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ABSTRACT: We employed density functional theory (DFT)
calculations, and ultraviolet−visible (UV−vis), extended X-ray
absorption fine-structure (EXAFS), and attenuated total
reflection Fourier-transform infrared (IR) spectroscopy ana-
lyzed with iterative transformation factor analysis (ITFA) to
determine the structures and the pH-speciation of aqueous
acetate (ac) and succinate (suc) U(VI) complexes. In the
acetate system, all spectroscopies confirm the thermodynami-
cally predicted pH-speciation by Ahrland (1951), with the
hydrated uranyl ion and a 1:1, a 1:2 and a 1:3 U(VI)-ac
complex. In the succinate system, we identified a new 1:3
U(VI)-suc complex, in addition to the previously known 1:1 and 1:2 U(VI)-suc complexes, and determined the pH-speciation for
all complexes. The IR spectra show absorption bands of the antisymmetric stretching mode of the uranyl mojety (υ3(UO2)) at
949, 939, 924 cm−1 and at 950, 938, 925 cm−1 for the 1:1, 1:2 and 1:3 U(VI)-ac and U(VI)-suc complexes, respectively. IR
absorption bands at 1535 and 1534 cm−1 and at 1465 and 1462 cm−1 are assigned to the antisymmetric υ3,as(COO) and
symmetric υ3,s(COO) stretching mode of bidentately coordinated carboxylic groups in the U(VI)-ac and U(VI)-suc complexes.
The assignment of the three IR bands (υ3(UO2), υ3,as(COO), υ3,s(COO)) and the stoichiometry of the complexes is supported
by DFT calculations. The UV−vis spectra of the equivalent U(VI)-ac and U(VI)-suc complexes are similar suggesting common
structural features. Consistent with IR spectroscopy and DFT calculations, EXAFS showed a bidentate coordination of the
carboxylic groups to the equatorial plane of the uranyl moiety for all uranyl ligand complexes except for the newly detected 1:3
U(VI)-suc complex, where two carboxylic groups coordinate bidentately and one carboxylic group coordinates monodentately.
All 1:1 and 1:2 complexes have a U−Owater distance of ∼2.36 Å, which is shorter than the U−Owater distance of ∼2.40 Å of the
hydrated uranyl ion. For all complexes the U−Ocarboxyl distance of the bidentately coordinated carboxylic group is ∼2.47 Å, while
the monodentately coordinated carboxylic group of the 1:3 U(VI)-suc complex has a U−Ocarboxyl distance of ∼2.36 Å, that is,
similar to the short U−Owater distance in the 1:1 and 1:2 complexes.

■ INTRODUCTION

The interaction of uranium(VI) with natural organic matter
(NOM) is one of the key parameters determining the fate of
uranium in the environment. Knowledge of their aqueous
speciation and chemical interactions is hence the basis to model
the sorption and transport behavior of uranium(VI). Simple
organic acids can serve as model compounds for the carboxylic
functionalities of the structurally more complicated NOM.
Acetic acid was chosen as model substance because it is the
smallest organic acid with a carbon chain and shows for this
reason in some aspects similar behavior like all the larger
carboxylic acids. Succinic acid was chosen because it has two
carboxylic groups that are not so close to each other that larger
rings need to be formed for complexation with one metal atom,
thereby simulating the assembly of carboxyl groups at the
surface of NOM macromolecules.
According to thermodynamic speciation calculations,1−5 four

U(VI) complexes are expected in U(VI)-acetate system: the

uranyl aquo complex UO2(H2O)5
2+, and the 1:1, 1:2, and 1:3

complexes UO2ac
+, UO2ac2

0, and UO2ac3
−. Only the first and

the last, UO2(H2O)5
2+ and UO2ac3

−, are chemically accessible
in pure form at very low (pH 0) and slightly acidic (pH 4) pH
values, respectively, while the remaining complexes coexist in
the intermediate pH range. Thus, the majority of the
spectroscopic signals obtained represent a spectral mixture of
the signals of the coexisting complexes and only average
information can be gained, particularly if the spectral resolution
is limited because of method inherent reasons.
Aqueous systems like U-ac have been investigated in the past

by Extended X-ray Absorption Fine Structure (EXAFS),5,6

Infrared absorption (IR),7−9 Raman scattering,8,10 and Ultra-
violet−visible absorption (UV−vis) spectroscopies. However,
these studies show significant disagreement with respect to
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stoichiometry, structure, and speciation. One reason for this
might be that the spectral mixtures were not consistently
treated with multivariate statistical methods to isolate the pure
species. With the aid of factor analysis, the number of acting
complexes can be estimated and the spectral mixtures can be
decomposed into the spectra of the acting complexes and their
pH speciation.11 A typical example is EXAFS spectroscopy,
which is a major tool for molecular structural investigations in
aqueous solutions. Because of the limited spatial resolution
(≥0.1 Å), however, structural parameters determined by shell
fitting, such as the coordination number (CN), the radial
distance (R), and the Debye−Waller factor (DW) as a measure
of the thermal and structural disorder, will reflect the weighted
average values of all species being present in a sample. If single
species cannot be prepared chemically, then iterative trans-
formation factor analysis (ITFA)12 is a useful tool to
decompose the spectra of species mixtures into the spectra of
the most prevalent species and their fraction for each spectral
mixture. These isolated spectra can then be shell-fitted like
experimental spectra to derive the structural parameter of each
complex. Conceptually, the ITFA involves three steps. In the
first step principal component analysis11 is performed to
determine the number of acting metal complexes in the spectral
mixtures and to decompose the spectral mixtures into a set of
eigenvectors. In the second step the eigenvectors are
mathematically transformed by the VARIMAX rotation13 into
the so-called factor loadings that correlate at most with the
unknown relative concentrations of the metal complexes in the
spectral mixtures. As a model independent method the
VARIMAX rotation uses only the result of the principal
component analysis; hence, no further chemical information is
needed. In the third step the eigenvectors are transformed into
the spectra and the relative concentrations of the complexes by
using the iterative target test (ITT).14 For the ITT some
relative concentrations or at least their minima and maxima in
the spectral mixtures must be known and used as constraints.
The minima and maxima of the relative concentrations are
supplied by the VARIMAX rotation.
For EXAFS spectroscopy of uranyl complexes the radial

distance between U and the surrounding equatorial oxygens
(Oeq) is a sensitive parameter to elucidate the coordination of
uranium(VI) complexed by carboxylic acids.15 The coordinat-
ing water oxygen can be found at a U−Oeq distance of ∼2.41 Å
in the aquo complex.16,17 A bidentate coordination of carboxyl
groups results in significantly longer U−Oeq distances of ∼2.47
Å (EXAFS;5,15 XRD18). The formation of 5- or 6-membered
ring chelates, like with oxalate19 and malonate,20 reduces the
average U−Oeq distances to 2.38 Å (UO2ox2

2−) and 2.37 Å
(UO2mal2

2−). Monodentate coordination of carboxylic groups
results in U−Oeq distances of around 2.28 Å (solid sample15) or
2.35 Å (aqueous solution5). For coordinating carboxylic acids
some U−C distances are characteristic for a specific
coordination environment. In the case of bidentate coordina-
tion of the carboxylic group, the U−C distance at 2.8 Å to 2.9 Å
is sometimes detected (EXAFS;6,15 XRD18). Even more
pronounced and therefore easier to detect is a multiple
scattering path (MS) of the distal carbon (Cdis), which
generates a strong signal at a distance of around ∼4.3 Å
because of the so-called focusing effect arising from the
collinear arrangement of uranium, the carboxylic carbon and
the distal carbon atom.15 In contrast, the absence of any carbon
feature around these distances suggests a different mode of
coordination like monodentate coordination or ring chelate

formation, where the carbon is located at a distance of about
3.2 Å.5,19

Solid uranyl complexes with carboxylic ligands might be a
way to avoid the problem of their aqueous analogues, which
often occur only as mixtures. However, the structure of the
solid and aqueous analogues are not necessarily the same:
While Denecke et al.15 identified only bidentate carboxylate
coordination for the solid trisacetato complex, Jiang et al.5

identified two bidentately and one monodentately coordinated
carboxyl groups for the aqueous trisacetato complex. Addition-
ally, a ternary hydroxo complex [UO2ac3OH]

2− was suggested
to be formed at pH > 4. This complex was postulated to have
one bidentately and two monodentately coordinated acetate
groups. The 1:1 and 1:2 U-ac complexes were proposed to have
exclusively bidentate coordinated carboxyl groups although the
authors admitted in the case of the 1:2 complexes that the
results were not unambiguous because the complexes were
mixed together in the investigated solutions.
Bailey et al. found an increase in the radial U−Oeq distance

from 2.42 Å to 2.44 Å in the pH range of pH 1.8 to pH 3.2 and
a decrease from CN = 4.6 to CN = 3.8.6 They interpreted this
data as an evidence for UO2ac2

0 having two bidentately
coordinated acetate ligands and no coordinated water
molecules. Although the used uranium concentrations were
between 50 mM and 100 mM, the data was of low quality, and
the interpretations are doubtful because a 4-fold coordination
of uranium(VI) would result in much lower U−Oeq distances

21

than observed.
Infrared absorption spectroscopy is another powerful tool for

the discrimination of monodentate and bidentate coordination
of carboxyl groups. The mode of coordination has a significant
impact on the doubly degenerated stretching vibration mode of
this functional group, that is, υ3(COO). In the spectrum of the
free ligand this mode is split into an antisymmetric
(υ3,as(COO)) and a symmetric (υ3,s(COO)) stretching mode.
In the case of monodentate coordination, the splitting (Δυ)
increases compared to the free ligand, whereas it decreases for
bidentate coordination.7,8,22 Kakihana et al.7 identified for a
large number of U(VI) complexes with different carboxylic acid
Δυ values of ∼202−226 cm−1 for monodentate coordination,
Δυ ∼ 172−204 cm−1 for the free ligand and Δυ ∼58−80 cm−1

for bidentate coordination.7 For bidentate U-ac complexes the
following band positions were given: υ3,as(COO): 1527,

8 1537,9

and 1538 cm−1;7 υ3,s(COO): 1466,
8 1472,9 and 1467 cm−1.7 In

the case of monodentate coordination, the following band
positions were identified: υ3,as(COO): 1603

9 and 1595 cm−1;8

υ3,s(COO): 13909 and 1389 cm−1.8 However, these assign-
ments for monodentate coordination were not confirmed by
other spectroscopic techniques.
An increasing number of ligand molecules coordinated in the

equatorial shell of the uranyl moiety lowers the frequency of the
antisymmetric stretching vibration. Consequently, for the
aqueous uranyl ion [UO2(H2O)5]

2+, later on referred to as
uranyl hydrate, the absorption band is observed at 962 cm−1,
whereas it is observed at 954 and 928 cm−1 for the 1:1 and 1:2
complex, respectively. For the 1:3 complex no assignment was
possible.8 However, the frequency of the υ3(UO2) mode gives
no direct link to the mode of coordination.
Furthermore, the results of different IR investigations show

inconsistencies. Whereas Kakihana et al.7 found no evidence of
monodentate coordination, Quiles et al.8 identified it for
UO2ac

+ and UO2ac2
0 . No conclusion could be drawn on the

1:3 complex by the latter authors, since they did not use acetate
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in excess, and the 1:3 complex was formed to a minor extent
only.
A different way to analyze the 1:3 complex was provided by

Groenewold.23 The trisacetato complex was generated and
isolated using different kinds of mass spectrometry, and then
analyzed using the infrared multiphoton dissociation (IRMPD)
technique. The spectra recorded were interpreted with the aid
of DFT calculations. It was concluded that one monodentately
and two bidentately coordinated acetates form the trisacetato
complex. Note, however, that by applying this technique the
1:3 complex is transferred into the gas phase; hence, there
remains some ambiguity whether this structure is truly
representative of that in solution.
Only a small number of works are dedicated to the structural

study of the interaction of uranium(VI) with succinic acid in
aqueous solution. Especially EXAFS spectroscopy has not been
applied to this system until now.
Bismondo et al.24 performed calorimetric and potentiometric

measurements to obtain complex stability constants, enthalpies
and entropies of reaction. The following complexes were
identified: UO2Hsuc

+, UO2suc
0, UO2Hsuc2

− (suc is a common
acronym for the doubly deprotonated succinic acid). Bismondo
et al. stressed the possibility that succinic acid may form a seven
membered ring with U(VI). Such a chelate structure was
proposed for UO2suc

0 and UO2Hsuc2
− according to the free

energy, enthalpy and entropy changes. As in the case of the U-
ac system the 1:1 complex can not be prepared as predominant
species assuming uranium concentrations accessible with
EXAFS. In contrast, the 1:2 U-suc complex can have a fraction
of up to 95% in solution.24 A very recent paper by Rawat et al.25

applied on the U-suc system came to the conclusion that over
the pH range of 1.5 to 4.5 only the 1:1 complex is formed based
on potentiometry and isothermal titration calorimetry. The
differences between both works are mainly due to the lower
concentration of succinate used by Rawat et al.25 (up to 83 mM
at [U] = 5 mM) compared to Bismondo et al.24 (up to 350 mM
at [U] = 10 mM). The applied uranium(VI) concentrations are
comparable with the concentrations used in the present
investigation.
In this study, pH series of uranium(VI) in the presence of a

large excess of acetic and succinic acid were systematically
investigated using UV−vis, EXAFS and IR spectroscopy
coupled with ITFA and DFT calculations. A large excess of
organic ligand was necessary to avoid the formation of hydroxo
complexes of the uranyl ion and also the ternary uranyl-
carboxylate-hydroxo complexes. Moreover, the utilization of
this multitude of techniques and especially a consequent
implementation of ITFA (see Supporting Information) enables
structural analysis even in multicomponent systems. The results
of this study may help to understand these systems in more
detail regarding the difficulties in analyzing spectra of mixed
complexes.

■ EXPERIMENTAL SECTION
Sample Preparation. All reagents used were of analytical grade.

UO3 ·xH2O (synthesized by thermal decomposit ion of
UO2(NO3)2·6H2O) was first dissolved in 0.5 M perchloric acid
(HClO4) to yield a 0.1 M uranium stock solution (concentration
controlled by ICP-MS). Both acetic and succinic acid were added as
water free compounds. The pH was adjusted using NaOH and HClO4
or HCl in the case of IR measurements. A SenTix Mic electrode was
used to measure pH with a precision of ±0.05 pH units.
EXAFS Spectroscopy. For the aqueous samples of the U-ac

system and the U-suc system, the concentrations were [U] = 0.05 M

and [ac] = 1 M and [U] = 0.02 M and [suc] = 0.25 M, respectively. In
the case of the U-ac system, precipitations were observed at the two
highest pH values which were allowed to settle down before the
measurements. For these two solutions a final concentration of [U] =
0.036 M at pH 3.62 and [U] = 0.028 M at pH 3.86 was measured.
Each solution was filled in polyethylene cuvettes and was heat sealed.
Uranium LIII-edge measurements of the samples were done in
transmission (U-ac) or fluorescence (U-suc) mode using ion chambers
or a 13-element Ge detector, respectively, at the Rossendorf Beamline
BM2026 (ROBL), ESRF, France. For energy calibration, an yttrium foil
was measured simultaneously in transmission mode. The program
suite EXAFSPAK27 was used for averaging, deadtime correction,
energy calibration, isolation of the EXAFS signal, and data fitting. The
ionization energy (E0) was set to E0 = 17185 eV for all spectra. For
data fitting, theoretical phase and amplitude functions were calculated
based on EXAFS data of Na[UO2ac3](s)

15 and aqueous U(VI) acetate
solutions5 using FEFF 8.20.28 The model is shown on Supporting
Information, Figure S12.

UV−vis Spectroscopy. The same aqueous U-ac solutions as
prepared for the EXAFS measurements were used for UV−vis
measurements. The absorption of the spectra of the last two samples
with the highest pH values were corrected according to the decreased
uranium concentration due to precipitation. In the case of the U-suc
system a UV−vis pH titration experiment from the near neutral to the
acidic pH range was performed by adding stepwise concentrated
HClO4 to a solution of 10 mM U(VI) with 0.25 M suc, while the
volume increase (smaller than 5%) was considered as a change in
concentration. The UV−vis spectra were measured using a Varian
Cary 5g spectrophotometer in the spectral range from 700 to 350 nm.
The absorbance data was recorded in a 10 mm quartz cuvette against
Milli-Q water in double beam mode. An averaging time of 0.1 s and an
interval of 0.2 nm were applied. All spectra were corrected to zero at
700 nm.

IR Spectroscopy. Infrared absorption spectroscopy was applied on
both systems using the molar concentrations as used for the UV−vis
measurements. For pH adjustment, concentrated HCl and NaOH was
used. The spectra were recorded on a Bruker Vertex 80/v instrument.
The background correction was done by subtraction of the spectrum
of an acetate or a succinate solution with the corresponding pH and
acid concentration. The spectra were averaged and subtracted using
the OPUS software package (Bruker, Ettlingen, Germany). Finally, the
spectra were corrected to zero by subtraction of the offset at 1100
cm−1 where no absorption occurs in all spectra recorded. For the
application of ITFA in the range of the υ3(UO2) band a second
baseline correction was done between 700 and 1100 cm−1. For this
correction, a spline function was used consisting of three consecutive
functions: a third order polynomial for the pre peak area, a linear
function for the peak and another third order polynomial for the post
peak area.

DFT Calculations. All the calculations were performed using
Gaussian 03.29 Structures were optimized in aqueous phase at the
B3LYP level by using the CPCM solvation model30 with UAHF31

radii. The energy-consistent small-core effective core potential (ECP)
and the corresponding basis set suggested by Dolg et al. were used for
uranium,32 carbon,33 and oxygen.33 The d-function on oxygen and the
g-function on uranium were included. Moreover, the most diffuse basis
functions on uranium with the exponent 0.005 (all s, p, d, and f type
functions) were omitted during the geometry optimization, which
made the convergence of the electronic wave function much faster, and
had only little effect (less than 1 kJ/mol) on the total energy.34 For
hydrogen we used the 5s functions contracted to 3s.35 The Gibbs
energy correction to the electronic energy was calculated at the B3LYP
level from the vibrational energy levels in aqueous phase and the
molecular partition functions. The structures were confirmed to be
energy minima through vibrational frequency analysis where no
imaginary frequency was found to be present.
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■ RESULTS AND DISCUSSION

IR Spectroscopy. Figure 1 shows the IR spectra of the
aqueous U-ac solutions recorded at pH values ranging from pH
0.86 to pH 3.77 in the spectral range of the υ3(UO2) mode.

A large frequency shift of the υ3(UO2) mode from 961 to
924 cm−1 is observed with increasing pH. A similar shift of the
υ3(UO2) mode from 961 to 925 cm−1 is observed for the U-suc
system (Figure 3). This red shift can be explained by an
increased fraction of uranyl ions complexed by acetate or
succinate ligands at higher pH values, compared to the free
aquo complex at lower pH values. Contributions from hydroxo
complexes to the spectra, which are expected to show similar
shifts of the υ3(UO2) mode in the same frequency range,36 can
be neglected because of large excess of the organic ligands.
At the lowest pH, uranyl hydrate is the dominant species in

solutions of both systems showing an absorption band at 961
cm−1. At the highest pH, the 1:3 U-ac and the 1:2 succinate
complexes are predicted to become predominant according to
the speciation calculations.1,24 Interestingly, these complexes
that might have different stoichiometries according to the
literature cited above show the same spectral positions of the
υ3(UO2) mode. For a comprehensive evaluation of the spectral
data set recorded throughout the whole pH range, ITFA was
applied to study the correlations between the observed
frequencies of the υ3(UO2) modes and the prevailing pH for
both U-ac and U-suc systems.
As a first step, the principal component analysis of the IR

spectra was performed in the spectral range of υ3(UO2) peak,
which suggested the presence of four distinct components in
both the U-ac and the U-suc systems. As a second step, the
VARIMAX rotation13 provided model-independent factor
loadings (Figure 2-A and Figure 2-B) which correlate at most
with the unknown relative concentrations of the present U(VI)
complexes (see Supporting Information). In the case of the U-
ac system, the factor loadings, as a qualitative measure of the
relative concentrations, are in good agreement with the
speciation calculation using the complex stability constants
published by Ahrland1 (Figure 2-A,C). In particular, the
maxima of the factor loadings were in good agreement with
those of the relative concentrations of the components derived
by the thermodynamic speciation calculation, suggesting that
the determined components correspond to the proposed

complexes.1 As a third step, the relative concentrations of the
components were calculated with ITT (Figure 2-C). Again, a
good agreement with the results of the thermodynamic
speciation calculation is found for the U-ac system, whereas
for the U-suc system strong deviations between the calculated
speciation based on literature data24 and the results derived
from ITFA were observed (Figure 2-D), especially regarding
the third occurring species with increasing pH, UO2suc

0.
The IR spectra of the single components derived from ITFA

(Figure 3) reproduce the observed frequency shift of the
υ3(UO2) mode with rising pH (Figure 1). For both systems

Figure 1. IR spectra of the uranyl region (υ3(UO2)) of the U-ac
system, arrows indicating the direction of pH changes and the final
band position.

Figure 2. ITFA results gained from the IR spectra of the U-ac (left
panel) and U-suc system (right panel). VARIMAX factor loadings of
the components (top), ITT calculated species distribution of the
components (bottom, dots) and thermodynamic speciation calcu-
lation1,24 (bottom, solid lines).

Figure 3. ITFA extracted IR component spectra (solid lines) and
experimental data (dotted lines) of the U-ac (top) and U-suc system
(bottom).
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and for the components 1 to 4 a systematic bathochromic shift
of the peak maximum is visible representing an increase of the
number of coordinated ligand molecules. This observation
supports the assignment of the single components 1 to 4 to the
corresponding 1:0, 1:1, 1:2 and the 1:3 complexes, respectively.
Moreover, all component spectra (Figure 3) show approx-
imately a Gaussian shape so that each single component may
represent a distinct complex stoichiometry.
In the U-suc system, the frequencies of the maxima of the

single component spectra are nearly identical to those found for
the U-ac system (Figure 3, Supporting Information,Table S2),
suggesting the presence of complexes with the same
stoichiometries as in the U-ac system. This relationship
between stoichiometry and the frequency of the υ3(UO2)
mode will later be evidenced by the results of DFT calculations.
Consequently, the U-suc complexes found at pH ∼ 3 and at the
highest pH, referred to as component 3 and component 4,
represents most likely 1:2 and 1:3 complexes, respectively. This
is opposite to the literature data24 where the competing species
were 1:1 and 1:2 complexes.
It has to be noted that the calculated spectra of the 1:3

complexes also show a spectral feature which can not be
attributed to the υ3(UO2) mode. In the U-ac and U-suc
systems, shoulders at 942 cm−1 and 892 cm−1 are observed,
respectively. In the case of the U-ac series the spectral feature at
942 cm−1 is not apparent in the component spectra of the 1:1
and 1:2 U-ac complexes because of the strongly interfering
υ3(UO2) mode and low intensity. In the respective spectra of
the U-suc series, the spectral feature at 892 cm−1 shows
increasing intensity with increasing number of coordinating
ligands. Because of this observed correlation, the assignment to
contributions from the succinic ligand (most probably the
υ(CC) mode) has been suggested.37

In general, the red shift of the υ3(UO2) mode in uranyl
complexes is due to the weakening of the axial(ax) U−Oax bond
because of the σ and/or π contribution from the ligands, which
is in turn usually accompanied by an elongation of the U−Oax
bond length.38 Consequently, the coordination of acetate
ligands leads to a systematic lengthening of the U−Oax
distances and a red shift of the υ3(UO2) band which is
confirmed by EXAFS results (Table 2) and DFT calculations
(Table 1).
In addition to the frequency range of the ν3(UO2) mode, the

symmetric and antisymmetric stretching modes of the carboxyl
groups, that are ν3,as(COO) and ν3,s(COO), respectively,
provide further information on the coordination mode of the
ligand to the uranyl ion. The spectral splitting of these bands
(Δυ), which can be observed in the spectral region between
1650 and 1300 cm−1 (Figure 4), allows a discrimination of
bidentate and monodentate coordination.7,22 Generally, a
bidentate coordination is characterized by a splitting to a

lower extent (<100 cm−1) whereas a monodentate binding of a
carboxyl group to the uranyl ion results in a spectral splitting
larger than 150 cm−1.7 The vibrational modes of the carboxyl
group of the acetate ligand have nearly the same frequency
values throughout the whole pH range investigated (Figure 4),
that are 1535 cm−1 for the υ3,as(COO) and 1465 cm−1 for the
υ3,s(COO) mode. Therefore, in the series of the U-ac spectra
(Figure 4), the constant value Δυ of ∼70 cm−1 discounts the
monodentate coordination of the carboxyl groups.
The respective spectra of the U-suc complexes show a similar

behavior with increasing pH. The frequencies of the carboxylate
bands are almost identical to the ones of the U-ac system
(Figure 4). The spectral splitting Δυ ∼ 72 cm−1 is indicative of
bidentate coordination being the dominant mode of coordina-
tion. At pH values ≥3, however, the spectra show a slightly
increased absorption in the spectral region around 1580 cm−1

and particularly at 1400 cm−1. Assuming that these spectral
features represent a small fraction of carboxyl groups, a Δν
value of about 180 cm−1 can be derived. Such a degree of
splitting would indicate contributions from a monodentately
coordinated carboxyl group. Note that because of the
interferences with strong modes of the water molecules at
higher frequencies and of the hydrocarbon backbone below

Table 1. DFT Calculated Major Interatomic Distances (in Å) and Vibrational Frequencies of the υ3(UO2) Mode (in cm−1) for
UO2

2+, UO2ac
+, UO2ac2

0, and UO2ac3
− Complexes

mode U−Oax R(U−Ocarboxyl) R(U−Owater) U−C ν3(UO2)

UO2
2+ CN = 5 1.754× 2 2.412, 2.487, 2.420, 2.417, 2.486 975.8

UO2ac
+ Bi, CN = 5 1.763, 1.764 2.427, 2.421 2.434, 2.456, 2.437 2.832 956.2

Bi, CN = 6 1.763, 1.764 2.473, 2.474 2.544, 2.553, 2.555, 2.525 2.893 954.7
Mono, CN = 5 1.766, 1.766 2.253, 3.875 2.473, 2.529, 2.465, 2.461 3.432 948.6

UO2ac2
0 Bi, CN = 5 1.770 × 2 2.425, 2.441, 2.439, 2.426 2.439 2.834, 2.835 942.7

Bi, CN = 6 1.773 × 2 2.477, 2.482, 2.484 × 2 2.515, 2.516 2.891, 2.888 934.7
UO2ac3

− Bi, CN = 6 1.779, 1.781 2.498, 2.494 2.496 × 4 2.901× 3 921.5

Figure 4. IR spectra in the carboxylate region of the U-ac (top) and
the U-suc system (bottom), arrows indicate increasing pH.
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1420 cm−1, an unequivocal identification of these modes is not
possible.
The absorption changes below 1400 cm−1 (Figure 4) can be

attributed to modes of the methyl and the CH2 groups of the
acetate and succinate ligand, respectively, undergoing structural
alterations upon complexation with the uranyl ion.
DFT Calculations. To obtain information about the

coordination number and the mode of coordination in the
equatorial shell of the uranyl, the DFT-calculated ν3(UO2)
frequency (Table 1) versus the experimentally determined
values are given in Figure 5. Note that there is a systematic

discrepancy between theory and experiment because DFT-
based vibrational frequency calculations assume harmonic
motion of molecular vibration which typically overestimates
the frequency values by 5 to 10%. But, their relative difference
(Δυ) is reasonably assumed to be accurate enough to
discriminate bidentate coordination having small band splitting
(∼70 cm−1) from monodentate coordination, which has greater
band splitting (∼250 cm−1). A linear correlation between
theoretical and experimental values for the uranyl symmetric
stretching vibrational frequencies has been demonstrated for
the various uranyl organic and inorganic complexes in a
previous DFT study. Wrong coordination number or wrong
mode of coordination can be ruled out when the plot deviates
from the linear fitting.38 In the case of the 1:2 U-ac complex the
correlation, shown in Figure 5, affirms a coordination number
of 5. The coordination number of the 1:1 U-ac complex is 5 as
well because CN can only increase with rising number of
coordinated acetates (CN = 5 for uranyl hydrate and CN = 6
for 1:3 complex) because for a 6-fold coordination more
angular space needs to be provided by the coordination of
groups like acetate that have an O−U−O angle smaller than
60°.39 Furthermore, in the 1:1 complex, bidentate coordination
is more likely than monodentate coordination (Figure 5). For
U-ac and U-suc complexes with the same stoichiometry the
DFT calculated ν3(UO2) frequency is similar (Supporting
Information,Table S2).
DFT calculations of the bidentately coordinated complexes

show double bands at 1420−1450 cm−1 that are assigned to
υ3,s(COO). Furthermore, weaker double bands at 1500−1510
cm−1 are assigned to υ3,as(COO). Δυ ranges from 58 to 72
cm−1 which is in excellent agreement with the experimentally

found value of 70 cm−1. For a monodentate 1:1 complex, two
strong absorption bands at 1312 and 1562 cm−1 are calculated
for the υ3,s(COO) and υ3,as(COO) mode, respectively; hence, a
much larger Δυ value of 250 cm−1 is predicted for monodentate
coordination. Taking into account that the difference between
DFT calculated and measured band position is in the case of
monodentate coordination similar (∼25 cm−1) to the difference
observed for bidentate coordination, both a band around 1590
cm−1 and a band around 1340 cm−1 are expected. The first
band is not observed, and the absorption band detected at 1334
cm−1 (Figure 4), which was previously assigned to the δ(CH3)
mode of the methyl group, shows only low intensity and
therefore can hardly be attributed to a υ3,s(COO) mode. Thus,
a monodentate coordination contribution to the U-ac
complexes can be ruled out.

ITFA of UV−vis Spectra. ITFA was performed on UV−vis
spectral series of both U-ac (Supporting Information, Figure
S5) and U-suc (Supporting Information, Figure S6) systems to
identify the number of spectroscopically distinct complexes,
their spectra (Figure 6), and their pH speciation (Supporting

Information, Figure S7). For both systems, and in line with the
results gained by IR, four components were detected. Because
of the high data quality of the UV−vis series we expect a low
error in determination of the component spectra and the
relative concentrations of the components. Therefore, the ITFA
results of the UV−vis series can be taken as a proof of the
calculated thermodynamical speciations. We estimated the
error in determination of the component spectra by using the
method of Roscoe et al.40 As an example the error in
determination of the component spectra is shown in Figure 6
for the U-ac system. It is obvious that the higher the fraction of
a component in the pH series, the lower is the error in
determination of its spectrum (compare Figure 6 with
Supporting Information, Figure S7-C).
The ITT calculated speciation and the speciation based on

literature data1 show a good agreement with an overall standard
deviation of 3% (Supporting Information, Figure S7-C) for the
U-ac system. Moreover the determined pH speciation is in
good agreement with that observed in the IR study (Figure 2-
C), hence components 1, 2, 3, and component 4 can be

Figure 5. Comparison of DFT calculated band positions of the
antisymmetric stretching mode of the uranyl moiety and exper-
imentally observed values in the U-ac system.

Figure 6. ITFA extracted UV−vis component spectra of the U-ac (left
panel) and U-suc system (right panel). Gray regions in the left panel
indicate the estimated error by using the method of Roscoe et al.40 of
the component spectra in the case of the U-ac system.
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assigned to the uranyl hydrate, the 1:1, 1:2, and the 1:3 U-ac
complexes, respectively.
As in the case of both systems, the spectrum of component 1,

exclusively observed in the lower pH range, is identical to the
spectrum of an aqueous solution of UO2(ClO4)2 at low pH;
hence, also for the U-suc system component 1 represents
uranyl hydrate which is additionally supported by the good
agreement of the ITT calculated speciation of component 1
with the speciation gained from the IR measurements (compare
Supporting Information, Figure S7-D with Figure 2-D). Also
the ITT calculated speciation of the remaining three
components match well the speciation determined from the
IR spectra for which the components 2, 3, and component 4
were assigned to the 1:1, 1:2, and the 1:3 U-suc complexes.
Consequently the ITFA isolated spectra of the components 1,
2, 3, and 4 represents for both systems the spectra of the uranyl
hydrate, the 1:1, the 1:2 and the 1:3 complexes, respectively.
This assignment can be partially gained by comparing the
spectral similarity of the components. For both systems the
spectrum of component 1 is nearly identical, the spectrum of
component 2 shows a similar UV−vis absorption spectrum
(Figure 6) without a maximum neither at 445 nm nor at 460
nm, the spectrum of component 3 and component 4 show
maxima at 445 and 460 nm, while the intensities of these
characteristic peaks are different for both systems and the
spectrum of component 4 shows the strongest variations for
both systems. Hence, by taking the assignments of the IR study
into account the spectral similarity of the components is higher
for U-ac and U-suc complexes with the same stoichiometry.
EXAFS Spectroscopy. At first, shell fitting was performed

to all EXAFS spectra of the U-ac (Supporting Information,
Figure S9) and the U-suc system (Supporting Information,
Figure S10) by introducing only four shells, namely, the Oax,
Oeq, C single scattering (SS) paths and the 2-fold degenerated
4-legged multiple scattering path (MSOax) along the uranyl
chain (Oax(1)−U-Oax(2)). From these shell fits the relative
change of the U−Oeq and U−C distances can be deduced
which allow the estimation of the dominating mode of
coordination. In the fitting procedure the CN of MSOax path
was set to the CN of Oax, which was kept constant at CN = 2
during the fit, while the DW of the MSOax path was set to twice
the DW of the freely fitted DW of Oax. In the case of the U-ac
system, for each spectrum the CNs of Oeq and C were
calculated by using the thermodynamic speciation calculation1

and the most probable coordination numbers of the U(VI)
complexes deduced from the DFT calculation. These CN were
then held constant during the shell fit. We assumed the
following distribution of CN(Oeq):CN(C) for the complexes:
5:0 (uranyl hydrate), 5:1 (1:1 U-ac), 5:2 (1:2 U-ac), 6:3 (1:3
U-ac). In the case of U-suc the CN of Oeq and C were
calculated for each spectrum by using the pH speciation
determined by IR spectroscopy and assuming the following
CN(Oeq):CN(C) distribution: 5:0 (uranyl hydrate), 5:1 (1:1
U-suc), 5:2 (1:2 U-suc), 5:2 (1:3 U-suc). For both systems, the
DW of C was held constant at 0.0042 Å2, the value determined
by a shell fit of the ITFA isolated spectrum of the 1:3 U-ac
complex (Table 2). For each spectrum the shift in the threshold
energy, ΔE0, was first allowed to float. With increasing pH the
determined ΔE0 shows a trend to higher values (Supporting
Information, Figure S8). Because of the experimental error this
trend is not smooth and therefore ΔE0 was recalculated as a
function of the number of coordinated ligands derived from the
thermodynamic speciation calculation (for U-ac) or from the

ITT calculated speciation by using the IR spectra (for U-suc),
based on a second order polynomial (Supporting Information,
Figure S8). Finally, the recalculated values for ΔE0 were fixed
for the shell fit of each sample. The results of this final fit are
shown for the U-ac and the U-suc systems in Figure 7. The

abscissa is the number of coordinated ligands (nlig) calculated
by using eq 1. For the calculation of nlig, the relative
concentrations of the thermodynamic pH-speciation1 (Figure
2-C) and the pH-speciation resulting from ITFA on IR spectra
(Figure 2-D) were used for the U-ac and the U-suc systems,
respectively.

= · + · + ·n 1 [1: 1] 2 [1: 2] 3 [1: 3]lig (1)

For the following discussions it should be noted that the
error of relative changes41 of bond lengths can be much lower
than the absolute error in determination of the bond length
(0.01−0.02 Å)42 with EXAFS. The relative error depends on
the reproducibility of an EXAFS spectrum. To estimate the
relative error in determination of relative changes in distances,
the 11th sample of the U-ac series was measured four times and
the data were fitted separately. The calculated standard
deviation of the four fitted distances can serve as a measure
of the precision in determination of the relative changes. The

Table 2. Shell Fit Parameters for the Extracted Components
in the U-ac System

atom CNa R [Å]b σ2 [Å2]c ΔE0 [eV]d

component 1 Oax 2* 1.764(1) 0.0013(1) 3.9(3)
Oeq 5.1(3) 2.403(3) 0.0067(5) /3.9

component 2 Oax 2* 1.771(1) 0.0012(1) 4.4(4)
Oeq 5.3(4) 2.411(5) 0.011(1) /4.4
C 1.4(3) 2.89(1) 0.0042* /4.4

component 3 Oax 2* 1.780(1) 0.0014(1) 4.9(3)
Oeq 5.8(3) 2.472(3) 0.0071(5) /4.9
C 3.3(3) 2.880(5) 0.0042* /4.9
Cdis /3.3 4.362(8) 0.00645* /4.9

aCoordination number. bInteratomic distance. cDebye−Waller factor.
dThreshold energy, * fixed parameter,/parameter linked proportional
to the parameter in the row above. CN ± ∼20%, R ± ∼0.02 Å. The
standard deviations of the variable parameters as estimated by
EXAFSPAK are given in parentheses. MS Oax and both MS paths of
Cdis were linked to the structural parameters of Oax and SS Cdis,
accordingly.

Figure 7. U−Oeq distance (black), corresponding DW (blue), and U−
C distance (red) as a function of the number of coordinated ligands
for the U-ac (filled squares) and U-suc (filled circles) systems.
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standard deviations are 0.003 Å (Oeq), 0.005 Å (C), and 0.012
Å (Cdis). Note that the absolute error of the bond length might
be validated for the 1:3 U-ac complex by comparison of the
structural parameters, given in Table 2, with those from XRD.18

In the U-ac system, the U−Oeq bond length increases
monotonically with the increase of coordinated ligands (Figure
7). The DW increases until an average nlig of 1.6 and then
decreases. The lowest values of the DW of Oeq are hence
observed, when the equatorial shell is fully occupied by waters
or by ac ligands, corresponding to uranyl hydrate and the 1:3
U-ac complex, respectively. As uranyl hydrate shows a uniform
coordination of water molecules thus having low structural
disorder, it is evident that the 1:3 complex shows also a similar
uniform coordination of acetate molecules. The highest DW
appears at 1.6 coordinated ac ligands which corresponds to pH
2.57 where in average ∼2 Oeq belong to the coordinated water
molecules and ∼3 Oeq to the carboxylic groups. At this pH, the
fractions of the U-ac complexes are distributed nearly equally
(33% 1:1 U-ac, 28% 1:2 U-ac, 23% 1:3 U-ac), hence the high
DW can be explained by the high structural disorder because of
the presence of structurally different complexes as well as by the
presence of differently coordinating ligands, like water
molecules and acetate ligands, in nearly equal fractions. Unlike
the investigations of Jiang et al.,5 we found a relatively long U−
Oeq distance of ∼2.47 Å at the highest pH. This is in line with
the U−Oeq distance of 2.48 Å for three bidentately coordinated
acetate groups in solid Na[UO2ac3] measured by EXAFS.15

This quite simple shell fit approach gives already strong
evidence for a bidentate coordination of all acetate groups in
the 1:3 U-ac complex. Over the whole pH range and for both
systems, the measured U−C distances are in average 2.89 ±
0.01 Å (Figure 7) which is typical for bidentate coordination
(EXAFS,6,15 XRD18).
In contrast to the U-ac system, the U−Oeq distance in the U-

suc system (Figure 7) remains constant until ∼1.2 suc ligands
are coordinated, and then raises rapidly to a final value of 2.45
Å. The distance is in line with several carboxylic ligands
coordinated bidentately. The constant average U−Oeq distance
up to one coordinated suc ligand can be explained by a short
distance coordination of the carboxyl group in which the suc
ligand is coordinated with a U−Oeq distance similar to that
observed for uranyl hydrate and/or by water molecules with a
shorter U−Oeq distance than in the case of uranyl hydrate. A
shortening of the U−Oeq distance of the carboxyl group should
cause a shortening of the U−C distances, which, however, is
not observed in the present case (Figure 7). Therefore, it is
reasonable to assume that a shortening of the U−Oeq distance
of coordinated water molecules is responsible for the short
average U−Oeq distance up to 1.2 coordinated suc ligands. The
DW of Oeq rises up to 2.3 coordinated suc ligands and drops
down afterward to a final value of DW = 0.009 Å2 which is
higher than that observed for the U-ac system (DW = 0.007
Å2). Note that the error in determination is high at the DW
maximum (Figure 7). Hence, we can not exclude that this point
is an outlier. The lower final U−Oeq distance of 2.45 Å and the
higher final DW, when compared with the U-ac system, is a first
hint that the ligands are not uniformly coordinated in the 1:3
U-suc complex opposite to the uniform coordination in the 1:3
U-ac complex. Several reasons for the reduced U−Oeq distance
are possible:
(1) At first, the carboxylic group of succinic acid might

connect uranium at a shorter distance in bidentate mode. If one
assumes that the bond angles and bond lengths for the carboxyl

group are the same for coordinated ac and suc ligands, then the
U−C distance depends only on the U−Oeq distance of the
bidentate coordinated carboxyl group. Consequently, the
measured U−C distance of 2.89 Å at three coordinated suc
ligands will cause a U−Oeq distance slightly longer or equal to
the U−Oeq distance measured for U-ac (2.47 Å) where a U−C
distance of 2.88 Å was observed in the case of three
coordinated ligands. Therefore a short distance bidentate
coordination can be ruled out.
(2) Second, one or more suc ligands might be coordinated in

“non”-bidentate fashion like monodentate or ring chelate
coordination which generally result in shorter U−Oeq distances.
Under such circumstances the average U−Oeq distance could
be reduced to the measured value of 2.45 Å. However, because
of sterical reasons (larger ring chelates show a considerably
higher demand for space) it is unlikely that in the case of two
bidentately coordinated suc ligands the third suc ligand is
coordinated via two carboxylic groups by forming a seven
membered ring. Therefore, only a formation of a 1:3 U-suc
complex, in which besides of two bidentate coordinated ligands
one ligand is coordinated in a monodentate fashion is likely and
the average U−Oeq distance would decrease. In addition, if two
different binding modes of the carboxylic group are present, the
DW would increase because of a higher disorder in the
equatorial shell, which would be in line with the observation
(Figure 7).
To answer the question about the binding mode in the U-suc

system, in the next section ITFA is applied on spectral features
such as the U−C−Cdis−C and U−C−Cdis MS paths which are
characteristic and an indicator for a bidentate coordination. By
using only the average structural parameter for the
interpretation of the structures of the complexes (Figure 7),
it is difficult to find out how the ligands are coordinated in the
1:1 and 1:2 U-ac and U-suc complexes because they do not
occur as major species in solution. ITFA will be applied in the
following section on both series of EXAFS spectral mixtures to
determine the relative concentrations of the components and to
isolate the component spectra from their mixtures.

ITFA of EXAFS Spectra. ITFA was performed with the
spectra of the U-ac and the U-suc system (Supporting
Information, Figure S9 and Figure S10), while three distinct
components were identified in both cases. The ITFA extracted
component spectra are shown in Figure 8, and the
corresponding pH-speciations are shown together with the
VARIMAX factor loadings in Supporting Information, Figure
S11. Tables 2 and 3 contain the structural parameters gained by
the shell fit for the U−Ac and the U-suc system for each
component. For the fit we applied the same fit model explained
above with the exception that CN of Oeq and C is now freely
fitted and that for each system for component 3 the Cdis SS
path and the corresponding MS paths U−C−Cdis−C and U−
C−Cdis were included. The CN of Cdis and of the MS path U−
C−Cdis−C were set once and the CN of the MS path U−C−
Cdis was set twice to the CN of the C atom, respectively. During
the fit the effective path lengths of the MS paths were fixed to
the value of the freely fitted U−Cdis distance. The DW of C,
Cdis and of the MS paths was determined by fitting the 1:3
complex of the U-ac system with a constant CNC = 3, while
during the fit for both connected MS paths the DW was set to
the value of the freely fitted DW of Cdis. The determined DWs
for C, Cdis and for the U−C−Cdis−C and U−C−Cdis MS paths
were then taken as constant values for the final shell fit (Tables
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2 and 3). For both systems the Cdis and the connected MS
paths were only fitted for component 3.
For both systems component 1 (Table 2 and Table 3) shows

nearly the same structural parameters. The U−Oeq distance of
2.40 Å is typical for water coordination, and the low DW of
∼0.006−0.007 Å2 points out that the Oeq shell shows uniform
coordination. Therefore, component 1 can be assigned to
uranyl hydrate in accordance with the IR and UV−vis results.
Component 2 shows for both systems only slightly different
U−Oeq distances compared to uranyl hydrate. In contrast, the
DW of Oeq is raised to 0.011 Å2 in both systems pointing out
that at least two different types of Oeq atoms are present.
Component 3 shows an elongated U−Oeq distance for both
systems. Moreover, the U−Oeq distances and the correspond-
ing DWs are comparable to those that were already visible in
Figure 7 at nlig ∼ 3. Hence, this component can be mainly
assigned to the 1:3 complexes in each system.
An assignment of the components can be also done by

comparing the ITT determined pH-speciations based on the
EXAFS spectra (Supporting Information, Figure S11−C (U-ac)
and Supporting Information, Figure S11-D (U-suc)) with the
pH-speciations determined by using IR (Figure 2-C (U-ac) and

Figure 2-D (U-suc)) and UV−vis spectroscopy (Supporting
Information, Figure S7−C (U-ac) and Supporting Information,
Figure S7-D (U-suc)). For both systems the best match is
observed between component 1 and uranyl hydrate,
component 2 and the 1:1 complex and between component
3 and the 1:3 complex.
Figure 9 shows the speciation distribution of the extracted

components of the U-ac system compared with the speciation

calculated using the complex stability constants reported by
Ahrland.1 The question arises why only three components were
identified in the case of EXAFS whereas the ITFA applied on
UV−vis and IR yielded four components. An intrinsic property
of factor analysis is that only the components which are linear
independent to each other are detectable. In other words, if a
spectrum of a certain complex can be reproduced by a linear
combination of the spectra of two (or more) other complexes
present in the spectral mixtures, then this complex is not
detectable as a component. Hence the number of estimated
components becomes less than the number of the acting
complexes. If one complex is missing, then its fraction adds to
the fractions of the other complexes whose spectra can
reproduce the spectrum of this complex by their linear
combination. Because of this behavior the relative concen-
trations of the complexes, which enable the reproduction of the
spectrum of the missing complex, are enhanced and are shifted
toward the position of the missing complex. To figure out
which complex is invisible by factor analysis, a comparison of
the IR- and UV−vis-supported thermodynamic pH-speciation1

with the pH-speciation of the three components is instructive
(Figure 9). The speciation of uranyl hydrate (component 1) is
not affected, while the 1:1 U-ac (component 2) and the 1:3 U-
ac complexes (component 3) are shifted toward the 1:2
complex. Therefore, we can assume that the 1:2 complex is the
missing complex. By using this hypothesis and the assumption
that the spectrum of the 1:2 complex (sp1:2) can be reproduced
with the spectra of the 1:1 (sp1:1) and the 1:3 complex (sp1:3)
with eq 2:

= · + − ·sp a sp a sp(1 )1:2 1:1 1:3 (2)

Figure 8. EXAFS spectra and the corresponding Fourier transforms of
the extracted components of the U-ac and U-suc systems. The fit of
the third component in each system is shown with and without
inclusion of the MS paths of the carboxylic group.

Table 3. Shell Fit Parameters for the Extracted Components
in the U-suc System

atom CNa R[Å]b σ2[Å2]c ΔE0 [eV]
d

component 1 Oax 2* 1.764(2) 0.0011(1) 3.3(4)
Oeq 4.9(3) 2.405(4) 0.0064(7) /3.3

component 2 Oax 2* 1.759(2) 0.0017(2) 3.91*
Oeq 5.7(6) 2.403(5) 0.011(1) /3.91
C 1.5(4) 2.90(2) 0.0042* /3.91

component 3 Oax 2* 1.776(2) 0.0014(1) 4.5(5)
Oeq 5.0(4) 2.449(5) 0.0089(9) /4.5
C 2.6(3) 2.888(8) 0.0042* /4.5
Cdis /2.6 4.35(1) 0.00645* /4.5

aCoordination number. bInteratomic distance. cDebye−Waller factor.
dThreshold energy, * fixed parameter,/parameter linked proportional
to the parameter in the row above. CN ± ∼20%, R ± ∼0.02 Å. The
standard deviations of the variable parameters as estimated by
EXAFSPAK are given in parentheses. MS Oax and both MS paths of
Cdis were linked to the structural parameters of Oax and SS Cdis,
accordingly.

Figure 9. pH dependence of U(VI) speciation under 50 mM U(VI)
and 1 M acetic acid. Relative fractions of the complexes according to
thermodynamic speciation calculation1 (dotted lines), ITT derived
relative concentrations of the components (points), and relative
concentrations of the components calculated by using the
thermodynamical speciation calculation1 after distributing the 1:2
complex over the 1:1 and 1:3 complexes (solid lines).
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the relative concentrations of the components 2 and 3 can be
calculated solely on the basis of the thermodynamically
calculated relative concentrations of the 1:1, 1:2, and 1:3
complexes1 by eq 3:

= + ·

= + − ·

a

a

[component2] [1: 1] [1: 2]

[component3] [1: 3] (1 ) [1: 2] (3)

Figure 9 shows a comparison of the thermodynamically
derived speciation with that from ITT. The value of the factor,
a, was found to be a = 0.47 by minimizing the RMS error
between relative concentrations of the thermodynamically
derived and the ITFA derived components. The good match
in the relative concentrations of the complexes calculated using
two different methods is a proof of the validity of our
hypothesis and assumptions (Figure 9). Accordingly, the ITFA
isolated spectra of component 2 and component 3 are
confirmed to be those of the 1:1 and 1:3 complexes,
respectively.
The obtained value of factor a is nearly one-half. This points

out that the missing complex should be composed to one-half
of the 1:1 complex and to one-half of the 1:3 complex.
Consequently, the missing complex should be the 1:2 complex.
In addition, this indirect proof of the complex stoichiometry
shows that the results gained by all used spectroscopies are
consistent. These results show that the 1:2 complex must
consists of the same structural entities as present in the 1:1
(component 2) and 1:3 (component 3) complexes, that is, Oax,
coordinated water molecules, and bidentately coordinated ac
ligands. Moreover, the EXAFS signals stemming from the
coordinated atoms and ligands must be similar within the 1:1,
1:2, and 1:3 complexes; hence, the radial distances and DWs of
these spectral contributions are similar among these complexes.
If for instance the water molecules and/or the carboxylic group
would be coordinated in a different radial distance for one of
these complexes then it would be impossible to calculate the
spectrum of the 1:2 complex by the linear combination of the
spectra of the 1:1 and 1:3 complexes.
In contrast to the other components, the ITT derived relative

concentrations of component 1 (uranyl hydrate) match the
relative concentrations determined by thermodynamical
calculations (Figure 9) closely; hence, the spectral contribu-
tions of Oax and/or coordinated water molecules and therefore
the structural parameters of these contributions do not match
those present in the U-ac complexes. The variation of the
spectral contribution of Oax within the pH series is of minor
importance when compared with the spectral variations caused
by structural changes in the equatorial plane of U(VI)
(Supporting Information, Figure S9). This suggests that mainly
the spectral contribution of the uranyl hydrate water molecules
does not fit the spectral contributions of the coordinated water
molecules in the 1:1 and 1:2 complexes. In other words the
spectral contribution of coordinated water molecules and
therefore the radial U−Oeq distance, as the most sensitive
structural parameter, are different between the uranyl hydrate
and the 1:1 and 1:2 complexes. This assumption can be verified
by calculating the U−Oeq distances in the 1:1 complex in the
following way. The measured U−Oeq distance for the
coordinated water molecule is R(U−Oeq) = 2.40 Å in uranyl
hydrate (component 1, Table 2), and the U−Oeq distance for
the carboxylic group is R(U−Oeq) = 2.47 Å in the 1:3 complex
(component 3, Table 2). Assuming that the R(U−Oeq) = 2.40
Å for water oxygen and R(U−Oeq) = 2.47 Å for carboxyl

oxygen retain also in the 1:1 complex, the expected average U−
Oeq distance for the 1:1 complex (CN = 5, bidentate) is 2.43 Å,
while we obtained a relative shorter distance of 2.41 Å
(component 2, Table 2). This is a first indication that for the ac
complexes the U−Oeq distance of coordinated water molecules
might be shorter than that observed for uranyl hydrate. The
U−Oeq distance of the water molecules coordinated at shorter
distance can be calculated by taking the measured average U−
Oeq distance of 2.41 Å for the 1:1 complex (component 2,
Table 2) and that of 2.47 Å for the 1:3 complex (component 3,
Table 2) to R(U−Oeq) = (5·2.41 Å − 2·2.47 Å)/3 = 2.37 Å.
This uranium-to-water distance is 0.03 Å shorter than that in
uranyl hydrate.
As the next step of analysis, we developed a method to

calculate the U−Owater and U−Ocarboxylate distances for the 1:1
and 1:2 complexes, separately. This method is described in
detail in the Supporting Information. The determined optimum
distances for the 1:1 and the 1:2 complexes are R(U−Owater) =
2.350 Å and R(U−Ocarboxylate) = 2.465 Å. In line with the DFT
calculations and especially in the case of the 1:1 complex, the
goodness-of-fit value is lower for a 5-fold than for a 6-fold
coordination. The shorter U−Owater distance, observed for the
1:1 and 1:2 complexes, is supported by the crystal structure of
UO2ac2·2H2O showing R(U−Owater) = 2.34 Å.43

Also in the U-suc system, a simple theoretical calculation of
the average U−Owater distance of the 1:1 complex can be done
using the assumption that the measured Oeq distance of the 1:1
complex (component 2) is the weighted average of U−Owater
and U−Ocarboxylate. The U−Ocarboxylate distance can be set to the
value obtained for the single component of the U-ac 1:3
complex (component 3, Table 2), and the average distance of
the 1:1 U-suc complex is taken from component 2 in Table 3.
In the case of 5-fold coordination R(U−Owater) = (5·2.40 Å −
2·2.47 Å)/3 = 2.35 Å. The average U−Owater distance is again
much smaller than that of uranyl hydrate and would be again
comparable to R(U−Owater) in UO2ac2·2H2O.

43

A similar calculation using theoretical spectra as in the case of
the U-ac system was used to find the optimum distances. For
the 1:1 complex and in the case of CN = 5 the resulting
distances are R(U−Owater) = 2.355 Å and R(U−Ocarboxylate) =
2.455 Å.
The U−Oeq distance of the 1:3 U-suc complex (Table 3) is

by 0.02 Å shorter than the U−Ocarboxyl distance of 2.47 Å
measured in the case of the 1:3 U-ac complex (Table 2). With
the assumption that the structure of the carboxylic group is the
same for suc and ac then in the case of the 1:3 U-suc complex
the carboxylic groups should coordinate in a U−Ocarboxyl
distance similar to that of the 1:3 U-ac complex because the
measured U−C distance is similar to that of the 1:3 U-ac
complex (compare component 3 in Table 2 and Table 3). One
simple explanation for the smaller U−Oeq distance in the case
of the 1:3 suc complex would be that one suc ligand is
coordinated in a monodentate fashion with a distance of R(U−
Omonodentate) < R(U−Obidentate). In such situation the average
U−Oeq distance would decrease relative to the U−Obidentate
distance which would be in line with the observation.
Furthermore, the CN of the U−C−Cdis−C and U−C−Cdis

MS paths can be taken as a measure of the number of
bidentately coordinated carboxyl groups (CN(bidentate)). The
CN of monodentately coordinated ligands is the difference
between the known CN of the coordinated ligands and
CN(bidentate). The CN of these MS paths could be
determined by a shell fit. Unfortunately, the DWs of the MS
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paths are not known a priori and also correlate with the CNs so
that both parameters, the CN and the DW, must be fitted at the
same time which can cause uncertainties in determination.
Another way is the use of ITFA which solely with the
experimental data enables a direct quantification of the U−C−
Cdis MS paths without fitting. This was done by analyzing the
Fourier-backtransform of the EXAFS signal of the U−C−Cdis−
C and U−C−Cdis MS paths with ITFA (see Supporting
Information). For the 1:3 U-suc complex the resulting number
of bidentate coordinated carboxylic groups is CN(bidentate) =
2.04 (Supporting Information, Figure S17); this is a value
which enables the conclusion that in the 1:3 U-suc complex one
of the three suc ligands is coordinated in monodentate fashion
which is in line with the explanation of the shorter U−Oeq
distance and the higher DW of Oeq when compared with a
uniform bidentate coordination in the 1:3 U-ac complex.
To get information about the coordination of the other

complexes in the U-suc system, a theoretical CN(bidentate)
was calculated by multiplying the ITT determined relative
concentrations of the components (Supporting Information,
Figure S11-D) with the number of assumed CN(bidentate).
Two models were compared with each other, while for both
models for component 3 (1:3 complex) the CN(bidentate) = 2.
In the case of model 1 one bidentate (CN(bidentate) = 1) and
for model 2 one monodentate (CN(bidentate) = 0)
coordinated suc ligand was assumed for the component 2
(1:1 complex). For model 1 the lowest standard deviation (SD)
between the theoretical and the ITT calculated CN(bidenate)
is observed (Supporting Information, Figure S17). This would
be in line with the IR results which suggest mainly bidentate
coordination up to pH 3, hence for the 1:1 and 1:2 U-suc
complexes (Figure 2-D).
Finally the question can be answered why also in the case of

the U-Suc system the 1:2 complex is not detectable with ITFA.
In principle, three cases for the coordination in the 1:2 complex
are possible: (a) two bidentate, (b) one bidentate and one
monodentate, and (c) two monodentate coordinated suc
ligands. The case (c) can be discarded because the spectrum
of such a complex would not be a linear combination of the 1:1
and 1:3 complexes which contain at least one or two bidentate
coordinated suc ligands, respectively. The spectral contribution
of the monodentately coordinated carboxylic group (R(U−
Oeq) = 2.35 Å5) in the 1:3 complex is expected to be similar to
the spectral contribution of coordinated water molecule/s in
the 1:1 or the 1:2 complexes (R(U−Oeq) ∼ 2.36 Å).
Concerning this spectral similarity for case (a) the spectrum

of the 1:2 complex would be similar to the spectrum of the 1:3
complex, while for case (b) the spectrum of the 1:2 complex
would be similar to the spectrum of the 1:1 complex. Moreover,
the spectrum of the 1:2 complex must agree within the
experimental error with the spectrum of the 1:3 complex or the
1:1 complex, because only three components were detected by
ITFA. According to the results gained from the IR, case (a)
might be the preferred solution for the 1:2 complex, hence a
bidentate coordination of the two suc ligands, but at the current
stage of the investigations it cannot be ruled out that one
bidentate and one monodentate coordinated suc ligand is
present in the 1:2 complex.

■ SUMMARY

In the case of the U-ac system the thermodynamic model of
Ahrland1 was validated by the application of ITFA on IR and
UV−vis spectra. With increasing pH, complexes of the
following stoichiometry occur: 1:0, 1:1, 1:2, and 1:3. The U-
ac complexes show exclusively bidentate coordination as
evidenced by (1) monotonically increasing U−Oeq bond length
(from 2.40 Å for uranyl hydrate to ∼2.47 Å for the 1:3
complex) and increasing number of coordinated ligands with
increasing pH, (2) a decrease of the spectral splitting (Δν) of
the ν3,s(COO) and the ν3,as(COO) mode from 136 (acetate
ion) to 70 cm−1 (U-ac complex), and (3) the absence of any
feature in the region around 1580 cm−1 that might be assigned
to the ν3,as(COO) mode of monodentate coordination. The
shift of the ν3(UO2) mode follows the stepwise coordination of
acetate ligands: 961 cm−1 → uranyl hydrate, 949 cm−1 → 1:1
complex, 939 cm−1 → 1:2 complex, and 924 cm−1 → 1:3
complex. These experimental vibrational frequencies are in line
with the DFT-calculated values. According to the DFT
calculations only the 1:3 complex is 6-fold coordinated, while
the remaining complexes are 5-fold coordinated. In contrast to
IR and UV−vis spectroscopy, factor analysis of the EXAFS data
resulted in only 3 different components. The extracted
components were uranyl hydrate, the 1:1 complex, and the
1:3 complex while the spectrum of 1:2 complex is reproducible
by a linear combination of the spectra of the 1:1 and 1:3
complexes. In line with the solid complex of Na[UO2ac3]

15 the
1:3 complex showed U−Oeq, U−C, and U−Cdis distances of
2.47, 2.88, and 4.36 Å, respectively. A combination of ITFA
with theoretical spectra indicated for the 1:1 and the 1:2
complexes that the coordinated water molecules are closer to
the uranyl ion (2.35 Å) than in the case of the uranyl hydrate
(2.40 Å).

Figure 10. Proposed structures of the 1:1, 1:2, and 1:3 complexes in the U-ac system and the 1:3 U-suc complex. Radial distances are given in
angstrom (Å). (Blue, uranium; red, oxygen; gray, carbon; hydrogen atoms are omitted for clarity. Gray shaded atoms are not visible using EXAFS
spectroscopy.
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In the U-suc system, four components were found by
applying ITFA on the IR and UV−vis data. However, the
calculated speciation pattern was not in line with previously
published thermodynamic data. Moreover, DFT calculation
showed that the observed stepwise shift of the ν3(UO2) mode
can only be interpreted with the existence of the 1:3 complex
that was previously unreported. In analogy to the U-ac system,
a decrease of Δν from 152 (succinate ion) to 72 cm−1 (U-suc
complex) was found to indicate the dominance of bidentate
coordination. A broad water band disturbed the spectra in the
region around 1580 cm−1 where contributions from the
ν3,as(COO) mode of monodentately coordinated ligand
molecules might be present. ITFA applied on the EXAFS
spectral series showed only three components: Uranyl hydrate,
1:1 complex, and an 1:3 complex. The spectrum of the 1:2
complex can be formed by a linear combination of the spectra
of the other complexes and is therefore not detectable by ITFA.
The 1:3 U-suc complex has an average U−Oeq distance of 2.45
Å which is clearly shorter than that in the 1:3 U-ac complex
pointing out that at least one carboxylic group did not show
bidentate coordination. The inspection of the MS paths along
the U−C−Cdis chain pointed out that in the case of the 1:1
complex one carboxylic group is coordinated in a bidentate
mode, while in the 1:3 complex two carboxylic groups
coordinate bidentately and one monodentately.
Figure 10 shows the discussed structure of the 1:3 U-suc

complex and all the structures of the U-ac complexes.
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