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Pertechnetate (?*TcV"'0y’), reduced Tc, and actinides co-exist in
spent nuclear fuel and legacy wastes. They co-transport in fuel
reprocessing and waste disposal scenarios, necessitating an
understanding of co-speciation. Here we report five new molecular
cluster/framework structures with pentameric and tetrameric
uranyl building units decorated by TcO;/ReO, oxoanions, or fused
with the reduced technetyl cation Tc(V)O. The latter, obtained by
Tc auto-reduction (without intentional introduction of a reducing
environment), broadens the basis for Tc-reduction and the
burgeoning polyoxometalate-like behavior of technetium.

Technetium-99 is a high-yield and long-lived decay product
of U-235 fission, which is utilized in nuclear energy and nuclear
weapons. Technetium poses a challenge during solvent-
extraction reprocessing of spent nuclear fuel, specifically by co-
mobilizing with actinides and other elements, hampering
efficient separation.! One possible mechanism of this co-
extraction is coordination of pertechnetate (TcO4) with
actinides and other metal ions present in the spent nuclear
fuel.2 A growing number of crystal structures evidence direct
coordination of pertechnetate/perrhenate (ReOs, a TcOg
surrogate) with actinides and other metals present in spent
nuclear fuel as process chemicals or fission products (i.e. Zr).3
We are interested in expanding the library of metal-TcO4/ReOy
coordination compounds (along with related solution
characterization) to deepen fundamental knowledge of Tc
behaviour in the range of relevant complex matrices.

Legacy nuclear wastes stored in Hanford WA and the
Savannah River Site is one such complex matrix. Due to Tc's
persistence (Ti2 = 2.11x10°y), radioactivity (B = 292 keV),
variable redox states, and high mobility in the environment via
solubility or volatilization (i.e. as Tc207), Tc-99 is one of the
greatest challenges in nuclear waste management and
disposal.# In the highly alkaline tank waste environments, Tc is
expected to exist as the fully oxidized TcO4~ (pertechnetate)
species®. Yet, owed to presence of organics coupled with
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radiolysis and catalytic activity, low valence/reduced Tc species
have been readily identified in the Hanford Tank wastes.®
However, the speciation of low valence Tc and how it affects
mobility is still not well-understood.

Uranyl hybrid materials composed of UO,%* plus organic or
inorganic ligands or linkers have gained attention in the last two
decades. Interest in hybrid uranyl materials ranges from
designing uranyl metal organic frameworks (MOFs),
understanding crystal growth of U(VI) species from solution,”
and studying secondary building units (SBU) of UO,2* that are
analogous to structural motifs observed in uranyl minerals.8
Nuclearity and topology of wuranyl SBUs in hybrid
materials/minerals varies from finite nodes (monomer, dimer,
trimer, tetramer, etc.) to infinite chains and sheets, where the
multiply-bound oxos of the linear uranyl unit have strong
structure-directing effects, favoring low-dimensional
assemblies. Isolating SBUs as soluble molecular clusters (instead
of insoluble lattices) is challenging, surmised from the paucity
of published structures and solution phase studies.3? 2 Prior-
reported uranyl-hybrid materials exploit carboxylates,
carboxyphosphonates, and halides as ligands; partly motivated
by their prevalence in environmental, reprocessing, or waste
storage environments.8% 10 Uranyls linked by inorganic ligands
(carbonate,!! phosphate,’? sulfate,!3 selenate,!32 vanadate,®
molybdate,? silicate!®) expands uranyl solid-state chemistry
and understanding of complex mineral topologies. Perrhenate,
isostructural with the above-mentioned tetrahedral oxoanions,
also has demonstrated uranyl-ligation in molecular forms with
phosphonate heteroligands,® in layered materials, and ReO4-
capped flat dimers and trimers32. Despite its relevancy in spent
nuclear fuel reprocessing and tank waste solutions, there are
fewer reported structures featuring uranyl-pertechnetate
coordination.22 Moreover, amongst the growing collection of
Tc-heterometal structures with metals from across the periodic
table,’” none feature reduced Tc species.

Here we present five pentameric/tetrameric uranyl cluster
compounds featuring direct coordination between uranyl and
TcO4/ReQy, and the reduced technetium oxocation Tc(V)03*.
Isolation of TcV-complexes is still relatively rare, and usually
obtained in a multiplex of conditions conducive to reduction
including air-free, highly acidic, and/or radiation environments
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(i.e. applied photolysis or external radioactivity).1® On the other
hand, our syntheses were performed without the exclusion of
oxygen, intentional photoreduction, nor addition of acid,
beyond that of the pertechnic acid, implying the community
needs to carefully consider Tc reduction mechanisms.

Figure 1. Polyhedral representation of A) UsRe,/UsTc, molecular cluster and
(B) UsRe,/U,Tc, 2D framework and the tetrameric unit (inset).

To synthesize the reported compounds, we dissolved uranyl
acetate in perrhenic/pertechnic acid solutions, followed by
crystallization via evaporation (details in SlI). All described
uranyl cation (UO,%),
exhibiting hexagonal or pentagonal bipyramidal geometry. The
U=0,, bond distances are 1.756(8)-1.792(5) A and equatorial U-
O bonds are 2.217(2)- 2.592(4) A, with axial oxygen-ligands from
perrhenate, pertechnetate, acetate, water, Tc(V)Os, or
adjoining UO,%*. The Re-O bond lengths of the ReO4/TcO4
tetrahedral oxoanions range between 1.709(5)-1.739(5) A, and
the Tc-O bond lengths are slightly shorter, 1.689(8)-1.732(7) A.
Details of SCXRD analysis and selected crystallographic
information is summarized in Table S1. Table S2 compiles

molecules contain the linear axial

relevant bond valence sum (BVS) calculations. The calculated
average BVS values for fully occupied U(VI), Re(VII) and Tc(VIl)
sites are 6.06, 6.86 and 6.65, respectively. Bond distances and
BVS for Tc(V) is discussed later.

UsRe; and UsTc, (moiety formulae
[(UO2)s5(0)2(0OH)2(H20)6(M0O4)2(CH3COO),]  M=Re,  Tc)
isostructural flat pentameric clusters composed of four
mutually edge-sharing uranyl pentagonal bipyramids
surrounding a uranyl hexagonal bipyramid (figure 1A). The

are

pentamer is additionally decorated by acetate and TcO4/ReO4
ions. The central hexagonal bipyramid, coordinated by two ps-
oxo and four oxygens from two bidentate acetates is
equatorially distorted. The acetate edge (measured by the
oxygen-to-oxygen distance) is 2.1675(6) A, while the other
edges uranyl pentagonal bipyramids are
considerably longer, ~2.61-2.62 A. The two ps-oxos connect to

shared with

two uranyl pentagonal bipyramid dimers on each side, which
flank the central hexagonal bipyramid. The uranyl pentagonal
bipyramids are also coordinated to oxygen atoms from p,-oxo,
H,O and acetate in their equatorial plane. Two of the four uranyl
pentagonal bipyramids are also coordinated to oxygen from
decorating perrhenate/pertechnetate. Figure S1 shows the
packing of the neutral clusters in the crystalline lattice. This
(UO,)s pentamer topology was observed prior, linked by
sulfobenzoatel®, phosphatel®@ and phosphonoacetate.20
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Notably, all of these prior-reported pentamers also exhibit
distortion of the central hexagonal bipyramid, invoked by
coordination of a bridging oxoanion that define the short edges.
However, UsRe; and UsTc; are the first example of the (UO3)s
unit as a molecular cluster instead of within a framework,
allowing solution phase studies.

UsRe; and UsTc; are nearly isostructural 2D frameworks
built of the tetrameric uranyl SBU and a moiety formula of
[(UO2)4(0)2(H20)2(M0O4)2(CH3CO0)aNaz(H20),] (M=Re/Tc).
These crystals are obtained as a minor product alongside
UsRez/UsTc,, since the Na is incorporated into the reaction
solution presumably via leaching of the glass vials. Intentional
introduction of Na-salt increases the yield of this phase, but
there is always a mixture of the pentamer and tetramer phases.
The tetramer is composed of two mutually edge-sharing uranyl
hexagonal bipyramids and two uranyl pentagonal bipyramids
(figure 1B). The two hexagonal bipyramids link via two ps-oxos,
each of which connect to the uranyl pentagonal bipyramids that
flank the hexagons. The uranyl pentagonal bipyramids are also
coordinated to oxygens from acetate, H,0 and TcO4/ReQOs. The
ReO4 are disordered in the structure; each rhenium site is
located over three different positions with 0.50, 0.25 and 0.25
occupancy. However, the Tc site in UsTc, exhibited no disorder.
The uranyl tetramer clusters are linked along the g-axis via
Naz(H20),-dimers, and along the b-direction via U-Oy-Na-Oy-Na
infinite chains (Na-OH, and Na-O, ~2.4 A). Acetates that
coordinate the hexagonal uranyl bipyramids also bridge to Na
with Na-Ogcerare ~2.3 A. Another view of the 2d-framework is
shown in figure S2. Hybrid framework materials featuring the
uranyl tetramer (UO3)s were described prior, capped with
sulfonate, carboxylate and cucurbit ligands.2! In addition,
Felton et al. recently reported the isolated tetramer capped
with a sulfonate ligand.%®
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Figure 2. (A) Polyhedral representation of UsTc molecular cluster and (B) Ball-
stick representation of UsTc molecular cluster.

U,Tc is a unique pentameric molecular cluster composed of
four uranyl pentagonal bipyramids that share edges with a
square-pyramidal TcV=0 via psz-oxos (figure 2, Tc-O bond
distances 1.877(8) — 1.905(7) A). These same psz-oxos bond to
UV with a bond distance of ~2.334(8) - 2.357(8) A, and the
uranyl pentagonal bipyramids are further coordinated by a
terminal H20 (U-Owater ~ 2.5 A), and two bridging acetates (U-
Oacetate ~ 2.3-2.4 A). The out-of-plane coordination of TcV=0
gives rise to an umbrella-shape, in contrast to the flat clusters
described in this paper. In the extended lattice, the UsTc
clusters are arranged approximately parallel in the ac plane,
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with alternating orientation of Tc=0O bond (figure S3). Isolated
H30*/H,0 molecules sit between the clusters and associate via
H-bonding with UO,2* and H,0 coordinated to them, with O---O
distances of 2.667(2) to 2.960(3). The moiety formula for UsTc
is [(U02)4(TCO)(O)4(CH3COO)4 (H20)4'H30,H20], and based on
bond valence sum calculations (BVS, Table S2), the H30* is
necessary for charge-balance. This is a reasonable presumption
because 1) there is precedence for charge-balancing H3O* with
Tc-clusters,180 2) HTcOq4 co-crystallizes with UsTc, an indication
of the high acid-content of the reaction solution.

The TcV=0 square-pyramidal unit was reported recently, but
with chelating organic ligands (i.e. catecholate).2? Francesconi
prior demonstrated chemical or photoreduction of TcOs to
TcV=0, followed by incorporation into tungstate
polyoxometalates, enabled by the structural similarity of the
TcV=0 and WV'=0 units.182 23 However, both tungstyl and
technetyl are in distorted octahedral coordination within the
POMs, instead of square planar coordination observed here.
The reduction of TcY" to TcY was not premeditated, but auto-
reduction of pertechnetate is not unprecedented, even without
the presence of organics such as the acetate in this reported
synthesis. The Tc=0 and average Tc-Oequatorial bONd lengths in
this study are 1.656 A and 1.896 A, respectively, consistent with
the previously reported Tc(V)Os with organic ligation (Table
$3).22 Likewise, the BVS value for Tc(V) is consistent with the 5+
oxidation state (5.35, Table S2). Additional evidence for
pentavalent Tc is the different color of these crystals. Clusters
containing uranyl and TcO4 are generally orange or yellow,
while U4Tc is dark yellow with contribution form the red-brown
color of TcV=0.

We used SAXS to investigate the stability/lability and
crystallization pathways of the various reported clusters in
water, with the caveat of their co-crystallization, and therefore
presence of mixed species. Nonetheless, they are similar sizes
and shapes in the crystallized form, and should exhibit similar
assembly pathways. Analysis on both the mother liquor and
crystals redissolved in water showed relatively weak scattering
and sizes consistent with monomers instead of intact clusters,
likely due to the acidity of these solutions (figure S4). For
comparison, we have simulated the scattering of ReO4 and a
Re,0; dimer, and the scattering observed in these aqueous
solutions suggests comparably-sized species. In addition to
water, the mixed crystalline materials were moderately soluble
in acetonitrile, enabling additional solution characterization.
SAXS of the crystals dissolved in acetonitrile (figure 3) also
indicate the presence of species smaller than a pentamer or
tetramer, based on comparison of the simulated scattering to
the experimental scattering. To further investigate the species
dissolved in acetonitrile, we simulated scattering from
hypothetical fragments of UsRez/UsTc,. The experimental
scattering matches quite well to the simulated scattering of a
uranyl dimer coordinated with a single TcO4,/ReO4 (Figure 3,
inset). This suggests that 1) larger molecular cluster present in
solid state dissociate to smaller fragments in acetonitrile, or 2)
only smaller fragments are soluble in acetonitrile. In addition,
the mixed UsTcy/UsTcy/UsTec  evidences aggregation or

This journal is © The Royal Society of Chemistry 20xx
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polymerization, based on the upswing of intensity of this SAXS
curve at q<0.03 AL,
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Figure 3. SAXS of co-crystallized mixtures, dissolved in acetonitrile. Inset shows
a simulated uranyl dimer coordinated with a single ReO,4/TcQ,, corresponding
with simulated SAXS curves. This unit is a fragment of UsRe,/UsTc,, and shows
the best match to the experimental scattering.

We performed additional chemical characterization on bulk
crystalline materials using FTIR, Raman spectroscopy, PXRD and
SEM-EDS. the Tc-99-containing materials, the
characterization was limited to Raman spectroscopy and SEM-

For

EDS, due to regulatory limitations. All these characterizations
are representative of mixed crystalline materials, and are
summarized in the SI.

This work contributes towards understanding coordination
between oxoanionic/reduced Tc-99 and UO,2* species, which
co-exist in spent nuclear fuel/legacy waste. The SAXS (especially
of the reaction solutions) indicates the clusters do not
necessarily aqueous prior to
crystallization, nor can they redissolve intact in aqueous

assemble in solution
solution. Rather, we expect they crystallize in the solid phase in

a manner more similar to that described as ‘classical
nucleation’;24i.e. monomer-by-monomer growth. This has been
suggested prior for other clusters that crystallize from acidic
media, such as the Cr-Al polycations, where assembly at air-
water interfaces enables crystallization.2> Nonetheless, U4Tc is
the first-reported featuring
connectivity between actinyl and TcV=0, building on the
foundation laid by Francesconi who established (Tc,Re)V=0
substituted POMs.182 23 The TcY=0 unit was obtained via auto-

reduction of TcY"O4, a phenomenon that could be further

heterometallic oxocluster

exploited to develop the emergent oxocluster chemistry of
technetium, established by German et al.18® Finally, the
curvature observed in the UsTc unit (directed by square-
pyramidal TcV=0) suggests it can be joined into larger cages via
ditopic ligands, fusion of the umbrella-shaped units, or linkage
through additional metals. This is the focus of future studies, in

J. Name., 2013, 00, 1-3 | 3
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addition to obtaining UsTc in purer forms to allow more
complete solution characterization and manipulation.
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