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ABSTRACT: In the field of actinide aqueous chemistry, this
work aims to resolve some controversy about uranyl(VI)
hydroxide species present in basic aqueous solutions. We revisit
the Raman, IR, and UV—visible spectra with two new ap-
proaches. First, Raman, IR and UV data were recorded system-
atically from aqueous solutions with the noncomplexing
electrolyte (C,Hs),NNO; at 25 °C and 0.1 MPa ([Upa] =
0.005—0.105 M) in H,O and D,O over a wide range of —log
mH (D)™ between 2.92 and 14.50. Second, vibrational spectra
(IR and Raman) of basic solutions in H,O and D,O were
analyzed using the Bayesian Positive Source Separation method
to estimate pure spectra of individual species. In D,O solutions,
the new spectroscopic data showed the occurrence of the same

Uranyl species (H;0/D;0) \ Raman spectra
29<-logmH" <145
N(CH,CH,)," N(CH:CH,)," |
- -

HOq JOH;
o A2

H’D\. ot o
. 'é}—'qg ) i |' ORI
‘e © o— =
T o /2 on T ~
S B g Infrared spectra
5 2 5} =
- Bag o8 > = 2
HO 3
1S o e
= \=/'/

species as those in H,O. As observed for the wavenumber of the symmetric stretching mode, the wavenumber characteristic of the
O=U=0 antisymmetric stretching mode decreases as the number of OH(D) " ligands increases. These kinds of data, completed by
(1) analysis of the signal widths, (2) persistence of the apparent exclusion rule between IR and Raman spectra of the uranyl species
stretching modes, and (3) interpretation of the absorption UV—visible spectra, allow discussion of the chemistry, structures, and
polynuclearity of uranyl(VI) species. In moderate basic solutions, the presence of two trimers is suggested. In highly basic solutions
([OH™] & 3 M), the two monomers UO,(OH),>~ and UO,(OH)s>" are confirmed to be in good agreement with earlier EXAFS
and NMR results. The occurrence of the UO,(OH)¢*™ monomer is also suggested from the more basic solutions investigated.

B INTRODUCTION

Knowledge of the hydrolysis of the uranyl(VI) ion, particularly
in highly basic solutions, is fundamental to a better understand-
ing and modeling of actinide release from irradiated nuclear
waste tanks surrounded by concrete and stored in deep under-
ground vaults in contact with oxidizing natural water.
The hydrolysis reactions of the hexavalent uranyl(VI) ion have
been studied with various techniques.' '* In acidic solutions,
2= —log mH" < 5,'* experimental data obtained from potentio-
metric”" and both Raman®'® and IR'®'® vibrational spectros-
copic measurements agree on the predominance of three
species: U0,>", (UO,),(OH),*", and (UO,);(OH); ™. In basic
solutions, no consensus is available. Two series of species were
claimed from potentiometric studies. Complexes (UO,)3(OH), ,
(U02)3(OH)82_1 (U02)3(OH)104_, (UOZ)3(OH)“5_, and
UO,(OH),” have been suggested,* whereas complexes (UO,);
(OH); ", (UO,)4(OH); ", UOy(OH);", and UO,(OH),"" were
proposed in other studies.'”"> There is agreement that several
mononuclear and polynuclear species coexist in basic solutions, but
controversy remains concerning their structure. Only one study
covered a wide —log mH " range to tentatively have information on
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the species at —log mH" > 12, by analysis of the Raman spectra.”
However, a correct interpretation of the spectra was precluded
because of the lack of data by other spectroscopic methods and
because some Raman scattering bands of tetramethylammonium
hydroxide used as a base overlapped the Raman scattering bands of
uranyl. In highly basic solutions (—log mH* > 13), EXAFS and 7O
NMR measurements suggested the predominance of two mono-
mers, UO,(OH),*>~ and UO,(OH)g* 77 Although a large
number of experimental studies were devoted to the study of the
hydrolysis of the uranyl(VI) ion, the data are incomplete and
scattered. This is mainly because all of those studies have been
developed at different experimental conditions, —log mH™" ranges
did not necessarily overlap, and supporting electrolytes, tempera-
tures of analysis, and uranium concentrations were very
different."”*~7'7 Moreover, there is a lack of data, particularly in the
—logmH" range 12—14. One aim of this work was then to explore
the —log mH" and —log mD" range between 11 and 14.5, which
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overlap potentiometric titration domains and both EXAFS and
NMR measurements.

Previous vibrational spectra showed a general tendency of
decreasing values for the O=U=O0 stretching mode wavenumbers
with increases in hydrolysis”**'*'® or by coordination with
ligands.lg_22 The uranyl(VI) group was shown to be linear in
species UO,”" and UO,(OH),>~.**** For each hydroxide com-
plex, it was suggested that only one band is observed whatever its
structure (dimer, trimer, etc.).”*'® However, four vibrations can
be expected on the basis of the U=O bonds for the dimer that
belongs to the D,;, group (Ag and By, and also B,,, and B3, modes
would be Raman- and IR-active, respectively). However, even
though some theoretical calculations suggested an O=U=O0 angle
of 170° for the dimer,” only two bands were observed.'® One has
to verify whether features similar to those observed in acidic media
could be observed in the vibrational spectra of species in basic
solutions. Because D,O does not absorb in the 1000—700 cm ™ *
region, better quality IR spectra in the attenuated total reflection
mode (IR-ATR) can be expected in the region of the uranyl(VI)
stretching mode. Structural data on the UO kind of coupling
between uranium and oxygen atoms from OH~ and O>~ ligands
and the arrangement around the uranium atom should be
obtained. Indeed, deuteration of uranyl(VI) samples could dras-
tically change the wavenumbers of the U=O stretching modes if
ligands and D, O are not in the equatorial plane, leading to possible
mechanical coupling. Knowledge of the wavenumbers of both
uranyl(VI) stretching modes should allow a better view of the
U=O0 bond during uranyl(VI) hydrolysis: weakness, symmetry
changes, etc. For this purpose, we determine here new vibrational,
IR and Raman data in D,O and in basic H,O solutions. As far as
possible, both vibrational spectra were recorded in the same
solution to allow a direct comparison. Structural data on uranyl-
(VI) complexes are completed by UV—visible electronic absorp-
tion spectroscopic measurements. The absorption intensity, band
position, and band shift strongly depend on the chemical compo-
sition and the structure of the uranyl(VI) hydroxide species
(mononuclear and polynuclear species).”*”** In the present work,
Raman, IR-ATR, and UV—visible electronic absorption spectra
were therefore recorded to detect and characterize uranyl(VI)-
hydrolyzed species over a wide —log mH(D)" range using the
organic noncomplexing base tetraethylammonium hydroxide,
which does not interfere in the spectral region of the uranyl(VI)
stretching bands. However, because the uranyl(VI) stretching
bands strongly overlap, decomposition of a large set of spectra
was difficult. To analyze our experimental data, a computational
statistical method is therefore useful. Because some of the Raman
spectra are noisy, the Bayesian Positive Source Separation (or
BPSS) curve resolution method was chosen to analyze and to
interpret our experimental data. This method was used to estimate
the spectra of individual species from the whole vibrational spectra
recorded in H,O and D,O basic media. The BPSS method*®>*
gives an estimation of the unknown component spectra and the
concentrations of the underlying species. Where spectroscopic
techniques fail to resolve unknown or unstable individual consti-
tuents contained in multicomponent mixtures, vibrational spectros-
copies combined with BPSS treatment may offer a promising and
efficient approach.>*—*

B EXPERIMENTAL SECTION

Materials. An acidic uranyl(VI) nitrate stock solution in H,O was
prepared from recrystallized schoepite, [(UO,)s0,(OH),,](H,0),,,

by dissolution in a HNO; aqueous solution. The uranium concentration
in this stock solution was determined using a gravimetric method: a
weighed amount of the uranyl(VI) stock solution was first carefully
evaporated to dryness and then transformed into U;Og by heating to
800 °C for 48 h. The uranium concentration was determined from a
weighed amount of U3 Oy formed with an uncertainty of +0.001 M. The
concentration of the stock solution of uranyl(VI) was determined to be
0.506 M (Upgear)-

Tetramethylammonium hydroxide (TMAOH; 25 wt % in H,0) and
tetraethylammonium hydroxide (TEAOH; 20 wt % in H,O) were
purchased from Acros Organics and used as received.

TEAOD powder for basic solutions in D,O was obtained as follows.
The commercial TEAOH solution was heated at 100 °C for 48 h. The
powder obtained was diluted in D,O (99.9% D, Euriso-Top), and the
solution was then dehydrated under vacuum for 48 h. This operation was
repeated twice. The obtained dry powder was >90% deuterated and
stored under vacuum until use.

Aqueous Uranyl(VI1) Solutions. All solutions were prepared and
handled in a nitrogen (99%) atmosphere glovebox containing NaOH
pellets to minimize sample pollution by carbon dioxide.

Uranyl(VI) samples in H,O with TEA-NO; or TMA-NOj electrolyte
were obtained by mixing uranyl(VI) nitrate and TEAOH or TMAOH
stock solutions. In strongly basic solutions, some uranyl(VI) samples
were prepared by dissolution in a known amount of SUOQj3 in concen-
trated 1—3 M TEAOH or TMAOH solutions. SUQO; was synthesized by
heating UO,(NO3),+6H,0 (Normapure, from Prolabo) to 452 °Cc.®

Uranyl(VI) samples in acidic D,O with TEA-NO; electrolyte were
obtained by heating to 100 °C the stock solution of uranyl(VI) nitrate in
H,O until an anhydrous powder was obtained. The salt was then
dissolved in solutions of TEAOD in D,O of different concentrations to
get solutions at different —log mD ™. Uranyl(VI) samples in basic D,O
solutions were obtained by the addition of SUQ; in solutions of TEAOD
in D,O (1—3 M). Total dissolution was performed by mechanical
agitation of tightly closed flasks for S—15 days.

To obtain uranyl(VI) solutions free of all uranium particles, solutions
were centrifuged at 10* rpm for 1 h before the spectroscopic study. The
uranium concentration was then determined by the induced coupled
plasma atomic emission spectroscopy method with a Perkin-Elmer
Emission 2000 spectrometer. At 385.958 nm, uranium can be accurately
analyzed in the concentration range 10~ *—5 x 107> M, with a relative
uncertainty of 5%.

In —log mH" < 13, the pH was measured using a Ross combination
glass/reference electrode standardized against IUPAC buffers at pH 4, 7,
and 12.45. Values of —log mD ™ reported in the text are those read with
the above-cited Ross electrode plus 0.4 units.>* In highly basic solutions
(pH > 13), —log mH" values were determined as the effective OH
molarity obtained from titration with standard HCI after subtraction of
an amount of the hydrolyzed uranyl(VI) species, which was assumed to
be entirely UO,(OH),” . Under these conditions, —log mH* values
were determined within 3-0.0S log unit.

Raman Spectra. Raman spectra were collected in the range 400—
2000 cm ™" with a Jobin-Yvon ISA T64000 spectrometer. The instru-
ment was equipped with a Notch filter to eliminate Rayleigh scattering,
two kinds of gratings with 600 or 1800 grooves/mm, and a charged-
coupled device (CCD) working at low temperature (140 K) with a 1024 x
256 pixels array. Samples were introduced in 10 mm square quartz cells.
The excitation source was a home-modified SDL 8530-laser diode
system (784.65 nm). It avoided fluorescence observed with excitation
sources at lower wavelengths. The total radiant power of the scattering
Stokes Raman spectra was recorded at 90° of both directions of
incidence and of the polarization vector of the exciting laser beam.
Wavenumbers were calibrated with the symmetric breathing mode of
CCl, at 459 cm™ " with a precision better than 1 cm™". To overcome
some problems of weak overlap of the TEAOH C—C and O=U=0
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stretching bands below 800 cm ™" (see the Supporting Information),
subtraction of pure TEAOH solution spectra from those containing
uranyl(VI) species was performed until the C—N stretching bands at
894 and 904 cm ™' were canceled.

Curve resolution of Raman profiles in the rough was achieved with
Gaussians using a converging self-consistent process for spectra of basic
solutions using the Microcal Origin Peak Fitting Module for Windows.
Each given hydrolyzed uranyl(VI) species was characterized by a distinct
band located at one determined wavenumber [0(,)] of the symmetric
stretching mode and having one constant full width at half-height (fwhh)
over the whole series of Raman spectra. The first decomposition started
with a minimum set of bands. These data were used in the second
decomposition. If the decomposition was not correct (e.g., the residual
peak is higher than a fixed limit), the band positions in the second
spectrum were slightly changed and the decomposition started again. If
the decomposition was not correct with these changes, one band was
added. The fwhh of the additional band must be close, within 43 cm ™,
to that of previous components, and its o(v,) value was chosen to
minimize the residual peak. A new set of components was thus defined
and used for decomposition of the whole series of spectra. Calculations
were ended when the correct curve resolution was reached. This
procedure may be discussed because broad, poorly resolved bands
always can be decomposed into more bands than effectively present.
However, this procedure allowed one to avoid any personal subjective
estimation, and only four principal bands fitted all of the spectra well.

IR Spectra. ATR-FTIR spectra were recorded using a Fourier trans-
form Bruker Vector 22 spectrometer. The interferometer was equipped
with a KBr beam splitter and a deuterated triglycine sulfate thermal
detector. A nine-reflection diamond ATR accessory (DurasamplIR,
SensIR Technologies) with an incident IR beam at 45° was used for
acquiring spectra of uranyl samples. The sampling frequency was 10 kHz.
Spectral resolutions were 4 or 2 cm . The best signal/noise ratio was
obtained with 400 scans and a total accumulation time of about 8 min. The
irradiance throughout the optical device in the absence of a sample was
about 11% of the full signal (without the ATR device). Compartments
containing the detector and the ATR accessory were purged by circulating
dry, CO,-free air from a Balston compressor. Measurement requires about
100 uL of the sample. IR spectra were obtained between 4000 and
700 cm™ ' and were displayed in the absorbance scale corresponding to
1og(Rreerence/ Rsample), Where R is the internal attenuated reflectance
collected at the output of the ATR device. No overlapping bands between
uranyl(VI) stretching bands and TEAOH absorption bands occurred (see
the Supporting Information). Curve fitting of the IR spectra of acidic
solutions was performed in the Microcal Origin Peak Fitting Module. The
Gaussian band shape was sufficient to resolve the spectra.

UV—Visible Electronic Absorption Spectra. UV—visible elec-
tronic absorption spectra were recorded with an UV—visible Cary §
spectrophotometer. The instrument was equipped with a double-beam
ratio recording, a double out-of-plane Littrow monochromator, a 2 X
400 mm focal length, a dual double-sided grating with 1200 grooves/
mm, a high-speed nonmeasurement-phase-stepping wavelength drive, a
tungsten halogen bulb as the visible light source and a deuterium arc as
the UV source, a beam splitting system with a chopper (30 Hz), and a
R928 photomultiplier tube detector. Uranyl(VI) samples with
TMAOH-NO; electrolytes were contained in 10-mm-path-length poly-
styrene cells, which do not absorb between 300 and 800 nm. Spectra of
solutions using TEAOH with equivalent added quantities of OH  have
similar features. Only spectra with TMAOH are presented here for a
direct comparison with those of Clark et al.> Absorption spectra were
recorded between 300 and 550 nm with an accuracy of £0.1 nm. The
spectral resolution was 1.5 nm.

MCR with BPSS. The vibrational spectra of uranyl solutions are
considered to be a weighted sum of the individual spectra (or pure
spectra) of each complex species (or component) in the mixture. This

mixing model assumes that m measured data {D;x), k = 1, .., n}/Z; from
an evolving system are linear combinations of p unknown pure-compo-
nent spectra {S(; ), k=1, ..., n}£ ;. Mathematically, this model is expressed
as Dy = Zf:lc(i,j)s(;’,k) + EGjx) wherei=1,.,mandj=1, .., p;iand
index the measured spectra and the unknown pure-component spectra,
respectively, and index k corresponds to the spectral variable {4, k=1, .., n}.
Each mixing coefficient C(;;) is proportional to the concentration of the
jth pure component in the ith mixture. The additive noise terms {E(;y),
k=1, .. n}i, represent measurement errors and model imperfections.
Using matrix notation, this model is written as D = SC + E, where row
vectors of the m x n data matrix D contain the m measured spectra and C
is the m X p mixing matrix, with its column vectors representing the
concentration profiles of the pure components. S is the p X n matrix, with
its row vectors containing the p pure-component spectra, and E is the m
X n noise matrix. By assuming a known number of components, mixture
analysis (also called multivariate curve resolution or MCR) can estimate
the pure-component spectra S and the mixing coefficient profiles C from
the mixture spectra D without any a priori information. The BPSS
method developed recently in our group addresses the mixture spectra
decomposition using Bayesian estimation theory and Markov chain
Monte Carlo (MCMC) under nonnegativity constraints on both the
concentration and spectra.**>*> The main idea is to first construct the
posterior probability distribution function (pdf) of the pure-component
spectra and their concentrations. According to Bayes’ theorem, computa-
tion of this pdf needs to specify a statistical model for the mixing model
(linear mixing with Gaussian measurement errors) and for the pure
spectra and concentration profiles (an appropriate pdf that encodes
nonnegativity and sparseness). A second step is to jointly estimate the
pure spectra and the concentration profiles from this posterior law (pdf)
using MCMC methods. The MCMC methods generate possible solu-
tions for a target pdf, which is the posterior law in our case. The use of this
stochastic estimation technique precludes convergence to local minima
and yields a method that works in an unsupervised framework with
effective results even for high noise levels in a reasonable time. The only
necessary parameters to tune are the number of components and the
number of MCMC algorithm iterations. For more details on this
approach, the reader is referred to refs 30—33.

Singular value decomposition (SVD) was used to estimate the rank of
the data sets. The usual approximation is that the number of large
singular values, significantly different in magnitude from the noise-
related singular values, indicates the rank of the analyzed matrix. In
principle, a successful separation can be achieved by using the appro-
priate number of components. An advantage of BPSS is that the number
of components can be introduced into the algorithm and several trials
can be conducted within minutes until the error matrix does not carry
recognizable spectral features. Thus, the number of components may be
chosen from SVD, but it is ultimately the algorithm that shows whether
the number of requested components is correct.

The closure constraint can be applied to closed systems of the reaction,
where the principle of mass balance is fulfilled. With this constraint, the
sum of the concentrations or fractions of all of the species involved in the
reaction or mixture (the suitable elements in each row of the C matrix) is
forced to be equal to a constant value (the total concentration or fractions)
at each stage in the reaction or in the mixture.*"**** In the studied
systems, the fraction of each uranyl structure was sought. Therefore, for
each uranyl system, the sum of the fractions of the uranyl complexes is
equal to 1. Baselines for all spectra presented in this work were adjusted to
zero using linear functions. Because the BPSS algorithm is well suited to
work with noisy signals, we preferred not to alter our raw spectra by a
smoothing or denoising procedure even when spectral series were very
noisy. The reconstruction quality of each pure spectrum or concentration
profile is assessed using a measure of dissimilarity between their recovered
and reference values. Note that use of the dissimilarity measure is possible
only when the reference spectra are available in an evaluation framework
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Figure 1. Raman spectra (I) in H,O and (II) in D,O of (C,H;),NNO;/uranyl(VI) aqueous solutions. Uyey (M), —log mH", and —log mD ™ values
are indicated on the figures. Offsets of the spectra are used for clarity. Decomposed bands are also plotted for three representative compound spectra.

Asterisks indicate scattering bands from the tetraethylammonium cation.

of the methods. Otherwise, a criterion such as the lack of fit (LOF) can be
used to assess how the estimated pure spectra and mixing coefficients can
reproduce the observed data. However, it does not measure how well the
spectra and concentration profiles are estimated. The percentage LOF and
explained variance (R ?) values are calculated by using of the following
equations:

Z % (dizk - Jz‘,k)z
sz:di,kz

LOF =

$3i,
- sz:di,kz

R?
d;j and ;i,v,k are the elements of D and the elements of the reconstructed
matrix by the BPSS model, respectively. It is important to bear in mind
that R” is highly dependent on the noise level of the data. Because some of
our data are very noisy, the explained variance resulting from resolution of
these data is often lower than 95%. In this paper, the BPSS results are
presented in two forms: (1) the normalized estimated pure spectra of
individual species and (2) the estimated relative concentration of each
individual species against —log mH(D) ™.

MATLAB 7.1 (The Mathworks, Natick, MA) and the BPSS code were
used for all calculations. The BPSS code is available upon request.

B RESULTS

1. Raman spectra. Figures 1 and 2 show the decrease of
the symmetric stretching mode wavenumber of hydrolyzed

uranyl(VI) species as —log mH" and —log mD " increase from
3.50 to 14.38 and from 3.12 to 13.34, respectively. In acidic
solutions, Raman spectra clearly show three scattering bands at
the same wavenumbers whatever solvent was used, H,O or D,O
(Figure 1). The results in H,O are in agreement with those
reported in previous studies.*”'® The reported wavenumbers
and fwhh's are gathered in Table 1. In basic solutions, Raman
spectra display poorly resolved bands (Figure 2), with a max-
imum that shifted from about 815 cm™ ' to about 780 cm™ ' as
—log mH " and —log mD " increased. The results in H,O were in
accordance with the Raman general spectral features obtained in
uranyl(VI) tetramethylammonium solutions in H,O, except for
the strong overlapping bands in the 740—800 cm ™' region.” The
high shift (>30 cm™") of the broad bands was indicative of the
presence of more than one single band, and therefore of the
occurrence of several uranyl(VI) species.

2. ATR-FTIR Spectra. Because of the strong absorption of
liquid water below 900 cm ™, spectra in H,O were quite “noisy”.
On the contrary, spectra in D,O had good signal-to-noise ratios.
Figures 3 and 4 show the shifting of the antisymmetric stretching
mode of hydrolyzed uranyl(VI) species from about 960 to about
830 cm™ ' as —log mH " and —log mD ™ increase from 2.52 to
1443 and from 3.12 to 13.34, respectively. In H,O acidic
solutions, spectra of uranyl(VI) show up to three bands
(Figure 3(I)). Wavenumbers and fwhh's are gathered in Table 1.
These results are in accordance with the previously published
results.'® In D,O, spectra also show up to three bands that are
better resolved. They were shifted to lower wavenumber with
respect to the bands observed in spectra for similar samples in
H,O0. Indeed, the uranyl(VI) bands in D,O samples absorbed at
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Figure 2. Raman spectra with decomposed bands and residual peaks of aqueous solutions of (C,Hs) 4JNNOj3: (Iand IT) in H,O; (III) in D,0. Uyyr (M),
—logmH", and —log mD ™ values are indicated on the figures. Offsets of the spectra are used for clarity.

6—10 cm~ ' lower values, and the mean fwhh value was half were observed as —log mH" and —log mD " increased. The high
compared to the one observed in H,O (Table 1). In basic band shift (80 cm ') shows again that several bands, ie,
solutions, except for a better signal-to-noise ratio in D, O, roughly several uranyl(VI) species, coexist. This result was consistent
similar spectral features were observed (Figure 4). Broad, poorly with the Raman spectra of the uranyl(VI) species in basic

1

resolved bands that shifted from 915 cm™ ' to about 835 cm ™ solutions presented above. Absorption bands were determined
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Table 1. Wavenumber Values (cm™ '), fwhh's (cm ™ '), and Tentative Assignments of the Vibrational UO, Symmetric (v,) and
Antisymmetric (v,) Stretching Bands”

Raman IR
H,0 D,0 H,0 D,O
Dcp Dcp Dcp Dcp
uranyl(VI) species v, fwhh v,  fwhh v, fwhh v,  fwhh v, fwhh v,  fwhh v, fwhh v,  fwhh
Acidic Medium
(1,0) 870 11 871 10 962 23 953 9
(2,2) 854 13 854 13 943 25 936 14
(3,5 836 23 836 16 923 30 916 16
Raman IR
H,0 D,0 H,0 D,0
Dcp BPSS Dcp BPSS Dif BPSS Dif BPSS
uranyl(VI) species Vs fwhh Ve fwhh Vs fwhh Ve fwhh V. fwhh Va fwhh V, fwhh v, fwhh
Basic Medium
(3,8) 815 17 815 20 815 915 916 22
(3,11) 797 17 793 22 796 790 22 873 868 32 868 854 30
(1,4) 784 20 782 23 782 857 854
777 25 84S 42 843 39
(1,5) 767 20 765 30 768 835 834
(1,6) 748 20

“Dcp: results from decomposition of the spectra. BPSS: results from BPSS calculations. Dif: results from the difference spectra.

by using difference spectra between successive IR-ATR spectra
(Figure 4). Bands at 873, 857, and 835 cm ' and at 868, 854, and
834 cm™ ' were determined from spectra of samples in H,O and
D,O, respectively.

3. BPSS Analysis of Vibrational Spectra. This procedure of
curve resolution, which allowed avoidance of any personal
subjective estimation, was used to help interpretation of the
spectra in basic media where stretching bands of uranyl(VI)
species strongly overlap. The data processing was applied to 26
Raman spectra in H,O, 7 Raman spectra in D,0, 17 IR-ATR
spectra in H,O, and 11 IR-ATR spectra in D,O (see the
Supporting Information to have a whole view of the spectra).
The BPSS analysis shown in Figure S(I)A identified four
compounds from the Raman spectra of the samples in H,O
and —log mH" ranging from 12.18 to 14.38, and it includes 87%
of the variance. Two pure spectra, which account for 96% of the
spectral variance of the spectra set, were found with a shorter
explored —log mD™ range from 12.72 to 13.84 [Figure S(I)A].
In the —log mH " range 12.62—14.38, three pure spectra were
estimated from the IR-ATR spectra, and they account for 88% of
the spectral variance [Figure S(I)B]. Two pure spectra, which
account for 94% of the spectral variance of the IR-ATR spectra
set, were found within the explored —log mD™" range 12.72—
13.84 [Figure S(II)B]. Because of some asymmetry of the band at
low wavenumber [Figure S(II)A,B], a third pure spectrum could
be expected; however, the program did not converge if three
principal components were imposed. For all of the spectra
examined, the percentage of nonreconstructed data was mainly
noise, indeed, some spectra with low uranyl(VI) concentrations
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were quite noisy (see the Supporting Information). The results
including wavenumbers and fwhh's for pure estimated spectra are
summarized in Table 1.

Figures 6 and 7 show the concentration profiles against the
—log mH(D) ™ values of the samples analyzed calculated by BPSS.
In H,O, where four species were found in the Raman spectra,
species scattering at 815 cm ™' rapidly decreases with an increase
of —log mH" (Figure 6A). The same feature was observed for
the species absorbing at 916 cm” ' in the IR-ATR spectra
(Figure 6B). The concentration of the species characterized by
a scattering band at 793 cm™ ' and an absorbing band at 868 cm ™'
drastically increases above —log mH™ = 12.5, stayed almost
constant until —log mH™" = 13.7, and tended to decrease above
—log mH" = 14. Finally, the concentration of the species
absorbing at 845 cm ' smoothly increases between —log
mH™ values 12.6 and 14.4 (Figure 6B). The concentration of
the species scattering at 782 and 765 cm ' had the same
evolution as the latter IR band. Moreover, if one plots the sum
of both concentrations estimated from the Raman spectra at 782
and 765 cm ™" as a function of —log mH ™, evolution was very
similar to that for the species absorbing at 845 cm™ ' (data not
shown). In D,O, evolution of the estimated concentrations of
both species is simple: the concentration of the species with the
band at the higher wavenumber decreased with an increase of
—log mD™", whereas that at the lower wavenumber increased for
both types of vibrational spectra (Figure 7). However, some
differences in the evolution of the concentrations can be noticed.
Indeed, whereas the concentrations of both species are equal
from the IR spectra at —log mD ™ < 13, they are not from the
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Raman data. These differences are probably a consequence of the
nonidentical modification of stretching vibrations by complexa-
tion in D,O, which make a direct comparison of the IR and
Raman signals difficult.

4. UV—Visible Electronic Absorption Spectra. Figure 8
shows UV—visible absorption spectra from the whole —log
mH ™ range investigated in the present study. A spectrum with
the lowest absorption, a good band definition, and the main
absorption band, A,,,,, & 414 nm, was recorded for UO,*" inan
acidic solution (Figure 8a). An increase of —log mH ™ from 2.92
to 4.11 leads to a significant increase of the absorption intensity, a
change in the band shape with a poor band definition, and a red
shift of the main absorption band, A, & 420 nm (Figure 8b,c).
These features were in accordance with other published
spectra.”® The spectrum recorded at —logmH " = 11.36 displays
a poor band definition and a maximum red shift with a main
absorption band at 430 nm (Figure 8d). A decrease in the
absorption was observed as —log mH" increased from 11.36
to 12.14 (Figure 8d,e). A high absorption decrease with a slight
blue shift occurred as —log mH™" increased from 12.14 to 12.79
(Figure 8e,f). At —log mH " = 13.68, the absorption bands were
blue-shifted to A, ~ 400 nm. The maximum intensity was
lower, and the band definition was higher (Figure 8¢). In highly
basic solutions, the absorption feature exhibited small, mono-
tonic shifts to longer wavelengths and higher intensity with
increasing —log mH" from 13.68 to 14.50 (Figure 8gh). It

was indicative of the formation of new species. The spectral
features at —log mH" > 13 were in accordance with published
spectra of similar uranyl(VI) solutions.”

l DISCUSSION

1. Species in Acidic Solutions. Uranyl(VI) species in acidic
solutions are well-known. The three {Raman; IR-ATR} band
couples with decreasin§ wavenumbers at {870; 962}, {854; 943},
and {836; 923} cm ~ were assigned in accordance with our
previous work'® to species UO,”" [hereafter called (1,0)],
(UO,),(OH),>" [hereafter called (2,2)], and (UO,);(OH)s™"
[hereafter called (3,5)], respectively (Table 1). The TEAOH
base was then confirmed to be noncomplexing because wave-
numbers were equal to those recorded in other media. The dimer
and trimer should have structures similar to those determined by
X-ray in concentrated solutions.””*® The U—U interactions were
shown by EXAFS measurements.” The occurrence of poly-
nuclear species was also confirmed by the UV—visible spectra
principally with an increase of the molecular absorption coeffi-
cient with respect to that of the monomeric hydrated species.”***
By comparison with the results obtained in H,O, the three
{Raman; IR-ATR} band couples with decreasing wavenumbers
at {871; 953}, {854; 936}, and {836; 916} cm ' reported for
samples in D,0O were easily assigned to species UO,”",
(UO,),(0D),*", and (UO,);(0OD);s ", respectively (Table 1).
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The presence of three species showed that the nature of the
complexes was not affected by the replacement of H,O with
D,O. All species were also characterized by only one active
Raman band and only one active IR band. However, whereas the
Raman symmetric stretching bands were unchanged, IR anti-
symmetric stretching bands absorbed at lower wavenumbers and
were narrower. The shift was the highest for species (1,0), and it
was lower for species (2,2) and (3,5) (Table 1). It can then be
linked to the number of water molecules in the different
complexes, that is, five, three, and two for complexes (1,0),
(2,2), and (3,5), respectively. However, a simple mass effect was
not enough to explain this result because Raman scattering bands
remained unchanged. The uranium atom and water molecules do
not move in the symmetrical stretching mode, whereas they do

move in the antisymmetric stretching mode. The observed
wavenumbers could be explained by a mechanical coupling with
water molecules due to intermolecular interactions that are
negligible for the symmetric stretching mode and high for the
antisymmetric stretching mode. Evidence of this would only be
given by a complete normal-coordinate analysis for all of the
suggested species. In addition, the lower fwhh values for indivi-
dual bands in spectra recorded in D,O were probably either also
due to the above-cited mechanical coupling with water molecules
and/or due to a lower number of water molecule exchanges that
might be slower in D,0.

2. Highly Basic Solutions (—log mH™ > 13.70). Only spectra
in H,O were obtained. Spectra were ass 7gned by comparison to
published data provided by EXAFS and '”O NMR in comparable
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solutions.””” Three major bands occurred in the Raman spectra.
The concentration of the species scattering at 782 cm” ' was the
highest at —log mH" > 14. The integrated intensity of the band
at 793 cm ' tended to decrease at —logmH" > 14, whereas that
of the band at 765 cm™ ' increased (Figure 6A). At similar —log
mH" values, EXAFS measurements indicated that the number n
of OH  ligands coordinated to the uranium atom of the uranyl-
(VI) group of hydrolyzed species increased from 4.2 to 5.3 as

—log mH " increased from 13.40 to 14.50.> " In a 0.5 M TMAOH
solution (—log mH" = 13.40), the value n = 4.2 clearly indicates
that the major species should be monomer UO,(OH),*~
[hereafter called (1,4)].” The band at 782 cm™ ' was therefore
assigned to species (1,4). Previous works" already showed a
broad band at 786 cm™ ' in 3.5 M TMAOH solutions of uranyl-
(VI) that was assigned to (1,4). In 1.0—3.5 M TMAOH solutions
(—log mH" = 13.7—14.5), n was in the range 4.6—5.3.°" " These
values were interpreted as a result of an exchange reac-
tion between monomers UO,(OH),*” and UO,(OH)s>~
[hereafter called (1,5)].>” Because the area of the band at
765 cm” " was the lone one to significantly increase in the same
—log mH" range (Figure 6A), it was assigned to species (1,5).
The UV—visible spectra obtained at —log mH" = 14.50 were
characterized by significantly less intense bands compared to
those of hydrolyzed triuranyl(VI) species, a good band defini-
tion, and a blue-shifted band with respect to the spectrum of the
nonhydrolyzed monomer (Figure 8). These features indicated a
higher symmetry of the uranyl environment, which implies a
weaker transition. This suggests the occurrence of monomers,
which are more symmetric than oligomers. Similar observations
were already made in highly acidic solutions.*® Our spectra are in
accordance with spectra already published for highly basic uranyl
solutions, where the occurrence of monomers was claimed.® One
additional argument in favor of this assignment is the good
agreement of the mole ratio, [(1,5)]/[(1,4)], reported by Moll
et al.” of ca. 0.3 using 7O NMR measurements and 0.3—0.4
determined from Raman spectral data in the present study. In the
IR spectra, only three bands were estimated by BPSS analysis, the
algorithm did not converge when one additional component was
imposed. However, the concentration profile of the resolved band
at 845 cm™ ' was very close to the profile of the sum of species
concentrations of estimated bands at 782 and 765 cm ™" in the
Raman spectra. The wavenumber of this BPSS estimated band
was at the middle of the two bands at 857 and 835 cm™ ' obtained
in the difference spectra [Figure 4(I)]. The BPSS estimated band
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at 845 cm ™' should thus be composed of two bands centered at
857and 835cm™ [Flgure 4(I)], and they were a551gned to species
(1,4) and (1,5), respectively. Miiller et al.'® also observed IR
broad, poorly resolved bands centered at 870 cm™ ' ina TMAOH
basic medium. Although assigned to a lone species (1,4), several
bands probably occurred in these broad, poorly resolved bands.
The decomposition of Raman spectra of highly basic solutions
(—log mH" > 13.7) 1nd1cated the presence of a minor species
with a band at 748 cm ™' (Figure 2). The BPSS method did not
resolve this band. However, the BPSS resolved band at 765 cm
has a higher fwhh than the others (Tablel) and was not
symmetrical [Figure S(I)A]. The value n = 5.3 determined in a
3.5 M TMAOH solution by Clark et al.> could correspond to the
presence of the above two monomers and another species that is
more hydrolyzed. The low absorption intensity in the correspond-
ing UV—visible spectra (Figure 8h) is in favor of the occurrence of
a monomer. All of these facts allowed us to suggest a species of
formula UO,(OH),"~, where the uranyl(VI) group is equatorially
surrounded by a hexagon of six OH  ligands and would have Dy,
symmetry. This assumption is based on the bidentate structure of
solid and aqueous complex UO,(CO;);*" determined by X-ray
diffractometric and optical (luminescence, IR absorption, and
Raman scattering) spectroscopic studies.*>*

3. Moderate Basic Solutions (12 < —log mH" < 13). As
stated in the reference book by Guillaumont et al.," identifica-
tion of trimeric species in basic solutions with pH values below 13
and uranium concentrations above 10~ * M remains an unsolved
problem. Since the publication of this book, we have not found
any works dealing with the study of such basic solutions. Before
discussing species in these solutions, one should note that the
concentration values needed for vibrational spectroscopies are
too high to obtain long-time stable solutions of uranyl at —log
mH"' < 12. Therefore, the well established (UO,);(OH),~
complex'® did not occur in the studied solutions, and it was not
taken into account in the interpretation of the spectra.

Up to three bands occurred in the small range of 11.79—12.62 of
—log mH" [0.005 M < Utotal < 0.0075 M; Figure 2(I)]. The area
of the band at 815 cm™ ' decreased drastically, whereas that of the
band at 793 cm™ ' strongly increased with an increase of —log
mH . The integrated intensity of the band at 782 cm™ ' tended to
smoothly increase below —log mH" = 13 (Figure 6A). The latter
band was already assigned to species (1,4), and the evolution of the
corresponding concentration is in agreement with the fact that this
species is preponderant at the highest —log mH " values. The band
at 815 cm™ ' was the most intense at the lowest —log mH " value
(Figure 6A). Besides, the IR spectrum recorded at —log mH" =
12.62 (U = 0.0075 M) showed one major band at 916 cm ™'
(Figure 6B). Both band intensities drastically decreased as the
solution was enriched with OH™ ligands (Figure 6A,B) and were
as51gned to the same uranyl species. The 1ntens1ty of the IR band at
868 cm™ ' tended to decrease as —logmH " increased (Figure 6B),
as did the scattering band at 793 cm -t (Figure 6A). Both
vibrational bands were associated with the same species. Absorp-
tion UV—visible spectra recorded in similar experimental condi-
tions (11.36 < —log mH"' < 12.14; Uy = 0.01 M; Figure 8d,e)
showed the most intense absorption bands characterizing
polyuranyl(VI) species. Consequently, the two {Raman; IR-ATR}
band couples at {815; 916} and {793; 868} cm™ ' were assigned to
two oligomer species of uranyl(VI) From earlier works on the
hydrolysis of uranyl(VI),*’ spec1es (UO,)3(OH)g*™ [hereafter
called (3,8)], (U02)3(OH)10 [hereafter called (3,10)], and
(UO,)5(OH);;" [hereafter called (3,11)] can be suggested in
the present uranyl(VI) concentration range. However, there are
only two vibrational bands. Structural considerations will solve this
problem. Triuranyl(VI) species could have two possible
structures” (Figure 9). Regarding species (3,10), both possible
structures would imply serious disorder in the U=0 and U—O,4
bonds of the linear O=U=O0 group because either the three
uranyl(VI) groups are not surrounded by the same number of
hydroxide ligands (Figure 9a1) or each uranium atom is linked to

2821 dx.doi.org/10.1021/ic101953q |Inorg. Chem. 2011, 50, 2811-2823



Inorganic Chemistry

two single oxygen atoms, one above and one below the uranium
triangular plane (Figure 9a2). Both structures would lead to a
significant wavenumber drift, a broadening, and/or a splitting of
the Raman bands, and the Raman/IR exclusion rule would not be
respected anymore. Furthermore, the UV—visible electronic ab-
sorption spectra of uranyl(VI) solutions would be characterized by
a more dramatic change in the absorption band intensity than the
measured spectra. Indeed, the increase of the molar absorption due
to oligomerization (and therefore to the structure change) in acidic
media was considerable.”® Both Raman and IR-ATR spectra show
a progressive and smooth band shift as —log mH" increases. The
UV—visible electronic absorption spectra were characterized by a
progressive increase and decrease of the absorption intensity as a
function of —logmH . Therefore, the hydrolysis of the uranyl(VT)
ion occurs without a dramatic change in the structure of uranyl(VI)
species with respect to species (3,5). It is thus reasonable to assign
the two couples of vibrational bands at {815; 916} and {793;
868} cm ' to the trimers (3,8) and (3,11), respectively (Table 1).
The corresponding suggested structures derive from the stable
(3,5) structure®® and lead to smaller disorder (Figure 9b,c).

Because in an acidic medium the same species were found in
H,O and in D,0, it is suggested that it was also true in basic
solutions. The uranyl(VI) hydrolysis should be the same in both
media. Moreover, the same wavenumbers were expected for
scattering bands of species with the same structure. Samples in
D,O were difficult to obtain; the —log mD ™ range explored was
reduced to 12.72—13.84. Bands for species (3,8) were not
observed in the spectra because this species was in negligible
quantity at —logmD™" > 12.8, and the spectra did not show any
scattering band near 815 cm ™ '. The BPSS estimated band at
790 cm” ' was very close to that estimated in the Raman spectra
in H,O. As in H, O similar solutions, its concentration tended to
decrease with an increase of —log mD™. This band is easily
assigned to species (3,11). The estimated band at 777 cm™ ! that
increased with the —log mD™ value is therefore mainly assigned
to species (1,4). The wavenumber shifts with respect to the
spectra recorded in H,O, and the asymmetry of the band could
be due to a weak contribution of a band assigned to species (1,5)
at lower wavenumber and not resolved by the BPSS process.
Whereas no band profile was imposed in the BPSS calculations, a
symmetrical Gaussian band shape was used in the decomposition
process, leading to the determination of an additional band. Two
suggestions can therefore be made: (1) the nonsymmetrical band
obtained from BPSS calculations can be the result of an exchange
process in the complex species; (2) an additional band is
necessary to fit the Raman profile and, as a consequence, an
additional species. Three species may therefore be determined at
796, 784, and 767 cm ™~ ' in D,O. They were assigned to species
(3,11), (1,4), and (1,5), respectively.

As for the Raman spectra, the two bands at 854 and 843 cm
were estimated by BPSS from the IR-ATR spectra [Figure S(II)].
As in H,O solutions, the difference spectra in Figure 4(1I) show
three bands. They were located at 868, 854, and 834 cm L As
indicated in the Results section, three bands were also expected
from the BPSS calculation. However, the program did not
converge with three components. This was probably due to a
too much soft evolution of the IR profile and to very high fwhh's of
the absorption bands. By a comparison with the assignments
made for samples in H,O solutions, the above three bands were
assigned to species (3,11), (1,4) and (1,5), respectively. At last, IR
band wavenumbers of uranyl complex species have lower values in
spectra recorded in D, O solutions with respect to those recorded

1

in H,O solutions. Again, this was probably due to the character-
istics of the asymmetric stretching mode involved. Indeed, the
uranium atom moves with the heavier OD and D,0O ligands,
leading to a lower wavenumber in D, O for species with identical
numbers of ligands. This assumption was supported by attenua-
tion of the wavenumber difference with a lowering of the number
of water molecules in the complex species.

B CONCLUSIONS

A combination of three optical spectroscopies completed with
data processing of the vibrational spectra in basic solutions allowed
characterization of the dominant hydrolyzed uranyl(VI) species in
the presence of noncomplexing electrolytes, over a wide and
thorough —log mH(D)" range. Notably, we have successfully
applied a statistical curve resolution method (BPSS) to noisy
spectra. In basic solutions, spectral data of this work represent a
link between potentiometric data at low uranyl(VI) concentra-
tion (<0.005 M) and —log mH" < 12 and EXAFS and NMR
measurements at higher uranyl(VI) concentration (0.05—0.1 M)
and in strongly basic solutions, —log mH" > 14. The use of the
TEAOH organic base prevented precipitation of uranate salts
without spectroscopic interference. Raman and IR-ATR bands
were tentatively assigned to two trimers and three monomers of
uranyl(VI) hydroxides. In both H,O and D,O solutions, all of the
species found were the same, and each species had only one
symmetric and one antisymmetric stretching mode. Therefore,
this work, which analyzed spectroscopic data with statistical
methods, is of interest to the actinide community. Indeed, it
allows identification of trimeric species for pH values below 13 at
uranium concentrations above 10~ * M. The existence of a new
monomer with the highest number of OH ligands, UO,-
(OH)s*™, was also suggested for the first time in the strongest
basic solutions. The wavenumbers of the stretching mode de-
crease as the number of OH(D) ™~ ligands increases. However, the
band characteristics of the uranyl stretching mode changed in D,O
compared to those in H,O in the IR-ATR spectra but not in the
Raman spectra. Absorption wavenumbers and fwhh's have lower
values, and the “effect” decreased with an increase of the number
of OD ligands. They were assigned to mechanical coupling and
molecular exchanges in the different uranyl complexes.

B ASSOCIATED CONTENT

© Supporting Information. Raman and IR-ATR spectra of
TEAOH and TMAOH in the presence or not of uranyl(VI) in
H,O and those used in the BPSS statistical approach and a list of
the solutions analyzed [total uranyl(VI) concentration and —log
mH(D)"]. This material is available free of charge via the
Internet at http://pubs.acs.org.
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