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Abstract: Spent nuclear fuel contains heavy element fission products
that must be separated for effective reprocessing for a safe and
sustainable nuclear fuel cycle. ®3Zr and **Tc are high-yield fission
products that co-transport in liquid-liquid extraction processes. Here
we seek atomic-level information of this co-extraction process, as well
as fundamental knowledge about Zr'" (and Hf"Y) aqueous speciation
in the presence of topology-directing ligands such as pertechnetate
(TcOys) and non-radioactive surrogate perrhenate (ReOy). In this
context, we show that the flat tetrameric oxyhydroxyl-cluster
[MV4(OH)s(H20)16]®* (and related polymers) is dissociated by
perrhenate/pertechnetate to yield isostructural dimers,
M2(OH)2(XO4)s(H20)6-3H.0 (M=Zr/Hf"; X = Re/Tc""), elucidated by
single-crystal X-ray diffraction. We used these model compounds to
understand the pervasive %Zr-**Tc coextraction with further
speciation studies in water, nitric acid, and tetrabutylphosphate (TBP)
-kerosene; where the latter two media are relevant to nuclear fuel
reprocessing. SAXS (small angle X-ray scattering), compositional
evaluation, and where experimentally feasible, ESI-MS (electrospray
ionization mass spectrometry) showed that perrhenate/pertechnetate
influence Zr/HfV-speciation in water. In Zr-XO, solvent extraction
studies to simulate fuel reprocessing, we provide evidence that TcO4
enhances extraction of Zr", and compositional analysis of the
extracted metal-complexes (Zr-ReO, study) is consistent with the
crystallized Zr'V,(OH),(ReV"04)s(H20)s-dimer.

Introduction

The group IV metal cations Zr'V and HfV pose similar
coordination chemistries and coexist in nature. The nearly
identical solid-state chemistry of Hf and Zr is owed to the
relativistic effect derived from insertion of the 4f-electrons for Hf.
In contrast, their nuclear chemistry is very different. A primary use
of Zr is in the nuclear industry. Zr-based alloys are exploited as
fuel cladding and matrixes, due to high corrosion resistance and
low neutron absorption. Hf is likewise used in the nuclear
industry,['l but for its high neutron absorption behaviour. For
nuclear grade Zr, Hf impurities must be as low as possible, and
vice versa. Therefore, understanding differences in their solution
speciation is crucial for separation processes.![-2

Zr/HfV-oxocluster chemistry has been in the limelight since
2008 with the discovery of the UiO-66 metal-organic framework

(MOF) featuring the Zr'VsO04(OH)4'?* node (Figure 1A), followed
by the Hf-analogue in 2012, and related nodes Zrg and the Mi2-
dimer of hexamers (M=Zr,Hf).! The Zr/Hf-oxocluster MOFs have
been exploited in numerous applications!® including degrading
chemical warfare agents,”l capturing radioisotopes,i®! CO,
capture/separation®®, catalysis'”, and selective hydrolysis of
peptide bonds for proteomics and biotechnology applications.['!!

Controlling Zr/Hf-oxocluster assembly leading to different
topologies and nuclearity is equally important to understanding
and orchestrating reaction pathways and materials properties in
MOF synthesis, as well as parallel applications of the isolated
oxoclusters (including Zr/Hf industrial separations).> ' For
example, precise control of Hf-oxocluster nuclearity coupled with
Hf's high absorption of extreme-UV energy is exploited in
nanolithography.['>d The flat tetramer MV 4(OH)s(H20)16%* (Zra/Hfa),
commonly known and sold as ‘MOCI,xH,O’ is the simplest Zr/Hf-
oxocluster, isolated from solutions with non-coordinating anions
(fig. 1, centre). It is obtained from HCI solution,["® more recently
with perchlorate as the acid/counteranion;!'¥ and it demonstrates
that hydrolysis reactions of these Lewis acid M"-cations occur
even at very low pH. As a commercially-available and air/water
stable solid, it is usually the starting point of assembling a variety
Zr/Hf clusters with topologies differentiated by coordinating
anions (figure 1). Alternative anions have a strong influence on
obtained oxocluster topology and nuclearity. Select examples
include Zre/Hf"S! (carboxylates, fig. 1A), Zri718/Hf171'5 81 and
Zryol' (sulphate, fig. 1B), tetrahedral Zrs, Zrss " and Zr/Hfs-
ring!'® (peroxide and oxalate, fig. 1C), Zr-hydroxide chains
(nitrate, fig. 1D)"%, and tetrahedral Zr/Hf, and Zrss (thiocyanate,
fig. 1E)'?l, |t has become apparent in recent years that Zr'"
exhibits greater coordination lability in water than HfV, leading to
a more expansive family of polyoxocations, as highlighted in the
above list.[?%

In addition to use of the Zr-alloy as cladding or matrix material
for nuclear fuel, the 235U fission reaction produces %Zr as one of
the highest yield and longest-lived decay products that exist in
spent nuclear fuel (SNF). ®*Tc is another high yield and long-lived
decay product of 23U fission, and it is a matter of concern due to
both its mobility in the environment, volatility as a neutral oxide
Tc,07, and its tendency to hamper efficient separations of
radionuclides  during SNF  reprocessing.  Specifically,
pertechnetate, TcO4, co-extracts with different metal cations



including high valence actinides and zirconium. Chemical
interactions of Zr with Tc are particularly important; Zr is found to
increase undesirable extraction of TcO4, more so than any other
metals present in SNF2'. An additional unrelated motivation to
study Zr and Tc co-speciation is both 8Zr and %°Tc are useful
medical imaging isotopes.??

Several studies have shown that TcO4 and its well-known
surrogate ReO4 can directly ligate actinides, and this
phenomenon is possibly a key step for co-extraction.?® Currently,
we are developing the coordination chemistry of ReO4/TcO4 with
relevant high oxidation state metals (M = Zr", HfV, CeV, Th' 24
UM PuVMy to (1) Understand pertechnetate speciation in
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relevant nuclear industrial waste and contamination settings, and
(2) Determine the differentiating effect of this oxoanion on MV/V!-
speciation, including Hf and Zr. While no Zr-TcO,/ReQ4 hybrid
molecules have been isolated, the enhanced co-extractability of
Zr and Tc suggests formation of a Zr-TcO,4 complex.?'@ In prior
computational and experimental studies, molecular formulae
featuring 1:1 and 2:1 TcO4:Zr plus nitrates and TBP
(tributylphosphate) molecules are suggested; ie.
[ZrV(NO3)a(TcO4)(TBP)] or [Zr'V(NO3)2(TcO4)2(TBP),].2% However,
the structure of these proposed hetero-ligand complexes is
unknown.
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Figure 1. Ball and stick representation of a selection of previously isolated Zr/Hf-oxo molecular clusters starting with the M flat tetramer using different anions
(A - E). This figure also highlights Mz2(OH)2(XO4')s(H20)s:3H20 (M=Zr/HfV; X = Re/TcV") isolated in the current study with perrhenate/pertechnetate as the anion

Here we report the synthesis and structural characterization
of four isostructural dimer compounds that illustrate direct ligation
of Zr/Hf with perrhenate/pertechnetate, formulated
M3(OH)2(XO047)6(H20)s (M= ZrV or HfV; X= ReV"or TcV", referred
to as ZrRes, Hf:Res, Zr.Tce and Hf2Tcs). In addition, we
investigated the formation and phase transfer of these
compounds in conditions relevant to UREX/PUREX processes
(respectively uranium extraction and plutonium uranium reduction
extraction).?8! To simulate these industrial processes, we studied
the transfer of inorganic molecules from 1M HNOj3; solution into
1M TBP in kerosene. M-XO4 speciation in water, nitric acid and
TBP-kerosene was studied via SAXS (small angle X-ray
scattering), and the aqueous solutions were studied via ESI-MS
(electrospray ionization mass spectrometry). SAXS shows the
perrhenate/pertechnetate stabilizes the Zr,/Hf>-dimer in water and
interferes with Zr/Hf-polymerization. ESI MS also evidences
persistence of the dimers and Zr-ReO4 complexation in water and

organic media. SAXS of Zr-XO4 (X=Re, Tc) complexes extracted
from nitric acid into TBP-kerosene indicates that Zr'V-species
alone do not extract extensively, but there is evidence for
extraction of polynuclear species for Zr-ReO4 and Zr-TcOy4, as well
for as HReO. and HTcO,4 alone. Compositional analysis of the
extracted Zr-ReQ; indicated presence of both Zr and Re, in the
1:3 ratio, consistent with the Zr:Res-dimer. Moreover, Zr2Res
crystallizes out of the nitric acid solution, evidencing the preferred
coordination of perrhenate/pertechnetate, despite the excess of
nitrate that can also serve as a capping group (figure 1D). These
data taken together provide a prospective on Zr/Hf-ReO4/TcO4
speciation in water, in conditions relevant to nuclear fuel
reprocessing, and the possible role of Zr-pertechnetate bonding
in the pervasive co-extraction problem.[2'°]

Results and Discussion



Synthesis and solid-state characterization of Zr.Res, Hf2Res,
Zr2Tces and Hf2Tcs

Both TcO4 and ReOy ligate Zr/HfV invariably, splitting the
common Zry/Hfy flat tetramer (figure 1F) to yield a dihydroxide-
bridged dimer, exemplified in four isostructural compounds
determined by single-crystal X-ray diffraction;
M2(OH)2(XO047)6(H20)s (M= Zr"V or HfV; X= ReV" or TcV", referred
to later as Zr2Res, Hf2Res, Zr.Tces and Hf2Tcs; see Sl for synthesis
details). This dimer was recently predicted by computation to be
the first step of Zr/Hf-hydrolysis,’?” but not observed in an isolated
and soluble form, prior to this current study. The Zr/Hf-dimers
(figure 1F) were synthesized two ways; 1) By dissolving
corresponding Zr/Hf oxyhydroxide in perrhenic/pertechnic acid, or
2) By co-dissolving the corresponding oxychloride salt (Zrs/Hfs)
with perrhenic/pertechnic acid, followed by slow evaporation to
yield crystals (see Sl for more details). The experimental details
of X-ray structure data collection and refinement, along with
selected crystallographic parameters (Table S1) are provided in
the SI.

All four Zr/Hf-dimer compounds are isostructural, crystallized
in the monoclinic space group C2/c. The metal centres in the
dimers are connected by two p»-OH ligands with Zr-OH distances
of 2.085(4) A - 2.169(5) A and Hf-OH distances of 2.085(5) A -
2.158(5) A (figure 1F). Each Zr/Hf is additionally coordinated by
three XO4 (X=Re/Tc"") and three H,0, yielding eight-coordinate
Zr/Hf and an overall neutral moiety formula of
M2(OH)2(XO4)s(H20)s (M= Zr/Hf"; X= Re/Tc""). The Zr-O+ and Zr-
Ore bond lengths are slightly longer than the corresponding Hf-
Orc and Hf-Ogre bond lengths (Table S2), consistent with the
slightly smaller Hf'V radius. Similarly, the M-Or. bonds are slightly
shorter than M-Oge bond distances, corresponding with longer Tc-
O bond distances (Table S2). In the extended lattice, the dimers
are arranged parallel approximately in the (1 0 -1) direction, best
viewed down the b-axis (fig. S1). Lattice water molecules that
align along the c-direction (three per dimer) are located at
hydrogen-bonding distance to the pertechnetate/perrhenate
oxygens (~2.6-2.8 A), giving a complete formula of
M2(OH)2(XO4)s(H20)s:3H20 (M= Zr"V or HfV). The dimeric unit of
Zr/Hf was observed once prior in an insoluble framework linked
by sulphate, obtained from hydrothermal synthesis.?® The
analogous sulphate phase was also identified via PXRD for Pu(IV),
Ce(IV),?®! and similar Th(lV) dimers have been isolated multiple
times with different capping and bridging anions.%

Additional solid-state bulk analysis of Zr,Res and Hf;Res
includes Scanning Electron Microscopy-Energy Dispersive
Spectroscopy (SEM-EDS), Powder X-ray Diffraction (PXRD),
Fourier-Transform  Infrared  Spectroscopy (FT-IR) and
Thermogravimetric Analysis (TGA) (see Sl for experimental
details). For the Tc analogues, characterization was limited to only
SEM-EDS due to institutional restrictions, and the inability to
separate the dimer phase from impurities (see Sl).

Blocky and tabular crystals are observed by SEM analysis of
the isolated crystalline materials of all studied compositions
(figure S2- S5). The metal to oxoanion (M"V/XOy") ratios observed
from EDS analysis were between 2.64-3.27 (Tables S2- S5),
consistent with calculated molecular formula from refined crystal
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structure. The PXRD pattern of synthesized Zr,Res and Hf:Reg
crystalline materials is similar to the calculated pattern from
crystallographic information files (cif, figure S$6). However,
preferred orientation leads to non-ideal matching in the relative
peak intensity between simulated and experimental diffraction. In
sum, the combined PXRD and EDS suggests the compounds
characterized by SCXRD are representative of the bulk solids.
Interestingly, all syntheses employing different ratios of X:M
(X=Tc,Re; M=Zr,Hf) yielded only the reported dimer phase,
highlighting its ubiquity and presumed stability.

The FT-IR spectra of Zr,Res and Hf;Res crystals show
evidence of hydroxyl and water through a broad O-H stretching
peak between 2800-3600 cm™' and a sharp H,O bending peak in
between 1500-1720 cm™ (fig. S7)®". The characteristic peaks for
ReOs u1 and us stretching are observed between 905-930 cm™”
and 840-880 cm 321, The vibrational bands for the Zr-OH-Zr and
Hf-OH-Hf moiety['® are centered at 530 cm ' and 540 cm™,
respectively.

The thermogravimetric analysis revealed the isolated
crystalline materials lose surface-adsorbed and crystalline water
molecules at 30-80 °C and 100-250 °C fig. S8, Table S6). The
calculated number of molecules of lattice H,O volatilized in the
TGA experiments for Zr,Reg and Hf;Reg are respectively 9.54 and
8.44, per formula unit. Those values are close to 9, corresponding
to the 6 metal-coordinated water and 3 lattice water molecules,
observed in the single-crystal structure. A rapid weight loss step
occurs around 350 °C, during which the materials lose more than
60% of their initial weight. PXRD analysis of post TGA samples
suggested that at >400 °C, the material undergoes thermal
decomposition to form tetragonal/monoclinic metal oxide of
zirconium and hafnium, along with Re,O; (fig. S9). Upon
continued heating, Re,O7 vaporizes (vaporization temperature =
363 °C)B3, leaving behind either tetragonal zirconium oxide or
monoclinic hafnium oxide (fig. $10).

SAXS characterization of the formation of Zr.Res, Hf2Res,
Zr2Tce and Hf2Tce from Zra/Hfs

Unlike the prior-reported sulphate-bridged Zr/Hf-dimers, the
perrhenate/pertechnetate capped dimers are readily redissolved
in water, despite solid-state neutrality. This provides opportunity
to study (1) Solution speciation including similarities and
differences between the four compositions, Zr,Reg, Hf2Reg, ZroTcs
and Hf,Tcs; and (2) The formation pathway, starting from the well-
known flat-tetramer (figure 1, centre). Although the synthesis was
initially carried out by dissolution/neutralization of Zr/Hf
oxyhydroxide in perrhenic/pertechnic acid, employing the Zr/Hf
oxychloride (Zrs/Hfs) as the MY-source provided a better
understanding of the formation of the dimer, since Zr4/Hfs solution
speciation has been examined in prior studies, and it has a well-
known solid-state structure. 1434

Prior studies® 3! describe the Zrs/Hfs polyoxocation
undergoing polymerization, including side-by-side linking of the
flat tetramers. The current study agrees with this assessment
based on the SAXS data under the relevant synthesis conditions
(figure 2). Here, we have analysed the data of the MOCI,
solutions to subsequently determine the effect of the added



perrhenate/pertechnetate on Zr/Hf speciation. Also included in
figure 2 is simulated scattering for the flat tetramer. Visual
comparison of this simulation to the experiment scattering
confirms that the Zrs/Hfs polyoxocations are undergoing
polymerization, because the Guinier region (the curved elbow
between g~0.3-0.6 A") of simulated M-scatttering is at higher-q
than the experimental scattering curves (q~0.1-0.3 A""). Both the
ZrOCl; and HfOCI, scattering curves also exhibit a prominent
structure factor; for example, the broad coulombic peak between
g=0.06-0.5 A" (figure 2).
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Figure 2. A) SAXS of 0.5 M ZrOClz and HfOCI, intensity normalized for
ease of comparison. (pH 0.48 and 0.61 respectively) plus the fits to these
scattering curves (see Table S9 and figures S11 and S12 for fitting
parameters). The form parameters for both scattering curves match that of
a dimerized tetramer, an octamer (inset, 7.8x14.6 A dimensions). Also
presented is the simulated scattering for the flat tetramer (purple curve)
showing the mismatch, due to polymerization of the tetramers in these
solutions.

Due to this structure factor, determining the size, or Ry, via Guinier
analysis or PDDF (Rg= radius of gyration, PDDF=pair distance
distribution function) could not be reliably performed. This is also
true for the SAXS of most of the heterometal solutions described
in the following section. Instead, we fit the data to include both the
form factor (size and shape) and structure factor (arrangement of
scattering species in solution that produces the coulombic peak),
and these parameters are summarized in Table S9 and fig. $11-
S$12. The refined form parameters are similar for ZrOCl, and
HfOCI, solutions, with dimensions of ~7.4x14.4 A and 7.2x14.2 A,
respectively. This is most consistent with the simulated scattering
and the dimension the hypothetical flat octamer (figure 2, inset).
In addition, comparing the g-range of the experimental to the
simulated scattering curves in the region of the spectra where the
structure factor does not interfere (q>0.5 A", figure S13) also
suggests this flat octamer could be the most abundant Zr/Hf
polymer in these solutions. Also observed in figure S13,
scattering of the ZrOCI; solution exhibits a greater difference
between maximum and minimum intensity, as well as a better
match in the high-q region (g>0.8 A™") for simulated Mo, M4z and
Mis. Both these features suggest the ZrOCI, solution exhibits
more extensive polymerization than the HfOCI, solution, as well
as greater polydispersity. The possible presence of flat hexamers
along with the dominant octamers, given their similar simulated
scattering curves (figure S$13), suggests lability of the flat
tetramer, since a putative flat hexamer would consist of a dimer
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plus a tetramer, requiring disassembly of the known, crystallized
tetrameric form.

Next, we studied the Zr-Re, Hf-Re, Zr-Tc, and Hf-Tc reaction
solutions by SAXS; the Tc analogues are shown in figure 3, and
figure S14 summarizes the Re-analogues. Redissolved crystals
of Zrlvz(OH)z(ReV”O4)5'3H20 and Hflvz(OH)z(ReV”O4)5'3H20 were
likewise measured by SAXS. This was not practical for the Tc-
analogues, because pertechnic acid crystallizes along with the
dimer compounds, and it is difficult to extract pure Zr,Tcs/Hf2Tcs
from the mixture of colourless crystals. Select data were fit by a
cylindrical form factor (Table $10, fig. S15-S19), consistent with
the elongated shape of the dimer, regardless of how many
perrhenate/pertechnetate are bound to the core dimer (discussed
below). Note briefly, reaction solutions with higher Re:(Zr/Hf)
ratios were not readily fit due to scattering interference from free
perrhenate, discussed later. The Tc:Zr 1:1 and 3:1 ratio solutions
exhibited a shallowing of the Guinier curve with increasing TcO4
(figure 3, g>0.2 A™"). With a 1:1 ratio of Tc:Zr, there is a good
match to simulated scattering for a Zr'Vo(OH)(TcV"04)42* (figure
3A inset) hypothetical derivative of the crystallized compound
(figure 3A).
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Figure 3. SAXS of ZrOCl2-TcO4™ (A) and HfOCl2-TcO4™ (B) reaction solutions
compared to simulated scattering of the respective derivatives of the dimer
compounds. For each M", solution, concentrations are 0.25 M Zr-0.25 M Tc
and 0.125 M Zr, 0.375 M Tc. See Table S8 for full listing of concentrations
and pH-values. The inset plus simulated scattering curves show the species
for which the scattering best matches experimental scattering;
ZrVo(OH)2(Tc"04)42* (A) and HfV2(OH)x(Tc"O4)** (B). HTcO4/HfOCIo=1
experimental scattering has a prominent structure factor that masks the
Guinier region (see text for details).



The Tc:Hf 1:1 solution SAXS exhibits a prominent structure
factor (the Coulombic peak between g~0.1-0.6 A"), and it is
therefore very different than any simulated scattering. However,
both the Tc:Hf 1:1 and 3:1 scattering curves are most similar to
simulated hypothetical HfV5(OH),(Tc04)**  (figure  3B)
derivative of the crystallized dimer. The 3:1 Tc:Hf ratio (the ratio
of the isolated neutral product and the reaction solution from
which it is obtained) does not exhibit the Coulombic peak, likely
due to the lower Hf-concentration compared to the 1:1 solution
(Table S8), and a corresponding decrease in concentration of the
TcOy4-capped dimers. Coulombic peaks, or structure factors,
represent organization of scattering species in solution, and are
generally observed in high concentration solutions.

The 3:1 Tc:Zr SAXS differs from the analogous Hf-solution.
Specifically, there is a rise in the scattering intensity at high-q
(g>0.3 A", and lacks the structure factor. We attribute the former
to free TcOy4 in solution, discussed more extensively for rhenium
analogues below. The latter could be related to the difference in
charge of dominant species, as determined by SAXS:
ZrVo(OH)(TcV"04)42* vs. HV5(OH)(TcV"04),** . The origin of
structure factors is often described as repulsion between same-
charged species. The proposed Hf-species is 4+ vs 2+ of the Zr-
species, leading to greater repulsion and the corresponding
structure factor.

The Re:Hf 1:1 SAXS (fig. S14) shows a good match to the
hypothetical Hf'V2(OH),(Re¥"0,),** derivative species, and the 2:1
and 3:1 Re:Hf solutions show increasing scattering at high-q
(g>0.3 A"). The analogous Zr-ReQ, solutions display an even
higher rise in scattering at high-q with progressive increase in
perrhenic acid. We also analysed perrhenic acid alone (figure
S14a). This evidenced that the increased scattering at high-q with
increased perrhenic acid addition to the Zr4/Hf,4 solutions is due to
free pehrrenate, or possibly small oligomers in solution, which is
discussed more extensivley below (ESI-MS data). Scattering of
redissolved HfVo(OH)2(ReV"'Oy4)s and Zr'Vy(OH)y(ReV'O4)s are
nearly identical to their respective 2:1 Re:Zr/Hf solutions (figure
S14).

To summarize the SAXS studies of the M-XO4 reaction
solutions and redissolved dimers; cationic derivitives with
dissociated XOg4, rather than the complete neutral dimer,
consistently appear to be more prevelant, whether we start with
the reaction solution of different ratios, or the redissolved dimer-
crystals. Second, Z (atomic number, commensurate with number
of core electrons) of the studied metals very much affects the
quality and ability to interpret the scattering data. For example,
free perrhenate enhances the scattering at high-q significantly
more than free pertechnetate, interfering with the dimer-scattering
at lower-q. Similarly, the Zr-ReQO, solution scattering displays
more interference from free perrhenate than the Hf-ReO4
solutions, due to the stronger scattering from the Hf,-dimer core
compared to the Zr,-dimer. On the other hand, observing the free
perrhenate scattering is important correlary evidence that cationic
derivitives of the MyXs dimers dominate these solutions.
Regardless, the Zr-TcO4, Hf-TcO4 and Hf-ReO4 solutions (and
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redissolved Re-analogue crystals) show good evidence for the
presence of ZrVo(OH)(Tc"04)4%*, HV2(OH)(TcV"O4)**  and
HfV,(OH),(ReV"04),** as the dominant aqueous species.

ESI-MS characterization of aqueous Zr:Res and Hf2Res

For further understanding of speciation in water, we also
performed ESI-MS (both positive and negative ionization)
analysis, with the caveat that that conditions for analysis are very
different. Ideally, the SAXS experiments require 0.01-0.5 M, while
ESI-MS require concentrations 100-1000x less. Four studied
solutions that are discussed below are compiled in figure S20.
Aqueous perrhenic acid solution alone shows formation of small
anionic oligomers including monomers, dimers, trimers, tetramers,
pentamers and hexamers of Re, and possible Re-oxidation states
(due to the ionization process)E® of Ill through VII (figure S20B,
S$21, Table S11;), similar to that recently identified in the mass
spectrum of pyrazolium polyoxoperrhenate using laser ionization
mass spectrometry.®”] The ZrOCl, aqueous solution exhibited no
peaks in the negative ionization mode, and prior studies in the
postive ionization mode identified Zr-polymers up to
dodecamers.® In our prior ESI-MS study of ZrOCl, (postive
mode), we identified species up to hexamers.' ESI MS
(negative ionization) of the 3:1, 2:1 and 1:1 HReO4:ZrOCl,
reaction solutions identified the same Re-polymers (figure S20A,
S21, Table S11 for the 3:1 reaction solution), but in different ratios,
compared to the HReO, solution.

Additional differences included a noisier baseline at higher
m/z plus a new minor peak envelope at 2434.208 m/z with an
isotope pattern attributable to a Zr,Re(r.q) species. The noisy
baseline arises from polydisperse polymerization in these low
ionic strength solutions at higher pH (~3) than the typical reaction
solutions (pH~1). However, dilute formic acid (figure S20C)
simultaneously diminished the uninterpretable baseline and
enhanced the peak at 2434.208 m/z, enabling easier
interpretation. Table S12 summarizes possible moiety formula
based on peak positions and relative peak intensities within the
envelope. Again, accounting for reduction of Re via the negative
ionization process, one example formula is
[Zr2(OH)2(HReVO3)2(ReV03)7(H20)s]. An additional broad peak
envelope is observed at 1124.2741m/z, and this is attributed to
formate-capped Zr'V-oxo hexamersB? (figure S$22), a common
cluster topology for M"V-polynuclear clusters and MOF nodes
illustrated in figure 1A (M=2Zr, Hf, Ce, Th, U, Np, Pu).1%

UREX-type solvent extraction studies probing Zr-ReOs and
Zr-TcO4 co-extraction

Figure 4 gives an overview of the SAXS and SEM/EDS
(scanning electron microscopy/energy dispersive spectroscopy)
analysis of the solvent extraction of homometal (ZrOCl,, HReOy)
and heterometal (Zr-HReOs, Re:Zr ratios of 1, 2 and 3) species
from nitric acid into TBP-kerosene, similar to procedures
executed for SNF reprocessing.
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Figure 4. A) SAXS of Zr-HReO4, ZrOCl2 and HReO4 solutions in 1M nitric acid. Concentrations of ZrOCl2 and HReOs are the same as the SAXS studies in neat
water (Table $8). B) SAXS of Zr-ReO4, ZrOCl2 and HReOs solutions extracted from 1M nitric acid into TBP-kerosene. C) Size distribution analysis of Zr-HReO4
and HReO4 solutions extracted from 1M nitric acid into TBP-kerosene. C) SEM image of extracted solid, isolated from TBP-kerosene (see also figure $25).

ZrOCl; (0.5M) in 1M nitric acid resembles the flat tetrameter

(figure 1, center), by both comparing to simulated scattering, and
a model fit that includes the structure factor (figure S23, Table
89). The acidic media appears to suppress the polymerization
that is observed for both Zr and Hf in neat water. Addition of
HReO. leads to flattering of the scattering curve, with the typical
rise in scattering above q = 1 A1, due to free HReO, in solution.
With 1 equivalent of perrhenate, there is a rise in scattering and a
shift of the Guinier elbow to lower q, suggesting formation of Zr-
ReO4 complexes and/or polymerization of perrhenate (discussed
later). On the other hand, 2 and 3 equivalents of HReO. leads to
weaker scattering, due to increased X-ray absorption, increased
acidity that fragments metal-oxide polymers, and/or the decrease
in Zr concentration (Table S8). Ultimately Zr:Res (and Hf2Res)
can be crystallized from the HNO3 solution with ~85% yield based
on Zr/Hf, upon slow evaporation of reaction mixture for 7 days.
This suggests that the perrhenate (pertechnetate) more
favourably ligates M than nitrate which would yield a 1d-polymer
(figure 1d), despite the fact that nitrate is in large excess. SAXS
of these same solutions extracted into TBP-kerosene are shown
in figure 4b. The prominent peak at q~1.4 A" in addition to the
broad feature at q~0.7 A’ is attributed to TBP-kerosene,
evidenced in the pink scattering curve of TBP-kerosene only.
Extraction of ZrOCI, alone without perrhenic acid alters the
scattering minimally above the solvent baseline, and it is not
possible to provide accurate size analysis of this curve. On the
other hand, extraction of ZrOCl,-HReO, 1:1 and 2:1, and
perrhenic acid alone exhibits meaningful scattering that was best
fitted via a size distribution analysis with a form factor of a
spherical aspect ratio of 2 (figure S24), and the probability
distribution is shown in figure 4c. All three are similar in size with
the main species exhibiting a diameter of 11 A.

The intensity of peak centered at 11.0 A increases with
increasing Re:Zr ratio, and is largest for perrhenic acid alone,
which might suggest that only perrhenic acid is extracted into
TBP-kerosene, perhaps as the small oligomers observed in the
ESI MS spectrum. However, semi-quantitative analysis of solids
extracted from the 1:1 Re:Zr solution reveals that both Re and Zr
are extracted with the 3:1 Re:Zr ratio exhibited in the Zr,Reg dimer
(figures 4d & S25, Table S13, experimental details in Sl). Since
these larger scattering species are not necessarily observed in
the nitric acid solution, the nonpolar kerosene likely plays a role
in promoting association by bonding or ion-pairing. The conflicting
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evidence between SAXS (suggesting extraction of Re only) and
composition (suggesting co-extraction of Zr and Re) could again
be due to the differential in scattering intensity of Re (Z=75) vs. Zr
(Z=40), where scattering intensity scales by Z2. For this reason, it
was important to perform the analogous Zr-Tc extraction studies;
Z(Tc)=43, nearly identical to Zr, thus removing this artifact.
Select analogous experiments of Zr-HTcO4 (partially-limited
by safety protocols) suggest HTcO4 does increase extraction of
Zr into TBP-kerosene from 1M nitric acid (figure 5). For the sake
of consistency (and because a reasonable fit was obtained
(figure S26), we used the same size distribution model for the
HTcO4 and Zr-HTcO4 that was used for the Zr-HReO4 analyses.
Similarly, the major species has a diameter of 11.5 A; but the Zr-
HTcO4 solution exhibits higher intensity scattering and
concomitant higher size-distribution peak profile. This supports
Zr-HTcOs coextraction by either bonding or ion-pairing, while

ZrOCl, discussed prior (1M nitric acid, figure 4B) exhibits minimal
extraction.

@ HTcO, 1M HNO,

extracted in TBP-kerosene
® ZrOCl,-HTcO, 1M HNO,

extracted in TBP-kerosene

Intensity (A.U.)

Probability (D, A, A.U.)
L]

T
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Figure 5. SAXS and size distribution analysis (inset) of HTcO4 and Zr-HTcOa4
in 1M nitric acid, extracted into TBP-kerosene.

T
2 3

Due to instrument limitations, we could not analyze either
the studied HNO3 solutions or TBP-kerosene solutions by ESI-MS.
Using acetonitrile as a representative organic solvent, we
dissolved Zrz:Res (sparingly soluble) to investigate possible



speciation of co-extracted ZrOCl,-HReO4 (and ZrOCl,-HTcO4 by
inference). ESI-MS of acetonitrile with dissolved Zr.Res reveals
five signals below 1000m/z that are consistent with [ReO.],
[ReOgH]J, [Re20¢H7], [Re3014], and [Re4O14], and feature 5+, 6+,
and 7+ Re oxidation states, where reduction occurs as part of the
negative ionization process.! These oxoanions are the same as
those described from the aqueous ESI MS (above) and also
recently identified in the mass spectrum of pyrazolium
polyoxorhenate.®”! In addition, several signals display mixed
Zr/Re isotopic signatures. The major isotope of the most abundant
Zr/Re species was observed at 1623.94 m/z with 60.72%
abundance relative to the highest signal in the spectrum (figure
6).

[ReO,I

[Resonl-

[Re,OHJ 7r Re

il

1620 1630

[Re,O H, |

47716 11

" | hl | l |
| | | | | | |
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m'z

Figure 6. The experimental ESI-MS spectrum of Zr.Res in acetonitrile in the
mass range of 0-1800m/z. Inset box shows an expansion of the Zr.Re4 peak
centered at 1623.94 m/z.

Based on the distribution of intensities in the peak envelope,
the Zr/Re nuclearity of the species was identified as Zr,Re4, and
the inter-peak spacing of 1 m/z designated a -1 charge. Species
of the general formula
[Zr2(OH)x(ReVOs)y(ReV'0s),(ReV"04)u(H20)((CH3CN)W ] (x=5-8;
y=1-4; z=1-3; u=1-3) and are within 0.01% of the observed mass
are summarized in Tables S14 and S15. Similarly, smaller
intensity peaks at 1637.92 m/z and 1651.91 m/z are matched
respectively with Zr,Res' and Zr;Re;', also summarized in
Tables S14 and S15.

Conclusion

To summarize, this study provides new knowledge about
fundamental Zr/Hf aqueous speciation, as well as possible
mechanisms of the Zr-TcO, co-extraction during nuclear fuel
reprocessing, which involves direct bonding. Data supporting
these hypotheses and the underlying fundamental knowledge
include 1) single-crystal X-ray diffraction structures, 2) SAXS on
all studied solutions including aqueous reaction solutions and
solutions representing PUREX/UREX solvent extraction media;
and 3) ESI-MS in water and acetonitrile (in lieu of TBP-kerosene).

Isolation of the Zr/Hf dimer as the four compositional
analogues (Zrz2Res, Hf2Res, Zr.Tces and Hf2Tcs) along with SAXS
studies suggests XO4 (X=Re, Tc) effectively cleaves aqueous
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MOClI,-tetramers (M=Zr,Hf) and related oligomers. While
polymerization of these simple aqueous Zr/Hf"V tetramers has
been proposed prior,*4?! disassembly of the tetramer building
block into smaller units has not. Similar to our prior SAXS studies
of Th-ReO, and Th-TcO, species,? TcO4 exhibits a trend of
more extensive binding than ReO4 to Zr/HfV.

SAXS of the TBP-kerosene extracted Zr-XO4 (X=Re, Tc)
produced ambiguous results, likely confounded by the stronger
scattering of Re compared to Zr and Tc. Zr-ReO4 SAXS studies
indicated more favorable extraction of perrhenate polymers than
Zr-ReO, species, but compositional analysis of Zr-ReO, extracted
species suggests co-extraction in ratios similar to that presented
in the Zr2Ree dimer-structure. On the other hand, SAXS studies
confirmed more favorable co-extraction of Zr-TcO4 than
pertechnetate alone.

Future goals include unveiling additional compositions and
topologies of the family of crystallized M"V-XOs compounds
including M=U, Np, Pu. Synthetic targets also include those with
phosphonate ligands, to determine if and how they ligate M"V-XO4
compounds relevant to efficient nuclear fuel reprocessing.

Supporting Information

Supplementary information (Sl) is available for this
manuscript which contains details of synthesis and chemical
characterization (SCXRD, SEM-EDS, FT-IR, PXRD, TGA and
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The well-known Zr/Hfs-tetramer is cleaved in aqueous solutions by perrhenate/pertechnetate to yield a dihydroxide dimer capped by
these oxoanions. Structure and solution characterization of this complex along with solvent extraction studies elucidates %Zr-**Tc co-
extraction (two of the most abundant and problematic 2%°U fission products) during nuclear fuel reprocessing.
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