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ABSTRACT: Hydroxycarboxylic acids, viz., α-hydroxyisobutyric acid (HIBA) and mandelic
acid (MA), have been widely employed as eluents for inner transition metal separation studies.
Both extractants have identical functional groups (OH and COOH) with different side-chains.
Despite their similarities in binding motifs, they show different retention behaviors for
thorium and uranium in liquid chromatography. To understand the mechanism behind the
trend, a detailed study on the aqueous phase interaction of thorium with both extractants is
carried out by speciation, spectroscopy, and density functional theory-based calculations.
Potentiometric titration experiments are carried out to reveal the stability and species formed.
Electrospray ionization mass spectrometry is performed to identify the formation of different
species by Th with both HIBA and MA. It is seen that for Th-HIBA and Th-MA, the
dominating species are ML3 and ML4, respectively. A similar pattern observed in
potentiometric speciation analysis supports the tendency of Th to form higher stoichiometric
species with MA than with HIBA. The difference in the dominating species thus helps in
explaining the reversal in the retention behavior of uranium and thorium in the reverse-phase liquid chromatographic separation.
The results obtained are corroborated with extended X-ray absorption fine structure spectroscopic measurements and density
functional theory (DFT) calculations.

1. INTRODUCTION
Safe handling of spent nuclear fuel and efficient radioactive
waste management are the key concerns for progressive
nuclear energy and its public acceptance. Actinides, due to
their long radioactive lifetime, need prior isolation to minimize
the radiochemical hazard to the environment and to ease the
waste management protocols.1 Thus, the separation of
actinides and lanthanides is the central step for successful
nuclear fuel reprocessing. Further, the separation of trivalent
actinides and lanthanides is difficult due to the similarities in
the physiochemical properties. Researchers have developed the
ligands utilizing the principle of hard−soft acid−base for the
separation of An(III) and Ln(III). Diamide ligand-based
extractants, where the presence of nitrogen provides softness,
are used for the separation of An(III) and Ln(III).2−6

Hydroxycarboxylic acids, namely, α-hydroxyisobutyric acid
(HIBA)7−12 and mandelic acid (MA) (Scheme 1), have been
well-known eluting reagents for the liquid chromatographic
separation of actinides and lanthanides.13−15 Reports showed
that the elution pattern changes in order by the application of
HIBA instead of MA and vice versa. Both HIBA and MA bind
the metal ions through the same functional moieties but differ
in their side-chains. HIBA and MA possess an aliphatic
dimethyl group and aromatic phenyl ring as side-chains,
respectively. Thorium elutes before uranium by HIBA, whereas

the elution pattern is reversed on using MA in reverse-phase
chromatographic separation.16

Carboxylate and hydroxyl groups are primary coordinating
moieties for metal ions in most of the natural organic matter
such as humic substances.17−20 Further, hydroxyl and
carboxylate groups are known for their vast applications in
the fields of polymers, food, fabrics, and pharmaceuticals.21−25
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Scheme 1. Schematic Representation of Hydroxycarboxylic
Acid: (A) HIBA and (B) MA
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HIBA is an essential raw source for syntheses of key amino
acids such as isoleucine, polymeric hydroxyl carboxylic acid,
and antibiotic and antitumor medicines.26−28 The MA
degradation path is proven to be representative of most of
the aromatic substances in nature.29 MA is also known for its
antimicrobial characteristics and, due to its nontoxic behavior,
is widely used in the pharmacokinetic industry specifically to
treat urinary tract infections.30 Thus, both HIBA and MA serve
as key models to study the interaction of radiotoxic metal ions
such as thorium, as in the present study.

Aqueous speciation and structural elucidation in terms of
coordination modes and stoichiometry of Th(IV) complexes
have proven to be beneficial in understanding the mechanism
behind the differential complexing pattern. Magon et al.
studied the speciation of thorium by three isomeric HIBA by
potentiometry and reported the formation and stability of four
consecutive species, namely, ML1 to ML4, for Th-HIBA/MA
complexes,31 while Portanova et al. compiled the stability
constants for the Th-HIBA system under different exper-
imental conditions.32 There are several reports on the effective
use of HIBA and MA as separation agents for lanthanide or
lanthanide−actinide mixtures in solutions.8−16,33 Datta et al.
attempted to correlate the stability and speciation of Ln(III)/
An(III) with HIBA/MA, whereas the corresponding tetrava-
lent actinides, such as Th(IV), were not investigated. The
necessity for comprehensive speciation by a combination of
experimental and theoretical viewpoints motivated us to carry
out a detailed speciation investigation for the Th-HIBA/MA
system. In the present study, potentiometric titrations are
performed to determine the species formed during the course
of the reaction as well as the corresponding thermodynamic
stabilities. The physical verification and validations of various
species are confirmed by electrospray ionization mass
spectrometry (ESI-MS). The local structure was probed by
X-ray absorption measurement to obtain knowledge on the
coordination atoms as well as the coordination number around
Th(IV) ions. Finally, density functional theory (DFT)-based
calculations were carried out to understand the complexation
process at the molecular level. Our computational estimation
matches well with our experimental estimates of ESI-MS,
potentiometric, and extended X-ray absorption fine structure
(EXAFS) data. To the best of our knowledge, this is the first
attempt in the literature to determine the speciation and

structural elucidation of Th-HIBA/MA complexes to interpret
the elution patterns.

2. EXPERIMENTAL DETAILS
2.1. Reagents. Thorium (inductively coupled plasma-MS

(ICP-MS) standard from Inorganic Ventures, Bengaluru,
India) and thorium nitrate salt were used to prepare the
thorium stock solution. α-Hydroxyisobutyric acid (99% purity,
Alfa Aesar), mandelic acid (99% purity, Sigma-Aldrich),
methanol (UHPLC grade, Sigma-Aldrich), and nitric acid
(70% ACS reagent, Sigma-Aldrich) were used as such for
reagent and sample preparations.

2.2. Instrumentation. ESI-MS (model micrOTOFQ-II,
BrukerDaltonics GmbH), assisted by Bruker Compass Data
Analysis software and Compass Isotope Pattern software, was
performed for the physical identification of the species. An
autotitrator (Metrohm; 905 Titrando model) was used to carry
out all of the potentiometric titrations. Extended X-ray
absorption fine structure (EXAFS) at Th L3 edges was carried
out at the energy-scanning EXAFS beamline (BL-9) of the
Indus-2 Synchrotron Source (2.5 GeV, 100 mA), Raja
Ramanna Centre for Advanced Technology (RRCAT), Indore,
India.34,35

2.3. Computational Protocol. To gain molecular-level
geometrical insights on the speciation of Th(IV) ion with
HIBA and MA, density functional theory (DFT) calculations
were carried out. In this way, our computed geometric species
can be gauged with the experimentally estimated EXAFS
structural parameters and ESI-PES stoichiometric species.

All structures are optimized with the BP86 functional36−38 in
conjunction with the def2-TZVP basis set for all atoms except
Th. For Th(IV) ions, a def-TZVP basis set is used. The
importance of weak interactions is recognized, and thus,
dispersion corrections are incorporated through Grimme’s
D3BJ empirical corrections.39,40 Vibrational frequency calcu-
lations are carried out to verify the optimized structure minima
and extract the thermodynamic parameters at room temper-
ature (T = 298.15 K) for the computation of Gibbs free
energies. As the Hartree−Fock exchange terms significantly
contribute to the energetics, single-point calculations of all
species are computed at the B3LYP/def2-TZVP (Th = def-
TZVP) level. As ESI-MS data are in the gas phase and
potentiometric measurements are performed in the aqueous

Figure 1. Speciation plots along with the fitted data for pH measurements: (A) Th-HIBA complexation and (B) Th-MA complexation; at T = 298
K, P = 0.1 MPa. [Th(IV)] = 0.003 M; [HIBA/MA] = 0.3 M.
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phase, a continuum solvation model (COSMO) with ε = 80
(dielectric constant of water) is used to correct the gas phase
free energies.41−43 We successfully used this strategy for several
speciation studies involving heavy metal ions, including those
of actinide ions.44−46 All calculations are performed with
TURBOMOLE 7.2.47,48

3. RESULTS AND DISCUSSION
3.1. Aqueous Speciation and Complexation Stability.

Upon complexations, extractants with dissociable protons are
prone to protonation and deprotonation, and thus, a change in
the hydrogen ion concentration (pH) is a good indicator of
complexation progress.49−63 In the present study, the
sequential progress of complexation is probed by adding a
concentrated ligand solution into a fixed concentration of a
metal solution and monitoring the pH after each addition of
the ligand. Potentiometric data were analyzed by Hyperquad
program64,65 to deduce the species present along with stability
for complex formation during the course of the reaction.
Speciation plots (Figure 1) showed that Th(IV) forms MLi (i
= 1−4) complexes with both extractants.

The pKa of HIBA is 3.8, whereas for mandelic acid, it is
3.4.66,67 At pH 5.0, which is slightly higher than the pKa values
of both acids, both will exist predominantly in their
deprotonated forms. However, as mandelic acid has a lower
pKa than HIBA, it will have a higher percentage of its
molecules in the deprotonated form at pH 5.0. This means that
mandelic acid will have a greater ability to form stoichiometric
complexes compared to HIBA at pH 5.0 due to the higher
percentage of its molecules being in the ionized form (Figure
S1). This difference in the ionization behavior might be
influencing their ability to form complexes. Although the kind
of species formed is the same in both systems, three major
differences could be observed from speciation plots, as shown
in Figure 1. First, ML1 formation is relatively higher for Th-
HIBA than for the Th-MA complex (green color). Second,
ML4 formation (orange color) starts relatively earlier for the
Th-MA complex than for the Th-HIBA complex. Finally, ML3
formation (violet color) is relatively higher for Th-HIBA than
for Th-MA, while the opposite is true for ML4 formation at the
end of titration.

HIBA contains an aliphatic moiety that allows flexibility in
coordinating with the metal ion, whereas MA contains a more
preordered structure due to its rigid phenyl ring. Because of
this rigidity in the structure of MA, it requires certain specific
configurations before binding with the metal. This caused the
Th-HIBA complex to be more stable than the Th-MA complex
(Table 1). A similar effect was previously observed for Th-
acetate and Th-benzoate systems. The thermodynamic

stabilities (log β) of Th(IV) ion with HIBA and MA are
shown in Table 1. Except for ML4, log β values are higher for
HIBA compared to MA, and the formation of ML4 starts early
in speciation plots for Th-MA than for the Th-HIBA system.
Further, the difference in log β for ML4 from ML3 formation is
higher for the Th-MA system (Δlog β = 2.18) than for the Th-
HIBA system (Δlog β = 1.86), resulting in the favorable
formation of ML4 from ML3 for Th(IV) ion interaction with
MA compared to HIBA. Hence, the fractional availability of
ML4 with respect to ML3 would be higher for Th-MA
complexes than for Th-HIBA. ML4 is a neutral complex, while
ML3 is a monopositive ion. For the Th-MA system, the neutral
fraction (ML4) would be high, hence resulting in a strong low
retention and later elution compared to HIBA under reverse-
phase chromatographic conditions.

3.2. Species Identification by ESI-MS. 3.2.1. Th-HIBA
Speciation. ESI-MS in both positive and negative ion modes
was employed to identify the species formed by thorium with
HIBA and MA. The formation of possible species of ML3 and
ML4 by HIBA in positive ion mode is shown in Table 2,

whereas in Table S1, possible species in negative modes are
shown in the electronic Supporting Information. HIBA has two
dissociable protons as carboxylic acid and hydroxyl functional
groups, and thus, ESI-MS could identify a number of species
by permutations of different protonated/deprotonated groups
with varying stoichiometries (ML1, ML2, ML3, ML4). HIBA
(C4H8O3) in the completely dissociated form as (C4H6O3)2−

or in the partially dissociated form as (C4H7O3)1− would
interact with Th(IV) ion to form complexes with different
stoichiometric ratios, as presented in Scheme S1.

In the negative ion mode, the maximum number of HIBA
present around Th(IV) is 5, and the formation of different
stoichiometries of metal−ligand complexes was proposed as a
stepwise replacement of nitrate by the HIBA moiety (Scheme

Table 1. Thermodynamic Stability (log β) of Th(IV) Ions
with HIBA and MA at T = 298 K and P = 0.1 MPaa

log β

reaction HIBA MA

+H L LH 3.77 ± 0.01 3.26 ± 0.01

+ +M L ML3 4.67 ± 0.01 4.07 ± 0.01

+ +M 2L ML2
2 7.73 ± 0.01 7.27 ± 0.01

+ +M 3L ML3 10.11 ± 0.01 9.80 ± 0.01
+M 4L ML4 11.97 ± 0.01 12.08 ± 0.01

a[Th4+] = 0.003 M; [HIBA/MA] = 0.3 M.

Table 2. Positively Charged Species of Th (2 × 10−6 M)
with HIBA (4 × 10−5 M) and HNO3 (2 × 10−5 M) in MeOH
Medium

stoichiometry species m/z
relative

abundance (%)

ML1 [ThO(C4H7O3)]+ 351.07 14.91
[Th(C4H7O3)(OH)(NO3)]+ 414.07 25.72
[Th(OH)(C4H7O3)2]+ 455.11 11.86
[Th(C4H7O3)(NO3)2]+ 459.06 15.54
[Th(C4H7O3)

(NO3)2(H2O)]+
477.07 18.26

[Th(C4H7O3)
(NO3)2(H2O)2]+

495.08 13.76

[Th(C4H7O3)
(H2O)3(NO3)2]+

513.17 10.0

ML2 [Th(OH)2(C3H6O)
(C4H7O3)]+

427.12 18.0

[Th(C4H7O3)(C4H6O3)]+ 437.10 2.54
[Th(OH)

(C4H7O3)2(H2O)]+
473.13 12.63

[Th(C4H7O3)2(NO3)]+ 500.1 34.05
[Th(C4H7O3)2(H2O)

(NO3)]+
518.11 39.63

ML3 [Th(C4H7O3)3]+ 541.16 100
[Th(C4H7O3)3(H2O)]+ 559.16 11.04
[Th(C4H7O3)2(C4H8O3)

(NO3)]+
604.16 82.7

ML4 [Th(C4H7O3)3(C4H8O3)]+ 645.20 52.22
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S2). Here, similar to the previously reported studies of uranyl-
HIBA and uranyl-MA, the negative ion species of Th-HIBA
were deprived of methanol.
3.2.2. Th-MA Speciation. Similar to the Th-HIBA system,

different species formed by Th(IV) ion with MA in ML3 to
ML5 types in both positive and negative ion mode are shown
in Tables S2 and S3, respectively. It was observed that at an L/
M ratio of 20, in the case of MA, the ML4 species
([Th(C8H7O3)3(C8H8O3)]+) was the most dominating,
which is in contrast to the trend observed in the Th-HIBA
system under similar conditions. Similarly, the ML5 type of
species, viz., [Th(C8H7O3)3(C8H8O3)2]+, was also found with
a very low relative intensity of ∼5%, whereas no such ML5 type
species was observed in the case of the Th-HIBA system. The
formation of these species was considered as a stepwise
replacement of the nitrate moiety by MA, as shown in Schemes
S3 and S4 in the Supporting Information.

In order to obviate artifact formation during the ESI process,
the mass spectrum was also recorded in the negative ion mode.
In the negative ion mode, the ML5 type of species was
observed for MA. All of the species were singly charged
monomeric species with the double deprotonation of MA and

nitrate as the chelating ligand. It is important to mention here
that nitrate-containing species were found to be dominating in
negative ion mode. However, [Th(C8H7O3)3(C8H6O3)]− was
the base peak in the Th-MA acid system, and this observation
is in contrast to the trend observed in the negative ion mode
with the Th-HIBA system, which showed [Th(C4H6O3)-
(C4H7O3)2(NO3)]− as the base peak under similar conditions.

3.3. Equilibrium Studies with Changes in the Ligand/
Metal Ratio (L/M). 3.3.1. Th-HIBA System. In order to study
the equilibrium of the complexation of Th with HIBA, the
ligand/metal ratio (L/M) was varied for the fixed metal
concentration in both the positive and negative ion modes.
Figure 2(A,B) shows the change in fractional intensities of
uncomplexed Th ions and complexed Th-HIBA species as a
function of the L/M ratio in both positive and negative ion
modes. The uncomplexed metal ion intensities are the
summation of all of the solvated species of thorium, viz.,
[ThO(OH)]+,[Th(OH)3]+, [Th(OH)2(CH3O)]+, [Th-
(OH)2(NO3)]+, etc., in the positive ion mode. Similarly, the
fractional intensities of complexed species, e.g., ML1 in the
positive ion mode, are a summation of fractional intensities of
all possible species, viz., [ThO(C4H7O3)]+, [Th(C4H7O3)-

Figure 2. Thorium-HIBA speciation with varying ligand/metal ratios ([HIBA]/[Th]) in (A) positive and (B) negative ion modes.

Figure 3. Thorium-MA speciation with varying ligand/metal ratios ([MA]/[Th]) in the (A) positive and (B) negative ion modes.
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(OH)(NO3)]+, [Th(C4H7O3)(NO3)2]+, etc., associated with
ML1. At a lower L/M ratio, the uncomplexed Th-solvated
species are more dominating over the Th-HIBA species.
Among the Th-HIBA complexed species at a lower
stoichiometry, ML1 and ML2 were dominating over the bulkier
species. At L/M ≥ 10, the ML3 species was the most
dominating over the other uncomplexed and complexed
species. Similarly, in negative ion mode, at lower L/M ratios,
the uncomplexed species were dominating, which reduced with
an increase in the L/M ratio. The dominance of ML3 species
over ML4 in the case of Th-HIBA complexation studies is
clearly observed.
3.3.2. Th-MA Species. In order to verify the representation

of the solution chemistry in the gas phase, the ligand/metal
(L/M) ratios were varied from 1 to 50. The distribution of the
species calculated in terms of fractional intensities was plotted
as shown in Figure 3(A,B). It was observed that at lower L/M
ratios (L/M = 2), the fractional intensities of unbound metal
and ML1-type species were dominating over the other species,
whereas with an increase in the L/M ratio, the intensities of
the complexes with a higher number of ligand species were
found to increase. Further increase in the L/M ratio (L/M ≥
20) led to the most dominating species as ML4. Interestingly,
after an L/M ratio of 10, ML5 species are seen in ESI-MS,
which is in contrast to the pattern observed with the Th-HIBA
complex, which did not show any ML5-type species. As a
higher number of ligands are required, the higher stoichio-
metric complexes depend upon the L/M ratios and the
stability constants of different species that are also responsible
for the change in fractional intensities. Hence, the change in
intensities of the complex species in the ESI-MS spectrum with
the change in the L/M ratio indicates the progression of
complexation and representation of solution chemistry in the
gas phase. Also, the dominance of [Th(MA)4] species
corroborates the more hydrophobic nature of the species,
which in turn reflects the strong retention in liquid
chromatographic conditions. The liquid chromatographic
separation of Th and uranium onto the RP column using
MA showed a higher retention of Th compared to U, whereas
the retention trend is reversed when HIBA is used as the
eluent.

For the Th-HIBA system, in both positive and negative ion
modes, ML3 species were found to be more abundant among
all other species, while for the Th-MA system, ML4 is the most
abundant species among all other species. Further, negatively
charged ML5 species were observed for the Th-MA system in
both modes, whereas species beyond ML4 are absent in the
case of the Th-HIBA system. Thus, the fractional availability of
positively charged ML3 species is predominant for the
interaction of thorium with HIBA, whereas MA interaction
with thorium favors either neutral ML4 species or negatively
charged ML5 species. Hence, MA species would have stronger
retentions and delayed elution for thorium compared to HIBA
species.

3.4. X-ray Absorption Spectroscopy (XAS) Studies.
The local structure around Th was obtained from the
quantitative analysis of EXAFS spectra at Th L3 edges to
deduce the coordination number and coordinating atoms in
Th-HIBA/MA species. In order to take into consideration the
oscillations in the absorption spectra, the atomic background
function μ(E) was converted to absorption function χ(E),
defined as follows68

=E
E E

E
( )

( ) ( )

( )
0 0

0 0

where E0 is the absorption edge energy, μ0(E0) is the bare atom
background, and Δμ0(E0) is the step in μ(E) value at the
absorption edge. The energy-dependent absorption coefficient
χ(E) is converted to the wavenumber-dependent absorption
coefficient χ(k) using the relation

=K
m E E2 ( )0

2

where m is the electron mass, χ(k) is weighted by k2 to amplify
the oscillation at high k, and the χ(k)k2 functions are Fourier
transformed in R space to generate the χ(R) versus R spectra in
terms of the real distances from the center of the absorbing
atom (Th). The set of EXAFS data analysis program available
within the Demeter software package was used for EXAFS data
analysis.69 The coordination number (N), bond length (R/Å),
and disorder factor (σ2) are used as the fitting parameters with
the theoretical spectra using ARTEMIS software to analyze the
EXAFS data.

A broad peak centered at 1.9 Å observed in the χ(R) versus
R plots (Figure 4) of all samples corresponds to a bond

distance of 2.4−2.5 Å, typical for the thorium aqua ion.70 The
coordination number (N), bond length (R/Å), and disorder
factor (σ2) are used as the fitting parameters with the
theoretical spectra using ARTEMIS software to analyze the
EXAFS data (Table 3). The first peak at 1.9 Å observed for the
Th-nitrate system is fitted with two different coordination
shells having coordination numbers of 4.43 and 7.37 with Th−
O bond distances of 2.43 and 2.55 Å, respectively. Thorium
has the ability to form a wide range of complexes ranging from
6 to 12 coordination numbers.71 EXAFS analysis of the
thorium aqua ion showed a coordination of 11.6−12.7 with
Th−O bond distances of 2.44−2.46 Å.70 Neutron and X-ray
diffraction studies on the solid thorium nitrate structure
reported shorter Th−O bond distances when oxygen from

Figure 4. Fourier transform EXAFS spectra at the Th L3 edge for Th-
nitrate and Th-HIBA/MA species. Scatter points represent the
experimental spectra, and the theoretical fit is represented by red-
colored solid lines.
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Table 3. Bond Length, Coordination Number, and Disorder Factor Obtained by EXAFS Fitting at Th L3 Edge

parameters Th-HIBA system Th-MA system

path M/L ratio Th-nitrate 1:1 1:10 1:20 1:1 1:10 1:20

Th−O(I) R (Å) 2.43 ± 0.01 2.45 ± 0.01 2.41 ± 0.01 2.44 ± 0.01 2.49 ± 0.1 2.42 ± 0.01 2.42 ± 0.01
N 4.43 ± 0.24 5.29 ± 0.36 5.5 ± 0.29 4.6 ± 0.33 7.82 ± 0.37 4.30 ± 0.28 4.94 ± 0.22
σ2 0.002 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.005 ± 0.002 0.003 ± 0.002

Th−O(II) R (Å) 2.55 ± 0.03 2.56 ± 0.01 2.57 ± 0.02 2.61 ± 0.01 2.72 ± 0.02 2.55 ± 0.02 2.56 ± 0.02
N 7.4 ± 0.3 4.0 ± 0.3 4.8 ± 0.3 6.0 ± 0.3 4.1 ± 0.3 7.4 ± 0.3 4.9 ± 0.2
σ2 0.007 ± 0.002 0.006 ± 0.003 0.007 ± 0.002 0.010 ± 0.003 0.012 ± 0.002 0.011 ± 0.003 0.003 ± 0.002

Table 4. Computed Binding Affinities (kcal/mol)

reaction HIBA MA HIBA MA

+ [ ]+ +Th 3L ThL4
3 [Th(C4H7O3)3]+ [Th(C8H7O3)3]+ −10.80 +15.65

+ [ ]+ +Th 4L ThL4
4 [Th(C4H7O3)3(C4H8O3)]+ [Th(C8H7O3)3(C8H8O3)]+ −28.40 −76.99

+ + [ ]+Th 3L NO ThL NO4
3 3 3 [Th(C4H6O3)2(C4H8O3)(NO3)]− [Th(NO3)(C8H6O3)(C8H7O3)2]− −17.83 +8.24

+ [ ]+Th 4L ThL4
4 [Th(C4H7O3)3(C4H6O3)]− [Th(C8H7O3)3(C8H6O3)]− −40.43 −107.10

Figure 5. Optimized structures of positively charged species of Th ions with HIBA MA in 1:3 and 1:4 ratios. Blue, uranium; red, oxygen; gray,
carbon; bond lengths are in Å.
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water is bonded (2.43−2.47 Å) than from nitrate (2.53−2.62
Å). Further, the studies showed the bidentate nature of nitrate
ions in the structure.72,73 In the solution phase also, thorium is
expected to form bidentate complexes with nitrate ions.74 The
coordination number and Th−O bond distance determined in
the present study (Table 3) indicate the mixture of various Th-
NO3−H2O coordinated species and are in line with
experimentally determined thorium tetra nitrate species.74,75

With the addition of the ligand HIBA/MA, there is a decrease
in the coordination number with two different coordination
modes, as reflected in the Th−O bond distances (Table 3).

The observation of different binding modes of thorium with
carboxylic acid groups, as reported by Zhang et al. in their
study on Th-MOFs, highlights the versatility and complexity of
metal−ligand interactions.76 In this finding, interestingly, the
presence of various carboxylic groups offers different binding
modes to thorium. The others pointed out the bond length of
Th and oxygen, which was similar to the findings of the current
study. The similarity in the Th−oxygen bond lengths observed
in the manuscript to those reported by Tuston et al. for Th
coordination complexes, including the Th-(N-(2-
hydroxyethyl)iminodiacetic acid) (Th-HEIDI) ligand, further
supports the notion that Th−oxygen distances can vary within
a certain range depending on the specific ligand and
coordination environment.71 This consistency across different
studies reinforces our understanding of metal−ligand inter-
actions and provides valuable insights into the structural
properties of Th complexes. Chen et al. synthesized
lanthanide-HIBA crystals from nitrate salts and showed that
lanthanides form a chelate complex by forming two different

Ln−O bonds by carboxylate and hydroxyl oxygen atoms, and
the complexes behave identically in both solid and solution
states.77 Glycolic acid, a similar hydroxyl carboxylate, is also
known to form chelate complexes, and EXAFS analysis of the
Th-glycolate complex showed two distinct Th−O bonds
corresponding to carboxylate and hydroxyl attachments to
central thorium ion.78 Zhang et al. synthesized the thorium-
tetralactato complex and showed that the Th−O bond
distances for carboxylate and hydroxyl oxygen are 2.43 and
2.48 Å. respectively, while the Th−O bond distance that arose
from water oxygen elongated to 2.54 Å.79 Thus, the Th−O
bond distances at ∼2.45 and ∼2.58 Å obtained in the present
studies (Table 3) are attributed to Th−O bond by chelate
formation involving both carboxylate and hydroxyl oxygen
from HIBA/MA and water, respectively. Although EXAFS
cannot differentiate between the oxygen of the hydroxyl group
and the carboxylic group, the difference in the bond length
indicates that there are two different types of oxygens involved.
The consistency of the chelation group across different ligand
concentrations suggests that it plays a stable role in complex
formation; however, bond lengths were found to vary with a
change in the ligand concentration (Figure S2), which may
reflect changes in molecular environments or coordination
geometries. The optimized bond lengths are plotted against the
ligand/metal ratio (Figure S2) for the first two oxygen
coordination, contributing to the initial coordination peaks in
Figure 4. It is noticeable that relatively shorter bond lengths are
observed for a metal/ligand ratio of 1:10. A subsequent
increase in bond lengths is observed at an L/M ratio of 20 for
the HIBA ligand; however, MA shows a nearly consistent bond

Figure 6. Optimized structures of most stable species in 1Th:3HIBA (1a+, 1a−) and 1Th:4MA (1b+, 1b−) in the positive and negative modes.
(color code: blue, uranium; red, oxygen; gray, carbon; bond lengths are in Å).
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length. This has been further corroborated by DFT
calculations.

3.5. Computational Results. The molecular size of HIBA
is smaller than that of MA, and it seems logical that 1:4 and 1:3
complexation should be favorable for HIBA and MA
extractants, respectively. However, favorable formation of 1:3
and 1:4 species with HIBA and MA in positive and negative
modes is found in our ESI-MS and potentiometric experi-
ments. The origin of this differential binding pattern is further
scrutinized based on density functional theory (DFT)-based
calculations. The initial geometries are built from the
stoichiometry derived from ESI-MS data, as shown in Table 4.

Figure 5 shows the most stable 1:3 species of HIBA and 1:4
species of MA in the positive mode. The optimized structures
of higher energy species in positive and negative modes are
shown in Figure S3. Th(IV) ions react with 3 molecules of
HIBA or MA to form the positive ion species through the
deprotonation of carboxylate or alcoholic proton, leading to
the formation of 1:3 complexes. The most stable species with
three HIBA molecules is denoted as 1a+ in Figure 6. For HIBA,
deprotonation of the carboxylate group is the most stable
species with a favorable binding energy of 10.8 kcal mol−1, as
shown in Table 4. The bond length of the Th(IV) ion with the
deprotonated carboxylate oxygen is shorter than that of the
neutral hydroxo oxygen by ∼0.25 Å, in line with our EXAFS
data. The EXAFS-computed Th−O bond length in HIBA is
approximately 2.4 Å, which is in line with the DFT bond
length for Th(HIBA)3 systems. Similarly, for Th-MA systems,
the computed value of 2.7 Å is again in line with the EXAFS
data. For 1:3 MA species, we find that deprotonating the
hydroxo species binding with Th(IV) ions is the most stable
species. Unlike the HIBA complexes, the Th−OOH bond
length is shorter than the Th−OCOOH species, which is not
surprising. These variations lead to favorable formation
energies with 1:3 complexes with HIBA in the positive ion
mode. Between the two 1:4 extractants with HIBA and MA, we
note that the binding free energy of MA (1b+) is much
stronger than HIBA, as shown in Table 4.

The large differences in the computed binding affinity of 1b+

are probably due to their stronger dispersion effect as
compared to HIBA. The four phenyl rings of MA interact
strongly with each other (<4.0 Å) (Figure S4), and the
hydroxyl protons further interact with the phenyl rings (Figure
S5). These additional interactions lead to stronger π−π
interactions that are minimal in the corresponding 1:3 complex
and absent in the case of the 1:3 and 1:4 HIBA complexes. A
similar trend is also noticed in the negative mode.

4. CONCLUSIONS
Hydroxycarboxylates are key constituents of natural organic
matter with wide biological activity and industrial applications
in the field of separation science. This study shows the detailed
speciation of thorium by two hydroxycarboxylates differing by
the side chain but similar with respect to the interacting
functional groups (−OH, −COOH). The determined stability
of species could depict the trends in the variation of elution
patterns. Further, a comprehensive ESI-MS identification of a
huge number of Th-HIBA/MA species would fill the literature
gap in determining all possible products that could result in the
interaction of thorium with HIBA or MA. Preliminary data
provided by EXAFS and computation shed light on possible
coordination modes of these species. The reported study could
assist as an addendum or base point for further clarification,

and research needs to be carried out on the interaction of
lanthanides/actinides, in particular, the tetravalent actinides
with molecules containing both carboxylate and hydroxide
functional groups. Also, further studies on the interaction of
thorium with biologically and naturally available organic
moieties were carried out to understand the role of
complexation in the transportation and migration of thorium.
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