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Summary

Among long-lived radioactive constituents in the Hanford tank waste, Tc presents a unique challenge
in that it exists predominantly in the liquid phase, generally in the anionic form of pertechnetate, TcO,’,
which is highly volatile at low-activity waste (LAW) vitrification melter temperatures and mobile in the
Hanford site’s subsurface environment. The complex behavior of Tc under storage, treatment, and
immobilization conditions significantly affects its management options, which to-date remain uncertain.

In strongly alkaline environments, Tc exists as pertechnetate, TcO4 (oxidation state +7), and in the
reduced forms (oxidation state < +7) collectively known as non-pertechnetate species. Pertechnetate is a
well-characterized, anionic Tc species that can be removed from LAW by anion exchange or solvent
extraction methods. There is no definitive information on the origin of the non-pertechnetate Tc species,
nor is there a comprehensive description of their composition and behavior. It has been recently proposed
that the non-pertechnetate species can comprise Tc(I) metal center and carbonyl or mixed carbonyl
nitrosyl ligands stabilizing low-valent Tc. Recent work by our group has significantly expanded this
previous work, generating a series of Tc¢(I) carbonyl compounds and demonstrating that they can be
generated from reduction of TcOy in the simulated Hanford tank waste in presence of CO at elevated
temperature (Levitskaia et al. 2014). These results are consistent with the previous proposal that
[Tc(CO);]" species can be present in the Hanford tank waste and suggest that the low Tc(I) oxidation state
is stabilized by the m-accepting ability of the CO ligands. The continuation work has been initiated to
develop model Tc carbonyl nitrosyl compounds and investigate their potential presence in the Hanford
tank wastes. This report summarizes our to-date results.

Synthesis of the low-valent Tc carbonyl nitrosyl complexes was performed using two Tc(I)
tricarbonyl precursors, namely monomeric [T¢(CO);Cl;]* and tetrameric [Tc(CO);(OH)], species, in
methylene chloride solvent using NOBF, as the nitrolysation reagent. Both pathways generated
[Tc(CO),(NO)*" species as evident from the Tc-99 nuclear magnetic resonance (NMR) and infrared (IR)
spectroscopic characterization of the reaction products. The reaction yield using [Tc(CO);Cls]* starting
material was about 70% with the Tc carbonyl nitrosyl species partitioned between the liquid and solid
reaction fractions, and about 30% of starting Tc(I) oxidized to Tc(VII). The reaction yield using
[Tc(CO);(OH)]4 starting material was nearly quantitative with Tc carbonyl nitrosyl product forming
insoluble precipitate.

The obtained results suggest that the Tc carbonyl nitrosyl product contained one monomeric
[Tc(CO)(NO)CI3] and two trans Cl-bridged dimeric [Tc(CO),(NO)(u-Cl)Cl], species. However, this
assignment should be validated by the future studies. Density functional theory (DFT) computational
modeling supported the spectroscopic characterization of the Tc carbonyl nitrosyl products and helped in
assignment of the observed signals. The dissolution of the obtained Tc(I) carbonyl nitrosyl product in
water and aqueous 5 M NaNOj; solution was accompanied by conversion of Tc(I) to Tc(I) demonstrated
using electron paramagnetic resonance (EPR) spectroscopy. The resulting solutions showed no oxidation
to Te(VID) for up to 30 days, and their monitoring is currently continuing. These preliminary results
suggest that the low-valent Tc carbonyl nitrosyl exhibits similar or greater stability/resistance to oxidation
than the Tc(I) [Tc(CO);]" species, and further testing in the solutions simulating Hanford tank
supernatants is warranted.
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1.0 Introduction

As described in TP-EMSP-0018', Technetuim-99 (Tc) generated from the fission of **°U and **Pu in
high yields is a Hanford Nuclear Reservation tank waste constituent. Among radioactive constituents in
the tank waste, Tc presents a unique challenge in that it has a long half-life (f =292 keV;

T, =2.11x10’ y) and exists predominantly in the liquid phase, generally in the anionic form of
pertechnetate, TcO,", which is highly volatile at low-activity waste (LAW) vitrification melter
temperatures and mobile in the Hanford site’s subsurface environment. This makes immobilization of Tc
into high-durability waste forms a critical technical challenge for nuclear waste management. The
complex behavior of Tc under storage, treatment, and immobilization conditions significantly affects its
management options, which to-date remain uncertain.

To address the management challenges associated with the treatment, immobilization, and disposal of
technetium in tank wastes, this project examines a number of technical challenges, including separation,
disposition, and detection. A test plan describing a scope of study in fiscal year (FY) 2015 designed to
address these technical challenges has been prepared (TP-EMSP-0018). This test plan breaks down the
scope of study into seven tasks; Task 3 is to study Tc redox speciation and identify options for treatment
and removal from LAW Hanford tank waste supernatants.

Soluble Tc in the saltcake and supernatant fractions of both single-shell tanks (SSTs) and double-shell
tanks (DSTs) constitutes most of the Tc at the Hanford Site. The DSTs contain 57% (1.51x10* Ci) of the
total Tc inventory (2.65 x10* Ci) in Hanford tanks, with the bulk (1.33 x10* Ci) being in four DST farms
(AP, AN, AW, and AZ) in the 200-E Area (Serne et al. 2014). In strongly alkaline environments, Tc
exists as pertechnetate, TcO, (oxidation state +7), and in the reduced forms (oxidation state < +7)
collectively known as non-pertechnetate species. Pertechnetate is a well-characterized, anionic Tc species
that can be removed from LAW by anion exchange or solvent extraction methods. There is no definitive
information on the origin of the non-pertechnetate Tc species, nor is there a comprehensive description of
their composition and behavior.

It was recently proposed based on the x-ray absorption studies of the actual SY-101 and SY-103 tank
waste supernatants that non-pertechnetate species are the derivatives of low-valent Tc(I) carbonyl moiety
and derived from fac-[Tc(CO);]", > (Lukens et al. 2004). Recent work by our group has significantly
expanded this hypothesis, demonstrating that Tc(I) carbonyl compounds can be generated from reduction
of TcO4 in simulated Hanford tank waste in the presence CO at elevated temperature (Levitskaia et al.
2014), and ongoing monitoring of these samples indicates long-term stability of Tc(I) carbonyl
non-pertechnetate’. These results are consistent with the proposal that [Tc(CO);]" species can be present
in the Hanford tank waste and suggest that the low Tc(I) oxidation state is stabilized by the m-accepting
ability of the CO ligands. It is also possible that other ligands with similar electronic structure and

! Levitskaia TG and DJ McCabe. 2015. Technetium Management — Hanford Site (FY 2015). TP-EMSP-0018
Rev.1.0, Pacific Northwest National Laboratory, Richland, WA.

2 All Te(I) carbonyl compounds described in this report have facial octahedral geometry, and in the following text
notation “fac-*“ is omitted for clarity.

3 These results are outside of the subject of this report and will be summarized in a separate report of Task 3 of the
Technetium Management Program.



geometry coordinate to Tc and stabilize its low oxidation states. Coordination of isolobal® nitrosyl NO*
ligand to Tc and formation of [Tc(CO),(NO)]** compounds in the tank waste environment is an intriguing
possibility because of reducing radicals generated during radiolysis of nitrate (Cook et al. 2001). This
makes the generation of NO" coordinated Tc(I) dicarbonyl nitrosyl species [Tc(CO),(NO)]*" and
formation of their congeners a distinct possibility. To this regard, a literature review report “Technetium
Inventory, Distribution, and Speciation in Hanford Tanks” (Serne et al. 2014) states that based on all
investigations and detailed measurements, non-pertechnetate species in the Hanford DST supernates are
tentatively identified as Tc(I) carbonyl complexes derived from either [Tc(CO);]" or [Tc(CO),(NO)*
precursor molecules that may lead to final species such as [Tc(CO);] »gluconate as a result of the
radiolytic decomposition of organics and nitrite in the DSTs.

The linear-coordinated NO" ligand is considered to be a better m-acceptor than the isoelectronic CO
ligand, resulting in greater substitution lability of ligands in position trans to NO" as an overall effect.
However, very little information on the properties of the [Tc(CO),(NO)]** compounds is available in the
literature. Exploratory testing aimed at developing protocols to synthesize these compounds, and
investigation of the hydrolysis mechanism, complexation properties, and redox stability of the
[Tc(CO)(NO)*" compounds under conditions simulating Hanford supernatants, are planned under
Task 3 of the Technetium Management Program'. This report responds to this Task 3 scope and
summarizes relevant FY 2015 results.

2.0 Quality Assurance

This work was conducted as part of Pacific Northwest National Laboratory (PNNL) Project 54042
under the Technetium Management Program, with funding from the U.S. Department of Energy Office of
Environmental Management.

All research and development (R&D) work at PNNL is performed in accordance with PNNL’s
laboratory-level Quality Management Program, which is based on a graded application of NQA-1-2000,
Quality Assurance Requirements for Nuclear Facility Applications, to R&D activities. In addition to the
PNNL-wide quality assurance (QA) controls, the QA controls of the WRPS Waste Form Testing Program
(WWFTP) QA program were also implemented for the work. The WWFTP QA program consists of the
WWEFTP Quality Assurance Plan (QA-WWFTP-001) and associated QA-NSLW-numbered procedures
that provide detailed instructions for implementing NQA-1 requirements for R&D work. The WWFTP
QA program is based on the requirements of NQA-1-2008, Quality Assurance Requirements for Nuclear
Facility Applications, and NQA-1a-2009, Addenda to ASME NQA-1-2008 Quality Assurance
Requirements for Nuclear Facility Applications, graded on the approach presented in NQA-1-2008,

Part IV, Subpart 4.2, “Guidance on Graded Application of Quality Assurance (QA) for Nuclear-Related
Research and Development”. Preparation of this report and performance of the associated experimental
work were assigned the technology level “Applied Research” and were conducted in accordance with
procedure QA-NSLW-1102, Scientific Investigation for Applied Research. All staff members
contributing to the work have technical expertise in the subject matter and received QA training prior to
performing quality-affecting work. The “Applied Research” technology level provides adequate controls

* Two fragments are isolobal if the number, symmetry properties, approximate energy, and shape of the frontier
orbitals and the number of electrons in them are similar.



to ensure that the activities were performed correctly. Use of both the PNNL-wide and WWFTP QA
controls ensured that all client QA expectations were addressed in performing the work.

3.0 Technetium Nitrosyl Compounds

There are only a few NO'-coordinated Tc complexes reported in literature; in addition to the Tc(I)
[Tc(CO)(NO)*" complexes described in the following paragraph, there are few examples of the
coordination of NO" to Tc resulting in the stabilization of Tc(I), Tc(Il), and Tc(III) oxidation states
without complexation of CO (Nicholson et al. 2006; Gong et al. 2008; Lu and Clarke 1992; de Vries et al.
1990; Raynor et al. 1992; Tisato et al. 1994). The preparation of the first Tc nitrosyl complex dates back
to 1963 (Eakins et al. 1963), however they were characterized more than decade later, in 1976
(Armstrong and Taube 1976). Subsequently, a convenient high-yield synthetic route to the versatile
Tc(II)-containing material [n-BusN][Tc(NO)Cly] was reported (Cheah et al. 1987), prompting renewed
interest in low-valent Tc-nitrosyl chemistry. Anionic Tc(II) species [Tc(NO)Cly(MeOH)] (Brown et al.
1987) and [Tc(NO)Cly(acac)] (where acac is acetylacetone) (Brown et al. 1988) as well as neutral
[Tc(NO)Br,(CN'bu);] (where 'bu is tert-butyl) (Linder et al. 1986) complexes with distorted octahedral
geometry were reported, suggesting the ability of the NO' ligand to stabilize the low-valent Tc(II) centers
through n-back bonding leading to the delocalization of the Tc electron density. Similarly, stability of the
Te(I1I) complex [Tc(NO)(NH;)(phen),]*" (where phen is 1,10-phenanthroline) has also been attributed to
the m-back-donation to the phenanthroline and NO" ligands (Lu and Clarke 1992). Recently, Nicholson
(Nicholson et al. 2006) reported preparation of the Tc(I) complex [TcCI(NO)(dppe),](PFs)*CH,Cl,
through the reductive nitrosylation of ammonium pertechnetate, NH,TcOy, using the reducing agent
hydroxylamine, NONH,, followed by complexation with the bidentate ligand diphenylphosphinoethane
(dppe), suggesting the ability of the NO" ligand to stabilize the low-valent Tc(I) center in combination
with the m-accepting diphenylphosphine groups.

Chemistry of Tc(I) nitrosyl complexes has been expanded to the species derived from the
[Tc(CO),(NO)]*" moiety primarily in relationship to radiopharmaceutical applications (Rattat et al. 2001;
Rattat et al. 2004; Yang et al. 2007). Rattat (Rattat et al. 2001) reported synthesis of [Tc(CO),(NO)X;]
by the reaction of the [Tc(CO);X5]* (where X is a halide) parent material with NO'BE, in organic
medium (e.g., methylene chloride, CH,Cl,). Similar substitution of CO by NO" was also achieved when
[Tc(CO);(LNLNL)]" (where LNLNL is nitrilotriacetic or iminodiacetic acid) were used as the starting
complex (Rattat et al. 2004) in the organic solvent. In the chlorinated solvent, NO'BF, dissotiates and
generates NO directly. A different mechanism is proposed for the reaction in an aqueous medium. In
aqueous solvents, it is hypothesized that NO'BF, hydrolyzes to produce nitrous acid, HNO,, which in
acidic, oxygen-free solution dissociates to provide NO", and in an excess of HCI [Tc(CO);X5]* is
converted to [Tc(CO),(NO)X;] with >99% yield (Yang et al. 2007). However, in these studies,
elucidation of the molecular and electronic structure of the [Tc(CO),(NO)]*" species is lacking.

The most detailed studies of the molecular structure of [Tc(CO),(NO)]* species was done by Schilbi
and coworkers (Schibli et al. 2005), who reported the formation of the monomeric [Tc(CO),(NO)]**
containing species (NEt,)[ Tc(CO),(NO)Cl;] and its dichloride bridged dimeric analog
[Tc(CO)(NO)(p-CI)Cl], through the nitrosylation of the (NEt,),[ Tc(CO);Cl;] complex. However, the
studies were mostly conducted in organic media, and the structure of these and related species in the
aqueous media remains unexplored.



The complex aqueous chemistry of [Tc(CO),(NO)]*" can be anticipated based on the experimental
data of rhenium (Re) analogs. Kurz et al. (2005) demonstrated the unusual and highly pH-dependent
behavior of the [Re(CO),(NO)]* species as shown in Scheme 1. The [Re(CO),(NO)(H,0);]*" complex
was observed to form the tetrameric [Re(u;-O)(CO),(NO)], cluster at pH 2 — 6 when solution pH was
increased slowly. Fast pH increase resulted in the dimeric [Re(CO),(NO)(OH)(H,0),],>" complex up to
pH of 10. Further pH increase generated a tetrameric [ReC(O)O(NO)]4 species. It is likely that the
aqueous chemistry of [Tc(CO),(NO)]*" can show similar dependence on pH.

NO  |2* No |t co , co |#
ocm,,,,,f,,,_Rl _.OH, “H*  OC.. | _.OH, x  ONu | oRI CO
e — Re- ———— Re. Re-
oc” | on, *H oc”” | o, oc™” | o | o
OH, fast OH slow oH, 1 oHn,
!
+ H+ i - H+
2+ |
Re /0 /RT OH co co I*
o———!—Re l + 2H+ o-—-—-——-és—e_—* i ON//m,,m Re m“\““0”%”""‘-'Qte.»“‘ CO
/0-’7Re i / / e 2x OC/ l \o/ j \NO
Re~— 0 ReéZ— OH slow oH, T OH,
4 Re = Re(CO),NO

Scheme 1. Speciation Pathway of [Re(CO),(NO)]*" as a Function of pH

One characteristic of the [Tc(CO);]” moiety is the presence of a ‘soft” metal center according to the
definition of Pearson (Pearson 1963). The nitrosyl ligand, NO", is isoelectronic with CO, but is a better
n-acceptor and thus better stabilizer of the n-donating ligands in the trans-position. Replacing one of the
three carbonyls in the [Tc(CO);]" core moiety by a less 6-donating and more m-accepting nitrosyl group
significantly changes chemical and physical properties of the complex. According to Pearson’s concept
of hard and soft acids and bases, the nitrosyl-coordinated metal center becomes harder and acquires a
preference for reaction partners like oxo- or nitrogen-groups (Pearson 1963, 1968a, 1968b). In addition, a
nitrosyl ligand, as opposed to a carbonyl ligand, causes a bigger split of the HOMO-LUMO gap, thus
increasing the stability of the complex (HOMO = highest occupied molecular orbital; LUMO = lowest
unoccupied molecular orbital).

4.0 Experimental

4.1 Materials

In-house NH4TcO, stock available at the Radiochemical Processing Laboratory (RPL) at PNNL was
used. Diglyme (bis(2-methoxyethyl)ether), acetonitrile (MeCN), diethyl ether (Et,O), ethanol (EtOH),
dichloromethane (CH,Cl,), tetrahydrofuran (THF), and borane-tetrahydrofuran (BH;/THF complex) were
obtained from Sigma-Aldrich and used without further purification. Gaseous CO used in the diglyme
synthesis of the (Et;N),[Tc(CO);Cl;] was obtained from Matheson Tri-Gas. Inorganic sodium salts were



obtained from Sigma-Aldrich and were of reagent grade. All aqueous solutions were prepared from
distilled deionized water (DIW) deionized to 215 MQ cm with a Barnstead Nanopure water purification
system.

4.2 Synthesis of [Tc(CO);]"

(Et4N),[Tc(CO);Cl;] was prepared by the two-step reduction of ammonium pertechnetate as described
elsewhere (Levitskaia et al. 2014). It was used to generate analytically pure tetrameric [Tc(CO);(OH)]4
species according to modified literature procedure (Alberto et al. 1998) by dissolution in NaOH solution
and extraction of the product into diethyl ether.

4.3 Synthesis of [Tc(CO),(NO)]** Derivatives

The [Tc(CO),(NO)J*" complex species were generated by substitution of one CO with one NO*
ligand in the [Tc(CO);]" core using either (EtyN),[Tc(CO);Cl;] or [Tc(CO);(OH)]4 as precursor. The
[Tc(CO)g]+ compound was treated with the nitrosyl donor NOBF, in chlorinated organic solvent CH,Cl,
following a modified literature procedure (Rattat et al. 2001, 2004). The general procedure is as follows.

e 0.02 g of (Et4N),[Tc(CO);Cls] or [Tc(CO);(OH)]4 was dissolved in 5 mL CH,Cl,.

e (.02 -0.05 g solid NOBF,4 was added to the CH,Cl, solution.

e The inhomogeneous mixture was stirred for 2-7 days. Over time the solution changed color from
off-white to yellow.

e Yellow precipitate was formed, separated from the solution by decantation, and washed with
CH,CL.

4.4 Characterization Methods

Technetium-99 nuclear magnetic resonance (NMR) spectroscopy. The NMR sample solutions were
placed in capped polytetrafluoroethylene (PTFE)/fluorinated ethylene propylene (FEP) copolymer sleeves
(Wilmad Lab Glass, Vineland, NJ), which were then inserted into 5- or 10-mm glass NMR tubes to
provide secondary containment for the radioactive liquid. Technetium-99 NMR data were routinely
collected at 67.565 MHz on a Tecmag Discovery spectrometer equipped with a 10-mm broadband
Nalorac probe as described in Cho et al. (2004) at the RPL at PNNL. A solution containing 10 mM TcOy4
was used as a Tc-99 chemical shift reference, and all chemical shift data are quoted relative to TcOy
(Franklin et al. 1982).

Technetium-99 electron paramagnetic resonance (EPR) spectroscopy. EPR spectra were acquired
on a Bruker EMX Spectrometer equipped with an ER4102ST resonator (spectra at room temperature and
120 K) or an ER4116DM Dual Mode resonator (spectra at 5 K) and an Oxford ESR910 cryostat.
Samples were doubly contained by employing unbreakable FEP tube liners (Wilmad Lab Glass,
Vineland, NJ) inside traditional quartz EPR tubes. Liquid samples employed 1.5 mm inner diameter (ID)
liners and 4 mm outer diameter (OD) quartz tubes while frozen solution and powder samples used
3.15 mm ID liners and 5 mm OD tubes.



Fourier Transform Infrared (FTIR) spectroscopy. FTIR measurements were conducted using a
spectrometer (ALPHA model, Bruker Optics) operated with OPUS software (Version 6.5 Build 6.5.92).
Samples were run directly on a diamond attenuated total reflectance (ATR) cell. For each sample, 24
scans with a resolution of 4 wavenumbers (cm™) were averaged to give the final spectrum. A background
of ambient air was used for all samples. A sample volume of approximately 10 ulL was used for each
analysis; this was adequate to cover the collection region of the ATR cell.

45 Theoretical Calculations

Density Functional Theory (DFT) computations were carried out using the ORCA software program
(Neese 2012) utilizing the B3LYP functional, def2-TZVPP basis set (Schéfer et al. 1992; Weigend and
Ahlrichs 2005). Solvation effects where accounted for using COSMO with appropriate dielectric constant
and polarizability for each solvent examined. Relativistic effects were handled using the zeroth order
regular approximation (ZORA) to the Dirac equation. Computations were performed on clusters
available through PNNL Institutional Computing (PIC). The computations were validated by comparison
to chemical shifts from known literature values, namely in this instance against [ Tc(CO),(NO)(u-CI)Cl],
(experimental: -389 ppm [Schibli et al. 2005], DFT: -263 ppm) and [Tc(CO),(NO)Cl5]

(experimental: -460 ppm [Schibli et al. 2005], DFT: -559 ppm).

5.0 Results and Discussion

5.1 Characterization of the [Tc(CO),(NO)]** Products Obtained Using
(Et4N),[Tc(CO)sCl;s] Precursor

The synthetic protocol using (Et4N),[Tc(CO);Cl;] precursor generated the heterogeneous reaction
mixture containing yellow solution and precipitate. Liquid scintillation counting (LSC) indicated that
precipitate and supernatant contain 35 and 65%, respectively, of the known starting Tc amount used in the
reaction. The Tc-based reaction yield was estimated to be about 70% with 30% of starting Tc oxidized to
Tc(VII) (Tables 1 and 2 below).

5.1.1 Characterization of the [Tc(CO)-(NO)]** Products in the Reaction
Supernatant

Technetium-99 NMR analysis of the supernatant solution in the methylene chloride (CH,Cl,) solvent
showed three Tc resonances at -332, -367, and -477 ppm in addition to three resonances near 0 ppm
(Figure 1). The chemical shifts, line widths, and percentage composition of the species associated with
each resonance are listed in Table 1.
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Table 1. Techetium-99 NMR Characterization of the CH,Cl, Supernatant Solution Obtained by the
Reaction of [Tc(CO);Cl;]*” with NOBF,

DFT .

. Half Width o
glgxperlmer!tal Ca';i,“'ated of *Tc¢ Assignment of *Tc % of ®Tcin | 22 Of Total
Tc Chemical Tc Resonance Resonance Supernatant® Reaction
Shift, ppm Chemical He P Product”

. z
Shift, ppm
17 28 40 HTcO, 17 11
3 - 50 Et;,NTcO, 15 10
0 - 40 TcOy4 11 7.5
-332 -261 410 [Tc(CO)(NO)(u-CHC1], 11 7.0
-367 -332 550 [Tc(CO),(NO)(u-CHC1], 15 9.5
-477 -559 700 [Te(CO)(NO)CL:T 31 20

3 Calculated on integration of the NMR signal.
®) Calculated on integration of the NMR signal and LSC of the liquid and solid fractions of the reaction.

The NMR measured resonance peaks at 0, 3, and 17 ppm are attributed to the dissociated TcO4 and
associated Et,;NTcO4 and HTcO, species, respectively. This assignment is supported by the established
NMR properties of the pertechnetate salts including chemical shifts and narrow line widths (Cho et al.
2004) and DFT computations conducted in this work suggesting that the Tc-99 resonance position
corresponding to the HTcOjacid is positively shifted from dissociated TcO, (Table 1).

Three observed resonances at -332, -367, and -477 ppm are distinctly different from the Tc-99
resonance of the [Tc(CO);Cl;]* starting material, which appears at -1135 ppm and has narror line width
of 120 Hz based on the our measurements. Such a downfield shift is consistent with substitution of CO




with the less 6-donating and more m-accepting NO* group and the resonances are attributed to
[Tc(CO),(NO)]*" species, which are consistent with the infrared spectroscopy (IR) analyses described
below. The presence of three Tc-99 resonances is suggestive of three distinct [Tc(CO),(NO)]*
environments. Schibli and coworkers reported formation of both monomeric [Tc(CO),(NO)Cl;] and
Cl-bridged dimeric [Tc(CO),(NO)(p-C1)Cl], products upon nitrosylation of [Tc(CO);Cls]* in chlorinated
organic medium (Schibli et al. 2005). Based on similarity with these observations, the resonance

at -477 ppm is attributed to the monomeric [Tc(CO),(NO)CI;] species, while the resonance at -367 ppm
is attributed to a trans-[Tc(CO),(NO)(u-CI)Cl], species as shown in Figure 2, A. A similar dimerization
was also observed by Kurz and coworkers (Kurz et al. 2005) during the nitrosylation of an analogous Re
complex.

Appearance of the third [Tc(CO),(NO)]** species in the nitrolysation reaction has not been previously
reported. However, it should be noted that while only one isomer is possible for the mono-nitrosylated
monomeric species as shown in Figure 3, five different isomers of Cl-bridged dimeric species are possible
during the mononitrosylation of Tc centers as shown in Figure 2. However, based on the trans-influence
of the NO" group, we hypothesize that the preponderance of the trans isomers (Figure 2, A and B) are
more likely present compared to the cis isomers (Figure 2, C, D, and E). While the error in the DFT
calculated chemical shift of the dimers is likely larger than the 35 ppm shift experimentally observed
between the two dimer isomers, all calculated dimer shifts are within the range experimentally seen,
suggesting a dimer is in fact responsible for these two resonances. The computed energies are also in line
with the aforementioned trans influence, suggesting that the trans isomers are more stable than their cis
counterparts. Therefore, we attribute the resonances at -332 ppm and -367 ppm to the dimeric trans
isomers shown in Figure 2, A and B, respectively. Therefore, the proposed nitrolysation reaction can be
written as shown in Scheme 2, resulting in the formation of one monomeric and two dimeric products.
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Figure 2. Molecular Structures of the Proposed Cl-bridged Dimeric [Tc(CO),(NO)]* -based
Species Formed by the Mononitrosylation of the Tc Carbonyl Centers
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Scheme 2. Proposed Mechanism of Nitrolysation Reaction of [Tc(CO);Cl;]* with NOBF,

The IR spectrum of the reaction supernatant (Figure 3) shows features that are distinctly different
compared to the starting [Tc(CO);Cls]* complex. Compared to characteristic C-Oy, vibration bands of
[Tc(CO);Cls]* at 2018 cm™ with 1914 cm™ shoulder and 1892 ecm™ attributed to the compound’s
symmetric in-plane, symmetric out-of-plane, and asymmetric stretches (Alberto et al. 1995; Dattelbaum et
al. 2002), the corresponding vibrational bands of the [Tc(CO),(NO)]** product are shifted to higher
energy and centered at 2131 (overlap of two bands) and 2077 cm™. Additionally, a strong new band is
observed at 1817 cm™ assigned to the nitrosyl group in addition to weaker bands at 1933 and 1734 cm™.
Computationally predicted IR bands for [Tc(CO),(NO)Cls] at 2149, 2071, and 1822 cm™ are in excellent
agreement with the experimentally observed bands at 2131, 2077, and 1817 cm™'. This assignment is also
consistent with what was observed by Schibli and coworkers including 2116 (CO), 2062 (CO), and
1775 cm™ (NO) (Schibli et al. 2005). While Schibli and coworkers assign the bands at 2116 cm™ and
2062 cm™ primarily to CO vibrations, and 1775 cm™ to NO vibrations, our computational modelling
shows all the three bands to have contributions from both the CO and NO vibrations.
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Figure 3. Infrared Spectra of the Supernatant CH,Cl, Solution (lower, blue trace) and the Solid
Precipitate (upper, red trace) Obtained by the Reaction of [Tc(CO);Cls]* with NOBF,.
Frequencies, em™: v= 181 1, vw=1927, va= 2067, vy= 2129, w= 2246, vg= 1817,

V= 1933, 15=2073, ve=2131.



5.1.2  Characterization of the [Tc(CO)2(NO)]** Products in the Reaction Solid
Fraction

To characterize the solid reaction product, it was dissolved in ethanol (EtOH). Technetium-99 NMR
analysis of the resulting solution showed three Tc resonances at -242, -293, and -388 ppm in addition to
one resonance at 0 ppm (Figure 4). The chemical shifts, line widths, and percentage composition of the
species associated with each resonance are listed in Table 2.

0
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Figure 4. Technetium-99 NMR Spectrum of the Precipitate Obtained from the Reaction of
[Tc(CO);Cls]* with NOBF, and Dissolved in EtOH. §, = 0 ppm, &, = -242 ppm,
83=-293 ppm, 64 =-388 ppm.

Table 2. Techetium-99 NMR Characterization of the Precipitate Obtained by the Reaction of
[Tc(CO);CL > with NOBF, Dissolved in EtOH

. DFT .
Experimental Half Width of o 99 % of
®Tc Calggt#sted ®Tc Assignment of *Tc i/::ol\lch-II;C Total
Chemical : Resonance, Resonance a) Reaction
Shift, ppm Chemical Hz Sample Product”
' Shift, ppm
0 40 TcO4 7 2.6
242 260 400 [Te(H,0)3(CO),(NO)I* 18 6.2
-293 -322 500 [TCCI(HZO)Z(CO)z(NO)T 57 20
-388 -560 450 [TcCL(H,0)(CO),(NO)] 18 6.2

3 Calculated on integration of the NMR signal.
®) Calculated on integration of the NMR signal and LSC of the liquid and solid fractions of the reaction.

The Tc-99 resonance at 0 ppm is the characteristic for TcO4™ (Cho et al. 2004). The resonances
between -200 and -400 ppm are distinctly different from the resonance of the starting [TcCly(CO);]*
material observed in EtOH at -872 ppm due to the formation of the tri-aqua [Tc(H,0)3(CO);]" species as
a result of CI ligands being exchanged with H,O present in EtOH. The pattern of the resonances is
similar to that observed in CH,Cl, supernatant, and the signals are attributed to the monomer
[Tc(CO)(NO)CI;] and the two trans Cl-bridged dimers [Tc(CO),(NO)(u-CI)Cl];, represented by
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molecules A and B in Figure 2. The different positions of the resonances observed in CH,Cl, and EtOH
solvents are explained by the different mode of solvation; however, the exchange of the chloride ligand
by either water present in the ethanol or EtOH molecules is also possible.

It is interesting to note that the yellow solution obtained by the dissolution of the reaction precipitate
dissolved in DIW exhibited drastic color change to an intense red within 30-60 minutes. Technetium-99
NMR of the red aqueous solution initially showed no presence of the Tc-99 resonances (Figure 5), which
was explained by the potential oxidation of the Tc(I) [Tc(CO),(NO)*" or [Tc(CO);]" species to the NMR-
inactive Tc(Il) analogs. It is significant that only about 5-10% of total Tc present in the sample got
oxidized to TcO4 in 30 days (Figure 5; green trace [second from bottom]) as determined based on the
integration of signal intensity from a TcO,4 standard of known concentration. This is in contrast to the
Te(I) [Te(CO)s]" species, which undergo fast oxidative hydrolysis to form TcO, in aqueous solutions
with low ionic strength (Rapko et al. 2013; Levitskaia et al. 2014). When the yellow reaction precipitate
was dissolved in 5 M NaNOs, it demonstrated similar but significantly less intense color change from
yellow to red. The NMR analysis of this solution showed no presence of the Tc-99 resonances within 3
days. Monitoring of DIW and 5 M NaNOj; samples is currently in progress.

100 100 300 500 -700  -900 1100  -1300
5 (ppm)

I

Figure 5. Technetium-99 NMR Spectra of the Precipitate Obtained by the Reaction of
[Tc(CO);CL > with NOBF, Dissolved in Water and Recorded at t = 30 Minutes (black
trace [bottom]) and at t = 30 Days (green trace [second from bottom]) or Dissolved in
Aqueous 5 M NaNOj; Solution and Recorded at t = 30 Minutes (blue trace [second from
top]) and at t = 3 Days (red trace [top]) After Sample Preparation. Monitoring of DIW
and 5 M NaNO; samples is currently continuing.

To confirm conversion of Tc(I) to Tc(II) in the solid [Te(CO),(NO)]** product upon dissolution in
water, it was characterized by Tc-99 EPR spectroscopy. An EPR analysis of the red water solution
showed a series of 10 resonances, a system characteristic of Tc(II) with spin=1/2 (Figure 6). This is
indicative of oxidation of the Tc(I) center in water, resulting in the generation of an evenly charged
paramagnetic species.
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Figure 6. Technetium-99 EPR Spectrum of the Aqueous Solution of the Precipitate (dissolved)
Obtained from the Reaction of [Tc(CO);Cl5]* with NOBF,

The solid reaction fraction was characterized by IR spectroscopy, and the obtained spectrum
exhibited a similar profile to that of the corresponding liquid reaction fraction (Figure 3). This result
confirms the presence of [Tc(CO),(NO)]* in the reaction precipitate.

5.2 Characterization of the [Tc(CO),(NO)]?** Products Obtained Using
[Tc(CO)30H],4 Precursor

The synthetic protocol using [Tc(CO);OH], precursor generated a heterogeneous reaction mixture
containing solution and an orange-brown precipitate. Liquid scintillation counting indicated that the
precipitate contained >98% of the starting Tc, suggesting complete precipitation of the product and nearly
quntitative reaction yield. To characterize the reaction precipitate, it was dissolved in various solvents
and analyzed by Tc-99 NMR.

The Tc-99 NMR spectrum corresponding to dissolution of the precipitate in diethyl ether, Et,0,
contains a single resonance at -184 ppm, suggesting a single [Tc(CO),(NO)]*" environment. It is
interesting to note that this Tc complex exhibits a high stability in Et,O, revealing an identical spectrum
even after a month, with no oxidative decomposition of [Tc(CO),(NO)]*" within 30 days (Figure 7).

12
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Figure 7. Technetium-99 NMR Spectra in Diethyl Ether of the Precipitate Obtained by the
Reaction of [Tc(CO);(OH)], with NOBF, Recorded at 30 min (black trace [lower]) and
30 Days (red trace [upper]) After Sample Preparation. Monitoring of this sample is
currently continuing.

The Tc-99 NMR spectrum of the precipitate dissolved in acetonitrile (MeCN) and recorded within
30 minutes after sample preparation exhibited three resonances at -373, -428, and -1091 ppm (Figure 8).
The resonances at -373 and -428 ppm are observed to gradually decrease in intensity while the resonance
at -1091 ppm is observed to grow in the 3-day-old sample. Based on the similarity in chemical shifts with
the products obtained using [Tc(CO);Cl;]* starting material, the resonances at -373 and -428 ppm are
tentatively assigned to the two trans dimers (axial and equatorial) [Tc(CO),(NO)(p-CI)Cl], (molecules A
and B in Figure 2). It is hypothesized that the dimers dissociate over time due to exchange of ClI ligand
with coordinating MeCN solvent to form [Tc(CO),(NO)CI(MeCN)] monomer, which has a chemical
shift of -1091 ppm. Interestingly, no TcO, formation is observed in either the liquid or solid reaction
fraction.
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Figure 8. Technetium-99 NMR Spectra in Acetonitrile Solution of the Precipitate Obtained by the
Reaction of [Tc(CO);(OH)], with NOBF, Recorded at 30 min (black trace [lower]) and
3 days (red trace [upper]) After Sample Preparation

The Tc-99 NMR spectrum of the precipitate dissolved in tetrahydrofuran (THF) showed two
resonances at -176 and -201 ppm (spectrum not shown) tentatively assigned to the two trans dimers (axial
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and equatorial) [Tc(CO),(NO)(u-C1)Cl], (molecules A and B in Figure 2). The downfield shift of these
resonances in comparison with the MeCN solution of the reaction product is consistent with the less
coordinating nature of the THF solvent.

Dissolution of the orange-brown precipitate in water resulted in its complete dissolution. The color of
the solution changed to an intense red within 30-60 minutes of the solution preparation. This observation
is similar to that for the precipitate obtained during the reaction of [Tc(CO);Cl;]* with NOBF,. Likewise,
NMR of the red aqueous solution did not show the presence of any Tc resonances (Figure 9), which was
attributed to the conversion of Tc(I) to NMR-inactive Tc(Il) species. The monitoring of this solution for
30 days did not show appearance of any Tc-99 NMR-active species, including TcOy4, suggesting high
oxidative stability of this low-valent Tc(Il) product. Also, dissolution of the precipitate in 5 M NaNOj;
solution resulted in a similar but less intense color change to red. No formation of pertechnetate was
observed within a period of 7 days.

T
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Figure 9. Technetium-99 NMR Spectra of the Precipitate Obtained by the Reaction of
[Tc(CO)3;(OH)]s with NOBF, Dissolved in Water and Recorded at t = 30 Minutes (black
trace [bottom]) and at t = 30 Days (green trace [second from bottom]) or Dissolved in
Aqueous 5 M NaNOj; Solution and Recorded at t = 30 Minutes (blue trace [second from
top]) and at t = 7 Days (red trace [top]) After Sample Preparation. Monitoring of DIW
and 5 M NaNOj; samples is currently continuing.

6.0 Conclusions

Synthesis of low-valent Tc carbonyl nitrosyl complexes was performed using two Tc(I) tricarbonyl
precursors, namely monomeric [Tc(CO);Cl;]* and tetrameric [Tc(CO)3(OH)]s species, in the methylene
chloride solvent using NOBF, as the nitrolysation reagent. Both pathways generated [Tc(CO),(NO)]*"
species as evident from the Tc-99 NMR and IR characterization of the reaction products. The reaction
yield using [Tc(CO);Cls]* starting material was about 70% with the Tc carbonyl nitrosyl species
partitioned between a liquid and a solid reaction fraction that complicates isolation and purification of the
product. In this procedure, about 30% of starting Tc(I) oxidized to Tc(VII). This oxidation can be
potentially suppressed by shortening the reaction time and conducting it under an inert atmosphere. The
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reaction yield using [Tc(CO);(OH)], starting material was nearly quantitative with the Tc carbonyl
nitrosyl product forming an insoluble precipitate, which can be easily separated from the reaction mixture.

It was observed that the Tc carbonyl nitrosyl product contained one monomeric [Tc(CO),(NO)Cl;]
and two trans Cl-bridged dimeric [Tc(CO),(NO)(u-C1)Cl], species. However, this assignment should be
confirmed by future studies. Structural characterization and assignment of the Tc carbonyl nitrosyl
species is hindered by lack of model compounds and by the fact that few relevant studies have been
conducted to date, so that the redox and chemical properties of these species have not been explored yet.
To this end, the maturation of Tc computational modeling is of critical importance as it can assist and
guide future experimentation and help in interpretation of the obtained results. In this work, DFT
modeling was consistent with the NMR characterization of the Tc carbonyl nitrosyl product and helped in
assignment of the observed signals.

The dissolution of the obtained Tc(I) carbonyl nitrosyl product in water and aqueous 5 M NaNO;
solution was accompanied by conversion of Tc(I) to Tc(II) species that were confirmed by Tc-99 EPR
analysis and disappearance of the Tc(I) NMR resonances. The composition and structure of the resulting
Tc(I) species should be elucidated in future studies. The preliminary results suggest that low-valent Tc
carbonyl nitrosyl compounds showed no pertechnetate formation up to 30 days, and their monitoring is
currently continuing. These preliminary results suggest that the low-valent Tc carbonyl nitrosyl
compounds exhibit similar or greater oxidative stability than the Tc(I) [Tc(CO)s]" species, and their
further testing in the solutions simulating alkaline Hanford tank supernatants is warranted.
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