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Although hydrogen peroxide (H,O,) has been highly used in nuclear
chemistry for more than 75 years, the preparation and literature
description of tetravalent actinide peroxides remain surprisingly
scarce. A new insight is given in this topic through the synthesis
and thorough structural characterization of a new peroxo com-
pound of Pu(wv).

Peroxo-based hexavalent actinide (An) compounds have been
extensively studied with the synthesis of uranyl (and neptunyl
to a less extent) cage clusters and mineral compounds.'™®
By contrast, the literature description of tetravalent An per-
oxides is surprisingly lacking. To date, their structural char-
acterisation is only limited to one plutonium®'® and two
thorium™** compounds. Nevertheless, interactions between
H,0, and An(wv), specifically Pu, have been extensively applied
since the Manhattan Project for adjusting the oxidation states,
purifying the solutions, and precipitating peroxide precursors
dedicated to the preparation of actinide oxides and metallic
plutonium."

Stoichiometric addition of H,O, to acidic solutions of Pu(v)
results in the formation of the so-called “brown peroxo
complex”, which transitions to the “red peroxo complex” when
the amount of H,0, increases.”* '® The main absorption bands
for these species are located at ca. 494 and 658 nm for the
former, and ca. 506 and 540 nm for the latter (Fig. 1)."* Both
complexes have been postulated to be dimers ([Pu,(0,)(OH)]>"
and [Puy(0,),]** as the respectively proposed structures)
that experimentally decompose in acidic solutions to yield
Pu(m)."**>'” Further addition of H,0, to Pu(iv) solutions leads
to the formation of precipitates that have been used as
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precursors for the preparation of PuO, or for waste manage-
ment processes.'®>° To the best of our knowledge, structural
characterisations of these compounds have never been
reported in the literature. More generally, the structures and
relationships occurring between Pu(wv) peroxides in solution
and in the solid precipitates remain unclear to date. The only
resolved structure available in the literature deals with a
dimeric peroxo-carbonato compound of 10-fold coordinated
Pu(wv) exhibiting two bridging u,:m>0, ligands and six biden-
tate carbonato ligands.”*°

In this work, the stepwise addition at room temperature of
aqueous solutions of H,O,to Pu(iv) solutions previously stabi-
lized in 2 M HNOj; resulted in the successive formation of both
the brown and red complexes ([Pu] = 5 mM, Fig. 1). The
corresponding UV-Vis spectra were in good agreement with
those previously reported in the literature (ESI{). Surprisingly,
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Fig. 1 Vis-NIR abs. spectra acquired in solution for the (A) brown (494,
541 and 658 nm), (B) red (506 and 540 nm) and (C) green (455, 654-660
and 821 nm) peroxo species of 5 mM Pu(v) in nitric media. Inset: Photo of
the respective solutions.
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the reverse approach, which involved diluting an aliquot of an
acidic Pu(v) solution in a large volume of an aqueous solution
of concentrated H,0,, generated a green, limpid and very stable
solution devoid of any precipitate ([H,O,]/[Pu] > 10, pH = 1-2).
The corresponding electronic spectrum strongly differed not
only from the spectra of the reported Pu(iv) peroxo complexes,
but also from the well-known colloidal or hexanuclear cluster
structures of Pu(v) that could have been expected in such
conditions as a result of hydrolysis and condensation reactions
(Fig. S1, ESI}).">*'* The principal features for this spectrum
consist of two sharp bands attributed to f-f transitions of Pu(iv)
and located at 455 and 821 nm, and a larger one standing at
654-660 nm (Fig. 1). The absence of absorption bands around
602 and 830 nm, respectively related to Pu(ur) and Pu(vi),
implies the absence of Pu(wv) disproportionation in the studied
conditions.?*?*2° Most probably, the band located at 455 nm is
a hypsochromic shift of the Pu(iv) band generally located at
476 nm in dilute aqueous solutions of HNO; (Fig. S1, ESIT).

For a better understanding about the structure of this new
green Pu(iv) compound, the species was precipitated at higher
concentration ([H,O,)/[Pu] > 10, Pu > 10 mM, [HNO;z] >
50 mM) before drying under Ar flow. Diffuse Reflectance
Spectra (DRS) acquired for the powdered solid were consistent
with the optical spectrum observed in the solution (Fig. 2). The
good correlation between the electronic transitions observed in
both the liquid and solid systems evidenced the similarity in
the Pu(wv) coordination spheres for both species. This observa-
tion has led us to question the exact nature of the species in
solution. Complementary filtration and ultrafiltration experi-
ments carried out on a 1 mM Pu solution suggested the absence
of a water-soluble complex, but rather the presence of a solid
species with a size larger than 100 kDa (approx. 3-4 nm, Fig. S2,
ESIT) that could aggregate into bigger structures (<100 nm)
when increasing the concentration.

Raman spectroscopy carried out on a drop of a suspended
solid in solution evidenced the characteristic signature of an
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Fig. 2 DRS acquired on the solids precipitated from nitric or sulfuric Pu(iv)
solutions in comparison to the green species observed in solution (nitric
system).
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Fig. 3 Raman spectra of the green peroxo compound of Pu(v) (nitric

system) prepared in H,%0/H,°0, (blue spectrum), H,YO/H,Y0O, (red
spectrum) and H,"O/H,'%0, (green spectrum).

excess of free H,O, at 877 cm ™! and free nitrates at 1049 cm !

arising from the Pu mother solution (Fig. 3 and Fig. S3,
ESIt).'?731 Three additional bands located at 423, 550 and
835 cm™ ' were investigated using mixtures of ’O-marked water
and H,0, solutions. The use of the H,' O/H,'’0, mixture
involved the red shift of all of the vibration bands, except for
the nitrate one (red spectrum, Fig. 3). By contrast, a H," 0O/
H,"°0, mixture only induced the shift of a unique band initially
located at 550 cm ™' (green spectrum, Fig. 3). This approach
allowed assignment of the vibrational band located at 835 cm ™"
(811 em ™' with '70) to the 1(0O-0) symmetric stretching vibra-
tion mode of the peroxide ligand that shifts in comparison to
pure H,0, because of Pu atom(s) coordination (ESIt).

The Raman band located at 423 cm ™' (411 cm ™" with '70)
was attributed to the »(Pu-O) vibrational mode of the peroxide
group. A similar signature has been observed for other An or Ce
peroxo species exhibiting bridging p,m*n®> or p;n*n*m?
coordination modes."®""*” The band located at 550 cm ™" could
not be clearly identified using this approach, but it is not
related to the peroxide group(s) due to the significant shift of
the band when using a H,'”O/H,"®0, mixture. Most probably,
this band relates to oxo or hydroxo group(s) coordinating Pu
atoms. Synthesizing the green Pu compound in a D,0/H,0O
mixture did not help in the functional group(s) identification.
Nevertheless, we note that the T,, band for An dioxides is
located around this area (465 cm ™! for ThO,, 445 cm™ for UO,
or 478 cm ' for PuO,).*” The T,, band represents the antisym-
metric stretching of the Pu-p,O bonds in the cubic structure
and is highly affected by the bond strength and local environ-
ment, suggesting a possible assignment of this band to oxo
group(s).*

Interestingly, the synthesis of the green peroxo compound at
pH = 2.3 with a Pu(wv) solution previously stabilized in sulphuric
medium did not lead to a stable solution, but quickly precipi-
tated. DRS and Raman spectroscopies showed similar band
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positions with the nitrate system for both solid and concen-
trated liquid states (Fig. 2 and Fig. S3, ESIT). One exception is
the vibrational band located at 994 cm ™' in Raman spectro-
scopy and attributed to 14(SO,) of free sulphate ions.** These
observations suggested similar structures for both nitric and
sulfuric systems, but also a possible absence of participation of
the counter-ion in the coordination sphere of Pu in the solution
or in the precipitate. Fourier Transform Infra-Red (FT-IR)
spectroscopy on the solids obtained in both nitric and sulfuric
media showed the characteristic signatures of nitrates,**
sulphates®®® and interstitial and/or coordinated water mole-
cules (Fig. S4, ESIT).*”*® The presence of the peroxo group(s)
was confirmed with the weak bands located at 832-833 ecm™"
for both media.'*® The observation of peroxo bands for both
vibrational spectroscopies (assigned to the 1(0O-O) symmetric
stretching vibration mode) agrees with the bridging coordina-
tion modes already observed for other Zr(wv), Ce(v), U(vi), Th(w)
and Pu(iv) peroxo compounds.”? 714041

Solids obtained in the presence of sulphate and nitrate ions
provided similar X-ray diffraction patterns, indicating similar
crystalline structures (Fig. 4(a)), finally tending to stipulate
(considering Raman and UV-vis spectroscopies) that the coun-
ter ions do not enter the Pu coordination spheres. Thermo-
gravimetric analyses carried out on both solids obtained from
the nitric and sulphuric systems (Fig. S5, ESIt) evidenced three
domains attributed to the release of H,O molecules (<125 °C),
followed by the decomposition of 0,>” ligands (125-225 °C)
and the decomposition of nitrates (>225 °C) or sulfates
(>550 °C)."""33542 Mass loss calculations confirmed a double
amount of NO; ™~ in comparison to SO,>~, assuming that the Pu
core of the green peroxo compound exhibits a positive charge of
+2 (ESIT).

X-ray absorption near edge structure (XANES) obtained at
the Pu L;-edge in solution for the green peroxo compound
evidenced the predominance of the +IV oxidation state (Fig. S6,
ESIY). The experimental k*>-weighted extended X-ray absorption
fine structure (EXAFS) spectrum obtained in the 3-16 A™'
interval is provided in Fig. S7a (ESIt). The corresponding Fourier
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transform (FT) magnitude in black in Fig. 4(b) (uncorrected for
phase shift) showed two large peaks standing at R — ¢ = 1.9 and
3.5 A attributed to the Pu-O and Pu-Pu coordination spheres. The
latter was adjusted at 3.65 A (CN = 3.6(7)), indicating the formation
of a polynuclear structure. Such a Pu-Pu distance does not
correspond to any structure available in the literature (Fig. 4(c)),
thus excluding peroxide dimers® (3.53 A), oxo-hydroxo hexamers**
(3.77 A) or PuO,like structures®® (3.81 A). The absence of a
secondary Pu-Pu distance combined with the data acquired using
different techniques (charge +2, several Pu-O bonds, CNp,_ py,
bridging mode peroxides, no counter-ion in the structure) led us
to propose a hypothetical structure inspired by Th, U and Pa
tetrahedral arrangements.**> Consequently, three Pu-O sub-
shells were adjusted using a short distance (ca. 2.2 A) corres-
ponding to a p14-O group, an intermediate distance for the peroxide
groups (ca. 2.3 A agreeing with Runde et al°) and a longer one
(ca. 2.45 A) for H,0 molecules. The successful fit for this spectrum
was achieved using free contributions (blue fit, Fig. 4(b)) with
structural parameters at 2.14 A (CN = 1.3(5)), 2.32 A (CN = 6.5(6))
and 2.45 A (CN = 3.5(7)) for the Pu-O sphere (ESIT). Hence, the
resulting hypothetical unit pattern agrees with the formula
[Pu,(0,)6(0)(H,0)1,],>" provided in Fig. S8 (ESIF).

The latter is a unitary tetrameric pattern involving four Pu
atoms located at the corner of a tetrahedron. The unit incorpo-
rates a p,-O atom and is coordinated with six p,-O, ligands
standing on each edge. The p4-oxo position is reminiscent of
the one observed in bulk PuO,. H,O molecules then stand
around the Pu atoms to complete the coordination sphere, in
agreement with previous Th and Pu peroxo structures (CN =
10).”*® By using the atom coordinates (CrystalMaker Software
Ltd), scattering paths were generated and structural parameters
were calculated (ESIt). The as-obtained parameters and related
FT (Fig. 4(b), orange fit and Fig. S7b, ESIt) were in very good
agreement with the experimental EXAFS spectrum giving
weight to the hypothetical structure. The most intriguing
question deals with the Pu-O distance observed for the p,-oxo
group (2.13 A), which is much smaller than that observed in
bulk PuO, (2.33 A).** The tetrahedral units reported for both

a.] A Sample holder b. e C. | exp. Data 3654
¥ Gold reference 1 7 3.65A
Dried precipitate 5
(HNO;) *
3 z E 1
xS ") ! LY
Z = M N 3.81A
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= H,SO. E =
ey - ‘1 “ ] 1Pus(0,),(CO5)e1
|. -
vf\/ \ \\. VARV
T T T T T 1 T T T T 1 i T T T T 1
10 20 30 40 50 60 0 1 2 3 4 5 0 1 2 3 4 5
2 Theta(®
sl R-¢ (A) R-¢ (A)

Fig. 4 (a) XRD diffractograms for the green peroxo precipitated from Pu(w) stabilized in HNO3z or H,SO4 media. (b) FT of the experimental k*-weighted
EXAFS spectrum (black) measured on the green compound in solution (5 mM). Blue and orange circles stand for the fits. (c) Plot of the normalized Pu-Pu
contributions observed on the FT EXAFS spectra for different Pu-based polynuclear structures in comparison to the experimental data (green) and the

hypothetical structure (red).
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Th(wv) and U(wv) compounds (ESIt) showed strongly split distances
for the An—p,0 group incorporating at the same time shorter and
longer distances when compared to the respective bulk oxides.
In addition, such structures allow the possible observation of
much shorter An-An distances in comparison to the one observed
in the respective bulk oxides (3.74 A and 3.52 A for Th and U,
against 3.97 A and 3.87 A for the respective oxides). These
observations could agree and explain the nature of the shifted
Raman band located at 550 cm ™" on Fig. 3, thus strengthening our
proposition. Furthermore, it is worth noting that the mass losses
calculations performed with the hypothetical and (+2) positively
charged structure (Table S4, ESIf) well agreed with the experi-
mental thermograms for both nitric and sulfuric systems with
2% or 0.4% error, respectively (can be improved with 10 H,O
molecules instead of 12).

This newly-discovered green Pu(iv) compound fills the poor
library available about tetravalent An peroxides. The distinct
spectroscopic and structural characteristics of the associated
polynuclear structure of Pu(wv) shed a new light on our overall
knowledge on An peroxides and their potential applications in
nuclear chemistry and materials preparation. Further investi-
gations are imperative to unravel the precise structures and
properties of the Pu(wv) peroxide species, including the brown
and red ones. While these results offer insights into the first
coordination sphere of Pu for the green peroxo compound,
the long-range structure in the solution (cluster, polymer,
colloid. . .) or in the precipitated solid remains undefined and
deserves further investigation.
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