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ABSTRACT: The combination of wet chemistry experiments (measure
ments of pH, Eh, and [Tc]) and advanced spectroscopic techniques (K
and L3 edge X ray absorption fine structure spectroscopy) confirms the
formation of a very stable Tc(V)−gluconate complex under anoxic
conditions. In the presence of gluconate and an excess of Sn(II) (at pe +
pH ≈ 2), technetium forms a very stable Tc(IV)−gluconate complex
significantly enhancing the solubility defined by TcO2(s) in hyperalkaline
gluconate free systems. A new setup for “tender” X ray spectroscopy
(spectral range, ∼2−5 keV) in transmission or total fluorescence yield
detection mode based on a He flow cell has been developed at the INE
Beamline for radionuclide science (KIT light source). This setup allows
handling of radioactive specimens with total activities up to one million
times the exemption limit. For the first time, Tc L3 edge measurements
(∼2.677 keV) of Tc species in liquid (aqueous) media are reported, clearly
outperforming conventional K edge spectroscopy as a tool to differentiate Tc oxidation states and coordination environments. The
coupling of L3 edge X ray absorption near edge spectroscopy measurements and relativistic multireference ab initio methods opens
new perspectives in the definition of chemical and thermodynamic models for systems of relevance in the context of nuclear waste
disposal, environmental, and pharmaceutical applications.

1. INTRODUCTION
99Technetium is one of the main fission products of 235U and
239Pu in nuclear reactors. Due to its long half life (t1/2 = 2.121
× 105 a) and large inventory in spent nuclear fuel, 99Tc is of
great relevance in the context of safety assessment of
repositories for radioactive waste. 99Tc is also a relevant
contaminant associated with sites for plutonium production or
nuclear fuel reprocessing.1 Among the former, the Hanford site
(Washington State, USA) produced nearly 1990 kg of 99Tc (or
1.25 PBq) between 1943 and 1987, which is mainly stored as
soluble species in large underground high level waste tanks.1−3

A number of the shorter lived isotopes (e.g., 95mTc with t1/2
= 61 days and 99mTc with t1/2 = 6.02 h) are largely used in
research applications, especially in the medical field.1,4 The
introduction of a 99Mo/99mTc generator for clinical applica
tions during the 60s had a significant impact on radiochemistry
and nuclear medicine.4−7

Technetium has an electron configuration of [Kr] 4d55s2

and is characterized by a very rich redox chemistry with
reported oxidation states ranging from −I to +VII.8−11

Oxidation states +IV and +VII are the most stable ones in
aqueous systems in the absence of specific complexing ligands.
Tc(VII) prevails as the highly soluble and mobile pertechne

tate ion (TcO4
−) in oxidizing to weakly reducing conditions,

whereas Tc(IV) forms the sparingly soluble hydrous oxide
TcO2(am, hyd) in strongly reducing conditions as those
expected in deep underground repositories for nuclear waste
disposal. The thermodynamic description of Tc(IV) solubility,
hydrolysis, and complexation with selected inorganic ligands
(e.g., carbonate), as well as the redox transition between
Tc(VII) and Tc(IV), is well described in the literature, as
recently summarized in the critical review work conducted
within the NEA TDB project (Grenthe et al., 2020, cf.
Supporting Information (SI)). A detailed description of the
thermodynamic data currently available for Tc is provided in
Section A of the Supporting Information (SI). The importance
of Tc(IV) sulfide compounds (mostly as TcS2 and Tc2S7) is
reported in the fields of medicine, nuclear waste disposal, or
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environmental applications.12−14 In aqueous systems, the
formation of Tc(VI) and Tc(V) is described in a number of
electrochemical/polarography studies.15−19 Because of their
involvement in fast disproportionation reactions, both
oxidation states are considered unstable in aqueous equili
brium systems.10 The stability of Tc(VI) and Tc(V) is
remarkably different in nonaqueous solvents or in the presence
of specific coordinating ligands, for which a variety of
complexes and solid compounds are reported in the
literature.20−24 Indeed, gluconate complexes of Tc(V) are
used as precursors of new Tc complexes by ligand
exchange.4,25,26 Tc(III) is stabilized in acidic reducing
conditions,10,27 with mixed Tc(III,IV) soluble species being
reported in very acidic sulfate and chloride solutions.28,29 Due
to the relatively high electron density provided by the d4

configuration of Tc(III), ligands with back donation
capabilities are also reported to stabilize this oxidation state:
carbonyl, thiourea, and aminopolycarboxylates (EDTA, NTA,
etc.), among others.24,30,31 Rard and co workers concluded
that there is no experimental evidence for the existence of
thermodynamically stable Tc(II) in aqueous solution.10

However, this elusive oxidation state in the aqueous phase
can be stabilized in organic solvents in the presence of ligands
with sulfur, halogen, and nitrogen donor atoms.11,32−34 Several
nitrosyl and thionitrosyl complexes of Tc(II) are also reported
in the literature. Among the latter, Gong and co workers
reported the reduction of Tc(VII) by acetohydroxamic acid
with the consequent formation of [TcII(NO)(AHA)2(H2O)]

+

.35 The formation of this highly soluble complex can have
important implications for the UREX reprocessing scheme. A
large number of complexes and compounds of Tc(I) are
reported in the literature, in many cases containing the
carbonyl ligand CO. Tc(I)−CO complexes play an important
role in medical applications, with the organometallic semiaqua
ion [Tc(CO)3(OH2)3]

+ being used as a precursor for the
radiolabeling of biomolecules for diagnostic and therapeutic
purposes.4,11,36,37 After several attempts, complexes belonging
to the Tc(I)−CO family were also identified in Hanford waste
tanks.38−40 This discovery was challenged by the (expectedly)
unfavorable conditions of the waste tanks, e.g., highly alkaline
brines under oxidizing conditions. In such environments,
h y d r o l y z e d s p e c i e s o f t h e g e n e r a l f o rmu l a
[Tc (CO)3(OH2)3−n(OH)n]

1−n expectedly play an important
role in the speciation of Tc.40

1.1. Characterization of Tc Speciation by XAFS. Tc K
edge X ray absorption fine structure (XAFS) spectroscopy
comprising both near edge (XANES) and extended post edge
fine structure (EXAFS) investigationswas frequently applied
in the past three decades to characterize 99Tc species in solid
specimens and liquid phases. Although 99Tc is a radionuclide
decaying by β− emission (∼0.3 MeV), its relatively high
exemption limit of 1 × 107 Bq renders XAFS measurements
with thoroughly encapsulated samples easily feasible at its K
absorption edge (E1s (Tc0), 21.044 keV), even at X ray
absorption spectroscopy (XAS) beamline stations that are not
specially equipped for radionuclide research (cf. SI Section B
for a comprehensive summary).
In contrast to the almost exclusively probed Tc K edge

(corresponding to dipole allowed 1s → 5p transitions),
excitation of the shallower 2p3/2 core electrons (E2p3/2 (Tc

0),
2.677 keV) probes the unoccupied 4d levels and, depending on
the Tc bonding state and symmetry, the corresponding crystal
or ligand field splitting (cf. Section 3.3). Note that the core−

hole lifetime broadening at the Tc L3 level is only 1.91 eV
compared to 4.91 eV at the K level,41 enabling detection of
subtle spectral differences between different oxidation states
and bonding schemes. To the best of our knowledge, up to
now (2021), the only publications covering XANES measure
ments at the Tc L3 absorption edge were presented by
Blanchard et al. in 201442 and Bauters et al. in 2020.43 In the
context of the former study, Tc containing powder samples
were embedded in epoxy resin and mounted in a windowless
holder. Tc L3 edge spectra were collected at the Australian
Synchrotron using the total electron yield (TEY) and total
fluorescence yield (TFY) XAS detection modes with Tc
samples held at UHV conditions. In the latter study, a
comprehensive series of 99Tc compounds, ranging from
oxidation states I to VII, was measured at the Tc L3 edge
applying a new approach to record tender XANES spectra
realized at the INE Beamline at the KIT light source,44 cf.
Section 2.4. The new setup is based on a He flow cell, keeping
samples at ambient conditions during TFY or transmission
XAS data acquisition. As shown below, for the first time, we
were also able to collect Tc L3 edge spectra for liquid 99Tc
samples.

2. EXPERIMENTAL AND THEORETICAL METHODS
2.1. Chemicals. All sample preparation and handling were

performed in Ar gloveboxes at T = 22 ± 2 °C. All solutions were
prepared with purified water (Milli Q academic, Millipore) and
purged for 2−3 h with Ar before use to remove traces of O2 and CO2.
A purified and radiochemically well characterized 99Tc stock solution
(1.3 M NaTcO4) was used for the experiments. NaCl (p.a.), MgCl2·
6H2O (p.a.), Na2S2O4 (87%), NaC6H11O7 (NaGLU, ≥99%), HCl
Titrisol, and NaOH Titrisol were obtained from Merck. SnCl2 was
obtained from Sigma Aldrich.

Caution! 99Tc is a β emitter (Emax = 294 keV, t1/2 = 2.1 × 105

years). All operations were carried out in radiochemical laboratories
equipped for handling this isotope.

2.2. pHm and Eh Measurements. The hydrogen ion concen
tration in molal units (pHm = −log[H+]) was measured using
combination pH electrodes (type ROSS, Orion) calibrated against
standard pH buffers (pH 1−12, Merck). The values of pHm were
calculated from the operational “measured” pHexp using empirical
corrections factors (Am), i.e., pHm = pHexp + Am. The correction
factors Am entailed both the activity coefficient of H+ and the liquid
junction potential of the electrode. Am values determined as a function
of NaCl concentration were previously reported in Altmaier et al.45

Redox potentials in redox buffered samples (see Section 2.3) were
measured with Pt combination electrodes with a Ag/AgCl reference
system (Metrohm) and converted to Eh vs the standard hydrogen
electrode by correction for the potential of the Ag/AgCl reference
electrode (+207 mV for 3 M KCl at 22 °C). Stable Eh readings were
obtained within 10 min in most of the samples. The apparent electron
activity (pe = −log ae−) was calculated from the relation Eh = −(RT/
F) ln ae−, where R is the universal gas constant, T is the temperature
(in K), and F is the Faraday constant (pe = 16.9Eh (V) at 25 °C). In
the absence of redox couples present in solution in sufficient
concentration (above ≈10−6 M), measurements of the redox
potentials were considered unreliable.46,47 For this reason, redox
potentials of unbuffered samples (see Section 2.3) were not measured
and instead assumed to be equal to “redox neutral” conditions. As
defined by Neck and co workers,48 hypothetical partial pressures of
P(H2(g)) = 2P(O2(g)) = 2.5 × 10−28 bar are calculated for the
irreversible reaction H2O(l) ⇔ H2(g) + 0.5O2(g), which allows
calculating the “redox neutral line” as (pe + pH) = 13.8.

2.3. Sample Preparation and Characterization. Two reference
samples were prepared for the calibration of Tc L3 edge XANES. A
solution with 20 mM Tc(VII) was prepared by dilution of the
NaTcO4 stock solution in 0.1 M HCl. A Tc(IV) reference solid phase



was prepared by electrochemical reduction of a 0.01 M NaTcO4
solution in 1.0 M HCl at E ≈ −50 mV vs SHE. The resulting
suspension was quantitatively precipitated at pHm > 12 in a solution
containing 5 mM Na2S2O4 as a holding reductant. The solid
TcO2(am, hyd) was aged for six months before use in the present
study. These references are quoted as “ref Tc(VII)” and “ref Tc(IV)”
in the following sections.
Two additional samples were prepared for the characterization of

technetium in the aqueous phase by Tc K and L3 edge XANES as
well as by K edge EXAFS. The effect of gluconate on the redox
speciation of Tc in alkaline aqueous solutions was investigated in the
absence and presence of a reducing agent, i.e., Sn(II). Gluconate is a
polyhydroxocarboxylic acid often used as a superplasticizer in cement
formulations, and thus, it is expected under repository conditions.
Table 1 summarizes the experimental conditions for the samples
investigated in this study (A and B). XANES and EXAFS spectra were
collected after an equilibration time of 426 days.

Total concentrations of Tc and pHm were determined in all
samples, whereas Eh values were measured for the Tc(IV) reference
and for samples A and B. The Tc concentration was quantified by
liquid scintillation counting (LSC, Quantulus, PerkinElmer) after 10
kD ultrafiltration (2−3 nm, Pall Life Sciences) and mixing with 10 mL
of an LSC cocktail (Ultima Gold XR, PerkinElmer).
2.4. Experimental Setup for Tc K- and L3-Edge XAFS

Measurements. Tc K edge XAFS spectra were collected at the
KIT light source (KARA storage ring, KIT Campus North), either
using the conventional TFY XAS setup at the INE Beamline44 or at
the ACT station of the CAT ACT beamline.49 Both beamlines are
equipped to handle radioactive samples with total activities up to 1 ×
106 times the European exemption limit, adhering to a redundant but
flexible containment protocol easily adaptable to the specific type of

sample system or process under investigation. Tc K edge spectra were
recorded by detecting the Tc Kα line using a 5 pixel LEGe solid state
detector (Canberra, Belgium), using an Ar filled ionization chamber
(Poikat, Germany) at ambient pressure as the I0 monitor. The double
crystal monochromators (DCM) were equipped with a pair of
Ge⟨422⟩ and a pair of Si⟨311⟩ crystals at the INE Beamline and CAT
ACT, respectively. In both cases, the energy scale was calibrated by
assigning the first inflection point in the rising K edge absorption of
Mo metal foil (20 μm) to the 1s energy (E1s (Mo0), 20.0 keV). All Tc
samples were measured in sealed polyethylene vials held in an Ar
flushed inert gas transfer cell.

A new setup for tender X ray measurements at the INE Beamline
(currently applicable down to the phosphorus K edge at ∼2.14 keV)
was developed and initially tested at the S K and Mo L3 edges (∼2.47
and ∼2.52 keV, respectively). The system was based on a He flow cell
comprising a first ionization chamber (Oken, Japan, 5 cm length),
bellows, a sample chamber, bellows, and a second ionization chamber
(Oken, Japan, 19 cm)all connected without intersecting windows
(Figure 1). The first ionization chamber (IC) was directly flanged to
the adapter plate holding the beamline exit window (25 μm
KAPTON). The sample chamber was mounted at a linear table on
top of the multiaxis sample positioning stage (Huber, Germany),
allowing its lateral and vertical translation each by ±6 mm. The
second IC was rigidly mounted at the X 95 rail carrying the
downstream ionization chambers for conventional high energy XAS
measurements. A He flow of 1 L/min (inlet at the second IC, outlet at
the first IC, exhausted via the ventilation system of the experimental
hutch) was provided to constantly purge the chamber arrangement.
The sample chamber was manufactured as a transparent acrylic glass
cube equipped with ISO KF40 entrance and exit flanges and a sealed
lid at the top, which can be opened to introduce various types of
sample cells, vials, or holders. The major technical challenge was to
position the Be entrance window of the solid state detector for TFY
measurements (Vortex 60EX, Hitachi, USA) close to the sample
surface without directly exposing the detector snout to the He
atmosphere in the sample chamber. This was solved by fitting the
right hand side (in the beam direction) of the sample chamber with a
sealed KAPTON window (13 μm) on a frame protruding 20 mm into
the chamber volume, cf. the inset to Figure 1. The racetrack shape of
the frame allowed vertical sample positioning scans of the cell with an
inserted detector, while lateral positioning scans (at 90° relative to the
impinging beam) were coupled to synchronous movements of the
lateral detector positioning stage, keeping the sample to Be window
distance constant. Intensity losses due to the absorption of Tc Lα

Table 1. Experimental Conditions for the Tc Samples in the
Presence of Gluconate Investigated in This Work

sample
[Tc(VII)]0

[M]
[GLU]tot
[M]

[NaOH]
[M] redox buffer

A 1 × 10−3 0.5 0.1
B 1 × 10−3 0.5 0.1 0.01 M Sn(II)a

aSn(II) is predominantly found as Sn(OH)3
− in hyperalkaline

solutions. This required the titration of the original SnCl2 solution
with 3 equiv of NaOH.

Figure 1. Top view of the He flow cell for tender XAFS measurements of radioactive samples including liquids, cf. the text for a detailed description
of all components. The inset (bottom right) depicts a cross sectional view in the X ray beam direction across the dashed blue line.
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Tc(V).24 In these complexes, the distance Tc−O in the
[TcO]3+ core is reported to range between 1.61 and 1.68 Å.
Our experimental observations in combination with data
available in the literature underpin the reduction of Tc(VII)
with the consequent formation of a Tc(V)−gluconate complex
in solution.
A single Tc−O shell with CN = 6.0 ± 1.2 and RTc−O = 2.01

± 0.01 Å properly explains the EXAFS spectra collected for
Tc(VII) equilibrated with Sn(II) and gluconate (sample B).
These structural parameters are in excellent agreement with
data previously reported by Lukens and co workers for the
complex Tc(IV)(GLU−2H)2

2−, where “GLU−2H” is the
gluconate ligand with two deprotonated alcohol groups.39a

Analogously to the present study, the Tc(IV)−gluconate
complex reported by Lukens and co workers was prepared in
alkaline conditions (1 M NaOH) by reducing Tc(VII) with a
large excess of Na2S2O4 in the presence of [GLU]tot = 0.1 M.
Single crystal analyses of other complexes of Tc(IV) with

oxo ligands report also coordination numbers of 6 with
analogous Tc−O distances (see Table 2). All these pieces of
evidence unequivocally support the predominance of a
Tc(IV)−gluconate complex in sample B.
There is ample evidence in the literature reporting the use of

Sn(II) for the preparation of Tc(V)−gluconate complexes

from Tc(VII) in acidic to hyperalkaline pH conditions.25,81−84

However, most of these studies were conducted at short
equilibration times (or often, time is not reported in the
experimental description), and thus, the authors may have
missed the evolution of the system at longer contact times. For
the reduction of Tc(VII) by Sn(II) in citrate media, Steigman
and co workers reported the predominance of a Tc(V)−citrate
complex at short equilibration times (≈ minutes), which
evolved toward the full conversion to a Tc(IV)−citrate
complex at longer contact times (≈ hours).85 This is in line
with our observations for the Tc−gluconate system in Sn(II)
media at very long equilibration times (t > 400 days).
Figure 4 depicts the normalized Tc K edge XANES spectra

(vertically shifted for clarity) together with those of amorphous
Tc(IV)O2·xH2O(am) and aqueous Tc(VII)O4

− reference
samples (ref Tc(IV) and ref Tc(VII), respectively). Addition
ally, the spectrum of the complex TcIV(GLU−2H)2

2−,
reproduced from Lukens et al.,39 and the spectrum of the
tetrabutylammonium (TBA) polyoxometalate cluster
TBA4[Tc

VO PW11O39], reproduced from Burton Pye et al.,86

are plotted for comparison. The spectra of sample A,
presumably a Tc(V)−gluconate complex, and that of the
polyoxometalate stabilized Tc(V) reported by Burton Pye et al.
coincide well with the presence of a pre edge feature at around

Table 2. Structural Parameters Obtained in This Work from the EXAFS Evaluation of Samples A and B, Together with
Structural Information Reported in the Literature for Tc(IV) and Tc(V) Complexes with Organic Oxo Ligandsa

sample description/reference path CN R (Å) σ2 (Å2) ΔE0 (eV) R-factor

sample A/this work Tc O1 1* 1.64 0.0013 2.27 0.017
Tc O2 4.4 1.97 0.0017

sample B/this work Tc O 6.0 2.01 0.0012 2.27 0.015
Tc(VII) ref/this work Tc O 4* 1.72 0.0012 4.11 0.014
“Tc(IV) gluconate”/Lukens et al. (2004)39 Tc O 6* 2.01(1) 0.0045(1) 5.2(3)

6* 3.37(2) 0.015(3)
“Tc(IV)-oxalate”, [AsPh4]2[Tc(ox)3]/Colmanet et al. (1987)77 Tc O1 2 1.978(5)

Tc O2 2 1.990(5)
Tc O3 2 2.001(4)

“Tc(IV)-EDTA”, (H2EDTA)Tc(μ-O)2Tc(H2EDTA) 5H2O/Buergi et al. (1981)
78 Tc O1 1 1.923(5)

Tc O2 1 1.907(5)
Tc O3 1 2.007(5)
Tc O4 1 2.020(5)
Tc N1 1 2.190(6)
Tc N2 1 2.198(7)

“Tc(V)-diolate”, (n-Bu4N)[TcO(O2C6H4)2]/Davison et al. (1987)79 Tc O1 1 1.648(5)
Tc O2 2 1.956(3)
Tc O3 2 1.958(3)

“Tc(V)-oxalate”, [AsPh4]2[TcO(ox)2(Hox)] 3H2O/Baldas et al. (1988)
80 Tc O1 1 1.640(6)

Tc O2 1 1.966(7)
Tc O3 1 2.014(6)
Tc O4 1 2.031(6)
Tc O5 1 2.052(7)
Tc O6 1 2.069(6)

Structures optimized by DFT
Tc(VII)O4

− Tc O 4 1.79
[Tc(V)O(OH)4]

− Tc O1 1 1.71
Tc O2 4 2.01

[Tc(IV)(OH)6]
2− Tc O 6 2.01

[Tc(IV)(GLU−2H)2(OH)2]
4− Tc O1 2 1.99

Tc O2 4 2.07
Average 2.04
aFit errors: CN, ±20%; R, 0.01 Å; σ2, 0.0006 Å2. *Held constant during the fit. Distances Tc−O obtained from the structures optimized by DFT
are appended for comparison.
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exhibits the highest value for sample B (Tc(IV)−gluconate)
and decreases via sample A (Tc(V)−gluconate) to pertechne
tate. Generally, peaks 1 and 2 in L3 edge XANES spectra of 4d
transition metals are associated with transitions to unoccupied,
crystal field split 4d levels (cf. ref 42 and references therein and
Section 3.3.2), denoted according to the irreducible
representations of the corresponding symmetry groups. This
energy splitting depends on the ligand field strength, which
typically increases as the oxidation state increases (with similar
bond distances) or the bond length decreases. Thus, one might
assume that the decreased Tc−O bond length observed for
sample B compared to TcO2·xH2O(am)87 explains the distinct
energy splitting of the former Tc(IV) species. As shown below
(Section 3.3), attempts for DFT optimizations of the
coordination polyhedron of sample B as a basis for ab initio
calculations of the corresponding Tc L3 edge XANES spectra,
as for now, have not been successful. Note that Bauters et al.43

reported a remarkable range of the WL shape and crystal field
splitting for various Tc(IV) complexes in their recent
comprehensive Tc L3 edge XANES study of technetium
oxidation state signatures depending on the ligand type and
the coordination structure.
3.3. Relativistic Multireference Ab Initio Calculations

of the Tc L3-Edge XANES Spectra. 3.3.1. Structures of the
Different Tc Species: [Tc(VII)O4]

−, [Tc(V)O(OH)4]
−,

[Tc(IV)(GLU−2H)2(OH)2]
4−, and [Tc(IV)(OH)6]

2−. For all the
relevant Tc species with different oxidation states, either a
molecule or a suitable model system was optimized without
considering any hydration shell. As shown below in Subsection
Section 3.3.2, all considered species have single reference
ground states, and therefore, DFT can be applied. The
optimized structures are shown in Figure 7, and the optimized
bond lengths are included in Table 2.
The pertechnetate ion [Tc(VII)O4]

− has a well defined
tetrahedral structure (Figure 7a), which we optimized by DFT.
The Tc−O bond distances are 179 pm, which compares very
well with the available experimental data.88 For the Tc(V)
species, the situation is quite different. The initial guess for the
Tc(V) structure in sample A was based on the Tc coordination
suggested by Davison et al.79 (cf. Figure 1 therein). Motivated
by the i r s t ruc ture , we opt imized a pyramida l

[Tc(V)O(OH)4]
− cluster in C4v symmetry (Figure 7b). The

four dangling bonds at the oxygen atoms were saturated with
hydrogen atoms. The two Tc−O bond lengths are 171 and 201
pm. The results agree very well with the experimental data (see
Table 2) of 164 and 197 pm. For the solid TcO2(s), we
optimized a [Tc(IV)(OH)6]

2− model system (Figure 7d) in
Oh symmetry and saturated the dangling oxygen bonds with
hydrogen atoms. The corresponding Tc−O bonds are with
201 pm very close to the experimental results for Tc(IV)
complexes, e.g., Tc(IV) oxalate listed in Table 2 (199 pm
average Tc−O distance). For the structure of the Tc(IV)−
gluconate complex, a model comprising two (OH)− and two
(GLU−2H)

3− moieties was assumed considering the structure
suggested by Lukens et al.39 The corresponding Tc K edge
XANES (sample B) spectrum lacks a 1s → 4d/5p pre edge
feature, thus pointing to inversion symmetry in this structure
(cf. Section 3.2.1). Accordingly, we optimized the
[Tc(IV)(GLU−2H)2(OH)2]

4− structure in Ci symmetry (see
Figure 7c). The oxygen atoms forming bonds to Tc are in an
arrangement resembling very closely the octahedral symmetry.
The corresponding bond lengths are 199 pm for Tc−O(H−)
and 207 pm for Tc−O(COH−). Both average to 204 pm. The
inclusion of additional water molecules in the optimization
leads to only small changes: 203 pm for Tc−O(H−) and 204
pm for Tc−O(COH−) (average of 204 pm). Hence, in this
case, the experimental results of 201 pm obtained in this work
and by Lukens et al. for Tc(IV)−gluconate (Table 2) are also
very well reproduced.

3.3.2. Calculations of the Tc L3-Edge XANES Spectra. For
all the structures considered here, we placed the Tc ion at the
origin. For the Tc(VII)O4

− tetrahedron and the
Tc(IV)(OH)6

2− octahedron, one Tc−O bond is oriented
along the z axis. For the Tc(V)O(OH)4

− complex, the short
Tc−O bond is oriented along the z axis, and the other four
oxygen atoms are aligned with the x and y axes. This is
important to have a unique designation of all the 4d orbitals in
the different calculations.
The ground states of the considered species have either an

empty 4d shell (Tc(VII)O4
−, S = 0) or a partially filled 4d shell

([Tc(V)O(OH)4]
−: 4dxy

14dxz
1, 4dxy

14dyz
1, S = 1;

[Tc(IV)(OH)6]
2−: 4dxy

14dxz
14dyz

1, S = 3/2). The RASSCF

Figure 7. DFT optimized structures for (a) tetrahedral pertechnetate [Tc(VII)O4]
−, (b) square pyramidal [Tc(V)O(OH)4]

−, (c)
[Tc(IV)(GLU−2H)2(OH)2]

4− (Ci symmetry), and (d) octahedral [Tc(IV)(OH)6]
2.
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calculations show that they are all single reference states, which
allow DFT optimization of the ground state structure. The
presence of 2 or 3 electrons in the 4d shell for the Tc(V) and
Tc(IV) cases leads to contributions of transitions from the
ground state to many excited states to the L3 edge XANES
spectra: for Tc(VII)O4

−, there are 40, for [Tc(V)O(OH)4]
−

479, and for [Tc(IV)(OH)6]
2− 871 states.

We determined the excitation energies corresponding to the
Tc L3 edge XANES spectrum of TcO4

− with the ANO VDZ/
VTZ/VQZ basis sets. The results are summarized in Table 3.

Both RASSCF and RASPT2 results are similar and in good
agreement with experimental data. The RASPT2/ANO VQZ
results (transition energies and scaled oscillator strengths) are
shown in the right panel of Figure 9.
Due to the ligand field splitting of the d orbitals in the

tetrahedron, there are two lower lying states in the irreducible
representation E of td and three higher lying states in T2. The
two peaks visible in the spectrum (denoted as 1 and 2 in Table
3 and in Figure 5) can be assigned to excitations from 2p3/2→
4dxz/4dx2−y2, 4dyz/4dxy (2678.7 eV, all 4d orbitals in E) and
2p3/2→4dyz/4dxy, 4dxz/4dx2−y2, 4dz2 (2680.9 eV, all 4d orbitals
in T2). The excited states are predominantly singlet states (S =
0) with a small admixture of triplet states (S = 1). Due to the
orientation of one TcO bond along the z axis, the 4d orbitals
mix strongly. The improvement of the results increasing the
basis set from ANO VDZ to ANO VQZ can be clearly seen.
The energy shift compared to the experimental spectra is
significantly reduced with increasing basis set size. For all
applied basis sets, the RASPT2 results are closer to the
experiment than the corresponding RASSCF result. The
splitting between the two peaks is ∼2.8−2.9 eV for the
RASSCF calculations and ∼1.5 eV for the RASPT2
calculations. Therefore, the RASPT2 results are in slightly
better agreement with the experiment than the RASSCF
results. It can be seen from Figure 9 that the Tc L3 edge
XANES spectrum of [Tc(VII)O4]

− consists only of a few
transitions.
For the calculations on [Tc(V)O(OH)4]

−, [Tc(IV)
(OH)6]

2−, and [Tc(IV)(GLU−2H)2(OH)2]
4−, we applied

only the RASSCF method with the ANO VTZ basis set due
to the very large number of involved excited states. The Tc L3
edge XANES spectrum of [Tc(V)O(OH)4]

− clearly shows two
main peaks. The splitting of the 4d states in this pyramidal
structure is similar to that in the octahedral ligand field (Figure
8). The 4d orbitals form two groups. In the first group are
three 4d orbitals (irreducible representation Eg and B2g). They
have lower energies than the second group. Two are
degenerate (dxz and dyz in Eg), and the third (dxy in B2g) has
slightly lower energy. In the second group (irreducible

representation A1g and B1g), the orbital energies are
significantly higher, but they are not degenerate. The orbital
energy of dz2 in A1g is slightly lower than the orbital energy of
dx2−y2 in B1g. The two peaks featured in the XANES spectrum
can be assigned to excitations of an additional electron into
one of these two groups, either dxy, dxz, and dyz or dz2 and
dx2−y2 (see Figure 8). The states with orbital occupations of
both groups are exclusively triplet states (S = 1). Figure 9 also
clearly shows that many closely spaced transitions contribute
to this Tc L3 edge XANES spectrum.
The experimental Tc L3 edge XANES spectrum of

[Tc(IV)(OH)6]
2− shows only one main peak, which we can

very well reproduce with our RASSCF calculations. However, a
small shoulder at the higher energy side is visible. In the
octahedral ligand field, the 4d orbitals form two groups, dxz,
dyz, and dxy in T2g and dz2 and dx2−y2 in Eg. In the ground state
with S = 3/2, all three orbitals in T2g are occupied with a
parallel spin. The reason for the shape of the L3 edge XANES
spectrum is excitations into these two groups (T2g and Eg) as
shown in Figure 9. The two groups of transitions are hardly
discernible in the final simulated spectrum (as in the
experimental, nearly symmetric WL) because there are so
many transitions close in energy. Both groups are a mixture of
quartet (S = 3/2) and doublet (S = 1/2) states. As for
[Tc(V)O(OH)4]

−, the [Tc(IV)(OH)6]
2− Tc L3 edge XANES

spectrum is again the sum of many transitions (Figure 9).
Although we were able to accurately reproduce the

experimental Tc−O distances observed by Lukens et al. for
Tc(IV)−g luconate app ly ing the DFT opt imized
[Tc(IV)(GLU−2H)2(OH)2]

4− structure, we failed to reproduce
the distinct WL splitting into two clearly separated peaks
obtained for the Tc L3 edge XANES spectrum of sample B (cf.
Figures 5 and 6). The calculated Tc L3 edge XANES spectrum
based on the [Tc(IV)(GLU−2H)2(OH)2]

4− structure (not
shown) only slightly differs from that obtained for [Tc(IV)
(OH)6]

2−, i.e., exhibiting a broad, nearly symmetric WL
resonance.
As mentioned above, the calculated [Tc(IV)(OH)6]

2− and
the [Tc(IV)(GLU−2H)2(OH)2]

4− Tc L3 edge XANES spectra
are a convolution of many single transitions. The spectrum of
[Tc(IV)(OH)6]

2− in Figure 9 clearly shows two distinct
groups of transitions split by about 2 eV in energy forming the
overall shape of the spectrum. The same is observed for the
[Tc(IV)(GLU−2H)2(OH)2]

4− spectrum (not shown), but the

Table 3. Tc L3 Edge XANES Excitation Energies of TcO4
− a

method basis set E1 E2 ΔE = E2 E1

exp. 2678.7 2680.9 2.2
RASSCF ANO-VDZ 2702.8 2705.7 2.9
RASPT2 2698.7 2700.2 1.5
RASSCF ANO-VTZ 2698.9 2701.7 2.8
RASPT2 2694.0 2695.5 1.5
RASSCF ANO-VQZ 2694.8 2697.7 2.9
RASPT2 2689.9 2691.4 1.5

aComparison of calculated and experimental results. All energies are
in eV.

Figure 8. Diagram of energy levels for (a) tetrahedral pertechnetate
[Tc(VII)O4]

−, (b) square pyramidal [Tc(V)O(OH)4]
−, and (c)

octahedral [Tc(IV)(OH)6]
2.
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calculated splitting between the two groups is not large enough
to reproduce the observed Tc L3 edge XANES spectrum for
sample B, which is actually the largest observed in the
experiments, cf. (Figures 5 and 6). We conclude for now that
in this case, the Tc L3 edge XANES spectrum depends very
critically on the per se unknown molecular structure of the
Tc(IV) coordination polyhedron in sample B. Thus, the DFT
optimized [Tc(IV)(GLU−2H)2(OH)2]

4− structure might not
be close enough to the “real” structure in sample B to
reproduce the Tc L3 edge XANES spectrum. Nevertheless,
from the comparison of the three calculated Tc L3 edge
XANES spectra of [Tc(VII)O4]

−, [Tc(V)O(OH)4]
−, and

[Tc(IV)(OH)6]
2− in Figure 9 (spectra not shifted with respect

to experimental data), it can be clearly seen that the spectra
obtained with RASSCF reproduce very well the experimental
findings regarding the overall spectral shape and the relative
WL positions. This very clearly demonstrates the high quality
of our relativistic multireference ab initio calculations and
supports the assignment of the observed WL features in the
experimental spectra to electronic transitions obtained by our
ab initio calculations.

4. DISCUSSION AND CONCLUSIONS

This work highlights the strengths and potential applications of
a combined approach including classical wet chemistry
methods (measurements of pH, Eh, and [Tc]), advanced
spectroscopic techniques (K and L3 edge XAFS), and
theoretical methods (DFT and relativistic multireference ab
initio calculations) for the characterization of Tc aqueous
samples of relevance in environmental systems or radio
pharmaceutical applications, among others.
No reliable chemical and thermodynamic models are

available to date for the system Tc−gluconate under reducing
conditions.89 Although attempts based on solubility experi

ments with TcO2(am, hyd) are available in the literature,90,91

the main limitation preventing the development of reliable
models is imposed by the yet ill defined redox state and
speciation of Tc in the aqueous phase. Our spectroscopic
results confirm that gluconate stabilizes Tc in the +V oxidation
state under anoxic conditions, but that reduction is further
promoted to Tc(IV) under strongly reducing conditions as
those imposed by Sn(II). The evaluation of Tc K edge EXAFS
data gives relevant insights into structural parameters such as
the coordination number and Tc−O distances but does not
allow derivation of conclusive chemical models for the
Tc(IV)−gluconate complexes prevailing in the aqueous
phase. As already hinted in the literature for Tc solid
phases,42,43 our work provides the first evidence on the high
sensitivity of L3 edge XANES toward the molecular environ
ment of Tc in aqueous samples. The coupling of this highly
sensitive technique with ab initio methods represents a
prominent tool for the accurate characterization of the
molecular environment of Tc in the aqueous phase, thus
underpinning the development of accurate chemical and
thermodynamic models in real aqueous systems. In this aspect,
work currently ongoing at KIT INE targets the development of
thermodynamic models of Tc in hyperalkaline cementitious
systems, in which gluconate is often used as an additive
(superplasticizer). This approach can be also considered for a
more accurate characterization of Tc in hyperalkaline systems
containing gluconate, as those encountered in some of the
Hanford waste tanks.90 The pioneering work of Lukens and co
workers on K edge XAFS of the Tc−gluconate system
provided relevant insights into the qualitative characterization
of this system,39 which, however, appear insufficient for the
development of chemical and thermodynamic models of Tc
under these conditions.
The ternary system Tc(VII)−Sn(II)−gluconate has been

widely used in the production process of radiopharmaceuticals

Figure 9. Left panel: ab initio Tc L3 edge XANES spectra of [Tc(VII)O4]
−, [Tc(V)O(OH)4]

−, and [Tc(IV)(OH)6]
2− (vertically shifted for

clarity) obtained by RASSCF/ANO VTZ calculations based on DFT structure optimizations (cf. Figure 7), vertical bars representing transition
energies and oscillator strengths of relevant Tc 2p3/2 → 4d5/2 excitations and spectral envelopes (solid lines) obtained by convoluting bars with
Lorentzians (cf. the text for details). Right panel: ab initio Tc L3 edge XANES spectra of [Tc(VII)O4]

− (bars) obtained by RASPT2/ANO VQZ
calculations (shifted −4.57 eV) compared to the experimental spectrum (solid line).
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