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www.rsc.org/ Despite decades of research, the reduction behavior of pertechnetate, TcOy, is not well understood and represents one of
the largest knowledge gaps in the transition metal series. Conventional wisdom presumes the reduction of TcO, in aque-
ous systems to predominantly follow either a rapid two electron, or three electron process to form either a Tc" or Tc"
species. This study for the first time demonstrates the importance of the Tc" species through systematic charactization by
multiple spectroscopic techniques. The reduction of TcO, was examined in a matrix of 5 M NaNOs at 0 — 2 M NaOH.
Results of the cyclic voltammetric evaluation of reduction to Tc", Nernstian analysis of the visible spectroelectrochemical
signal, and structural spectroscopic EPR and XPS analysis of the reduction product generated by bulk electrolysis
consistently support an electron transfer stoichiometry corresponding to a 1 e- reduction. This Tc" species is markedly
more stable than had been previously considered, with decomposition kinetics that correspond to a half-life of 1.91 + 0.07
days, fully 6 orders of magnitude longer than previously reported for an aqueous solution. These results reveal the
importance of a Tc" intermediate species in high ionic strength alkaline solutions and significantly contribute to the
understanding of the mechanism of TcO, reduction and formation of low-valent Tc species.

the other members of its triad unreliable, and distinctions of
Introduction behavior in the sequence Mn-Tc-Re are of great fundamental

interest.>*® Important fundamental questions remain about
The redox behavior of technetium is of interest to a broad : P a
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better understanding technetium chemistry impacts the to -1 for Re and Tc in acidic media), significant differences
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human health and the environment. and will streamline representative Latimer diagrams (Figure 1).”” Examination of
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processing and final disposition of used nuclear fuel. Despite susceptibility of the Mn triad metals to hydrolysis and stability

. L . of various oxidation states. For example, Mn"' and Tc" are
the wide reach, Tc redox behavior is among the least studied h h b the f ¢ = whil
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studying an element with no stable isotopes. Re exists as the trioxide. However, at low oxidation states Tc
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in the manganese triad, and the difference in redox behavior of +I and Hl and proceeding directly to the metal while Mn

exhibited by Mn and Re make inference of Tc behavior from exhibits relative stability as Mn". This in turn impacts redox
mobility and further contributes to the observed differences in

the redox stability of the triad.
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Figure 1. Latimer diagram of the manganese triad for acidic (red, top), and basic (blue, bottom) conditions vs SHE.**

Particularly noteworthy is the dearth of thermodynamic data
on Tc. In spite of observation of all the known Tc oxidation
states in acidic media, only four make an appearance in the
corresponding Latimer diagram in acidic solutions. This is a
consequence of Tc redox being mostly irreversible and

therefore not adequate for calculating thermodynamic
data.”>*?® The scarcity is even more obvious for alkaline
solutions where conflicting reports have prevented

construction of a representative Latimer diagram. One key
trend that is obvious from the Latimer diagrams of the triad is
the general instability of the M(VI) species in aqueous
solutions and their tendency to disproportionate therein. This
in unison with the prevalent knowledge in Tc redox chemistry,
which is based on studies performed in low to moderate ionic-
strength solutions of neutral or alkaline pH, presumes
reduction of TcO, to follow rapid two or three electron
pathways to form Tc(V) or Tc(IV); where Tc(VI) is formed only
as an extremely short lived transient species or bypassed
altogether. This paints an incomplete picture of Tc redox
behavior that assumes aqueous Tc chemistry to be dominated
primarily by Tc(VIl) and Tc(IV) species irrespective of the
electrolyte and solvent conditions, and the Tc(VI) and Tc(V)
intermediates to have minimal impact in Tc redox and
speciation. While the observation of Tc(VI) has been reported
in aqueous solutions in several instances through
electrochemical measurements, these species have at large
shown instability and high propensity towards
disproportionation. However, the present study will present
evidence that in high ionic strength alkaline solutions, Tc(VI) is
persistent at much longer time scales than previously thought.

2| J. Name., 2012, 00, 1-3

Expanding the literature search for Tc(VI) species to non-
aqueous media does significantly improve the understanding
of the stabilities and diversity of Tc(VI) species. Particularly in
the presence of organic chelators, or in presence of t-donating
ligands which stabilize the Tc(VI) oxidation state. The
electrochemical reduction of TcO, in organic media has shown
stabilization of the Tc(VI) intermediate for long enough to
allow for its first spectroscopic characterization.?”? It was also
possible to isolate solid forms of the Tc(VI) species in an inert
atmosphere, allowing for the confirmation of its molecular
structure by X-ray powder diffraction and spectroscopic
methods,29 suggesting Tc(VI) as a relevant intermediate in
TcO, reduction. Tc(VI) halides of the form TcClg and TcFg have
been reported in the presence of a concentrated stream of X,
gas,go_33 while a nitrosylated version of the fluoride compound,
[(NO)ZTch],34 has also been reported. Colton and Tomkins>®
reacted thionyl chloride (an extremely strong Lewis acid) with
NH,TcO, to prepare the thionyl chloride adduct
(NH,4),[TcO,Cl,]SO,Cl,. However, these compounds have
shown a general tendency of limited stability and rapid
disproportionation in agueous media or even in the presence
of moisture containing oxic environments. Tc (VI) oxo and
are generally well in the
but require the use of strong acids to be

nitrido halides
Iiterature,22'35_45
synthesized and stabilized
Chelating ligands have been shown to stabilize the Tc(VI)

represented
in an aqueous environment.
oxidation state with tris-bidentate alkoxo and thio compounds
existing, in organic media.”** The most persistent Tc(VI)

complexes under mild conditions in the presence of water
appear to be the dimeric u-oxo aquanitrido complexes50 and

This journal is © The Royal Society of Chemistry 20xx
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nitrido amino carboxylate complexes,s‘l'52 the latter of which
are stable at neutral pH.

While the general instability of Tc(VI) in aqueous media results
in disproportionation a careful examination points to solvation
water being a key offender in the disproportionation process.
This is supported by (a) the Latimer diagram in acidic media
showing formation of the hydrated Tc(VI) product, Tc‘”042_
being far less thermodynamically favorable compared to the
anhydrous analog TcY'03; and (b)the observations of Tc (VI)
oxo and nitrido halides requiring strong acids for their
aqueous environments.”>*>™*  Other
observations of Tc(VI) species generated in literature also
corroborates the adverse effect of solvation water on Tc(VI)
disproportionation: while electrochemical reduction of TcO,in
aqueous chloride®®** or alkaline sulfate®® matrices at low to
moderate ionic strengths were observed to have a tendency to
bypass the Tc(VI) oxidation state, voltammetric studies in
strongly acidic (1-3 M H,SO,4, 1 M HCIO,4, 1 M HCI) or strongly
alkaline (1 M NaOH) media, with much lower availability of
solvation/hydration  water, suggested the reduction
proceeding through a Tc(VI) intermediate.”® An additional
contributing factor in the stabilization of the intermediate
Tc(VI) species with increasing ionic strength may also be
reduced O, solubility from air which can further resist its
oxidation to Tc(VII). A notable observation comes in the form
of coulometric generation of quasi-stable Tc(VI) species in the
presence of gelatin.57‘58 The reason for the stabilization by
gelatin is not entirely clear, but stabilization of the Tc(VI) state
by coordination with peptides is possible. It is also possible
that the lack of available hydration water in the gelatin matrix
further contributes to the observed Tc(VI) stability.

Alkaline matrices were also observed to favor generation of
Tc(VI). Studies probing the stability of Tc042' using fast scan
rate cyclic voltammetry and pulse radiolysis showed the
lifetime of Tc042' is in excess of 10 ms in moderately alkaline
conditions (0.1 M OH’) albeit no detailed information regarding
its stability has been reported.59‘60 The above observations
point to the fact that in alkaline, high ionic strength matrices,
the lower availability of free water for hydration/hydrolysis in
high ionic strength aqueous matrices combined with the lower
dissolved oxygen content therein, can enhance the stability of
Tc(VI) species.

Based on kinetic studies in moderately alkaline conditions,
Founta et al.*® proposed that the reduction of Tc(VII) to Tc(V)

stabilization in

goes through a Tc(VI) intermediate in either a
disproportionation or an ECE mechanism with the following
initial steps.

TcO, +e = TcO,” E°=-0.88V vs. SCE [1]

TcO,” + H,0 = TcO3;0H + HO' [2]

TcO30H + H,0 = TcO,(OH);" [3]

Examination of the kinetic dependence of the above
mechanism suggests that the persistence of Tc(VI) should
increase under highly alkaline conditions, as well as with high
ionic strengths depending upon the rate determining step.
Alkaline matrices promote a Tc(VI) product if step [3] is the
rate determining step, while high ionic strength matrices
would stabilize a Tc(VI) species if step [2] is the rate

This journal is © The Royal Society of Chemistry 20xx

determining step. Furthermore, careful monitoring of the
decomposition kinetics as a function of pH shows the
disproportionation rate to be maximum around pH = 8 to 9
and significantly lower at acidic or alkaline pH.61 Persistence of
Tc(VI) has been observed to significantly increase in alkaline
solutions upon increasing the caustic concentrations from
0.001 M NaOH to 0.10 M.*”®' Thus a change in the kinetic rate,
and the exact nature of the rate determining step, i.e. a
change from equation (3) to equation (2), in the above
mechanism may occur at very high alkalinity or acidity.

A combination of these observations allowed us to propose
the enhanced stabilization of Tc(VI) intermediate in alkaline,
high-ionic strength solutions. This study demonstrates by
spectroelectrochemical and spectroscopic techniques that
Tc(VI) species in high ionic strength alkaline solutions can have
a lifetime six orders of magnitude greater than previously
observed. These observations coupled with the literature
reports of stabilization of Tc(VI) species in high ionic strength,
alkaline solutions and in the presence of ligand mixtures
suggests that in aqueous solutions typified by these
conditions, Tc(VI) can be a significant contributing factor to the
redox speciation of Tc.

While increasing the fundamental understanding of Tc redox
chemistry under these high ionic conditions is a noble pursuit
in of itself, the knowledge gained through this understanding
can have far-reaching impacts in the applied field of nuclear
remediation. *°Tc is generated as one of seven long-lived
fission products from 35y fission in nuclear reactors. The high
chemical mobility and a half-life of 2.13 x 10° years of this
isotope makes it a significant risk-driving contaminant in legacy
nuclear waste, used nuclear fuel and contaminated subsurface
plumes at their storage sites.’?>  These systems are
characterized by complex, high ionic strength matrices as well,
where poor correlation of the observed and predicted Tc
behavior based on the limited available thermodynamic
models, solubility and redox speciation of Tc impedes design of
successful remediation methods for legacy waste.’®% A
determination of pertechnetate reduction behavior under
highly alkaline and high ionic strength conditions, is necessary
to understand the redox speciation of Tc under these
conditions in order to facilitate design of effective remediation
methods for nuclear waste streams. For this reason, the
present study focuses on conditions relevant to legacy nuclear
waste and utilizes a matrix of 5 M NaNO; with varied
concentrations of NaOH. Our observation of the surprising
stability of Tc(VI) in these matrices suggests an alteration of
the reduction mechanism, and provides convincing evidence
that Tc(VI) species may be highly relevant in Tc chemistry
under these conditions.

Results

Cyclic voltammetry

The cyclic voltammetry of TcO, was investigated in a 5 M
NaNO; matrix with concentrations of NaOH varying from 0 M
to 2 M on a glassy carbon working electrode (Figure 2 and S1).
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Figure 3. . Cyclic voltammograms of 5 mM TcO,4 in 5.0 M NaNOs/0 — 2 M NaOH
ali variable scan rates 25-2500 mV s’ , and an overlay of all conditions at 100 mV

In 5 M NaNO5/0 M NaOH, voltammograms at a scan rate of 25
mv st display two overlapping electrochemically irreversible
reductions. At faster scan rates, these became a single
reduction peak which decreases in normalized peak current
intensity and the band shifts progressively cathodic at rates
above 250 mV s™ suggesting sluggish heterogeneous electron
transfer kinetics from the glassy carbon surface. The return
wave shows an initial anodic peak at -0.17 V followed by a
smaller peak at 0.4 V which increases in current with scan rate
up until 250 mV s when slow electron transfer kinetics are
observed in the reduction peak.

When 0.5 M NaOH is introduced into the system, the
voltammetric behavior changes considerably. The initial
is shifted negatively by approximately
75 mV and only displays a single reduction peak. Additionally,
the reduction peak decreases in normalized peak current with
increasing scan rate even at the moderate scan rates of 100
and 250 mV s'. The return sweep also shows dramatic
differences with a sharp anodic feature at -0.46 V that rapidly
decreases with scan rate. The increased sharpness the initial
anodic wave with the introduction of hydroxide suggests that
the hydroxide is encouraging the reduced species to
precipitate or otherwise adhere to the electrode surface. This
is followed by a drawn out oxidation that also decreases in
current with increasing scan rate. The observed variation of
anodic processes with scan rates (Figures S2 and S3) is
consistent with what has been previously observed in
hydroxide solutions on a Pt electrode.”® The voltammetric
results were found to behave similarly in solutions of upto 2 M
NaOH, and all showed less current than voltammograms of the
solution with identical TcO, concentration in a 5 M NaNO;
matrix in the absence of hydroxide.

Voltammograms were simulated utilizing DigiElch V 7.0
software. The simulations over a range of scan rates
satisfactory reproduce a 1le process followed by a fast
chemical step (as evidenced by an electrochemical irreversible
process at up to 10 V s and more complex oxidation
processes (Figures S4 and S5). The lack of electrochemical

reduction at 25 mV s

4| J. Name., 2012, 00, 1-3
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reversibility leads to the hypothesis that Tc(VI) is not stable
under these conditions as a tetrahedral oxo TCO42" species of
similar geometry to TcO,, but that if Tc(VI) persists, it must be
in another chemical form.
Spectroelectrochemistry

While voltammetric studies strongly suggest a le reduction,
coulometric methods were not quantitative in determining the
electron transfer stoichiometries due to insufficient separation
of electrochemical processes and the edge of the solvent
window on a Pt-gauze electrode. Therefore, UV-visible
spectroelectrochemistry coupled with Nernstian analysis was
performed to determine the stoichiometry of the electron
transfer.

To evaluate the spectroelectrochemical behavior of TcO, in 5
M NaNO3/2 M NaOH solution, double potential step
chronoabsorptometry assisted with UV-visible absorption
spectroscopy was employed. In a typical experiment, the initial
potential was set to 0 V to ensure that the entire Tc
concentration in the sample was in the fully oxidized TcO,
state. The absorbance at 440 nm was concurrently recorded to
establish a spectral baseline for the determination of the
ingrowing reduced species. The working electrode potential
was then set to a given value (E,,,), and the solution was
allowed to reach equilibrium, which was inferred when the
UV-visible absorption spectrum no longer changed over a 3—4
min period.64 Shown in Figure 3 are the absorption spectra at
increasingly negative potentials as E,,, was decreased in a
stepwise fashion from the most positive to the most negative
value. This allowed for measurement of the fully oxidized TcO,
and fully reduced forms, as well as intermediate mixtures. At O
V, the spectrum of TcO, only demonstrates a shoulder at
approximately 350 nm. Figure 3a shows an overall increase in
the intensities of the entire spectral region from 340-800 nm,
highlighted by a progressive growth of a band centered at 440
nm, along with a simultaneous build-up of the intensity of a
shoulder at ~657 nm. Reversing the coulometric step direction

1.25 -760
A 780 { B
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2 Potential %
s < -820 |
gors -E’ -840 1
]
H = -860 -
2 05 £
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Waveleng(h (nm) log [ox]/[red]

Figure 2. (A) Absorption spectra of 10.0 mM NH4TcO, in an aqueous solution of 5 M

NaNO3/2.0 M NaOH recorded as a function of decreasm potentlal The applled

potentlals are (—) 50 mV (—) -780 mV (—) -800 % -820 m

(—) -860 (—) - mV, (—) - mV and (— -920 mV vs dg/AgCI (B)

Representatlve Nernst analy5|s done for the band at 440 nm for the redox process

fSo]v}/Fer:ﬂFlgure A. The equation for the analysis is: E;p, (MV) = — (81945) + (66%2) log
x]/[Re

or varying the step size gave spectral changes that are
consistent with the observed data. The spectroelectrochemical
data resembled an [A]->[B] process, which motivated the
analysis of the process according to the Nernst equation [4].

(4]

[0x]

_ o, 0.0591
=E" + [Red]

Eapp n

log
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where E*' is the formal electrode potential, n is the number of
electrons transferred, [Red] and [Ox] are the respective
concentrations of the fully reduced and fully oxidized species.
The ratio [Ox] / [Red] at applied potential E,,, was estimated
from (A - Aedq)/ (Aox - A) , where A is the absorbance at the
wavelength of interest; A, is the absorbance of the fully
oxidized species, which was estimated from the absorbance at
the most positive value of E,,, (Espp = -0.75 V vs Ag/AgCl;
where [Ox]/[Red] > 1000); A,.q is the absorbance of the fully
reduced sample, which was estimated from the absorbance at
the most negative value of E,,, (E,,, = -0.920 V; where
[Ox]/[Red] < 0.001).%*

A plot of E,, versus log([Ox]/[Red]) at 440 nm (Figure 3b)
exhibits a linear correlation described by the equation [5].

Eapp(mV)={-819 + 66 log([Ox]/[Red]) } [5]
TcO, = Tc” 0.82Vvs. Ag/AgCl [6]

The slope of 66 mV corresponds to passing 0.9 equivalents of
electrons and suggests an electron transfer stoichiometry of 1.
The formal potential for the redox process of -819 mV vs
Ag/AgCl obtained from the y-intercept is slightly less negative
than the E° of -909 mV obtained by fitting the cyclic
voltammetry performed on a glassy carbon working electrode.
This discrepancy can be attributed to the slower electron
transfer kinetics of glassy carbon electrodes in aqueous
solutions than the Pt working electrode used in the
spectroelectrochemical measurements causing a higher over-
potential. It is however worth mentioning that this is a non-
Nernstian process; therefore the stoichiometry of electron
transfer obtained through Nernstian analysis of the
spectroelectrochemical data can be used merely as a
qualitative indicator and has to be substantiated through other
characterization and analyses.

Beyond approximately -900 mV no further increase in the peak
at 440 nm is observed, and there is deposition of black
precipitate on the working electrode surface which further
interferes with the UV-vis measurements and reduces the
absorbance by obstructing the light path. This precipitate is
presumably insoluble Tc(IV)O,enH,0 formed by the reduction
of the Tc(VI) species.

The observed initial 1e redox behavior of TcO, in alkaline 5 M
NaNOj; solutions over the time frame of these experiments is
unusual as most studies of the reduction of TcO, in aqueous
solutions indicate a 2e- or 3e- reduction to form a Tc(V) or
Tc(IV) spet:ies.22 While there have been instances of 1le-
reduction of TcO, with extremely fast scan rate voltammetry
and pulse radiolysis,‘r’g’60 the Tc(VI) product has been regarded
to be highly unstable particularly in aqueous media’>** or in
organic solutions in presence of atmospheric moisture®®
undergoing rapid disproportionation to Tc(VIl) and Tc(V).
Therefore, further spectral characterization studies were
performed to confirm Tc(VI) oxidation state of the electro-
reduction product.

Analysis of electrolytically generated species

In order to confirm the electrolytic formation of the Tc(VI)
product, bulk electrolysis of 10 mM NH,TcO, in the 5 M

This journal is © The Royal Society of Chemistry 20xx

NaNO3/2 M NaOH matrix was performed and resulted in
brownish-purple coloration of the solution near the working
electrode. Both the working electrode and the counter
electrode solutions were carefully isolated to minimize their
mixing. The room temperature electronic spectrum of the
working electrode solution shows a dominant broad peak with
a maximum of 440 nm and a smaller peak at approximately
657 nm. An additional shoulder observed at around 550 nm is
poorly resolved. Detection of maxima below approximately
375 nm was not possible due to the large absorbance of
nitrate. These features compare favorably with the diffuse
reflectance spectrum of chemically prepared
tetramethylammonium technetate, (MesN),TcO,, taken at
77K, which demonstrates bands at 768, 731, 697, 655, 500,
298, 285, and 257 nm.” In the same paper, the exact values
for the room temperature diffuse reflectance spectrum are not
reported, but a figure demonstrates that this spectrum is
broadened with fewer maxima. Another report60 exists for the
spectrophotometric measurement of the technetate ion at pH
13 generated by pulse radiolysis. Maxima are reported at 500
and 340 nm, but it should be noted that the solution used in
the report was of considerably lower ionic strength, and the
measurement of the technetate species was taken rapidly
after generation, which may not allow sufficient time for
rearrangement / transformation to another quasi-stable Tc(VI)
species. There also exist Tc(VI) nitride aminocarboxylate
compounds which exhibit a single A . at 505 nm.>>*? Thus
the maxima of 440, ~550, and 657 nm reported here is
consistent with reports of similar Tc(VI) species.

The electrolysis product was also characterized by “Tc NMR
and EPR spectroscopies. NMR can be effectively used for
probing Tc species in the oxidation states +V and +VII. Tc in
oxidation states of +IV and +VI can be probed using EPR
spectroscopy as their monomeric forms are expected to have
paramagnetic ground states. “Tc NMR of 10 mM TcO,
solution in 5 M NaNO3/2 M NaOH before electrolysis showed a
single sharp resonance at about 0 ppm (peak width = 10 Hz),
characteristic of Tc04'.57 The NMR spectrum of the working
electrode solution isolated after bulk electrolysis showed a
reduction in the intensity of the TcO, resonance, with no
appearance of other resonances to compensate for the
reduction in TcO, intensity. This is suggestive of partial
conversion of pertechnetate to a paramagnetic species, which
is no longer observable by NMR spectroscopy.

Figure 4 displays the EPR spectrum of the isolated working
electrode solution at 125 K, showing a signal split into 10 lines,
which can be attributed to hyperfine splitting due to the s
nucleus with a nuclear spin of 9/2. The fact that the signal is
observed even at temperatures well above that of liquid
helium, allows a Tc(IV) species to be ruled out as Tc S>1/2 spin
systems are rarely observed at this temperature.“”65 This
suggests a S=1/2 technetium species,65 which points to the
formation of Tc(VI) during the electro-reduction process, as
suggested by the Nernstian analysis. The spectrum increased
in intensity as the temperature decreased and reached a
maximum at approximately 40 K, whereupon the spectrum
showed signs of power saturation. Fitting the spectrum with

J. Name., 2013, 00, 1-3 | 5
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Figure 4. EPR spectra of (left) working electrode solution obtained by electro-reduction
of 10 mM TcO; in 5 M NaNOs/2 M NaOH (T = 125 K) and (right) black precipitate
deposited on the working electrode (T = 3.7 K). The dashed red line represents the
experimentally obtained spectra, while the solid black line represents the Easyspin fit.
The inset tables show the respective g and A parameters obtained from the fit.

Easyspin for
compounds
and hyperfine (allowing rhombicity yielded small deviations
from axiality and concordantly small improvements in fit).

The observed g-values of g, = 1.999, and g, = 1.924 are similar
to reported Tc(VI) literature values of g, and g1 for [TcOCls] of
2.057 and 1.938, for [Tc(u-O,Ar)] of g,, = 2.0134, and for
[{TcN(OH)(OH,)},(p-0,)] of 1.892-2.0075 and 1.895-2.001
depending on acid strength.ao'ag'66 The found A, and AL of 294
and 123 10* cm™ also match literature values 230, and 96 10™
cm™ ([TcOCls]) and 344-363 and 163-174 10% cm®
({TeN(OH)(OH4)},(1-0,)1).2%%%  Of all Tc(Vl) EPR spectra
reported in literature, these compounds likely have the most
similar electronic structure to the quasi-stable Tc(VI) species
seen in the present study. These values are also comparable to
those reported for nitrido halide complexes which hover
around g = 2.3557 While reports also exist of Tc(VI) compounds
stabilized with thiolate Iigands,‘w_49 though due to the non-
innocent nature of thiolates,68 the electronic structure of the
Tc(VI) center in these species is less likely to be similar to the
Tc(VI) species generated in the present study.

Further electro-reduction of this Tc(VI) solution had generated
a black precipitate. For its comprehensive analysis, bulk
electrolysis was conducted at -1000 mV for 40 minutes to
generate the precipitate electrodeposited on the working
electrode surface in sufficient enough quantities for
characterization. The platinum wire working electrode along
with the precipitate was carefully removed from the
electrolysis apparatus and analyzed by EPR spectroscopy.
Variable temperature EPR was then acquired; however no
spectrum became evident until the temperature was below 10
K. At 3.7 K, a broad signal was observed centered at ~3300 G,
split again into approximately 10 lines. This spectrum matches
closely to that reported by Lukens et al. for TcO, prepared in a
variety of ways.69 It should be noted that while this previous
work reported spin Hamiltonian parameters from a simulation,
our parameters are the results of least squares data-fitting.
XPS spectroscopic Analysis of Redox Products

yielded parameters typical Tc(VI)
36,37,35-42,47-49,6566 _ axial values for both Zeeman

To analyze the oxidation state of the electroreduction product
using photoelectron spectroscopy, a drop of the isolated
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A TC3d5/2
TC04'

Te3dsz 1e3g,,

TeVl) o)

Tc3d5/2
Tc(IV)

Intensity (c/s)
V)

266 264 262 260 258

Binding energy (eV)

256

254 252

Figure 5. Photoelectron spectra of Tc in (A) evaporated 1le electroreduction product
and (B) electrodeposited black precipitate: (circles) experimental spectra, (blue trace)
Tc(IV) fit based on literature, (red trace) Tc(VI) fit, (green trace) TcO, fit based on
literature, (grey trace) back ground and (brown trace) combined fit.

electrolyzed solution was placed on a carbon platform and
allowed to evaporate under normal atmospheric conditions.
The photoelectron spectrum of the solid residue left after
evaporation exhibits three maxima originated from the overlap
of three doublets whose lower binding energies were
determined by the fitting at 259.9 eV, 258.0 eV and 256.1 eV
as shown in Figure 5A. The binding energies of 259.9 eV and
256.1 eV are assigned to the 3d;), lines for Tc(VIl) and Tc(IV)
oxidation states respectively.m’71 The remaining intermediate
peak at 258.0 eV corresponds to a Tc in oxidation state lying
between the above two. Literature reports of Tc photoelectron
spectra are rare for oxidation states occurring between Tc(VII)
and Tc(IV) with a Tc(V) species being the lone entry in the NIST
XPS database (namely [(n—C4H9)4N]TcOCI4),72 and Tc(VI) species
being altogether absent thus far, to our knowledge. Therefore,
the observed peak at 258.0 eV can be assigned to either a
Tc(V) or a Tc(VI) oxidation state. It appears that the redox
stability of this electrochemically generated intermediate
species is greater than a Tc(V)-containing [(n-C,Hg)4sN]TcOCl,
species generated through an independent chemical synthetic
step.73 This is illustrated by the fact that the [(n-C,Hq4),N]TcOCI,
product showed complete reduction to Tc(lV) in vacuum
within 4 days; on the other hand, the electrochemical product
preserved its stability even after 7 days. While the lack of XPS
database prevents unambiguous assignment of the Tc
oxidation state in the electrochemical product, it does not
contradict the EPR and Nernstian analyses for the Tc(VI)
assignment. It is noteworthy that the species is stable under
atmospheric conditions in the solid state for at least 7 days.

The XPS spectrum for the electrodeposited black precipitate
shown in Figure 5B (blue squares), shows the dominance of
Tc(lV) oxidation state characterized by the peak with a lower
binding energy of 256.1 eV. However, small fractions of the
intermediate Tc oxidation state are also observed. A small
portion of Tc(VIl) is also observed presumably due to air

This journal is © The Royal Society of Chemistry 20xx
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oxidation of either of the reduced products, or due to left over
residual solution from the incomplete TcO, reduction.

ARTICLE

plot of the natural logarithm of Tc(VI) EPR intensity as a
function of elapsed time, also shows a linear decay (k = -0.363
+ 0.013/day), with a calculated half-life of a comparable 1.91 +
0.07 days. These results in unison suggest the Tc(VI) product
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Figure 6. Kinetic stability of electrochemically generated Tc(VI) in an aqueous solution of 5 M NaNO3/2 M NaOH monitored through various spectroscopic methods. (A) Overlaid
UV-vis spectra recorded periodically after electrolytic generation of Tc(VI) from t = 15 mins (dark red trace) to t = 7.6 days (violet trace). (B) The natural logarithmic decay of the
UV-vis absorbance maxima (Amax = 445 nm) as a function of time; equation of the linear fit: In[Absorbance] = -0.351t + 0.112, R? = 0.996. (C) The natural logarithmic decay of the
EPR amplitude of the Tc(VI) species as a function of time; equation of the exponential fit: In.[Amplitude] = -0.363t + 7.654, R® = 0.987. (D) The natural logarithmic growth of the
intensity of the **Tc NMR resonance corresponding to TcO4 with time; equation of the exponential fit: In.[Amplitude] = 0.383t + 4.794, R? = 0.997.

Kinetics of Tc(VI) decomposition.

The kinetic stability of the electrochemically generated Tc(VI)
species in 5 M NaNO3/2 M NaOH solution was monitored using
three independent techniques including UV-visible, “Tc NMR
and EPR spectroscopies. The UV-visible spectra of the solution
isolated from the cathodic chamber of electrochemically
generated Tc(VI) demonstrated a gradual reduction of the
absorbance intensity over time (Figure 6). A plot of the natural
logarithm of Tc(VI) absorbance as a function of elapsed time
shows a linear decay, suggesting the decomposition to follow
first-order kinetics in terms of Tc concentration (k = -0.351 *
0.017 /day). The half-life (t;,,) of the Tc(VI) product under first
order decomposition can be obtained from the decomposition
kinetics using relation 7, and is calculated to be 1.98 + 0.09
days.

In(2)
tig = ,? [7]

Monitoring the Tc(VI) signal through EPR spectroscopy shows a
similar progressive reduction of the Tc(VI) signal intensity. A

This journal is © The Royal Society of Chemistry 20xx

has significant stability in the 5 M NaNO3/2 M NaOH matrix.
Complimentary NMR studies conducted to gain insight into the
mechanism of Tc(VIl) decomposition show a progressive and
quantitative ingrowth of a resonance at about 0 ppm due to
TcO, formation. The natural logarithm of the build-up of the
TcO, resonance intensity with time follows a linear growth
profile, with a rate comparable to the Tc(VI) decay (k = 0.383 +
0.011/day) corresponding to t;; of 1.81 * 0.06 days.
Observation of a small initial concentration of TcO, is
attributed to a slight mixing of the anodic and cathodic
compartments of the spectroelectrochemical cell used for the
experiment. No other resonances are observed.

Two mechanisms of decomposition can be envisioned: a
disproportionation of the Tc(VI) product into Tc(V) and TcO,,
and an aerial oxidation of Tc(VI) to Tc(VIl). Regardless which
mechanism is in play, the kinetics of decomposition is slow
enough to allow us to characterize the product in aqueous
solutions. A comparison of the lifetime of our
electrogenerated Tc(VI) product with that of 10 ms observed
for a Tc(VI) product generated in a lower ionic strength matrix

J. Name., 2013, 00, 1-3 | 7
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(0.1 M OH) indicates the stability of the product in our
product to be 6-orders of magnitude higher.sg'60

Discussion

Results of the cyclic volumetric evaluation of TcO, reduction,
Nernstian analysis of the spectroelectrochemical signal, and
structural spectroscopic analysis of the reduction product
generated by bulk electrolysis are mutually consistent and
present a case that under strongly alkaline high ionic strength
conditions, a Tc(VI) species is electrochemically generated and
is considerably longer lived than has been previously observed
in literature.” It should however be noted that the previous
literature study was specifically probing a tetrahedral TCO42"
species while the nominally 2 day half-life observed in the
present study is likely due to a Tc(VI) species that has
undergone a significant geometric rearrangement. Modeling of
voltammograms obtained on a glassy carbon working
electrode with DigiElch show that for the current response
observed, a le- reduction followed by a fast chemical step and
later re-oxidation is a possible electrochemical mechanism. All
attempts of modeling the initial reduction with a multiple
electron process involving fast chemical kinetics resulted in too
large of a current at all scan rates. Thus if the literature
mechanism is followed, then the second reduction must occur
at an extremely slow rate.”®

The Nernstian analysis of the spectroelectrochemical data
suggested le- reduction, which is also consistent with the
cyclic voltammetry results. However, the non-Nernstian nature
of the overall process led us to treat the data with caution.
Consequently, when interpreting our observations on the
intermediate Tc species, the alternate possibilities of Tc(IV) or
Tc(V) oxidation states were also considered and systematically
ruled out prior to accepting the Tc(VI) oxidation state.

It is reasonable to conclude that the species responsible for
the spectrophotometric peak at 440 nm is the same species
responsible for the EPR signal due to the nearly identical half-
lives. Examining the EPR data first, Tc(V) can be ruled out as a
likely due to observance of the EPR signal at temperatures
above those of liquid helium. While a triplet state could be
envisioned for a Tc(V) compound, literature examples of Tc(V)
compounds bound by oxygen are diamagnetic,38'46’74 and in the
event of a triplet ground state, Tc(V) compounds still do not
show well-resolved EPR signals, even at low temperatures.44
This leaves the likely oxidation state responsible for the EPR
spectrum as either Tc(IV) or Tc(VI). It is rare to observe EPR
signals for Tc(IV) at elevated temperatures due to the S = 3/2
ground state. A signal present at 125 K is however consistent
with what has been observed for Tc(VI) t:ompounds49 which
have S = %. In fact, it is accepted that the only Tc oxidation
states that show well resolved EPR signals above liquid helium
temperatures are Tc(0), Tc(ll) and Tt:(VI).65 While there have
been reports of observance of Tc(IV) EPR signals at
temperatures higher than liquid Helium temperatures, these
have been limited to solid Tc(lV) species incorporated within
crystalline matrices alone, where lattice effects can be
anticipated to influence the spin Two

relaxation rates.

8| J. Name., 2012, 00, 1-3

representative examples are K,[TcFg]-K,[PtFs] mixed crystals
and polycrystalline Tc(IV) embedded within a Sn-Al-PO, matrix.
757% There have been no reports to our knowledge of Tc(IV)
being observed in frozen glass at higher-than-liquid-Helium
temperatures.

In the spectroelectrochemical study, the
number of electrons being passed could be consistent with
either direct formation of Tc(VI) or slow formation of either
Tc(V) or Tc(lV) produced via disproportionation. However, in
the event of slow production of Tc(IV) via disproportionation,
an initial rise in the visible spectrum after the completion of
electrolysis would be anticipated. The lack of this observation
allows us to rule out this possibility.

The presence of an intermediate oxidation state of either Tc(V)
or Tc(VI) is also confirmed by XPS. Due to the scarcity of Tc(V)
and Tc(VI) XPS spectra in the literature, assignment of the
exact oxidation state is not possible at this time, but a
persistent intermediate oxidation state is confirmed. This
signal is being attributed to a Tc(VI) species on account of the
Tc(V) species not adequately explaining the presence of the
EPR signal. However, it should be kept in mind that
evaporation of the solution during XPS ssample preparation
and subsequent exposure to atmospheric conditions could
affect the disproportionation of Tc(VI) leading to a mixture of
Tc(IV), Te(V) and Tc(VII).

The kinetic stability of Tc(VI) products upon electro-reduction
in the present study is considerably higher than what has
previously been observed,sg'60 but neither is it inconsistent
with the literature. The previous pulse radiolysis studies were
specifically probing the tetrahedral TcO42' species, while the
presently observed Tc(VI) species could likely be from one of
the intermediate Tc(VI) species seen in equations 2 or 3 that
were presented by Founta et al.>® The likely explanations for
why this intermediate might be trapped: (a) the high ionic
strengths in solution, (b) the binding of a ligand, such as
nitrate, to the Tc(VI) product, (c) the high concentration of OH’
in the present study, or some combination thereof. In the
present scenario, the increase in hydroxide concentration is
the most likely explanation as the voltametric behavior of all
solutions containing hydroxide behave similarly, while the 5 M
NaNO3/0 M NaOH solution showed considerably different
behavior. This would presumably mean equation [3] to be the
rate determining step in the alkaline high-ionic strength
conditions. Examination of the literature mechanism is
consistent with this interpretation. The rate determining step
could be shifted to the equation [2] in general high ionic
strength matrices or in acidic solutions, which is protonation of
Tc042'. Therefore, one possible explanation for the different
redox behavior between neutral nitrate solutions and highly
alkaline nitrate solutions is that under highly alkaline high ionic
strength conditions, reaction (2) replaces reaction (3) as the
rate-determining step.

The second explanation would
reduction product (2) with a ligand present in solution, to form
a species such as Tc03(OH)(NO3)2' blocking reaction (3). An
analogous argument for peptide and protein binding may be

stoichiometric

involve reaction of the

This journal is © The Royal Society of Chemistry 20xx
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the missing explanation of why the Tc(VI) oxidation state is
found to be more stable in the presence of gelatin.
Furthermore, formation of Tc(VI) consistent with the results of
previous investigations to develop a spectroelectrochemical
sensor for TcO, detection by using polymer thin films on ITO
electrodes which observed electrochemical reduction of TcO,
to an intermediate oxidation state between TcO, and Tc02.77
While the authors did not further investigate whether the
species was Tc(V) or Tc(VIl), they concluded that the
intermediate oxidation state was stabilized by the high
concentration of ions in the film. It is likely that these results
could be explained by stabilization of a Tc(VI) species due to a
high ionic strength in an O, deficient environment in the
ionomeric film.

Regardless which explanation is the cause, the observed
mechanism of TcO, reduction and stabilization of Tc(VI)
oxidation state in the concentrated highly alkaline solutions is
important to the fundamental understanding of group 7
chemistry and has significant implications to the processing of
alkaline brine-like legacy radioactive tank waste, which is
known to have chelators such as EDTA, gluconate, and
iminodiacetate. Formation of quasi-stable Tc(VI) intermediate
can also pave new directions for the development of
electrochemical sensors for Tc.

Conclusions

The reduction mechanism of TcO, to Tc(IV) has been shown in
the literature to vary considerably with solution conditions.
This has led to significant debate on the role and stability of
the intermediate Tc(V) and Tc(VI) oxidation states. While the
present study agrees with literature that reduction products of
TcO, eventually reoxidize to pertechnetate under ambient
conditions, the lifetime of intermediate Tc(VI) oxidation state
is found to be considerably longer than previously anticipated.
The half-life of this species has been determined by both
Visible and EPR spectroscopies to be nominally 2 days in
aqueous solutions, while their stability is even higher when
dry. Additionally, we report the rarely observed XPS and EPR
signals of the Tc(VI) oxidation. This characterization of the
otherwise unstable Tc(Vl) oxidation state has large
implications in the environmental chemistry of Tc. The
isolation of Tc(VI) species under controlled potential reducing
environments, and their stabilization in high ionic strength
alkaline aqueous matrices is particularly relevant to Tc
chemistry under environmental, biogeochemical and waste
processing conditions, where the prevalent reducing
conditions can be anticipated to stabilize Tc(VI), and thereby
influence Tc speciation.
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This work demonstrates an aqueous Tc(VI) lifetime 6 orders of magnitude greater than previously suggested.
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