Structure and dynamics in the complex ion (UQO,),(CO;)(OH);~
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The structure and ligand exchange dynamics of the ternary complex (UQ,),(CO;)(OH),™ have been investigated
by EXAFS and NMR spectroscopy. Very broad signals can be observed in both the *C and the 7O NMR spectra.
The EXAFS data show the presence of 1.3 * 0.3 short uranium—oxygen distances at 2.26 A, consistent with single
bonded hydroxide and 3.9 * 0.6 distances at 2.47 A for the other ligands in the first co-ordination shell. There is
also evidence for a U - - - U interaction at 3.90 A. Based on the EXAFS and NMR data we suggest the presence

of three isomers with different bridge arrangements, the dominant one, C, contains 80% of the uranium and the
minor ones A and B, 5 and 15%, respectively. The ligand exchange reactions between these isomers are slow.

The NMR data indicate that the main reactions involve intramolecular exchanges between isomers with different
positions of the non-bridging ligands in A, B and C. We suggest that these take place through water exchange as

discussed earlier for other ternary uranium(vi) complexes.

Introduction

In previous communications we have discussed the structures
of isomers and the rate and mechanism of their inter- and
intra-molecular ligand exchange reactions in some ternary
dioxouranium(vi) aqueous systems.? In the present study we
have made an analysis of the structure and dynamics of the
ternary complex (UQO,),(CO;)(OH);". This is a predominant
species in the aqueous uranium(vi)-carbonate system over a
broad pH range, provided that the ratio between the total
concentrations of UY! and total carbonate is >1:1, ¢f. Fig. 1.
The complex was first identified by Maya and Begun,** who
determined its equilibrium constant and Raman spectrum.
Additional information on the equilibrium constant is found
in ref. 5, pp. 318-320. From the stoichiometry of the complex
and the known co-ordination geometry of the uranyl ion it
follows that the two uranium atoms are linked by bridging car-
bonate and/or hydroxide groups and that the complex also con-
tains co-ordinated water, The four possible isomeric bridging
structures are shown in Fig. 2. The U - - - U distance in A and B
can be estimated to be 4.97 and 3.95 A respectively, from known
structures containing these bridge types.>!® For each of these
there are additional isomers possible, depending on the
arrangement of the non-bridging ligands.

In order to decide if different isomers are formed, their
structures and possible pathways for their interconversion we
have used EXAFS, *C and 7O NMR data from solutions
containing (UQ,),(CO;)(OH),". The NMR data provide
structure and symmetry information for the isomers and the
rate of exchange, as well as mechanistic ideas for the exchange
reaction. The EXAFS data give “instantaneous” structure
information, i.e. the superimposed structures of the different
isomers.

Experimental
Chemicals used, preparation of test solutions

The chemicals used were the same as described in previous
studies.! An ""O-enriched uranyl perchlorate stock solution was
prepared as described earlier.! The test solutions for the 7O and
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Fig. 1 Uranium distribution diagram for the uranium(vi)-carbonate
system as a function of pH.
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Fig. 2 Possible bridge isomers for (UO,),(CO;)(OH);™; (U = UO").

BC NMR experiments were prepared from appropriate
amounts of '"O-enriched uranyl perchlorate stock solution and
solid *C-enriched Na,CO; (Stohler Isotope Chemical, 99.3%
13C) to get the final total concentration of 0.02 M UO,**. First,
the ratio of [UO,**]: [CO;*7] in the test solution was set to 1: 3 at
pH 7.5. This solution contains mainly UO,(CO,),*"; argon was
then bubbled through the stirred solution and 1 M HCIO, was
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Fig. 3 Experimental EXAFS oscillations, corresponding Fourier
transforms (using a Bessel window), and best theoretical fits for a
sample containing ~94% (UO,),(CO;)(OH);".

added dropwise, slowly decreasing the pH to 5 and removing
the excess of carbonate. The final ratio of [UO,>*]:[CO,*"] was
approximately 2: 1. It is important to note that the pH cannot
be below 4.5 because of precipitation of UO,CO;(s). Then the
pH was changed back to the range between 7 and 8 by adding a
NaOH solution; this results in the formation of (UO,),(CO,)-
(OH);™ as the dominant complex. For EXAFS measurements
no isotope enriched chemicals were used and the test solution
had a total uranium(vi) concentration of 0.05 M, of which
about 94%, estimated from *C NMR, was (UQO,),(CO,)(OH),".

NMR Measurements

The 7O NMR spectra were measured using 10 mm sample
tubes, on a Bruker AM400 spectrometer at 54.2 MHz; the
chemical shifts are given in ppm and referenced to the signal of
external tap water. The *C NMR spectra were measured using
5 or 10 mm sample tubes, on Bruker DMX-500 (11.7 T) and
Avance-800 (18.8 T) spectrometers, at 125 and 200 MHz,
respectively. The 3C chemical shifts are referred to external
TMS. In the test solutions 5% D,O was used to obtain locked
mode. The probe temperature was adjusted using a Bruker
Eurotherm variable temperature control unit and measured by
a calibrated Pt-100 resistance thermometer. The linewidths
were determined by deconvolution of Lorentzian curves to the
experimental signals using the WIN-NMR program.'!

EXAFS Measurements

The data were recorded at the Rossendorf Beamline (ROBL)
at the ESRF in Grenoble. The transmission spectra were
measured at room temperature using a water-cooled Si(111)
double-crystal monochromator of fixed-exit type (E=5-35
keV). Further details on EXAFS measurements are given in
ref. 12. The data were treated using the WinXAS software.'
Theoretical back-scattering phase and amplitude functions
used in the data analysis were calculated for the model complex
(UO,),(CO,)(OH),” using the FEFF7 program.' The multiple
scattering (MS) path U-O (axial, 4-legged path) and MS
U-C-O (3- and 4-legged paths) were included in the model
calculations.

Results
EXAFS experiments

Each of the possible isomers, ¢/ Fig. 2, contains two uranium
sites with different chemical surroundings. The experimental
data record a superposition of all these, i.e. the “average” struc-

Table 1 Fit parameters to uranium L;; edge EXAFS data: AE, set at
—6.6 eV. Refinements were made using a constant amplitude reduction
factor S,>=0.9

Fit Scattering Residual
model  path N oA*  RIA (%)
1 U-0,, 2 1.80, 0.0017 17.3

U-O,, 1.7£03 226, 0.0048

U-0,,, 3.5+0.5 247, 0.0104

U-C 09+02 289  0.0036

U-0O,, 2 3.61,  0.0035

(MS pathway)

U-C-0 3¢ 395,  0.0047

(MS pathway)
2 U-0,, 24 1.81, 0.0017 14.8

U-O,, 1.3+03 226, 0.0036

U-O,y, 39+0.6 247, 0.0130

U-C 1.5+03 289, 0.0056

U-uU 0.5+0.1 3.90;  0.0036

U-0,, 24 3.62,  0.0035

(MS pathway)

U-C-0 3¢ 3.96, 0.0053

(MS pathway)

“ Kept constant during the fit.

ture present in the test solution, a fact that will complicate the
EXAFS structure analysis. The experimental data extend out
to a k value around 16.5 A~' which permitted the resolution
of the equatorial bond distances into two components. The
EXAFS analysis was made in several steps, beginning with the
first co-ordination sphere of uranium, including MS pathways
but without a U - - - U distance, Model 1. Then a calculation of
a difference spectrum using the experimental data and the calcu-
lated total EXAFS oscillation from Model 1 was made. This
allowed the identification of two additional shells at approxi-
mately 3.37 and 3.75 A, respectively. In Model 2 it was assumed
that the latter distance referred to a U-U interaction. The result
of refinements of Models 1 and 2 and a comparison between
models and experimental data are given in Table 1 and Fig. 3.
There is no large difference between the two models, however
both very clearly identify two different uranium-oxygen dis-
tances in the equatorial plane. The short distance at 2.26 A and
N =1.3 + 0.3 indicates a co-ordinated single bonded hydroxide,
as observed both in the solid state and in solution,'*!¢ while the
longer distance at 2.47 A and N = 3.5 * 0.5, indicates bridging
hydroxide® and co-ordinated carbonate.” The number of short
distances is important for the deduction of the structures of the
main isomers as outlined in the Discussion. The presence of the
short U-Q,, distance is supported by a significant lengthening
of the U-O,, bond distance, about 0.03 A, compared to that of
the uranyl aqua ion.'® The measured bond distance U-O,,, 1.81
A, is also slightly larger than found in the binary complex,
(UO,)5(COy)E, 1.79 A A notable feature in the EXAFS
spectrum is the absence of the strong U-U peak found in
the EXAFS data®"” from (UQ,),(CO,)s*, (UO,),(OH),** and
(UO,);(OH)s*. Allen et al. made similar observations on di-
nuclear complexes of tartrate, malate and citrate.'® The absence
of a distinct U-U peak is a strong indication of the presence of
at least two isomers in solution with slightly different U-U
distances, resulting in a smearing out of the peak in the same
manner as caused by a large Debye—Waller factor.

NMR measurements

Very broad signals can be observed for (UO,),(CO;)(OH),™ in
both the *C and the O spectra, ¢f. Figs. 4 and 5, which cannot
be due to exchange reactions involving the other species present
in the test solution. The *C and 7O linewidths of UO,(CO;);*
and (UO,);(CO,)s"~, which are present in low concentrations,
are narrow indicating very slow exchange between one another
and with (UO,),(CO,)(OH);". The line broadening of the free
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Fig. 4 O NMR spectra for (UO,),(CO;)(OH),” and deconvoluted
peaks for the “yl” oxygens within the isomers (see Fig. 2 and text). The
spectra were measured at different pH, a 7.0, b 7.4 and ¢ 8.3 at 25°C.
The sharp peaks at 6 1102 and 1108 are for UO,(CO;);* and
(UO,)4(CO,)e8, respectively.
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bicarbonate is due to proton exchange, in accordance with the
result of a recent study on the dynamics of intra- and inter-
molecular exchange reactions in binary carbonate complexes.'
Hence, the only explanation for the broad signals is an intra-
molecular exchange between different isomers with the same
bridging ligands. In the carbon spectrum recorded at 11.7 T
(125 MHz) two narrower peaks of low intensity can be decon-
voluted beside the broad (240 Hz) main peak. The relative
intensities of these are 15 and 5%, as shown in Fig. 5. It was not
possible to resolve the broad carbon peaks either by decreasing
the temperature, or by increasing the magnetic field to 200
MHz, ¢f Discussion. In both experiments the linewidth was
increasing. In addition we found that the concentration of
(UO,),(CO;)(OH);™ decreased significantly when decreasing the
temperature, indicating that the enthalpy change for reaction (1)

2 (UO,)4(COys" + 9 H,O—
3 (UO,),(CO5)(OH);~ + 9HCO;™ (1)

is positive as expected when nine CO,?>~ (co-ordinated) react
with the equivalent amount of water to give OH™ (co-ordinated)
and HCO;™.

The O NMR spectra measured at different pH are shown in
Fig. 4. The broad peak indicates the presence of at least two
different uranium sites in slow exchange. The peak can be
deconvoluted into two broad Lorentzian curves with a ratio of
approximately 1.5: 1. The peak is broadening and its intensity is
decreasing when decreasing the temperature to 0 °C and it is
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Fig. 5 C NMR spectrum measured at 125 MHz for (UO,),(CO;)-
(OH);™ (pH 7.0, 25 °C). The arrows indicate the deconvoluted peaks for
the isomers (see Fig. 2). The peaks at 0 168.8, 167.2 and 160.2 are for
(UO,)5(CO;)¢" (in central and terminal positions) and HCO; /CO,*~
respectively.

then not possible to detect individual peaks. The shift difference
between the two peaks is approximately 500 Hz, which can be
used as an upper limit for the rate of exchange between the
uranyl sites at 25 °C.

Discussion

From the experimental data it was only possible to deduce
structure models for the different bridge isomers of (UO,),-
(CO;)(OH);". Hence, the mechanism for the intramolecular
exchange reaction is tentative.

The first step in the analysis is to consider the relative stab-
ility, the structure and dynamics of the bridge isomers shown in
Fig. 2. From there on we will continue with a discussion of the
possible additional isomers that differ in the positions of the
non-bridging ligands.

EXAFS data

The different bridge isomers differ in their U--- U distances
and in the number of non-bridging OH™ groups. The U---U
distances in the different bridges have been estimated from
known structures, 3.90 A in® (UO,),(OH),>*, 4.90 A in A, based
on the known structure® of (UQ,);(CO;)¢ . The U---U
distance in D is estimated from the geometry to be 6.6 A. A key
point for the analysis is the possibility to identify the number
of terminal OH groups from the EXAFS data. The EXAFS
models indicate 1.3 * 0.3 short U-O distances per uranium. In
addition the best model has 0.5+ 0.1 U---U distances per
uranium at 3.90 A. This leaves C as the model most consistent
with the EXAFS data.

The next issue is to judge if the observed exchange is due to
exchange between the different bridge isomers, or if it is a result
of exchange between the non-bridging ligands. Experimental
kinetic information indicates that bridging ligands are not
particularly reactive. The rates of formation and dissociation
of (UO,),(OH),** are slow, k; ~60 s™! and k, ~100 s, respec-
tively.?® The rate of dissociation of (UQ,),(CO;)*", contain-
ing the same double bridging carbonate as in A, is =1 s’
In addition, the exchange between different bridge isomers
involves a major rearrangement and is therefore less likely than
reactions involving the non-bridging ligands.

The relative stability of the different isomers

We have no quantitative information of this type. However,
the NMR data indicate that the exchanging isomers must be
present in comparable amounts, ie their relative stability
cannot differ more than a factor of five at most. We expect that
the difference in thermodynamic stability between isomers with
different bridge structures is larger than between isomers with
the same bridge structure, as observed experimentally for other
ternary uranium(vi) complexes.' The experimental information
from the "*C data, indicating 80% of isomer C, and 5 and 15%
of A and B, respectively, is consistent with this assumption. If



we compare isomers A and D we note that the bonding capacity
of the carbonate ion is used less efficiently in D than in A,
accordingly D is not likely to be present in significant amounts
in the test solutions.

70 and *C NMR experiments

The deconvolution of the carbon spectrum indicates the exist-
ence of at least 3 bridging isomers. The peak at J 172.5 has been
assigned to isomer A because this is the narrowest (110 Hz), i.e.
belonging to the slowest exchange reaction, which we expect
involve the double bridging carbonate. The peak at ¢ 176.2 with
a linewidth of 160 Hz is then due to the other minor compo-
nent, B. The line broadening is not due to exchange between the
bridging isomers; the rate of exchange calculated from the
measured linewidth and population should then be the same.**
This is not the case; instead the line broadening is due to a more
rapid exchange of the non-bridging ligands. In isomer B the
carbonate is in terminal position and we can assume a much
faster intermolecular exchange, as was observed in binary *® and
ternary' carbonate systems. At the experimental pH (7.0) we
estimate an external carbonate exchange rate of 230 s™!, using
the rate constant (2.3 x 10° M~ s7!) for the proton catalysed
exchange in the binary carbonate system.' This value is lower
than that calculated from the linewidth (460 s~!), which indicates
the effect of the exchange of other non-bridging ligands on the
line shape. The major peak at d 175 is assigned to bridge isomer
C. The additional isomers with the same bridge structure
should have approximately the same thermodynamic stability,
of ref. 1, but different *C chemical shifts. The simplest
exchange reaction involves site exchange of water and hydrox-
ide around uranium site C/. We have previously studied ! reac-
tions of this type between isomers of UO,(ox)F,(H,0)*" and
UO,(ox)F(H,0),”, and found that their rate constants,
approximately 1500 s™!, are determined by the rate of dissoci-
ation of co-ordinated water. We expect that the rate of
exchange of water to be similar also in C.

The deconvoluted O spectra indicate two different major
uranium sites, with the ratio 1.5:1. Owing to the limited reso-
lution of the spectra more exchanging sites cannot be resolved.
The 'O spectra can be explained as follows: in all isomers there
are two uranyl oxygen sites in different chemical environments
(A1-A2, BI-B2 and CI-C2, see Fig. 2). The chemical shift
difference between them is determined by their chemical
surroundings, especially the position of carbonate. For the
different isomers of C, we can therefore assume that the
chemical shift difference between sites CI and C2 is relatively
large and that the exchange between them is slow because of
slow carbonate exchange. However, the intensity of the two
70O peaks is not identical as required if only isomers of C
contribute. About 15% of the uranium is contained in isomer
B and will therefore give a corresponding contribution to the
70 spectrum. When discussing the *C spectra we pointed out
that the carbonate exchange in B was faster than in C. This will
result in an exchange averaged O peak from BI to B2; we
suggest that this overlaps the peak at d 1132 from isomer C. The
ratio of the two 7O peaks is then 1.4:1, close to the experi-
mental value of 1.5:1. The linewidth of the *C and O NMR
signals increases with decreasing temperature (or increasing
magnetic field). If the peak width is a result only of inter-
molecular exchange of carbonate we expect a decrease of the
linewidth with decreasing temperature because these exchanges
are slow on the NMR timescale, even at room temperature. The
observed line broadening is then due to slower exchange
reactions of the non-bridging ligands with decreasing temper-
ature. These are in the fast exchange region on the NMR time-
scale at room temperature, resulting in only one peak for each
of the bridge isomers. Hence, a decrease of the temperature
results in a broadening of the NMR lines.

To conclude, the constitution of this chemical system is

simple, however, the presence of different isomers of (UO,),-
(CO;)(OH);~ complicates both the determination of the
structure of the complexes and the understanding of the
mechanisms of transformation between them. The NMR line
shapes reflect the effects of slow and fast ligand exchanges.
The carbonate exchange reactions are relatively slow and make
it possible to deconvolute separate *C peaks for the isomers
and separate 7O peaks for the major isomer C. Nevertheless,
the presence of isomers due to the non-bridged ligands and
their internal site exchange reactions are fast on both the 7O
and C NMR timescales determined by the chemical shifts
resulting in additional broadening for the signals. Based on
EXAFS and NMR data we suggest that there is one pre-
dominant bridge isomer, C, and two minor ones, A and B.
The predominant exchange reaction in C is an intramolecular
exchange between isomers with different positions of the non-
bridging ligands. The exchange between them may take place
through water exchange as discussed in one of our previous
papers.!
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