feature similar optimized structural
= CHs, namely, 2.50(2) A for U-O. and 2.91(2) A for parameters. Terminal uraniunoxygen distances, €0,
U—C00nly slightly smaller differences occur in comparison 1.79 A, were the same as those calculated for bidentate
to solution data for bidentate coordination, where average coordination. With @=U=0; angles of~172°, the uranyl
values of 2.46(4) and 2.87(4) A have been obtained fe) moieties were bent slightly more, and uranyl stretching
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frequencies, 846851 cn1!, were slightly smaller than in  Table 3. Lligand Abstraction Energies\Ecarb (eq+l) andAEaqua(eq 2)
; ; (in kJ molY), of Complexes [UQUOOCR)(HO)n]* (R = H, CH,

the corresponding bidentate cark_)oxylate complexes._AIso the CH,CHy) for Bidentate (bin = 3) and Monodentate (mona.— 4)

differences between the formiate complex and its twO coordination

congeners with larger ligands are similar—0 is 0.02 A

longer for formiate, while the aqua ligands are a little closer. Acary Afaqua

These indications of a weaker carboxylate bond agreed with— R cP PCM cP PCM
the finding that the formiate complex showed the shortest o e 208 e 289
U=0, distance and the largest uranyl stretching frequency CH§CH3 1151 293 390 238
of the series (Table 2). In agreement with qualitative  mono H 975 130 527 302
conclusions from the analysis of experimental dAtthe g:zcm ggg ﬂg gég ;gg

U—Q, distances were calculated to be notably shorter (2.21
A) and the U-C distances were significantly longer (3.40 _ Results are given for systems in the gas phase (GP) and for the PCM
. . solvation models, applying the GGA-BP exchange-correlation functional
A) than the corresponding parameters of bidentate com-j, a single-point fashion at the LDA-VWN optimized structures.
plexes: U-O, = 2.38 A and U-C = 2.77 A. Uranium-
aqua distances, 2.42 A, were determined to be longer thanwith available experimental results for solutions, 2.38 A
those in the bidentate complexesb{ = —0.06 A, Table (Table 2)114 However, as the present calculations show,
2). This finding can be rationalized by bonding competition the U—Og, distance is of limited value as key indicator of
with four, instead of three aqua ligands; apparently, a the coordination mode because it averages the widely
monodentate carboxyl ligand binds at least as strong as adiffering quantities U-O. and U-0O,, (0.2 A, Table 2). In
bidentate ligand. favorable cases, EXAFS measurements should be able to
As before, we analyzed solvent effects by a stepwise resolve two such bond distances when a carboxylate ligand
buildup of the models. Comparing the explicit coordination is coordinated in monodentate fashion.
of aqua ligands and bare complexes without PCM treatment We calculated the UC distances of monodentate ligands
(AH,0, Table 2), we note distinct elongations of the-O, to be 0.63 A longer than those for bidentate ligands; despite
(0.14 A) and U=0; (0.03 A) distances caused by bonding the deviations of absolute values, this trend is in good
competition with the four equatorial aqua ligands. As dis- agreement with the experimental estimate of 0.6(1) A for
cussed for bidentate coordination, incorporation of aqua solvated complexes (Table 2). It is not easy to assess the
ligands reduced the uranyl stretching frequency#®% cnt? calculated difference of the-£lO. distances (0.17 A longer
(Table 2). However, BC distances were hardly affected for bidentate coordination) because experimental values are
(AH,O = —0.01 A on average), despite the distinct elonga- restricted to crystal data from which one estimates that
tion of the U-O, bonds. This surprising finding results from  difference at 0.1 A (Table 2). In agreement with experiment,
the reduction of the BO,—C angle from 160in the bare we calculated the bonds from U to the aqua ligands slightly
complex to 147 in the complex with aqua ligands. This dis-  shorter in the bidentate case. Our calculated results for the
tinct change of the bond angle can be rationalized by the average value O, are at variance with the experimental
attraction between the “free” negatively chargegdd@nter trend that this structural characteristic9.04 A longer for
of the carboxylic group and the positively charged H centers bidentate coordination. Rather, one infers a slight shortening
of adjacent aqua ligands (Figure 4). Subsequent embeddingrom the calculations, by 0.01 A (Table 2). Note, however,

in a PCM environment resulted in smaller correctiohBCM, that intervals of the experimental results for both coordination
Table 2) which are comparable to those calculated for the modes overlap (Table 2).
bidentate complexes. Because of screeningQd U—C, Energetics.Finally, we will consider energetic aspects of

and U=0, distances are elongated by 0.04, 0.03, and 0.01 A, uranyl monocarboxylate species. We will compare bidentate
respectively. The B0, distance decreased by 0.04 A, and (bi, with n = 3 aqua ligands) and monodentate complexes
the uranyl stretching frequency was reduced~N82 cnt?t (mono, withn = 4 aqua ligands), preserving the equatorial
because of the slightly elongated uranyl bonds (Table 2). coordination number of uranyl at five. In the following, we
A comparison with available experimental data reveals that will use formal reactions to estimate the strength of metal
terminal uranium-oxygen distances, H0,, 1.79 A, are in ligand bonds. We model long-range solvation effects via
good agreement with the corresponding average experimentaPCM and account explicitly for the aqua ligands of the uranyl
value, 1.78(1) A4 Also the bond lengths of the aqua moiety because they are moderately strongly bound, but we
ligands, 2.42 A, are in line with typical experimental values neglect weaker hydrogen bonds. In these models (see below),
(e.g., 2.40(4) AYo8 The characteristic parameters of the we forgo thermodynamic corrections to the energetics.
carboxylate bonds, 90, (2.21 A) and U-C (3.40 A), were As a rough measure of metdigand bonding in uranyl
found to be considerably shorter than experimental resultsmonocarboxylate complexes, we calculated the ligand ab-
derived from crystal$?115%by ~0.2 A and 0.1 A, respec-  straction energieAEcanandAE,q.0f the carboxylate ligand
tively. Although these differences may be somewhat smaller and the aqua ligands, respectively (Table 3)
for complexes in solution, we expect a clear underestimation,
as in the case of bidentate coordination (see above). [UO,(OOCR)(H0).]" — [UO,(H,0),]*" + [RCOO] (1)

Furthermore, our result calculated for the averagedbond N
length in the equatorial plane, D¢ = 2.38 A, agrees well ~ [UO,(OOCR)(HO)]” — [UO,(OOCR)[" + nH,0  (2)
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Table 4. Fragmentation Energies\Exq (€q 3), and Ligand monodentate coordination vanishes if solvation is taken into
Substitution EnergiesAEsy, (€q 4) (in kJ mot?), of Complexes ; ; ;
[UOX(OOCR)(HON " (R = H, CHs, CH,CHs) for Bidentate (bin = 3) ac_counp The reduction of fragmentatlon energies can be
and Monodentate (mona, = 4) Coordinatiof rationalized by the_ large solvation energy of th(.a. small,
AE AE charged uranyl moiety=1245 kJ mot') which stabilizes
f b . . .
. & = o o - t the fragmentation products. Solvation of the carboxylate ion
_ (~ =270 kJ mot?) contributes to a smaller extent. The
bi 0 pp LI B fragmentation energies of bi- and monodentate complexes
3 - - . . .
CH,CHs 1964 615 —858 —05 in solution are essentially the same (Table 4). We thus
mono H 1970 602 —865 —82 conclude again that the binding energy of a bidentate
CHs 1989 616 —883 -96 ; ;
CH.CH, 1988 615 _a79 g5 carboxyl ligand is close to that of a monodentate carboxyl

ligand and an additional aqua ligand, corroborating the
aResults are given for calculations in the gas phase (GP) and with PCM ; ; ; ; ;
solvation models, applying the GGA-BP exchange-correlation functional preced'”_g analySIS ba_sed on I|gand a_b_StraCtlon energies.
in single-point fashion at the LDA-VWN optimized structures. In addition, we examined the competition between the aqua
und carboxylate ligands via the formal substitution of aqua

For the gas phase (GP), as well as in solution (PCM), the ligands of the solvated uranyl ion [U@,0)s)?" by a
carboxyl abstraction energiesEc,p, confirm that formiate carboxylate ligand

binds more weakly than the larger ligands (Table 3). This

finding is related to the electron-donating character of alkyl [yo,(H,0)J?" + [RCOO] —

substituents compared to the H in formiate and was also N

inferred from the structure data (see above). Carboxyl ligands [UO(OOCR)(HO)l ™ + (5 = mH,0 (4)

are strongly bound in the gas phase, by about 1150 k3'mol _ ) ) ) )

for bidentate and 1000 kJ mdlfor monodentate coordina- 1N corresponding reaction energigsy, are also listed in

tion, because of the strong Coulomb attraction of the charged Table 4. For all complexes considered, formation of bi- and

fragments. These differences are considerably reduced inonodentate species by substituting aqua by carboxylate

aqueous solution. The abstraction energy of monodentatdi9ands is favored both in the gas phase and in solution, in

carboxylate is estimated at140 kJ mot? and the bond is ~ @greement with the known complexing propensity of car-

stronger for bidentate coordination220 kJ mot™. Solvation boxylate ligands in aqueous solutibin the gas phase, the

effects also reduce the abstraction energy of the aqua ligandsSubstitution energlesEsubl are much larger (by absolute

One estimates the average binding energy per aqua ligand’alue), ~ —845 kJ mol* for bidentate complexes and

at 80 kJ mot! for bidentate and at 75 kJ nidl for ~ —875 kJ mat? for monodentate complexes. Substitution

monodentate carboxyl coordination. However, overall cor- IS Strongly exothermic because oppositely charged moieties

responding complexes of both coordination modes are @€ combined. In aqueous solution, the reactants are strongly

expected to be comparable in energy because the energy gaiﬁtablhzed, hence the reaction energies e:re S|gn|f|cantly

of ~80 kJ motin case of bidentate carboxylate coordination Smaller (by absolute value), abot80 kJ mot™ for bi- and

is essentially compensated by the loss of one aqua ”gandmonodentate compllexe.s. Again, the slight preference for

(Table 3). monodentate coordination, calculated for the gas phase,
To further examine the stability of the complexes for Vvanishes in solution.

different coordination modes, we determined the total  Note the rather similar substitution energies of the bi- and

energiesAEq,, of fragmentation of the solvated complexes Monodentate complexes (Table 4), despite the fact that an

into uranyl, carboxylate, and aqua ligands forRH, CHs, additional aqua ligand is released in the former case.
and CHCH; as reaction energies of the following transfor- Therefore, in aqueous solution, there is no clear energetic
mation preference for any of the two coordination modes when

solvation effects are accounted for. One expects a slight
[UOZ(OOCR)(I-EO)H]+ — thermodynamic preference for bidentate coordination when

[UOZ] 2+ 4 [RCOOT + nHZO 3) zero-point energies and entropy effects are taken into account.

Results from the gas phase and solvation calculations areDISCUSSIon

summarized in Table 4. All complexes are stable with respect The discrepancies between calculated structures of uranyl
to fragmentation both in the gas phase and in agueousmonocarboxylate complexes and EXAFS data, as just
solution. In the gas phase, because of the unfavorable chargelescribed, are rather large and noteworthy if one recalls the
separation, eq 3, fragmentation energies are very high:overall good agreement of density functional results for
~1960 kJ mot?! for bidentate complexes ang1980 kJ uranyl complexes with experimental structure ;>3
mol~! for monodentate complexes. Again, the formiate including our benchmark system uranyl triacetate (see above).
complex is calculated to be slightly less stable than the In the following discussion, we will summarize how our
complexes with larger carboxyl substituents. In solution calculated results for uranyl monocarboxylates differ from
(PCM treatment), the fragmentation energies drop to aboutexperimental data for various uranyl carboxylates. We also
one-third of these values~610 kJ mot? for bi- and will point out uncertainties which hamper a direct and more
monodentate complexes. The rather weak preference ofdetailed comparison.
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The main deviations from experimentally based informa- troscopy yields direct evidené&3® A recent EXAFS study
tion are related to the U0, distances of mono- and bidentate suggested that the prevailing coordination mode in a sample
coordination. These values are calculated too short by aboutmay change on the time scale of monthsn the basis of
0.2 and 0.1 A, respectively. Note, however, that the the observation of a slight increase ofQeqand coordina-
experimental value for the monodentate case refers to ation number. Despite all these complications, rather small
crystalline system where uranyl is coordinated by more than changes in geometric parameters and coordination number,
one carboxylate ligand (Table 2). Moreover, separation of as provided by fits of EXAFS data, are frequently attributed
equatorial U-O distances into different shells is not easy to changes of the predominant coordination mode and the
by EXAFS spectroscopy if bond distances are very simflar. number of carboxyl ligands'1820
Calculated and experimentally derived-Q distances differ In agreement with experimental indications that the
by up to 0.1 A for either coordination mode; the calculations coordination mode apparently changes with slight modifica-
again yield shorter values. On the other hand, treQJ tions of the pH, concentration, ligand type étt418our
uranyl bonds as well as the-tD,, distances to the oxygen calculated results suggest that mono- and bidentate coordina-
centers of aqua ligands agree well with experiment. Yet, the tion exhibit similar stability. However, calculated structure
averaged value, YO, satisfactorily matches the experi- differences exceed the uncertainties of EXAFS determina-
mental value only for monodentate complexes. For bidentatetions discussed above. These discrepancies can, at least
complexes, the calculations underestimate this quantity by partially, be attributed to the fact that in the experiment it is
~0.05 A. This latter discrepancy is somewhat larger than not easy to exclude the presence of complexes with more
typical experimental error bars. The more pronounced than a single carboxyl ligand. This is in accordance with
differences calculated for the uramdarboxylate distances, the geometric differences calculated for mono- (coordination
U—0O. and U-C, are obviously outside experimental uncer- number 5) and triacetate (coordination number 6) complexes
tainties. in solution. For instance, the calculated distancesdJand

The differences between experimental structures of mono-U—Ogqincrease by more than 0.05 A on going from uranyl
and bidentate complexes are qualitatively reproduced by themono- to triacetate (Tables 1 and 3). Thus, the longe©k),
calculations, but the calculated change of @, is larger distance of bidentate triacetate complexes in solution found

than in the experiment. In particular, the longer-Ogq experimentally (0.06 A relative to monodentate complexes)
distance suggested by experiment for bidentate coordinationcan be mainly attributed to an in increase of the coordination
is not reproduced by the calculations. number from 5 to 6. Because EXAFS studies yield the

A crucial approximation of our study is the use of models coordination numbeNe, corresponding to B Oeq with an
with Cs symmetry constraints. To check the consequences,uncertainty of 1525%/1%1418 such a change cannot be
we examined the structures of uranyl monoacetate by excluded. Also, the experiments may have been carried out
reoptimization without symmetry constraints, confirming all for an ensemble of monodentate (or pseudobridging) and
resulting minima by a normal-mode analysis. For bidentate bidentate complexes.
coordinated species, bond lengths relaxed less than 0.005 The discussion so far did not furnish a coherent rational-
A, hence changes were negligible. As expected, strongerization of calculated and experimental findings; therefore,
effects were determined for monodentate coordination, butwe will now address further aspects of our models. Our
it is important to note that they did not redupertinent computational models are based on pentagonal coordination
discrepancies with experiment. These structure changes aref uranyl because it was found to be preferred in general in
due to the rotation of the aqua ligand adjacent to the various experiment&®¢and computational studié%32Our
uncoordinated carboxylate oxygen (Figure 4b), resulting in own computational woi®3¢ as well as a recent reviéw
a pseudobridging coordination with a hydrogen bond to this confirmed this conclusion for uranyl complexes in aqueous
O atom. Concomitantly, the HO. bond elongates by 0.09  solution of low pH. However, other structures of the first
A and the U-C, as well as U-O,, distances decrease by coordination shell (with 4 or 6 aqua ligands) have also been
about 0.05 A. Hence, the O, bonds of monodentate and  discussed®35%8Additional aqua ligands would increase the
bidentate complexes are now underestimated by the samdonding competition at the uranium center, hence result in
amount, 0.1 A (Table 2). Nevertheless, the average distancejonger equatorial O bonds. In fact, we have calculated
U—Oe, Of the monodentate complex remains essentially for [UOy(H20),]* in aqueous solution that the +O,
unchanged at 2.36 A, still in good agreement with the distance elongates from 2.31 to 2.36 and 2.41 Apfer 4,
experimental value of 2.38(4) A (Table 2) and the corre- 5, and 6, respectively. Also uranyl carboxylate crystal
sponding value of the bidentate complex (2.37 A). Thus, the structures demonstrate that—®e, distances vary with
main discrepancies to the experiment for O; and U—Ogq coordination number. From the database assembled in ref
exist also for models without symmetry constraints. 20, one derives average+0eq values of 2.3%- 0.04 and

The experimental situation is complicated by the fact that 2.48 + 0.03 A for coordination numbers 5 and 6, respec-
the number of carboxylate ligands and their coordination tively. From EXAFS data on complexes in solution with
modes depend strongly on pH and the relative concentrationcoordination assigned according to reported coordination
with respect to uranyl. In addition, different uranyl carboxy- numbers as well as speciati&h,**>one derives a smaller
late complexes can coexist.>**While EXAFS spectroscopy (63) Den Auwer, C.; Simoni, E.; Conradson, S.; Madic,Edr. J. Inorg.
provides an average over such ensembles, vibrational spec- = Chem.2003 21, 3843-3859.
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difference, namely, 2.3% 0.03 A for Neg =5 and 2.43+ offering chelate-type complexation. Thus, the straightforward
0.03 A for Neq = 6. These latter values have to be taken interpretation of those EXAFS results as indication for
with due caution because of the error bardlgf(see above). monodentate complexation of uranyl by humic acids, on the
In contrast to the strong changes of-0,, for different basis of a comparison with small carboxylic acids, needs
coordination numbers, the calculated average values offurther discussion.
U—0Ogq are very similar for monocarboxylates with mono- To clarify open questions raised above, further experi-
and bidentate coordination (Table 2). However, calculated mental efforts to discriminate different equatoria-0
U—C distances, which are also used to identify the coordina- contacts are desirable, although this is known to be a difficult
tion mode, are in qualitative agreement with the experimental task!® Also, it will be helpful to extend computational
values (Table 2). For coordination number 5, this indifference modeling beyond the symmetric structures treated in the
of U—Ogqto the coordination mode of the carboxylate ligand present work and, in addition, to account for the effects of
can be rationalized by the concept of bonding competition the hydrogen-bonded network of further solvation shells.
between aqua and carboxyl ligands. The stronge©bond Such work is in progress in our group.
of a monodentate carboxylate (144 kJ miplTable 3)
compared to a bidentate complex (112 kJ mgler bond)
results in weaker and concomitantly longer aqua ligand We started our density functional modeling of uranyl
bonds. The average binding energy of aqua ligands wasmonocarboxylate complexes with uranium triacetate fJO
calculated at~74 kJ mot* for monodentate carboxylate (OOCCH)s]~ to establish the accuracy of calculated struc-
complexes, compared t©80 kJ mot? for bidentate com-  tures. For this benchmark system, we were able to reproduce
plexes (Table 3). Thus, the experimentally observed changeexperimental data very well; pertinent bond distances devi-
of U—0O¢q on going from mono- to bidentate complexes ated less than 0.03 A. This agreement improved (deviations
is more likely to be the result of an accompanying altera- less than 0.02 A) when three additional water molecules of
tion of the average coordination number than a rearrange-the second hydration shell were included in the model to
ment of the first coordination shell at a fixed coordination account for hydrogen bonding to the carboxylate groups.
number. The main goal of the present investigation was to construct
Furthermore, one may consider improving the models by models of uranyl monocarboxylate complexes. For this
simulating hydrogen bonds between the negative oxygenpurpose, we first compared bi- and monodentate structures,
centers of the carboxylate groups and water molecules ofsuitably complemented with aqua ligands to achieve pen-
the second hydration shell. Such hydrogen bonds aretagonal coordination in the equatorial plane of the uranyl
expected to reduce the uranigroarboxylate interaction  moiety. As in previous studied;®8%2solvation effects due
resulting in longer U-O, bonds. However, three further water  to explicitly coordinated aqua ligands turned out to be strong,
molecules in our model of uranyl triacetate (see above) whereas solvation modeling via a polarizable continuum
increased the YO, distance by only 0.01 A. For complexes model (PCM) yielded only smaller corrections. Comparing
in solutions of low pH, one may also consider protonation calculated and EXAFS-derived distances, as well as calcu-
of a carboxylate group. lated and measured uranyl stretching frequencies, we found
Uranyl is known to form various hydrolysis species, with that our models seem to overestimate the carboxylate bonding
increasing pH, which could exhibit significantly changed to the uranyl moiety (i.e., the O bonds to the carboxylate
structure parametefé.%® The presence of carboxylate ions groups were calculated too short by at least 0.1 A). Geometric
suppresses the formation of hydroxide complexes in solution; parameters such as the uranyl bonds=Q@), the bond
speciation calculations did not yield any evidence for larger distances from uranyl to the aqua ligands, and the average
amounts of these species together with carboxylates, at least—0Ogq distance of monodentate carboxylate complexes, as
at lower pH values and low temperatuf€<On the other well as other qualitative differences between the coordination
hand, also a small fraction of pure hydroxide complexes or modes, agree with experiment.
mixed complexes with carboxylates could affect ensemble  Our calculations did not provide a clear energetic prefer-
averages of structure parameters, if the geometric parametergnce among bi- and monodentate uranyl monocarboxylate
of these alternative complexes would considerably deviate complexes in aqueous solution. The sum of the ligand-
from those of pure carboxylate complexes. binding energies is very similar for both types of coordina-
All the arguments apply equally well to the more tion. U—O bonds to carboxylates were calculated stronger
complicated case of a comparison with the EXAFS results (100—140 kJ mot?) than bonds to aqua ligands (785 kJ
of humic acid$:2%5%89There, one has to take into account molt). Bond competition between these two types of ligands
that complexing sites other than carboxyl groups may affect resulted in average YOgq values that, at fixed coordination
the EXAFS spectra. Most probable candidates would be sitesnumber are almost independent of the coordinatironde
From our discussion of various sources for the discrep-

(64) Katz, J. J.; Seaborg, G. T.; Morss, L. The Chemistry of the Actinide i
Elements 2nd ed: Chapman and Hall: New york 1086, Vol. 2. pp ancies between EXAFS results and our calculated structures,

Conclusions

1480-1495, we conclude that straightforward interpretations of spectra
(65) Sylva, R. N.; Davidson, M. RJ. Chem. Soc., Dalton Trang979 of complexes in solution by reference to structures from
(66) ‘E?@;‘S?é‘igé'g"o’ G.: Omenetto, N.: Parma, L.: Grenthel.IChem. crystals seems to be questionable in the case of carboxylates.

Soc., Faraday Transl995 91, 2275-2285. Pertinent uncertainties are the number and type of species
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present in solution at the same time and the geometric detailsdination geometry. This holds independent of the results for
of their coordination. On the basis of evidence from our U—C which more clearly indicate the coordination mode.
calculations on uranyl triacetate and monocarboxylates, as
well as the solvated uranyl ion, we suggest that variations Lo .
of average U-Oqdistances derived in EXAFS investigations Bundesministerium fluW|rtschaft. und Arbeit ((_Brant No.
are more probably caused by changes of the coordination02E9693) and Fonds der Chemischen Industrie.
number than by frequently invoked variations of the coor- 1C050767Y
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