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ABSTRACT

This research addresses a subject discussed controversially for almost 70 years. The interactions
between the uranyl(VI) ion, U(VI), and citric acid, H3Cit, were examined by a multi-method
approach comprising NMR, UV-Vis, ATR FT-IR, and EXAFS spectroscopies as well as DFT
calculations. Combining '"O NMR and DFT calculation allowed an unambiguous decision on
complex configurations, evidencing for the first time that the dimeric complex, (UO2)2(HCit-1)2*",
exists as two diastereomers, with the syn isomer in aqueous solution strongly favored over the anti
isomer. Both isomers interconvert mutually, with exchange rates of ~30 s ' at =6 °C and ~249 s~
at 60 °C in acidic solution, corresponding to an activation barrier of about 24 kJ mol!. Upon
increasing pH, ternary dimeric mono- and bis-hydroxo as well as trimeric complexes form, i.e.
(UO2)2(HCit-)2(OH)*, (UO2)2(HCit-1)2(OH)2*", (UO2)3(0)(Cit-n)s*~, and (UO2)3(0)(OH)(Cit-n)2>",

respectively. Stability constants were determined for all dimeric and trimeric species, with



log f° =—(8.6 £ 0.2) for the 3:3 species being unprecedented. Additionally, in the 6:6 sandwich
complex, formed from two units 3:3 species, the 7O NMR resonance of the trinuclear uranyl(VI)
core bridging M3-O is shown for the first time. Species distribution calculations suggest that the
characterized polynuclear uranium(VI)-citate species do not significantly increase uranium(VI)
mobility in the environment. Furthermore, we revise the misconceptions in aqueous U(VI)-citric
acid solution chemistry, i.e. structures proposed and repeatedly taken up, and outline generalized

isostructural considerations to provide a basis for future uranium(VI) complexation studies.

INTRODUCTION
Chemical background

Sources for uranium, U, in the biogeosphere are manifold. Weathering of soils and rocks can
release it into ground water. Diverse technological processes can enhance and also release
naturally occurring U in the environment; for instance, ore mining and processing, drinking and

waste water treatment, oil and gas production, or geothermal engineering.

As one of the most important sources for electrical power supply, U is key component in nuclear
fuel* ° and, consequently, major part of both the uranium processing cycle and nuclear waste.¢
Adequate treatment of nuclear waste as well as operation and remediation of U legacies and
contaminations due to nuclear incidents require comprehensive examination of its interaction with

biotic and abiotic components.

Under aqueous aerobic conditions, U prevails in hexavalent state, U(VI), forming readily water-
soluble, mobile, and bioavailable species. Characteristic for high-charged ions of actinides in +V
and +VI valence state it bears two ‘actinyl’ oxygen atoms (Oy1) linearly bound by multiple bonds,
in case of U yielding the highly stable uranyl(VI) ion, UO,**. The effective charge of about 3.3
determines the strength of its complexes. As ligand coordination is limited to the 'equatorial’ plane,
i.e. perpendicular to the Oy—U—Oy axis, complex stoichiometries are influenced by the ligand's

denticity and/or steric demands.



Citric acid is a hydroxy-tricarboxylic acid. Being a ubiquitous molecule and an essential and
highly concentrated constituent in aerobic organisms, it is eponymous for the citric acid cycle as
their key metabolic pathway. /n vivo, actinides are commonly bound to a protein-fraction such as
transferrins as well as to a fraction of small anionic complexing agents.” The latter are primarily
2+ 38,9

constituents of the citric acid cycle easily complexing HSAB-hard cations such as UO;

Incorporated actinides are mainly excreted with the urine, primarily citrate-bound.!%-!°

Citric acid, CA, has four functional groups, i.e. one hydroxyl group and three carboxyl groups
(Figure 1A), all of which are potential binding sites. Accordingly, CA easily chelates metal ions
in very stable complexes. In aqueous solution the hydroxyl group is a notably weak acid. However,
upon coordination to strong Lewis acids its pKa is drastically lowered so that it deprotonates even
under acidic conditions. Moreover, the configuration of CA's binding sites constrains metal ion
coordination, so that three functional groups at most can coordinate the same metal ion (cf.

Figure 1). Thus, while only two COO groups of the same CA ligand can simultaneously bind to
6

one U(VI), the hydroxyl functional group is strongly involved in complexation. '
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Figure 1. Generic structures of citric acid (A) as well as of aqueous complexes with U(VI):citrate
ratio of (B) 2:2, (C) 3:3, and (D) 3:2. For the latter two, the correspondingly formed superstructures
are depicted on the right: 6:6 metal ion (M = Na*, Ca*", La®") sandwich complex!” and 9:6

macrocycle,'® respectively; for clarity, the structures are reduced to the sites of association.

Considering CA as H3Citg), successive deprotonation of the carboxyl groups yields HoCit™,
HCit*", and Cit>". The deprotonation of the hydroxyl group, -OH, which is normally not observed
in aqueous solutions of free CA but only upon complexation, will be referred to as HCit-i®>~ or

Cit-n*", respectively.
Complex formation can basically be described according to the following reaction equations:
2 UO*" + 2 Cit*” — (UO2)2(HCit-n)* =2:2, (1)
2 UO2* +2 Cit* + H2O — H" + (UO2)2(HCit-n)2(OH)* = 2:2:1, (2)
2 U0 +2 Cit* + 2 HoO — 2 H + (UO2)2(HCit-n)2(OH)* = 2:2:2, (3)
3 U0 +3 Cit* + H2O — 5 H + (UO2)3(0O)(Cit-n)s* = 3:3, (4)
3UO0* +2 Cit* + 2 HoO — 5 H' + (U02)3(0)(OH)(Cit-n)2> = 3:2, (5)

For convenience the complexes are occasionally denoted by their U(VI):CA ratio; in case of the

dimeric complexes by their U(VI):CA:OH ratio.
Motivation

Understanding the aqueous chemistry of the uranyl(VI)-CA system is challenging as continuous
discussions on complex structures and speciation testify.!s 1828 Uranyl(VI) citrate complexes are
of great importance regarding uranium’s environmental migration as well as for remediation
concepts and processes, for instance microbial degradation and immobilization.?>** For a sound
understanding of the chemical behavior in general and the environmental fate in particular,
knowledge of both aqueous speciation and molecular structures in solution is crucial. In addition,

verification or falsification of proposed species, and elucidating formation reactions is essential



for correct thermodynamic models and predictive calculations addressing safety and risk
assessment for actinide transport in the environment.

Accordingly, this work has the following objectives:

(1) sum up the actual state of knowledge and revise possible misconceptions in aqueous
U(VI)-CA solution complex structures proposed and repeatedly taken up;

(i1) examine and discuss dimeric and trimeric complex structures and dynamics, especially the
formation and mutual interconversion of isomers due to the chiral centers induced in the ligand
upon complexation, as well as reconsider and re-interpret NMR spectroscopic data;

(ii1) consolidate thermodynamic data for binary and ternary dimeric species and present novel
thermodynamic data on the 3:3 complex; and

(iv) outline generalized isostructural considerations, applicable for future uranium(VI)

complexation studies.

State of knowledge

UO»*" forms complexes with all anionic forms of CA.'® The (binary) dimeric complex
(UO2)2(HCit-n)2>~ is well established and is by far the most stable (log £° =21.3 £ 0.5), occurring
in a wide pH range, = 2-7.'% Above pH 4, trimeric species form with U(VI):CA ratios of 3:3 and
3:2, and predominate as of circumneutral conditions up to alkaline solution.'® 2% 28

As early as in 1954, it was concluded that CA binds U(VI) by two carboxyl groups and the
hydroxy group as a tridentate chelate.?’ Although already stated in early papers that the alcoholic
hydroxyl group abstracts its H" upon p»-bridging between two uranyl units in the dimeric complex
(C3—0<(UOn), ¢f. Figure 1B), the erroneous structure drawing this hydrogen bound to the alkoxy
oxygen persisted for decades.?” ?* 26 Allen et al.® performed X-ray absorption fine-structure
(EXAFS) spectroscopy and derived the correct 2:2 complex structure considering Feldman and
coworkers’ potentiometric and spectrophotometric studies regarding the hydroxyl group.
Deprotonation of hydroxyl groups upon metal ion complexation is a very common and likewise
challenging question. A protonated p»-bridging hydroxyl group (C—OH<(UO>)>) would constitute
a tetravalent oxygen, which is very uncommon by itself and especially in protic solvents, since it
would deprotonate instantly as the acidity of this particular proton is drastically increased.

Kakihana et al.? attempted to bring their infrared (IR) and nuclear magnetic resonance (NMR)

spectra into agreement with a 3:2 complex linear structure despite the doubled set of 3C NMR



signals observed (for unspecified sample conditions), presupposing the solution to contain one
complex species only. Nunes and Gil>* performed 'H and '>*C NMR spectroscopy. Arguing with
the ligands’ equivalency a cyclic trimeric 3:2 structure was proposed with two hydroxo groups
bridging two uranyl(VI) units, UO2(n2-OH)2UO,. This binuclear moiety is bridged on either
uranium by the presumed two ligands to a third uranyl(VI) unit that, for steric constraints, requires
an Oy—U-Oy axis perpendicular to those of the binuclear moiety. However, the trimeric species
were later shown to contain a trinuclear uranyl(VI) core bridged by an oxide ion (u3-O). The same
reasoning regarding the ligands’ equivalency holds true particularly for the highly symmetric 3:3
complex (cf. Figure 1C). The reported features such as one 'H NMR signal being remarkably
shifted and the unaltered spectral appearance up to 320 K, and the therefrom drawn conclusion of
a rigid structure of unique arrangement in fact pertain to a sandwich superstructure!” formed by
two molecules of the 3:3 species (vide infra) instead of the proposed 3:2 complex. Unaware of the
coexistence of two trimeric species, additional signals upon increasing pD were ascribed to the
deprotonation of the bridging hydroxyl group.

Pasilis and Pemberton?® performed Raman spectroscopy, ATR FT-IR (attenuated total
reflectance Fourier-transform IR) spectroscopy, and ESI-MS (electrospray ionization mass
spectrometry), discussing 2:2, 3:3, and 3:2 U(VI)-CA species, denoting the latter two as
(UO2)3(Cit)s*>~ and (UO»)3(Cit)2°. The Raman-active band at 826 cm ! was assigned (and later
confirmed!®) to the symmetric uranyl stretching vibration, vi(UQO.), associated with the 2:2

complex. Raman features observed at 812 and 795 cm™!

and erroneously ascribed to the 3:2 and
3:3 complex, respectively, were later clarified by Basile et al.'® They also performed Raman
spectroscopy, however, of single-crystalline material (800 and 790 cm ') and in solution upon re-
dissolution of the former (797 and 793 cm™!), which allowed for the assignment of vi(UO) to the
3:3 and the 3:2 trimeric species, respectively. Especially by their single-crystal X-ray diffraction
data the structures of the long proposed 3:3 and 3:2 species (cf. Figures 1C and D) were revealed.
Moreover, both trimeric species were found to build superstructures in the crystals, i.e., two 3:3
species sandwich one sodium ion, and three 3:2 species as stoichiometric sub-units yield a
macrocyclic 9:6 complex. Both superstructures were suspected to already form in solution.'®
Recently, comprehensive NMR studies evidenced the formation of the Na* sandwich complex,

corresponding to 6:6 U(VI):CA ratio overall, in pD 7 solution above a concentration of 3 mM each

in U(VI) and CA.!'” The sharp 'H and '*C NMR resonances already noticed by Nunes and Gil** are



in fact due to the rigid all-cis conformation of the unbound -CH,COO™ moieties due to the
sandwich arrangement. Additionally, a corresponding 6:6 U(VI)-CA complex was shown to
sandwich Ca®" as well as La>" in aqueous solution.!”

Berto et al?®

combined potentiometric and spectrophotometric investigations for different
background electrolytes and ionic strengths, and reported formation constants and UV-Vis spectra
for ternary uranyl(VI) hydroxo citrate dimeric complexes, in general expressed as
(UO2)2(Cit)«(OH)y, with either or both x and y being 1 or 2. According to the authors, these ternary
species are formed by deprotonation of alcoholic hydroxyl of citrate.

The latter statement reflects both the principal difficulty and limitations of potentiometry in
assigning the origin of the detected H' since proton abstraction can namely be due to either U(VI)
coordination to COOH or C—OH, or simply upon increasing pH to the corresponding pK. (COOH),
or caused by hydrolysis of U(VI)-coordinating water. Therefore, spectroscopic methods should be
used at least complementary.

In fact, the polarization of the O—H bonds in H>O coordinating U(VI) or, in general, any (strong)
Lewis acid (M) facilitates abstraction of H', i.e. decreasing the pK, of RHO—M (R = H or organic
residue). Related to that, the energetically disfavored abstraction of the alcoholic proton under pH
conditions many orders of magnitude below its corresponding pK. is mainly overcome by strong
entropy contributions upon liberating weaker bound coordinating water and enthalpy contribution
upon its solvation.

The structures of binary dimeric and of trimeric U(VI)-CA species are well resolved in the
crystallized complexes.' 3437 As will be demonstrated, molecular structures can essentially differ
between solid state and (aqueous) solution, particularly when dynamic processes take effect. Thus,
in order to improve the understanding of the U(VI)-CA system and attaining knowledge on the
aqueous solution structures and dynamics, we used a unique multi-method approach, combining

NMR, UV-Vis, ATR FT-IR, and EXAFS spectroscopies with DFT calculation.

EXPERIMENTAL SECTION
Materials

General remarks. All preparation steps were performed with safety precautions according to

both radio- and chemotoxicity of natural uranium (U-nat). All chemicals were used without further



purification. Covering the samples with aluminum foil protected them from light. NMR samples
were prepared with deuterated chemicals (all by Deutero): D20, (99.98% D) and D;0O solutions of
both NaOD (40% in D20 with 99% D) and DCI (37% in D20 with 99% D) for pD adjustment. The
latter was according to pD = pH + 0.4, i.e., addition of 0.4 units to the pH meter reading.*® UO;
(4=25.3kBq g U-nat) was dissolved in 0.5 M (denoting mol per liter) HClO4 or DCI with
subsequent concentration determination by ICP-MS (Elan 6000, Perkin Elmer), and CA stock
solution made from citric acid (Roth, p.a.) by weighing required amounts for dissolution in Milli-
Q H>0 (18.2 MQ cm, Millipore) and D0, respectively. NMR samples comprise seven solutions
prepared in D20, two of which 250 mM each in U(VI) and CA for both pD 2.5 and 7.5, one pD 2.5
solution 225 mM in U(VI) and 450 mM in CA, and four sample solutions with 100 mM CA and
either 50 or 100 mM U(VI) for both pD 2.5 and 5, respectively. The sample using '"OH, was
prepared by adding 500 pl of a D>O solution 125 mM each in uranyl nitrate hexahydrate (VWR,
> 99%) and trisodium citrate (Roth, p.a.) to 500 ul ?OH; (Eurisotop, 10% '’O) prior to carefully
adjusting to pD 7.0 (NaOD). This yielded 1 ml of a solution finally containing 61 mM uranyl(VI)
citrate and 5% !"O-enriched water. UV-Vis studies cover a titration series for pH 2-9, with 0.5 mM
U(VI) and 10 mM CA, in 100 mM NaClOg4 solution. ATR FT-IR samples were prepared in a
glovebox under N2 atmosphere, comprising aqueous solutions in the pH range 2-9, 10 mM each
in U(VI) and CA, containing 100 mM NaCl for ionic strength maintenance. EXAFS samples of
50 mM U(VI) and 500 mM CA, at pH values of 4 and 7, respectively, were filled in polyethylene

pipette reservoirs that were subsequently heat-sealed.*”

Methods

NMR spectroscopy. "H and broadband-decoupled '*C spectra were measured on a Varian Unity
Inova 400 9.4 T spectrometer, using a 5 mm direct detection broadband probe. 'H NMR spectra
were in part acquired with water signal suppression by a 2 s pre-saturation pulse with offset on the
HDO resonance. 'H and '3C spectra were referenced relative to the Si(Me); signal of TMSP with
on and Jc set to 0 ppm. Temperature-dependent (VT) 3C NMR as well as 17O NMR measurements
were performed on an Agilent DD2-600 14.1 T system, utilizing a 5 mm oneNMR™ probe for
VT-13C NMR and the sample with 5% !"O-enrichment, and a 10 mm broadband direct detection
probe for the sample of natural 'O abundance (0.038%), respectively. 7O spectra were obtained

using 0.05 s acquisition time, 0.2 s relaxation delay, and accumulating 67k and 381k transients,



respectively. The bulk water signal was used as reference (do 0 ppm). The double-quantum-filtered
H,H-correlation spectrum (DQF-COSY) for the pD 2.5 sample was acquired at a 11.7 T Bruker
Avance III NMR spectrometer at 0 °C. UV-Vis spectroscopy was performed in the 350-700 nm
spectral range by means of a flow-through set-up (Figure S1, Supporting information, SI),
comprising the vessel containing the analyte and a Blue Line 16 pH-microelectrode (Schott
Instruments) connected to a InoLab WTW 720 pH-meter, a magnetic and heating stirrer
(T'=25+1°C), a pump, and the spectrophotometer (Varian Cary 5G). The components were
connected via silicone tubes (4 mm in diameter) conveying the analyte to a flow-through cuvette
(d=1 cm, quartz Suprasil®, Fisher Scientific). For baseline correction a 0.1 M NaClO4 blank
solution was used. ATR FT-IR difference spectra, i.e., subtraction of the blank (CA only) solution,
were measured in the range between 3900 and 400 cm ™' on a Bruker Vertex 70/v spectrometer
equipped with a liquid-nitrogen cooled mercury cadmium telluride (MCT) detector by
accumulating 128 scans, using the OPUS™ software for data acquisition and evaluation. The used
ATR accessory was a horizontal diamond crystal with 9 internal reflections (DURA SamplIR II,
Smiths Inc.). The ATR cell was purged with a current of dry N> (dew point < 213 K), and flushed
with de-ionized water between measurements of the respective solutions. EXAFS spectroscopy. U
Lm-edge X-ray absorption spectra were measured in transmission mode® at the Rossendorf
Beamline (ROBL), ESRF, Grenoble, France.*’ For energy calibration, an yttrium foil was
measured in transmission mode. The program suite EXAFSPAK*! was used for the data treatment,
i.e., energy calibration, averaging of multiple sample scans, isolation of the EXAFS signal, and
data fitting. The photoelectric ionization potential (Eo) was fixed at 17.185 keV for all spectra.
DFT calculations were performed in aqueous phase using Gaussian 09 program** utilizing the
DFT method (B3LYP*: %) through the use of the conductor-like polarizable continuum model
(CPCM).* 4 The energy-consistent small-core effective core potential (ECP) and the
corresponding basis set suggested by Dolg et al.*’ were used for uranium. The most diffuse basis
functions on uranium with the exponent 0.005 (all s, p, d, and f type functions) were omitted as in
previous studies.*® For C, O, and H valence double-zeta plus polarization basis was used.*” The
Gibbs energy correction to the electronic energy was calculated at the same level from the
vibrational energy levels in aqueous phase and the molecular partition functions. Structures were
confirmed to be at their energy minima through vibrational frequency analysis where no imaginary

frequency was found to be present. Spin—orbit effect and basis set superposition error (BSSE)



corrections were neglected. Stability constant determination. UV-Vis and ATR FT-IR single-
component spectra and stability constants together with their concentration distribution were
calculated employing the multivariate factor analysis program SPECFIT/32.5° This program works
on the basis of a principle components analysis by single value decomposition of the spectral
mixtures and a nonlinear regression aimed to minimize chi-square between measured spectra and
their reproductions by the Levenberg—Marquardt method. Thereby, sample conditions (pH,
concentrations, ionic strength, temperature, protonation constants of the ligand, according to

1.'° and Silva et al.’") and well as the reaction equation and the corresponding law of

Hummel et a
mass action are used as input parameters.>? Formation constants, £, of uranyl(VI) citrate complexes

are calculated from the law of mass action according to the reactions stated in Eqns. (1) through

(5).

RESULTS AND DISCUSSION
Uranyl(VI)-citric acid binary dimeric complexes

Remarkably, literature dealing with aqueous uranyl(VI) citrate speciation or molecular
structures respects only poorly that a chiral center is induced in the ligand due to complexation.
The resulting complexes exhibit different configurations of their asymmetric carbons and
ultimately form spectroscopically different isomers. Although the site exchange for the ‘terminal’
C1/C5 carboxyl groups is known, a configuration change at the central carbon (C3) is not

considered in this process.
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Figure 2. Generic configuration change exemplarily shown for the 2:2:0 complex upon

intramolecular site exchange together with configurations of the chiral carbon atoms. The resulting
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two diastereomeric pairs of enantiomers are denoted syn and anti, according to the relative position
of the unbound -CH>COOH moieties, i.e., on the same side or on opposite sides of the molecular

plane, respectively; coordinating water is omitted for clarity.

Figure 2 shows a generic example of intramolecular site exchange and concomitant
configuration change of the respective asymmetric carbon (C3), whereby the given initial
arrangement is syn, that is both unbound -CH,COOH moieties are on the same side of the
molecular plane, corresponding to the same configuration, here (S,S) for either ligand's chiral
center. During intramolecular exchange between coordinating -CH>COO-U(VI) and
unbound -CH>COOH, the configuration in the concerning asymmetric carbon changes.
Subsequently, both -CH2COOH moieties are anti, now on opposite sides and the chiral centers of
opposite configuration (S,R). Corresponding enantiomers (R,R) and (R,S) are shown in Figure 2
(bottom), finally yielding two diastereomeric pairs of enantiomers. Hence, two forms of the

(UO2)2(HCit-n)2>~ species, hereafter denoted syn- and anti-isomer, are spectroscopically distinct.
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Figure 3. 'H (A) and *C{'H} NMR spectra (B, expansion as inset) at 25 °C of pD 2.5 D20
solutions 250 mM in CA only (blank solution, red spectra), and in the presence of 250 mM U(VI)

(black spectra). Arrows indicate the (in part obscured) secondary signals.
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The spectra in Figure 3 feature U(VI)-bound CA exclusively of (UO2)2(HCit-1)2>" as the chosen
sample conditions ensure formation of the (binary) dimeric complex only. In principle, the
complex signals are considerably shifted downfield as compared to the unbound ligand. The
occurrence of monomeric complexes such as 1:1 or 1:2 species conceivably appearing in the
sample is excluded due to observation of only one C3 associated signal in the characteristic 70—
100 ppm range. U(VI) complexation-induced '3C chemical shift changes, Adc (relative to free
ligand), are in line with Nunes and Gil>* and are thus reported with Table S1, SI. In fact, the
magnifications in Figure 3 (and Figure S3, SI) reveal a set of secondary signals (indicated by
arrows) which are partially resolved and partially overlap with the main signals, resulting in
occasionally broadened or distorted signal bases. These sets of main and secondary signals are

124 already

assigned to the predominant and the less preferred isomer, respectively. Nunes and Gi
concluded that the five-membered ring fragment involving the central carboxyl group (C6) is
retained, while the terminal carboxyl groups (C1/C5) show rapid site exchange. Exactly for this
reason for both isomers the carbon signals of the central carboxyl group (C6) are well resolved
(190.0 and 189.3 ppm, respectively, insets in Figure 3, and Figure S3, SI), while the secondary
signals, especially those of the -CH>COOQO carbons, can hardly be observed when averaging with
the main signals of the predominant isomer. The narrow C3 signal indicates this site to be fixed
within the structures and to be remote to the exchanging sites. Although two different isomers can
be observed, up to this point no decision can be made which set of signals attributes to which
isomer.

The DQF-COSY spectrum (Figure 4) obtained at 0 °C discloses the correlations within the
distinct methylene groups. The four particular 'H signals A through D, each of which being a
doublet owing to geminal coupling, belong to the two pairs of diastereotopic hydrogens within one
CA ligand as labeled in Figure 2, bottom right. Deconvolution of the projected 'H NMR spectrum
reveals the individual (UO2)2(HCit-n)2*~ complex signals. Discrimination between corresponding

protons for the individual isomers is not feasible under these conditions.
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Figure 4. DQF-COSY of 50 mM U(VI) and 100 mM CA pD 2.5 D;O solution at 0 °C, with the
correlating signals indicated. The horizontal projection shows the 1D-'H spectrum together with

signal deconvolution.

"H NMR spectra acquired at 25 and 0 °C for both pD 2.5 and 5 of solutions either 50 or 100 mM
in U(VI) and 100 mM in CA, respectively, are shown in Figure S2, SI. At 25 °C, the overlapping
'H signals of the (UO2)2(HCit-1)2* complex give an unresolved feature, cf. Figure 3A. Sample
cooling improves resolution upon signal separation as isomerization slows down. Signal separation
at low temperature evinces the dependency of the isomerization rate on the sample conditions.
Increasing U(VI) concentration or especially pH causes the speciation to shift from the exclusive
existence of (UOy)2(HCit-u),>~ towards the coexistence of the former and the ternary
(UO2)2(HCit-1)2(OH)*" species (vide infra), reducing spectral resolution as their signals overlap
(Figure S2, SI).

A series of temperature-dependent '*C NMR spectra was recorded for a pD 2.5 solution 225 mM
in U(VI) and 450 mM in CA, whereby excess of the latter warrants that all U(VI) is complexed.
BC NMR reveals a much better signal separation for the isomers and hence allows for
determination of the rates and, consequently, activation energy, E., for the isomerization. For
detailed spectra and calculation, refer to Figure S3, SI. Briefly, based on the line width of the
complex’s signal compared to that of the internal reference (acetonitrile) the exchange rate at —6 °C
amounts to about 30 s '. At 60 °C the C6 signals coalesced, corresponding to a rate of about

249 5!, According to the Arrhenius equation, E, is calculated to be 24 kJ mol .
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70 NMR spectroscopy finally allowed a definitive assignment of the two distinct sets of signals
already observed in 'H and '*C NMR spectra. Owing to chemical and spectroscopic characteristics,
at natural '’0O abundance signals of interest could only be obtained from Oyi. From literature no
simple correlation of complexation-induced "Oy; spectral effects is discernable, as is known for,
e.g., the systematic weakening of Oy—U-Oy bonds as associated with bathochromic shifts of
uranyl's symmetric (vi) and antisymmetric (v3) stretching vibrations in Raman and IR spectra,
respectively, upon its coordination by (in)organic ligands.*® 3354

The Oyi 7O NMR spectrum in Figure 5 corresponds to the same sample solution as the 'H and
13C spectra in Figure 3. As ascertained from the latter, all ligand is bound in the (UO2)2(HCit-n)2*
complex. Apart from the small fraction of free UO2** (do 1114 ppm), again two sets of signals are
detected, comprising two main and four secondary signals. DFT calculation of structures and
corresponding do values (Table 1) for both isomers unambiguously correlates main signals with
syn isomer and secondary signals with anti isomer. The syn isomer is basically of C> symmetry.
With a (; rotational axis and both unbound -CH>COOH moieties located on the same side of the
molecular plane one Oy is cis while the other Oy of the same uranyl entity is trans to these
moieties. Thus, each pair of Oy on either side of the molecular plane gives rise to one 'O resonance
whereupon two signals of equal intensity occur. The uranyl entities are thus best characterized and
designated as Oy A—U—-Oyi, cf. Figure 5 (inset) and Figure S4, SI.

DFT-calculated complex solution structures show that the anti isomer is distorted to such an
extent that the overall symmetry reduces from expected C; to actual C (Figure S4, SI). As a result,
all four Oy are unique and thus give rise to different resonances that correspond to the four
secondary signals observed. Although (for both isomers) the calculated do values are
overestimated by 32 ppm at most, they agree very well with the relative resonance frequency
differences observed in the experiment (Table 1). DFT-calculation reveals that one six-membered
ring fragment is remarkably twisted and that the enclosed UO> (U2 in Figure S4, SI) shows a
substantial deviation from pentagonal bipyramidal coordination. The two Oy, of that particular U2
disclose the two largest calculated do, (2A/2B) while the Oy of the other uranyl unit (U1) featuring
an almost regular coordination polyhedron reveal both the closest and lowest do values overall

(1A/1B).
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Figure 5. Oy region of the '’O NMR spectrum obtained from a pD 2.5 D>O solution 250 mM each
in U(VI) and CA at natural 'O abundance. The main signals are assigned to the corresponding
sites in the sketched (UO2)2(HCit-n)2?~ syn isomer’s structure (inset), the secondary signals are

assigned to the anti isomer, and the signal of free uranyl(VI) ion is indicated by an asterisk.

Table 1. Comparison of spectroscopically observed and DFT-calculated '’O chemical shifts (ppm)
of Oy in the two isomers of the (UO2)2(HCit-n)2>~ complex.

syn anti

site A B 1A IB 2A 2B

observed 1120 1136 1122 1124 1127 1143

calculated 1135 1157 1142 1143 1159 1168

Uranyl(VI)-citric acid ternary dimeric complexes

UV-Vis spectroscopy reveals that for excess CA even in pH 2 solution U(VI) is complexed,
forming (UO2)2(HCit-u),>", corresponding to the red spectrum in Figure 6 (top). Above pH = 4,
the spectra show a slight bathochromic shift of and increasing molar absorptivity at the absorption
maximum A(emax), inset in Figure 6, as also described by, e.g., Berto et al.?® The normalized single-
component UV-Vis spectra exhibit the same Aemax increments for consecutive species, viz.
48 M~!' cm™! in NaClO4 media, cf. Figure 6, top. The UV-Vis spectra obtained by Berto et al.?® for
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solutions containing KNOs as supporting electrolyte reveal the same principal spectral behavior,
with Aemax increments of 26 M~! cm™'. Differences in the absolute values are ascribed to the
different background electrolytes used for ionic strength maintenance.? Further details are stated
with Table S2 in the SI.
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Molar absorptivity (M~ cm™)
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U(VI) species distribution (%)

Figure 6. Single-component spectra (A) obtained from a UV-Vis spectrophotometric pH 2-9
series 0.5 mM in U(VI), 10 mM in CA, and 0.1 M in NaClOy4 (inset). (B) U(VI) species distribution
relative to total U(VI) calculated from the determined stability constants given in Table 2 using

the solution composition as for the experiment in (A).
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Figure 7. ATR FT-IR difference spectra of a pH-titration series pH 2—9 under N> atmosphere, with
pH values stated with the spectra, for aqueous solutions containing 10 mM U(VI), 10 mM CA, and
0.1 M NaCl. Note the indicated features of interest, with numerals referring to wavenumbers in

cm !,

ATR FT-IR difference spectra depict absorptions of the formed complexes only, since the free
ligand spectrum is subtracted (Figure 7, and for pH-dependent spectra of the ligand see Figure S5,
SI). The spectrum obtained at pH 2 is dominated by the vs(UO2) of the uranyl aquo-ion at 961 cm™!.
AtpH 2.5 the v3(UO2) observed at 925 cm ™!, as well as the symmetric and antisymmetric stretching
vibrations of the carboxylate groups, vs(COO) and vas(COO), found at about 1380 and 1560—
1580 cm™!, respectively, indicate the formation of (UO.)2(HCit-n)2*>~ and agree well with reported
values of 919, 1382, and 1579 cm™?, respectively.?® In line with UV-Vis measurements, increasing
pH results in the appearance of new absorptions which exhibit a successive bathochromic shift of
v3(UOy), with corresponding values determined as 911 and 905 cm™, respectively. Spectral
deconvolution (Figure S6, Sl) allowed a tentative assignment of the individual absorption bands
related to the dimeric and trimeric U(V1)-CA complexes.

Based on the (UO,)2(HCit-1)2>" species, two sequences for structural changes in the complexes
are conceivable, that is, deprotonation of the unbound -CH>COOH residues, Eqn. (6), or
deprotonation of the U(VI)-coordinating water ligands, Eqn. (7); c¢f. Figure 1B.

(UO2)2(HCit-1)2(H20)2*” — (UO2)2(HCit-1)(Cit-1)(H20)2* — (UO2)2(Cit-n)2(H20)2* (6)

(UO2)2(HCit-1)2(H20)2* — (UO2)2(HCit-1)2(OH)(H20)* — (UO2)2(HCit-u)2(OH):* (7)
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Both spectroscopies refer to features directly correlated with uranyl(VI). In case of IR, the
uranyl(VI) entities show a decrease in their antisymmetric stretching vibration frequency, v3(UO»).
The incremented increase in absorptivity in ligand-to-metal charge-transfer (LMCT) transitions
observed in the UV-Vis spectra essentially refer to the uranyl(VI) as the chromophore. If, for
instance, changing the complexes’ overall symmetry was the reason (as is the case in either
sequence), then emax should at first increase upon reducing the complex’ symmetry, but as the
higher symmetry (same overall symmetry elements as for the initial species) is restored, &max
should then (re-)decrease.

Changes in the unbound -CH>COOH residues, i.e. deprotonation upon increasing pH, is too
remote to affect the spectral features associated with U(VI). By contrast, the structural changes
occurring in direct vicinity of the UO; entities upon deprotonation of the uranyl(VI)-coordinating
water, i.e. hydrolysis within the binary U(VI)-CA dimeric complex according to U-OHH — U-OH
+ H' (see coordinating H>O in Figure 1B), much better explain the observations in the IR and UV-
Vis spectra. Taking together our spectroscopic findings, and the titrimetric/potentiometric and
spectrophotometric results by others,? 2! 2% we conclude that the ternary dimeric U(VI)-CA 2:2:1
and 2:2:2 complexes refer to (UO2)(HCit-u)(OH)(H20)>" and (UO)»(HCit-n)(OH)*,

respectively.

Correspondingly, the intercepts of the curves describing the individual dimeric complexes in the
speciation diagram (cf. Figure 6, bottom) represent apparent pK, values for the dissociation of the
coordinating water molecules, determined as 5.9 and 7.3 (indicated by solid arrows). The latter are
somewhat higher than the pK, value of the bare UO2(H20)s*>" reported as 5.24 + 0.25.° This is
because H" abstraction is impeded owing to both the considerably decreased Lewis acidity of the
uranyl(VI) entities upon complexation by the stronger Lewis base citrate (compared to the weaker

base water) and the increased overall anionic charge.

Table 2. Stability constants for aqueous dimeric and trimeric U(VI)-CA species.

log ¢
species method
this work Ref. 28° Ref. 28¢
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2:2:0  19.7+0.19  19.50£0.01 1926+0.02 UV-Vis
193+02> — — ATR FT-IR

2:2:1  13.8+0.19 14.02+0.02 14.05+0.03 UV-Vis
142+03> — — ATR FT-IR

2:2:2  65+0.17 8.22£0.02 8.87+0.01 UV-Vis

3:3 —(54+02) — — UV-Vis
3:2 — —(2.03+£0.06) —(0.92+0.03) UV-Vis
—(1.0£0.5" — — ATR FT-IR

“ + standard deviation; ® 0.1 M NaCl; ¢ 0.1 M KNOs; 0.1 M NaClO4

Stability constants (log ) calculated with SPECFIT/32°° from ATR FT-IR and UV-Vis spectra
are summarized in Table 2, and are in good agreement with literature. Only the 2:2:2 species
yielded a somewhat smaller value. Since the vibration frequencies of the ternary dimeric species
are very similar and thus give rise to broad, hardly resolved bands, log f of the latter could not be
calculated from IR spectra.

To illustrate the effects of the described species, a representative example from uranium-
contaminated areas of the South African gold mining district ((U(VI)] =3x10"7 M; field data taken
from Winde et al,’® with addition of 1x107> M citric acid) was used to compute species
distribution for different boundary conditions, see Figures S7—S9 (SI) for the results.

Additionally, Figure S10 shows the aquatic speciation of 1x10~* M U(VI) and 1x102 M CA in
0.1 M NaCl medium at 25 °C under ambient atmosphere, once without and once including the
ternary dimeric species (2:2:1 and 2:2:2) as well as the trimeric (3:3 and 3:2) species in the
calculation. The graph nicely reflects the findings from the different spectroscopies regarding
emergence and coexistence of the ternary species as well as the predominance of the 3:2 species

as of circumneutral pH and its existence over a large pH range.

Uranyl(VI)-citric acid trimeric complexes
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In the 3:3 and 3:2 trimeric species, the ligand is completely deprotonated (Cit-n*"), according to
(UO2)3(u3-0)(Cit-n)3%~ and (UO2)3(u3-O)(n2-OH)(Cit-n)2>".'" ¥ The samples’ speciation, i.e.,
predominance of either trimeric species, can be well adjusted by the sample conditions.'” ' 28
Circumneutral pH and excess CA strongly favor the 3:3 species whereas both high pH values and
excess U(VI) favor the 3:2 species, and the respective 6:6 and 9:6 superstructures are favored
especially at high overall concentrations.

As of pH 5 the v3(UO2) modes associated with the trimeric species appear in the ATR FT-IR.
Owing to the sample conditions the 6:6 sandwich complex forms. Corresponding features appear
rather weak, hence spotted only by deconvolution and, in the pH 6 spectrum, as a shoulder at
892 cm™! while above pH 6 the 3:2 species predominates, giving rise to the band at 879 cm™!
(Figure 7).'® With the aid of DFT-calculated molecular vibration frequencies, the signals at 1060
and 1087 cm™! can be assigned to combination vibrations of C3—O stretch and H-C—H twist, as
well as HoC—C3 stretch and H-C—C3—CH> bend, respectively associated with the complexes’ five-
and six-ring fragments. Analogously, the 1206 and 1241 cm ' modes have contributions from
vibrations related to the carbon framework as well as stretching and deformation modes in the OC—
O and H,C—COO fragments. Above pH 6, a band at 1276 cm™! appears, that at 1087 cm™! shifts
towards higher frequencies, and v.s(COOQ) is split into two modes, among which one emerges at
1612 cm™!. The latter findings are ascribed to the changed binding situation in the 3:2 species, i.e.,
increased complex’ U(VI):CA ratio, p-OH bridged uranyl(VI) units concomitantly decreasing
their Lewis acidity as well as reduced overall symmetry.

By means of the applied sample conditions, 3:3 and 3:2 species’ log f values could be calculated
from UV-Vis and ATR FT-IR spectra, respectively (Table 2). Although the errors are in principle
somewhat larger for the IR-based stability constants, the 3:2 log f value fits well within the range
of reported values. The stability constant of the 3:3 species is unprecedented; extrapolation to
infinite dilution, applying the Davies equation,’” gave log 8° = —(8.6 + 0.2); for log ° of the other
complexes, see Table S3, SI.

The high solubility of and the lacking dynamics within the 6:6 uranyl(VI) citrate sandwich
complex are ideal prerequisites for intense and sharp NMR signals and were exploited to detect
the 'O NMR signal of the trinuclear uranyl(VI) core bridging ps-oxygen. Under suitable

conditions the sample solution contains almost exclusively the 6:6 Na™ sandwich complex,'’
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allowing for straightforward signal assignment. A corresponding sample was prepared adding '’O-
enriched water prior to pD adjustment.

Since the Oy are inert and show no isotopic exchange under the applied conditions, only oxygen
in hydrolytic water is isotopically labeled. Thus, upon increasing pD, hydrolysis in U(VI)-
coordinating HD'7O causes isotopic labeling of the p3-O in situ, resulting in the first observation
at 6o 583 ppm (Figure 8), comparable to p3-'"O signals in poly-oxo anions of Mo (516 ppm)>® and
Ti (575-527 ppm)>. For comparison, the line widths are 460, 140, and 90 Hz of the signals
respectively associated with p3-O, NOs~, and HDO.

OyI us'o *
TR .
T T T T T T T T
1120 1100 600 500 400
T T T T T T T T T T T T T

1200 1000 800 600 400 200 0
Chemical shift (ppm)

Figure 8. 70O NMR spectrum of a pD 7 sample 61 mM each in uranyl(VI) nitrate and trisodium
citrate containing 5% '"O-enriched water, showing signals associated with the uranyl(VI)-citrate
6:6 Na* sandwich complex. The 7O signal of the nitrate anion (414 ppm relative to water at 0 ppm)

is marked by an asterisk.

In addition, the 6:6 complex was investigated by EXAFS spectroscopy, whereby the obtained
distances (Table 3) refer to the shell fits within the sandwich complex constituting 3:3 U(VI)-CA
species. The raw U Ly-edge k°-weighted EXAFS data, corresponding Fourier-transforms and
model structures as used for the shell fit together with structure parameters are provided with
Figure S11 and Table S4, SI. The symmetric 3:3 species (Figure 1C) is characterized by a bridging
13-O as unambiguously revealed by X-ray crystallography in single-crystals'® and by 70O NMR in
solution shown above, with the p3-O-U distance fitted to 2.20(2) A. In this context, the key issue
is the discrimination between features of the p3-O and the other equatorial oxygen atoms.
Accordingly, the radial particle distribution function (RPDF) was calculated, providing a density
function of interatomic distances. The Landweber iteration approach is thereby used to reconstruct
asymmetric RPDFs from the EXAFS spectrum.®® ¢

Similar to corresponding uranyl(VI) hydrolysis species,®! due to oligomerization from 2:2 to 3:3

complex, the U-U distances shorten from 3.903(6) to 3.801(3) A. Owing to the p3-O, the 3:3
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complex is tightened in its radial dimension, whereupon in the single-crystal structures the U-U
distances decrease from 3.890 to 3.762(14) A when going from 2:2 to 3:3 complex, and the latter
showing a p3-O—U distance of 2.231(15) A.!® Notably, unlike the 2:2 and the 3:2 complexes, the
3:3 complex possesses no water ligands as the coordination around the uranyl(VI) entities is
saturated by the citrate ligands and the p3-O. Additionally, the Oy—U-Oy bond lengths
significantly increase to 1.806(1) A.

Table 3. Interatomic distances in A“ associated with U(VI)-CA 2:2 species as well as 3:3 species

in 6:6 Na" sandwich complex.

2:2 species 3:3 species

Ref. 39> Ref. 25¢ Ref. 184 Ref. 39" Ref. 18¢

U-Oy 1.784(1) 1.78(2) 1.779(5)  1.806(1) 1.798(9)
U-Oeq  2.364(3) 238(2) 2.380(44)  2.373(9) 2.366(26)
U-U  3.903(6) 3.93(2) 3.890 3.801(3) 3.762(14)
w-0-U — — — 22002) 2.231(15)

“uncertainty given in parentheses as last digit(s); ® EXAFS, solution structures; ¢ EXAFS
(0.04 M U(VI), 0.1 M CA, pH 3.8); “ single-crystal X-ray diffraction; data according to CCDC
nos. 1031410 and 1031412.

Upon increasing pD, the complexes with U(VI):CA ratio equal to unity are displaced by species
with U(VI):CA ratio of 1.5:1 which can be seen as the replacement of citrate by OH™ as ligand. A
pD 7.5 solution initially equimolar in both U(VI) and CA thus exhibits free citrate. 'H and
3C NMR spectra in Figures 9A and B, respectively, disclose three sets of signals, owing to the
sample conditions, associated with the 6:6 U(VI)-citrate Na* sandwich complex, 9:6 U(VI)-citrate

macrocycle (circles), and free citrate.
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Figure 9. 'H (A) and *C{'H} (B) NMR spectra of 250 mM U(VI) and 250 mM CA in D,O at
pD 7.5. Note the overlaid part with line broadening factor Ib = 15 Hz (green). Signals associated
with the 9:6 complex are indicated by green circles; other signals assigned according to labeling

in Figure 1.

Since the 6:6 sandwich complex is lacking any dynamics, its 'H and *C NMR signals are well
resolved. In contrast, the signals of the 9:6 complex (and its sub-units) show remarkable
broadening upon spectral averaging caused by dynamic processes. Especially those of the terminal
carboxylates (C1/C5), as the reactive sites, are broadened to such an extent that they hardly
differentiate from the baseline. As described for the dimeric species (vide infra), coordinating and
unbound -CH2COO moieties are subject to mutual intramolecular site exchange. Additionally,
intermolecular reactions comprise association and dissociation among the sub-units and the 9:6
macrocycle.

From '3C NMR, Figure 9B, it can be concluded that the dynamic reaction equilibrium is shifted
towards the 9:6 superstructure. The macrocycle’s Adc of carboxyl C6 as well as of the U(VI)-
bound -CH>COO moieties’ C1/C2 are somewhat smaller as compared to those of the 6:6 complex
since in the 9:6 complex the respective uranyl units’ Lewis acidity is decreased upon p>-OH
bridging. However, pertaining to the carbons C4/C5, Adc is larger for the 9:6 than for 6:6 complex,
since the corresponding -CH>COO moieties are unbound in the sandwich complex while in the 9:6
complex they are bridging the constituting 3:2 sub-units. Therefore, in the macrocycle all C3-

bound residues are involved in U(VI)-coordination causing additional electron density withdrawal
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and, possibly, some torsional strain, resulting in Adc larger for C3 in the 9:6 than in the 6:6
molecule.

For each single hydrolysis step or, in general, for any (additional) Lewis base coordination, the
metal’s Lewis acidity (successively) decreases since the uranyl(VI) entity withdraws electron
density. Accordingly, ligand-to-metal charge transfer (LMCT, Oe¢q—U) bands in UV-Vis absorption
spectra are red-shifted and the U-Oy; bond force constants and, hence, the vibration frequencies
are decreased as observed by vibrational spectroscopies.*® 3% 6195 Correspondingly, since the
chemical shift is a measure for the electron density, the reduced U(VI) Lewis acidity results in
smaller electron density withdrawal and thus smaller Adc. The latter fact is consistent with
theoretical studies for ternary model systems,%® ¢7 and the observed bathochromic shift of UO; v
and v3 upon changing speciation from dimeric to trimeric U(VI)-CA complexes as shown in
Figure 7 and elsewhere.'®2° For Adc values refer to the considerations stated with Figures S12 and

S13, SI, showing corresponding H,C-HMBC and H,H-COSY pD 7.5 spectra.

CONCLUSIONS AND OUTLOOK

Although already investigated for decades, the results of this unique multi-method approach
allowed deeper fundamental insights into the structures of the formed uranium(VI)-CA complexes
on a molecular level. Presented complex species and structures are consonant among all applied
complementary spectroscopic methods and supported by quantum chemical calculations. This
work delivers a topical and reliable comprehension of dimeric and trimeric U(VI)-CA species in

aqueous solution forming in acidic up to slightly alkaline media.

The objectives (i) to (iv) introduced in the Motivation section were achieved as follows.

First of all, we appreciate and build upon all the previous work dealing with this challenging
system. With reference to issue (i), by outlining the progress in U(VI)-CA complex structure
elucidation we addressed the major misconceptions leading to erroneous molecular structures. In
this regard, we want to stress that hydrolysis is the consequence of strong polarization of the
H<O>H bonds in water coordinating metal ions. Then, hydrolysis occurring already in strongly
acidic media is caused by the metal ion’s Lewis acidity. Accordingly, hydrolysis of U*", as a

significantly stronger acid, happens even at pH < 1.5 ¢
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A repeatedly arising argument, and supposedly a misleading belief in previously proposed U-CA
complex structures, is that strong complexing, i.e., polydentate (chelating) ligands prevent U(VI)
hydrolysis and formation of polynuclear species. The U(VI)-CA system is a superb, but not the
only example disproving this reasoning, see also considerations on issue (iv), below. Thus, any
U(VI)-coordinating water in ever so stable complexes is susceptible to hydrolysis even in strong
acidic media as consequence of the interplay between metal ion Lewis acidity and solution pH.
For instance, the two HCit 11°~ ligands in the dimeric 2:2:0 complex do not prevent hydrolysis; as
coordinating Lewis bases they merely decrease U(VI) Lewis acidity and, thus, increase the pH for
which the water molecules in the remaining fifth coordination site finally hydrolyze. Subsequently,
the mono- and bis-hydroxo U(VI)-CA species denoted 2:2:1 and 2:2:2 occur in solution as proven
by UV-Vis and ATR FT-IR spectroscopies. Upon further increasing pH, we hypothesize that at
some point the 2:2:2 species breaks down, the HCit >~ ligand is released thereby forming Cit*".
The consecutively emerging 3:3 complex forms by reaction of the trinuclear uranyl(\V1) hydrolysis
species (UO2)3(Us-0O)(OH)s* with three Cit>~ thereby (again) releasing the alcoholic hydroxyl
proton to finally yield (UO2)3(us-O)(Cit-n)s®". The computed speciation distributions imply that in
general the U(VI) hydrolysis species are the precursors for the polynuclear U(VI)-CA complex
species. That is, even for 100-fold CA excess no polynuclear species form as long as the U(VI)
solution is sufficiently diluted, such as 1077 M.

Concerning issue (ii), on crucial consideration of the stereocenters induced in the molecules
upon citrate complexation, the overall configurations of the dimeric complex isomers, viz. syn and
anti, were proven by spectroscopy in aqueous solution. It was the first evidence that the
(UO2)2(HCit-n)>~ complex strongly favors the syn configuration in aqueous media, with both
isomers coexisting and mutually interconverting with rates of ~30 and ~249 s™! at —6 and 60 °C,
respectively, in acidic media, corresponding to an activation energy of about 24 kJ mol!. By all
of the methods applied to the aqueous U(VI)-CA system in general, and investigating the 2:2
complex in particular, i.e., UV-Vis,’% ! EXAFS,? as well as Raman, FT-IR, and ESI-MS,'® 26 it
is questionable if any would be able to discriminate between the two isomers since in both the two
uranyl(VI) units possess the same pentagonal bipyramidal coordination geometry as well as
number and type of nearest neighbor atoms. Finally, only the combination of NMR spectroscopy
and DFT calculation allowed unambiguous decision on the overall configurations, with 70 NMR

signals attributed to the individual uranyl(VI)-oxygen atoms in both isomers.
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Virtually all single-crystal X-ray structures containing the dimeric U(VI)-CA complex in any
manner reveal anti configuration.'® 3% 353772 Notably, there is one crystal structure that reveals
the syn configuration, obtained under hydrothermal conditions (180 °C), facilitated by a water
molecule bridging the syn -CH,COOH moieties via hydrogen bonding.>® Apparently, the anti
isomer crystallizes preferably owing to its higher symmetry which enables regular arrangement in
the crystal lattice, thereby overcoming the distortions calculated (and reflected by 7O NMR data)
in the solution structure. The syn isomer can, hence, be considered more soluble. As a matter of
fact, the predominance of the syn isomer in solution was hitherto unnoticed, demonstrating that,
especially upon different physicochemical properties of the isomers, the solid phase does not
necessarily reflect speciation and structures found in aqueous solution, underlining the importance
of rigorous solution studies.

With reference to point (ii), the trimeric species exhibit versatile features regarding both
structure and dynamics. The basic 3:3 and 3:2 species predominate at lower overall concentrations
up to low-millimolar range, and are subject to pronounced intramolecular dynamics. As of
millimolar solution, corresponding superstructures form upon (self-)association, either by
sandwiching metal ions (M = Na®, Ca?*, La*") by two 3:3 species as a Lewis acid—base adduct
with U-Oy—M motif,!” or by trimerization, with the remaining -CH,COO moieties
intermolecularly linking the 3:2 sub-units to form a macrocycle.!® While the latter undergoes
break-down and build-up reactions among its sub-units, the sandwich arrangement is lacking any
dynamics. For this reason, the 70O NMR signal of the trinuclear uranyl(VI) core ps-bridging
oxygen could be observed for the first time.

Pertaining to point (iii), stability constants were determined for all dimeric and trimeric complex
species, some of which as duplicates using complementary methods. The thus obtained values
agree very well among one another and corroborate those reported in the literature. The stability
constant of the 3:3 species was determined for the first time, being log f°=—(8.6 £0.2).
Consequently, the more stable 3:2 complex and its stoichiometric self-associates form by cost of
the former upon passing neutral pH through alkaline conditions. Since the 3:2 complex occurs
preferentially at higher pH, its formation is likely to be caused by the veritable reaction of OH™
present in solution as the stronger Lewis base (nucleophile) successively replacing the weaker
nucleophile citrate. This is clearly seen in the pD 7.5 NMR spectra (Figure 9) by observation of

citrate released upon replacing complexes with 1:1 U:CA stoichiometry (here 6:6) by those with
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1.5:1 U:CA ratio (mainly 9:6). U(VI)-binding to the remaining unbound -CH,COO™ moieties
combined with liberation of coordinating water molecules from U(VI) (¢f. Figure 1D) are
additional enthalpic and entropic driving forces.

When U(VI) concentrations are as low as 10" M (ug/L range), only the mononuclear 1:1 species
play a role. If one considers that as of U(VI) concentrations of 5x10> M and excess ligand the
formed U(V1)-CA complexes are polynuclear,?’ in some technology-affected natural environments
(issue of TENORM - technologically enhanced naturally occurring radioactive materials) both
U(VI) and (organic) ligand concentration likely increase up to values allowing for formation of
polynuclear complex species. However, these complexes are still rather weak compared to
competing inorganic uranium(VI) complexes, namely hydroxides, carbonates and
hydroxycarbonates. Consequently, species distribution calculations suggest that the characterized
polynuclear uranium(V1)-citric acid species do not significantly increase uranium(V1) mobility in
the environment; from a safety and risk assessment point of view, this is good news.

As regards point (iv), in both solid and aqueous phase uranium adopts the same structural ‘core’
features, i.e., (UO2)2(i2-OR)2 and (UO2)3(u3-O)(n2-OR )3, with R being organic residues or H, the
latter pertaining to the inorganic complexes (UO2)2(OH)** (“2,2”) and (UO2)3(O)(OH);" =
(UO2)3(OH)s" (“3,5”) respectively, as shown by both X-ray based and optical methods as well as
DFT calculation.®! %7376 The organics comprise, for instance, besides citrate also lactate (Lac),
malate (Mal), and tartrate (Tart). Related investigations® of U(VI) complexation by the latter three
ligands (all performed at comparable sample conditions as for CA presented herein) are in very

1-20

good agreement with the spectrophotometric data obtained by Feldman et al.”” as well as the

EXAFS fits for the respective dimeric complexes studied by Allen et al.?
values of 436/101, 435/102, and 433 nm/104 M ! cm™!, and U-U distances of 3.93(1), 3.930(7),
and 3.932(6) A are indicative of 2:2:0 dimeric species of U(VI) with Lac, Mal, and Tart,
respectively. Moreover, A/emax as well U-U and p3-O—U distances determined to 440/344, 440/326,

and 439 nm/340 M cm™!, as well as 3.814(2), 3.816(3), and 3.806(2) A, and 2.19(1), 2.19(1), and

Corresponding A/emax

2.20(1) A, are also very similar among one another and, with respect to the described citrate-related
UV-Vis and EXAFS data (440 nm, 373 M ' cm™, 3.801 and 2.20 A), unambiguously evidence the
analogous trimeric U(VI) complexes of Lac, Mal, and Tart, respectively.

Unruh et al.”” published single-crystal X-ray structures for the trimeric uranyl(VI) complexes of

Mal. Equimolar U(VI):Mal ratios resulted in the presence of 3:3 species in crystals obtained from
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a pH 6 parent solution. At pH 7, however, only one pH unit above, the obtained crystals contain
3:2 species isostructural to those in the 3:2 U(VI)-citrate sub-unit (Figure 1D). Although not
explicitly investigated, it is most likely that both these trimeric species were essentially present as
aqueous complexes in their respective parent solutions. Since Mal possesses the same basic
structure as CA, the tridentate U(VI)-binding fashion is in principle identical, but as the
unbound -CH>COO™ moiety is lacking, the 3:2 U(VI)-Mal species does not assemble as a 9:6
macrocycle but ligates to uranyl(VI) carbonate units instead.”’

Obviously, even the 3:2 U(VI)-citrate and, accordingly, the 3:2 U(VI)-Mal structure can be
correlated to a corresponding inorganic hydrolysis isostructure, viz. the (UO2)3(O)(OH)s™ =
(UO2)3(OH)7 (“3,7”) complex (Figure S14, SI). Moreover, the structural similarities are not only
restricted to a-hydroxy acids. Further evidence for complexes containing the
(UO2)3(u3-O)(n2-OR)3 “core’ structure is given by, e.g., terephthalate,”® p-nitrobenzoate,”” and
nucleotides,® with the latter containing no carboxyl groups, thus surrounding the motif of interest
by the oxygen atoms of both the sugar unit and the phosphate residues, respectively.

Consequently, based upon the underlying isostructurality we recommend to bear in mind these
chemical relationships for future studies regarding structure elucidation and refinement, as well as
determination of thermodynamic constants particularly by means of potentiometry and spectro-

photometry.
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