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Complexation of Uranium(VI) with Aromatic Acids in Aqueous Solution:
A Combined Computational and Experimental Study
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The complexes of uranium(VI) with salicylhydroxamate, benzohydroxamate, and benzoate have been investigated
in a combined computational and experimental study using density functional theory methods and extended X-ray
absorption fine structure spectroscopy, respectively. The calculated molecular structures, relative stabilities, as well
as excitation spectra from time-dependent density functional theory calculations are in good agreement with
experimental data. Furthermore, these calculations allow the identification of the coordinating atoms in the
uranium(VI)—salicylhydroxamate complex, i.e. salicylhydroxamate binds to the uranyl ion via the hydroxamic acid
oxygen atoms and not via the phenolic oxygen and the nitrogen atom. Carefully addressing solvation effects has
been found to be necessary to bring in line computational and experimental structures, as well as excitation

spectra.

1. Introduction

Natural organic matter and microbes can influence the
migration behavior of actinides, particularly of uranium,
in the environment. For the assessment of risks connected,
for example, with long-term nuclear waste disposal,
knowledge of the binding modes of uranium under the
various environmental conditions is important. Therefore,
it is necessary to investigate the complex formation of
uranium with selected bioligands, particularly with sid-
erophores of the pyoverdin type, which have a high
potential to bind actinides.'™® These natural ligands are
secreted by ubiquitous aerobic soil bacteria of the genus
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Pseudomonas to assimilate Fe(III) under iron-limiting
conditions. Pseudomonas species have been found in
former uranium mining areas in Saxony and Thuringia,
Germany,’ and the secreted pyoverdins are known to
mobilize uranium from shale mine tailings'® because of
their unique uranium(VI)-binding properties.*>” The
preferred actinide binding functionalities of pyoverdins
are the hydroxamic acid group at the peptide chain and
the catechol group of the chromophore.®'! In previous
UV-vis'? and time-resolved laser-induced fluorescence
spectroscopy (TRLFS)'? studies of the complexation
behavior of this hydroxamic acid group, salicylhydroxamic
acid HOCcH,CONHOH (Hsha) and benzohydroxamic acid
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Figure 1. [UO,L]" (L = sha, bha, ba) gas-phase molecular structures; 1, 2, 3, and 4 correspond to the [0,0]- and [N,O’]-mode [UO,sha]*, to [UO,bha]™,

and to [UOba] ™, respectively.

CsHsCONHOH (Hbha) were used as simple model ligands.
As a comparison to the hydroxamic acids, benzoic acid
C¢HsCOOH (Hba) was also investigated. Both studies
clearly show that the strength of the complex forma-
tion decreases from sha~™ via bha~ to ba~ (stability
constants logB([UOyshal™) = 16.3, logf([UO,bhal™) =
7.5, logf([UOzba]™) = 3.0). Furthermore, the absorption
and fluorescence properties of the uranium(VI) species
formed with sha™, bha™, and ba~ were determined. If the
uranyl ion UO,?* is coordinated by the hydroxamates sha™
or bha”, a blue shift of the absorption maximum is
observed, whereas coordination to the carboxylate ba™
results in a red shift of the absorption maximum with
respect to the spectrum of the “free”, that is, water-
coordinated, UO,2t.12

The structural data of actinide hydroxamate and benzoate
species are scarce. The model ligands sha™, bha™, and ba~
were found as coordinating metal ions as bidentate ligands
via the two hydroxamic'*'3 and carboxylic oxygen atoms,
respectively, with metal-oxygen distances of 1.88-1.98 A
in Cr(V)—sha and —bha,'® 2.06 A in Pt(I)—sha,'” 2.407 A
in U(VD)—ba,'"® and 231 A in Eu(Il)—ba'® systems.
Although sha™ is mainly discussed as coordinating metal ions
via the two hydroxamic oxygen atoms ([O,0O]-mode), there
is at least one other reasonable coordination mode via the
phenolic oxygen and the nitrogen atom ([N,O’]-mode),
compare Figure 1.
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Although extended X-ray absorption fine structure (EX-
AFS) spectroscopy alone is often not sufficient to solve the
structure of uranium(VI) species, particularly in the presence
of mainly light backscattering atoms (C, N, O) in the near-
order surrounding of the absorbing uranium atom, it has been
shown?’~® that a combination of EXAFS spectroscopy and
quantum chemical methods is a useful tool not only to
investigate structures but also to estimate complex stabilities
in solution, for example, of uranium(VI) hydroxides,*’®
fluorides,>>?” carbonates,?! and oxalates.?>>°

In this paper, we present a combined computational and
experimental study using both EXAFS spectroscopy and
density functional theory (DFT) calculations to determine
precise molecular structures for the UO,*" complexes with
the model ligands sha™, bha™, and ba™ and to clarify the
coordination mode in the [UO,sha]™ complex. Furthermore,
calculated relative stabilities and time-dependent DFT (TD-
DFT)*! excitation spectra are compared to previous
experimental stability constants'>'? and UV-vis spectra,'
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respectively. Because all experiments are performed in
aqueous solution, solvation effects are carefully addressed
within the DFT calculations using both an explicit first
hydration sphere for the UO,** fragment and a continuum
model.

2. Computational Details

The uranium(VI) complexes [UO,L]" (L = sha, bha, ba)
were completely geometry-optimized (symmetry C;) at the
DFT/B3LYP level**~” using the TURBOMOLE, version 5.7
program system.38 For [UO,sha]™, both the [O,0]- and the
[N,0’]-modes were considered. To ensure that the obtained
structures are true energy minima on the potential energy
surface (PES), numerical vibrational frequency analyses were
performed. For uranium, the 5f-in-valence Wood—Boring
pseudopotential (60 core electrons)* was used in combina-
tion with the (14s13p10d8f)/[10s9p5d4f] segmented con-
tracted valence basis set.*® The accuracy of this scalar-
relativistic valence-only model for structures and binding
energies, when used in combination with hybrid density
functionals, was demonstrated, for example, by Batista et
al.*' All other atoms were treated at the all-electron level
using standard polarized triple-& (TZP) basis sets from the
TURBOMOLE library. Except for the UO,>" oxygen atoms,
all oxygen and nitrogen basis sets were augmented by one
diffuse s-, p-, and d-function taken from the augmented
correlation-consistent polarized valence double-{ basis sets*?
(exponents O a, = 0.0790, o, = 0.0686, 0,g = 0.3320; N o
= 0.0612, a, = 0.0561, aq = 0.2300). Because in TUR-
BOMOLE, version 5.7,3% exchange-correlation energies are
numerically integrated on element specific grids and because
no grid for uranium is implemented, all calculations were
carried out employing the tungsten m5 grid by calculating
the corresponding WO,>" systems and by setting the tungsten
nuclear charge and mass to 92 and 238.03 u, respectively.
Total energies were converged to 107° Hartree (scfconv =
9). In addition to the optimizations of [UO,L]", calculations
including solvation effects were also performed (see section
2.1).

The electronic excitations were treated within the adiabatic
approximation of TD-DFT**** considering the 100 energeti-
cally lowest singlet excitations. For every calculated spectral
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Figure 2. Different levels of addressing solvation effects. Note that there
is no well-defined hierarchy among the levels 1 and 2.

line, one Gaussian function ag exp[—b (4 — Ao)*] was used
to represent the contribution to the spectrum. Here ay is the
oscillator strength, A is the wavelength, and » = 0.005 is a
broadening parameter. The continuous spectrum in a given
interval was obtained pointwise, as the sum over the 100
Gaussian functions, for each wavelength A.

2.1. Modeling Solvation. Within a stationary quantum
chemistry framework, one can address solvation effects on
molecular and electronic structure by applying continuum
models*® or by modeling parts of or complete discrete
solvation shells around the solute system of interest (levels
1 and 2, respectively, compare Figure 2). Moreover, one can
combine both in a hybrid-type level 3 approach, modeling
solute—solvent clusters for gas-phase conditions and correct-
ing for long-range interactions by single-point energy
calculations applying a continuum model. A level 4 approach
would furthermore involve molecular structure relaxation
within the continuum model potential.

Solvation effects on the [UO,L]" and UO,>* systems have
been modeled employing a hybrid-type level 3 approach. It
has been shown in recent investigations of UO,** hydra-
tion**~*” that this is a reliable strategy with inherent, but
known shortcomings, which can be identified within a well-
defined hierarchy of increasingly better approximations to
aqueous solution conditions (compare Figure 2). Moreover,
within a full level 4 approach, one encounters poor molecular
structure convergence** or convergence to PES saddle points
only,* which has been recently discussed to be an artifact
because of the discretization of the solute cavity employed
by the continuum models.*®

For level 3 single-point energy calculations, the conductor-
like screening model (COSMO)* was used as implementedso
in the TURBOMOLE, version 5.7 package.*® The continuum
permittivity was set to infinite. Solute cavities were con-
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structed using the COSMO default parameter set and the
COSMO-RS atomic radii’' of 1.30, 2.00, 1.83, and 1.72 A
for H, C, N, and O, respectively, and 2.00 A for UY
[UO,sha(OH,);]t COSMO screening energies for U atomic
radii varying within the 1.00-3.00 A interval were found
not to deviate from the 2.00 A radius screening energy by
more than 3 kJ mol™'.

Because of computational feasibility and because the
UO,>" fragment was expected to be the most strongly
affected by solvation effects, a complete solvation shell was
only modeled for the UO,>" fragment, that is, no discrete
L~ solvation was considered. A realistic number x” of OH,
ligands in the UO,?>" equatorial plane was obtained from
considering the rearrangements

[UO,L(OH,),_ OH,]" —[UO,L(OH,),]* (1)

with [UO,L(OH,),—;*OH,]" having x — 1 OH, ligands in
the first and one OH, ligand in the second UO,>" solvation
shell. Then, x” is the largest x for which the rearrangement
1 gives negative reaction energies. Within the level 3
approach, optimal molecular structures without and total
energies within the COSMO potential have been calculated
for the [UO,sha(OH,),—;*OH,]" (x = 3 and 4) and
[UO,sha(OH,),]* systems (x = 0, 1, 2, and 3). For
[UO,sha(OH,)4]", no PES minimum structure was found,
since during attempted structure optimizations the fourth OH,
ligand moved out of the first UO,>" solvation shell to give
[UO,sha(OH,);*OH,]™ in all cases. For x = 3,
[UOysha(OH,);]™ is favored over [UOzsha(OH,),* OH,]™ by
47 kJ mol™!. Rigorously, from this one can only infer that
x" = 3 is the minimum number of OH, ligands coordinated
to the UO,>" fragment of [UOysha]™. However, x” = 3 fits
best to experimental EXAFS coordination numbers. More-
over, for x = 0, 1, 2, and 3 the [UO,sha(OH,),]" mean
equatorial U—O, distances of 2.224, 2.330, 2.392, and 2.460
A, respectlvely, approach the experimental EXAFS value of
2.41 A as x increases. Although the x = 3 value is ~0.05 A
too large, this is known*>*** as a systematic level 3
overestimation of metal ion—OH, distances because of the
neglect of molecular structure relaxation within the COSMO
potential, which is the more severe the larger x is; this might
also be caused by the DFT/B3LYP method, which has been
shown to overestimate especially equatorial bond distances
in PuO,>* complexes.> Therefore, [UO,sha(OH,)s]" is
believed to be the most consistent structure model for the
uranyl—sha system. Because of the great similarity of bha™
and ba™ with sha™ and because of the experimental EXAFS
data, x" = 3 is assumed for the bha and ba systems, too. For
[UO,ba(OH,);]*, however, no PES minimum, but only a first
order PES saddle point was found in all cases; following
that structure’s @ = i 20.8 cm™! eigenmode did not lead to
any PES minimum corresponding to a [UO,ba(OH,)s]"
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complex. Similar difficulties were stated for PuO,?* com-
plexes™ and attributed to the DFT/B3LYP method.

3. Experimental Section

3.1. Solutions and Reagents. A stock solution of 0.1 M uranyl
perchlorate was prepared by dissolution of UO3+0.77H,0 in 0.3
M HCIO; and analyzed by inductively coupled plasma mass
spectrometry (ICP-MS). Salicylhydroxamic acid (Sigma-Aldrich,
Germany), benzohydroxamic acid, benzoic acid, and sodium
perchlorate (Merck, Germany) were of analytical grade; all other
reagents were provided by Merck, Germany.

The pH adjustments were made with HCIO4 and NaOH. The
pH was measured (accuracy 0.05 units) with a glass electrode
(BlueLine 16 pH, Schott—Gerite GmbH, Mainz, Germany) cali-
brated with standard buffer solutions and a WTW pH540GLP pH
meter (WTW, Weinheim, Germany). For all experiments, the
sodium concentration was kept constant at 0.1 M by addition of
NaClO4. EXAFS measurements were performed at fixed sha™, bha™,
and ba~ concentrations of 81073 M within a pH range of 2.5-4.0
and UO,** concentrations of 11073 and 5-1073 M in the case of
sha™ and bha~/ba™, respectively.

3.2. X-ray Absorption Spectroscopy Measurements. EXAFS
measurements were carried out on the Rossendorf Beamline
(ROBL) BM20 at the European Synchrotron Radiation Facility.>®
The samples were measured at room temperature using a water-
cooled Si(111) double-crystal monochromator in channel cut mode
(5-35 keV). The uranium Ly;-edge spectra were collected either in
fluorescence mode using a 13-element germanium solid-state
detector or in transmission mode using argon-filled ionization
chambers. For energy calibration of the spectra, the K-edge
spectrum of an yttrium metal foil (first inflection point at 17 038
eV) was recorded simultaneously. The threshold energy E of the
uranium Ly-edge was defined as the root of the second derivative
of the averaged spectra. The spectra were processed with the data
analysis programs Sixpack/SamView (version 0.59)°” and WinXAS
(version 3.1).5® Theoretical backscattering phase and amplitude
functions were calculated from the FEFF8 code® for a 23 atom
cluster using atomic positions of UO,(CH3COO),+2H,0% and for
a 42-atom cluster [UO,NO3(C;H403)], using atomic positions of
[UO,NO5(C7H405)(C7H;1N»)],.5! The multiple-scattering path U—O
(axial, 4-legged path) was included in the model calculations. The
amplitude reduction factor Sy> was held constant at 1.0 for all fits.

4. Results and Discussion

In the following the computational and experimental
results for the molecular structures, the relative stabilities,
and the excitation spectra of the uranium(VI) complexes
formed with the model ligands sha™, bha™, and ba™ will be
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Radiat. 1999, 6, 1076-1085.
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Figure 3. Uranium Ly-edge k>-weighted EXAFS spectra and corresponding
Fourier transforms for the aqueous UO2*" and UO,—L (L = sha, bha, ba)
systems including the best theoretical fits.

presented. In the case of the sha system, the preferred
coordination mode, whether [O,0] or [N,0’], will be
determined.

4.1. Molecular Structures. 4.1.1. EXAFS Structures.
Figure 3 shows the uranium Li-edge k*-weighted EXAFS
spectra and their corresponding Fourier transforms for the
aqueous UO,?t and UO,—L (L = sha, bha, ba) systems. The
small differences in the shape (amplitude and frequency)
between the EXAFS oscillations of the “free”, that is, water-
coordinated uranyl sample, and the ligand containing samples
in the k-range 6-9 are attributed to the presence of uranyl
complexes with the organic ligands. The structure parameters
are summarized in Table 1. Generally, only small changes
in the EXAFS structure parameters, indicating complex
formation, have been observed. This might be connected with
the comparably large fractions of 51%, 38%, and 28% “free”
UO>?t in the sha, bha, and ba systems, respectively.
Furthermore, for the two hydroxamate systems there are also
1:2 complexes [UO,L,] present, which are in fact the
dominant species. Thus, because of the overall similarity of
the EXAFS structure parameters and the complicated com-
position of the EXAFS samples, it is very difficult to come
to a definite interpretation of the data obtained.

In the two hydroxamate systems we observed mean U—QOgq
bond lengths being by 0.01 A shorter than in the “free”
UO,*". This decrease is in line with investigations on
Pt(Il)—sha'” and V(V)—bha®? complexes, where the mean

(62) Liu, S.-X.; Gao, S. Inorg. Chim. Acta 1998, 282, 149-154.
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Table 1. U Lj-Edge EXAFS Results for the Aqueous UO»?" and
UO,—L (L = sha, bha, ba) Systems*

ligand U(VI) speciation” shell N R o? AE,
0.05 M UO»**, pH 2.0 U-Ou« 19 1.77 0.0016 10.5
(100% UO,*) U—0O, 5.0 242 0.0068

sha™  0.001 M UO»**, 0.008 U—-04 22 177 0.0022 12.8
M sha™, pH 2.5 U—-0, 49 241 0.0065

(17% [UOsshalt, 32%
[UOx(sha),], 51% UO,2™)

bha~  0.005 M UO,**, 0.008 U-0, 2° 1.77 00014 13.0
M bha~, pH 3.5 U—0y 4.6 241 0.0058
(23% [UO,bhal*, 39%
[UOx(bha),], 38% UO,>")

ba~  0.005 M UO*, 0.008 U—-O. 2° 178 00016 11.1
M ba~, pH 4.0 U—O¢ 4.7 243 0.0090
(72% [UO,bal*, 28%
U022+)

“ Given are the coordination number N (error £15%), the bond length
R (in A; error £0.01 A), the Debye—~Waller factor 02 (in A?), and the energy
threshold AE, (in eV). ” The U(VI) speciation was determined using the
program SOLGASWATER.” ¢ Parameter has been fixed during the fit.

equatorial metal-oxygen distances are also shortened because
of the bidentate coordination via the hydroxamate oxygen
atoms. In contrast to this, the mean U—O,, distance in
[UOsba]* is 0.01 A larger than that of the “free” UO,2,
which is characteristic for bidentate coordination by
ba~.'%3%% This data set’s explanatory power is clearly
limited by the fact that the changes in the EXAFS structure
parameters resulting from complex formation amount to the
same order of magnitude as the experimental uncertainty
does. Therefore, providing complementary molecular struc-
ture models from density functional calculations, as discussed
in the following section, is believed to be of particular value.

4.1.2. Gas-Phase Structures. Figure 1 shows the calcu-
lated gas-phase molecular structures of [UO,L]" (L = sha,
bha, ba); for [UO,sha]t, both the [0,0]- and the [N,0’]-
modes are given. As one can see, the [N,0’]-mode [UO,sha]*
has a very long U—N bond length and is clearly more
distorted than the [0,0]-mode [UOs,sha]t, which already
suggests that the [N,0’]-mode is less stable. In contrast to
[UO,bha]*, the ligand of the [0,0]-mode [UO,sha]™ is in-
plane. This is most likely the result of the phenolic hydroxyl
group, which can interact with the NH group of the
hydroxamic acid functionality and which is not present in
the bha system. The ligand of [UO,ba]" is again in-plane,
so that this complex has C; symmetry.

In Table 2, calculated gas-phase bond lengths and angles
for UO,*" and [UO,L]* (L = sha, bha, ba) are listed.
Generally, the U—O, distances are found to increase if bare
UO,*" is complexed. For UO,*", where the EXAFS sample
is pure (100% UO,?"), DFT underestimates the experimental
U—0O, distance by ~0.07 A. For the complexes [UO,L],
however, the DFT U—OQO, bond lengths are at most ~0.03
A shorter than those given by EXAFS. These smaller
deviations are most likely caused by an error cancelation,
since the mean U—O,, bond lengths, which are averaged

(63) Moll, H.; Geipel, G.; Reich, T.; Bernhard, G.; Fanghinel, T.; Grenthe,
1. Radiochim. Acta 2003, 91, 11-20.

(64) Denecke, M. A.; Reich, T.; Pompe, S.; Bubner, M.; Heise, K. H.;
Nitsche, H.; Allen, P. G.; Bucher, J. J.; Edelstein, N. M.; Shuh, D. K.;
Czerwinski, K. R. Radiochim. Acta 1998, 82, 103—-108.
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Table 2. Bond Lengths, R (in A), and Angles, £ (in deg), as well as
Binding Energies, E (in kJ mol™!), for the Complexes [UO,L]" (L =
sha, bha, ba) and the Bare Uranyl Ion UO,** from DFT/B3LYP
Gas-Phase Calculations”

Table 3. Bond Lengths, R (in A), and Angles, £ (in deg), for the
Complexes [UO,L(OHy)3]" (L = sha, bha) and the Solvated Uranyl Ton
[UO»(OH»)s]*>" from DFT/B3LYP Calculations Including Solvation
Effects Compared to Experimental (exptl) EXAFS Data“

[UOgsha]™ [UO,sha(OH,)3]*
[0,0] [N,0] [UOsbha]® [UOsbalt UO2* [0,0] [N,0] [UOsbha(OH)s]" [UO2(OHa)s]2*

R(U—04) 1.757 1.760 1.755 1749 1.698 R(U—04) 1.774 1771 1.773 1.749

1.759 1.760 1.757 1749 1.698 1776 1.775 1.775 1.749
R(U—Ocan)” 2.272 2.279 2.247 R(U—04) 1.775 1773 1.774 1.749
R(U—ON) 2.175 2.178 2.247° Rexpu(U—04) 1.77 1.77 1.77 1.77
R(U—Opp) 2.114 R(U—Ocu)” 2363 2372
R(U—N) 2.395 R(U—ON) 2.284 2.292
Z0x—U—0y 167.1 170.7 167.4 168.3 180.0 R(U—Opp) 2.165
Z0ca—U—ON? 67.5 67.3 58.0° R(U—N) 2.698
ZN—U—0Opy 71.2 R(U—0OH,) 2.537 2.516 2.538 2.495
E 1649 1610 1616 1510 2.557 2.547 2.550 2.495

“For [UOssha]*, the results for both the [0,0]- and the [N,0’]-modes 2560 2.574 2.552 2.496
are given. ” Ocap is the oxygen atom of the carbonyl group. ¢ In the case 2.497
of the benzoate ligand ba~ the coordinating oxygen atom denoted as ON B 2497
corresponds to the original hydroxyl group. R(U—0cq) 2460  2.500 2.461 2.496
Rexpn(U—04y) 2.41 241 241 242
over all UO,>" species, appear too short because of the large Z0xx—U—0y ) 169.1 1744 169.4 179.8
“free” UO,?" fraction in the EXAFS samples. Furthermore, £Ocap—U—-ON"  65.8 65.9
Z/N—U—Opy, 64.7

a reason for these underestimations is the neglect of solvation
effects because additional water ligands in the equatorial
plane increase the U—O, distances. Thus, the smaller
deviations in the case of the complexes can also be explained
by the fact that here only three instead of five equatorial
water ligands are missing. In the case of the U—O,q distances,
one should not compare gas-phase DFT and EXAFS data
because the gas-phase calculations consider UO,** only as
bi- and not as pentacoordinated. The comparison of the
[N,0’]-mode [UO,sha]™ with the other complexes confirms
the observation from Figure 1 that the U—N distance of 2.395
A is quite long. The U—O,q bond lengths in the hydroxamate
systems [0,0]-mode [UO,sha]t and [UO,bha]™ are nearly
the same (ARp.x = 0.007 A). The U—0O,q distances of the
[UOyba]* complex, however, deviate by up to 0.072 A from
those of the hydroxamate systems. A further change caused
by the complex formation is that the linear O—U—O unit of
UO,*" becomes slightly bent.

4.1.3. Solvated Structures. Table 3 shows the calculated
structure parameters for the complexes [UO,L(OH,);]" (L
= sha, bha), as well as those for the solvated uranyl ion
[UO,(OH,)s)*". Analogous to the gas-phase results, the
U—0,, distances in [UOy(OH,);5]*>" increase if two water
molecules are substituted by a bidentate hydroxamate ligand.
But because of the consideration of the solvent effect, here
the EXAFS values are only slightly under- and overestimated
for [UO»(OH,)s]*" and [UO,L(OH,);]*, by approximately
—0.02 A and at most + 0.01 A, respectively. The comparison
of the mean calculated bond lengths I_Q(U—Oeq) for the [0,0]-
and [N,0’]-mode [UOzsha(OH,);]* with the EXAFS data
indicates that sha™ is coordinated via the [O,0]-mode, since
for this mode R(U—0¢,) exceeds the experimental value only
by ~0.05 A as opposed to ~0.09 A for the [N,0’]-mode
R(U—QOy). Furthermore, R(U—0O,,) of the [N,O’]-mode
[UO,sha(OH,);3]™ is larger than that of [UO2(OH,)s]*t, which
is the result of the very long U—N distance of 2.698 A. For
the [O,0]-mode sha and bha complex, however, the
R(U—0¢q) values decrease by 0.036 and 0.035 A compared
to that of [UO2(OHy)s]*", respectively, which is qualitatively

“ For [UO,sha(OH,);3]™, the results for both the [O,0]- and the [N,0’]-
modes are given. ” Ocy is the oxygen atom of the carbonyl group.

in line with the EXAFS results; the fact that the EXAFS
data give U—O,q bond lengths decreasing only by 0.01 A
upon coordination is attributed to the large fraction of “free”
UO,>" present in the EXAFS samples. R(U—0O¢,) of the
[0,0]-mode sha and bha system differ only by 0.001 A,
which may explain why the EXAFS data show no difference.
The overestimation of the experimental U—O,, distances by
0.05, 0.05, and 0.08 A for [0,0]-mode [UO,sha(OH,)3]*,
[UO,bha(OH,)3]*, and [UO,(OH,)s]*", respectively, is con-
nected with the shortcomings of our (level 3) solvation
model, that is, the exclusive hydration of the UO,*" fragment
and the neglect of bulk solvation effects and, possibly, of
the DFT/B3LYP method. Here, the deviations for [UO,-
L(OH,);]" are again smaller than that for [UOy(OHy)s]**
because of the large fraction of “free” UO,>" present in the
EXAFS samples.

4.2. Relative Stabilities. The zero-point-corrected uranyl-
ligand binding energies (compare Table 1) were obtained
by E = E(UO*") + E(L™) — E([UO,L]"); the zero-point
energies were scaled by 0.972.°° Only gas-phase binding
energies are given because explicit hydration was exclusively
considered for the UO,*" fragment and not for ligands,
resulting in energies that are too small, if calculated via £
= E([UOx(OH2)s]*") + E(L7) — E([UO,L(OH):]*). The
comparison between the binding energies of the [O,0]- and
[N,0’]-mode [UO,sha]* shows that the latter complex is less
stable by 39 kJ mol™!. This confirms the conclusion based
on the structure data that the sha™ ligand binds via the two
hydroxamic acid oxygen atoms. Analogous to the experi-
mental stability constants'>!3 (compare section 1), the
calculated binding energies demonstrate that the complex
stabilities decrease from [0O,0]-mode [UO,sha]® via
[UO;bha]* to [UOsba]t (E =1649, 1616, 1510 kJ mol ™! for
sha, bha, and ba, respectively).

(65) Neugebauer, J.; Hess, B. A. J. Chem. Phys. 2003, 118, 7215-7225.
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Figure 4. Calculated B3LYP TD-DFT excitation spectra for the

[UOzsha(OH,),]™ systems with x = 0, 1, 2, 3 and for x = 3 within the
COSMO potential.

4.3. Electronic Spectra. The electronic spectrum of bare
UO,** has previously been discussed.®® All transitions in
the near-infrared and visible region are dipole-forbidden but
may become allowed via interaction with equatorial ligands.
Calculated bare UOy?t and [UO,Cl4]*>~ excitation energies
were found to agree with experimental spectroscopic data
for solid-state Cs,[UO,Cl,] within ~30 and 11 nm at MR-
CISD (multireference configuration interaction including
single and double substitutions)®” and CASPT2 (complete
active space second-order perturbation)®® levels of theory,
respectively; in contrast, however, it has recently been
pointed out® that one cannot take for granted that excitation
energies for the bare UO,>" calculated at TD-DFT levels of
theory are always reliable.

Because of the C; symmetry of the systems studied here,
only trivial (a,) irreducible representations can be assigned
to their electronic states. Because we are attempting a less
formal discussion to support qualitative reasoning anyway,
we instead focus on the systems (canonical Kohn—Sham)
occupied and virtual molecular orbitals (MOs) which con-
tribute to the electronic excitations calculated from the TD-
DFT response functions. The MOs have been assigned to
the UO,*>", L™, and OH, subsystems of [UO,L(OH,);]" by
their MO coefficients and Mulliken population analysis
methods.

In Figure 4, the [0,0]- mode [UO,sha(OH,);]" excitation
spectrum, calculated within the COSMO potential, is shown
as a representative for both the sha and the corresponding
bha system. Both systems’ excitation spectra show three
distinct groups of excitations which differ in wavelengths 4
and relative intensities: large-intensity UO,?* <— OH, charge-
transfer (CT) excitations with 4 < 200 nm, L™ o* — =«
excitations of intermediate intensities in the 200-300 nm
range, and UO,?>" < L~ CT excitations of low intensities in
the 300-700 nm range. As shown in Figure 5, the experi-
mental uranyl—sha and —bha systems’ UV-vis spectra show
one broad absorption band in the 350—450 nm range each,

(66) Matsika, S.; Zhang, Z.; Brozell, S. R.; Blaudeau, J. P.; Wang, Q.;
Pitzer, R. M. J. Phys. Chem. A 2001, 105, 3825-3828.

(67) Zhang, Z.; Pitzer, R. M. J. Phys. Chem. A 1999, 103, 6880-6886.

(68) Pierloot, K.; van Besien, E. J. Chem. Phys. 2005, 123, 204309-1—
204309-10.

(69) Real, F.; Vallet, V.; Marian, C.; Wahlgren, U. J. Chem. Phys. 2007,
127, 214302-1-214302-11.
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Figure 5. Calculated B3LYP TD-DFT spectra for the [0,0]- and [N,0’]-
mode [UOzsha(OH,)3]* and the [UO,bha(OH,);]" systems and experimen-
tal'> UV-vis spectra from aqueous solution. Calculated intensities have been
scaled to have relative intensities of 1 for the 367, 322, and 373 nm
excitations, respectively.

with absorption maxima at 402 and 401 nm, respectively.'?
The calculated absorption maxima of the [O,0]-mode
[UO,sha(OH,)3]* and [UO,bha(OH,);]" systems are at 367
and 373 nm, that is, blue-shifted by 35 and 28 nm or 0.29
and 0.23 eV, respectively, from the experimental absorption
maxima. In the [0,0]-mode [UO,sha(OH,);]" excitation
spectrum there is a second low-intensity excitation at 454
nm, that is, 52 nm or 0.35 eV from the experimental
absorption maximum. All involve CT excitations from L~
7 MOs to U 5f atomic-orbital-like MOs. We assign the
[0,0]-mode [UO,sha(OH,);]* 367 nm and the [UO,bha-
(OHy)3]* 373 nm excitations to the corresponding experi-
mental absorption maxima because, considering the calcu-
lated A range of ~200-700 nm, these match the latter within
the expected systematic TD-DFT error and because experi-
mental UV-vis spectra are dominated by large-intensity
intramolecular ligand excitations for A < 350 nm'? as
calculated. Moreover, when comparing to experimental data,
one has to consider that the UO,?>*—L~ complex formation
is far from being quantitative, that is, that experimental
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UV-vis spectra might be dominated by the “free”, though
solvated, UO,2* ion’s absorption bands centered at 414 nm.'?

Compared to the [O,0]-mode, the calculated [N,0]-mode
[UO,sha(OH,)s]t excitation spectrum shows no suitable
excitations in the 350-450 nm interval. There are L™ 7% <
7t and UO,*" <= L~ CT excitations at 322 and 526 nm, being
blue- and red-shifted by 80 and 124 nm or 0.77 and 0.73
eV, respectively, from the experimental sha—uranyl system’s
absorption maximum. Therefore, the [N,0’]-mode may also
be ruled out by comparison of its calculated spectrum with
the experimental absorption spectrum.

We close this discussion by addressing some more general
points: From the calculated excitation spectra of the series
of [0,0]-mode [UO,sha(OH,),]" systems, as shown in Figure
4, one can see that accounting for solvation effects is
important to bring calculated excitation spectra in line with
experimental data. Neglecting solvation effects by setting x
= 0 apparently gives a correct number and ordering of
excitations, which are, however, significantly red-shifted with
respect to both x > 0 and experimental data. Inclusion of
discrete OH, ligands in the UO,*" equatorial plane improves
the calculated excitation spectra as x increases. If x = 3,
inclusion of the COSMO potential blue-shifts the UO,>" —
L~ CT excitation from 391 to 367 nm, which is a large part
of the 35 nm or 0.29 eV mismatch of the calculated excitation
from the experimental absorption maximum. The fact that
improving the solvation model with COSMO, that is, by
going from a level 2 to a level 3 solvation model in Figure
2, causes a more pronounced mismatch of calculated and
experimental absorption spectra is believed to point to our
solvation model’s shortcomings, that is, the neglect of
discrete L™ subsystem solvation and the level 3 approxima-
tion of bulk solvation effects by a simple dielectric model.
To address the question of exchange-correlation density
functional dependency, the [UO,sha(OH,);]" excitation
spectrum was recalculated using the gradient-corrected
(GGA) PW91°3770 and BP86°*~7"! and the hybrid-type
PBEO functionals.>*>"7%"273 GGA functionals were found
to give excitation wavelengths up to 100 nm too large with
respect to hybrid-type functionals, whereas the latter give a
somewhat qualitatively consistent picture. However, using
PBEO TD-DFT, the [UOzsha(OH2)3]+ and [UOzbha(OH2)3]+
absorption maxima were calculated at 396 and 342 nm,
whereas the experimental absorption maxima are at 402 and
401 nm, respectively. Thus, there appears to be no systematic
functional dependency in quantitative terms.

5. Conclusion

The combined computational and experimental study of
the uranyl complexes formed with the model ligands sha™,

(70) Perdew, J. P.; Wang, Y. Phys. Rev. B 1992, 45, 13244-13249.

(71) Perdew, J. P. Phys. Rev. B 1986, 33, 8822-8824.

(72) Perdew, J. P.; Ernzerhof, K. B. M. Phys. Rev. Lett. 1996, 77, 3865—
3868.

(73) Perdew, J. P.; Ernzerhof, M.; Burke, K. J. Chem. Phys. 1996, 105,
9982-9985.

(74) Puigdomenech, 1. Input, Sed, and Predom: Computer Programs
Drawing Equilibrium Diagrams; TRITA-OOK-3010; RIT: Stockholm,
Sweden, 1983.

bha™, and ba~ yields a consistent picture for the properties
considered, that is, molecular structures, relative stabilities,
and excitation spectra. The uranyl ion is found to be
pentacoordinated by one bidentate ligand and three water
molecules. The calculated mean U—O, and U—O., bond
lengths of [UO,L(OH,);]* (L = sha, bha) and [UO,(OH,)s]**
deviate from experimental EXAFS data by at most ap-
proximately —0.02 and +0.08 A, respectively. The overes-
timation of the U—O,q distances is caused by the known
shortcomings of the applied (level 3) solvation model, that
is, the exclusive hydration of the UO,** fragment, the neglect
of bulk solvation effects, and possibly, the DFT/B3LYP
method. In the case of the relative stabilities, the experimental
order is reflected by the calculated gas-phase binding
energies, that is, the complex stabilities decrease from sha™
via bha™ to ba™. The calculated TD-DFT excitation and
experimental UV-vis spectra of [UO,L(OH,);]" (L = sha,
bha) are in good agreement, that is, the differences within
the absorption maxima amount at most to 35 nm, corre-
sponding to 0.29 eV. From molecular orbital considerations,
the experimentally observed absorption bands are assigned
to UO,>" «<— L~ charge transfer transitions. Because, in the
case of [UO,ba(OH,);]", no DFT minimum structure could
be obtained, for this complex the solvated molecular
structure, as well as the excitation spectrum, are missing.

All considered properties demonstrate that the sha™ ligand
binds via the two hydroxamic acid oxygen atoms. In the case
of the [O,0]-mode, the agreement between experimental
EXAFS and calculated mean U—O,q bond lengths is clearly
better (AR = 0.05 and 0.09 A for [0,0]- and [N,O’]-mode,
respectively); the calculated gas-phase binding energy is
higher by 39 kJ mol™!, and the deviation of the calculated
from the experimental absorption maximum is about two
times smaller than that for the [N,0’]-mode (AA = 35 and
80 nm for [0,0]- and [N,0’]-mode, respectively).
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