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IRE conducts applied basic research to protect humans and
the environment from the effects of radioactive radiation.
For this purpose, we develop molecular process understand-
ing using state-of-the-art methods of microscopy, spectros-
copy, diffraction, numerical simulation, theoretical chemis-
try and systems biology. We implement this in a cross-
institutional research environment at the HZDR. Our active
interdisciplinarity combines radiochemistry, geoscienc es and

biosciences as well as materials science and reactor physics.

We provide knowledge that is applied in particular to reac-
tor and repository safety as well as in radioecology.

We achieve this goal with a unique infrastructure compris-
ing chemical and biological laboratories as well as hot cells
in corresponding radiation and biology safety laboratories in
Dresden, Leipzig and Grenoble. In Grenoble, at the Europe-
an Synchrotron Radiation Facility (ESRF), the institute oper-
ates a beamline with four experim ental stations for continu-
ously advanced X-ray spectroscopy and diffraction of radio-
active samples, which is also available to external users.
Again in 2021, the corona pandemic had in extraordinary
influence on our work. The laboratories were closed for sev-
eral weeks and the scientific exchange with collaborators,
partners, and friends was reduced to alarge extend. Never-
theless, 131 originalpapers were published in peer-reviewed
international scientific journals with an average impact fac-
tor of 5.29in 2021. The extraordinary broadness of research
topics and activities is illustrated below by some selected
highlights:

Within the framework of a national alliance, modeling tools
were developed and validated based on integral experi-
ments at the INKA test facility of Framatome GmbH, which
replicates the passive decay heat removal system of the
KERENA boiling water reactor at full scale. In addition, the
entire INKA test facility, including all passive components,
was modeled with the thermal hydraulic system m odel
ATHLET and successful validation was performed for three
different design -basis accident experiments(Y p.78).

lon irradiations, as a surrogate for hardly accessible neutron
irradiations, are an indispensable tool for the investigation of
the behavior of materials for nuclear environments. Howev-
er, the ion-induced microstructural damag e is limited to pm
layers and exhibits intricate depth dependencies hampering
the transferability to neutron irradiation. An important step
towards improved transferability was made by systematic
self-ion irradiations on a Fe-9Cr model alloy (proxy for can-
didate steels) clarifying these depth dependencies using
STEM. Dislocation loops were found to be arranged in char-
acteristic bands exhibiting noticeably different number den-
sities and mean sizes of the loops and their positions corre-
lating with the profile s of displacement damage and injected
interstitials. The ion energy and depth range suitable for
gaining meaningful information transferable to neutron ir-
radiation was identified ( Y p.84). Moreover, these results
bear valuable implications for the correct interpretation of

the last years. 2021 brought significant extensions of the
thermodynamic database coupled to this approach. Namely
the systems uranium-montmorillonite (with PSI Y p.43) and
trivalent actinides/lanthanides -muscovite (Y p.44) were suc-
cessfully published milestones. Moreover, the smart-Kq is
now implemented in the OpenGeoSys reactive transport
software (Y p.36) maintained by UFZ within the iCross
network project.

The basis for understanding and predicting the behavior of
radionuclides in the environment is a precise knowledge of
the processes at the molecular level and the interplay be-
tween the geosphere and biosphere. This year, by combining
state-of-the-art spectroscopic and microscopic techniques
and instrumentation, we have succeeded for the first time in
spatially resolving the speciation of europium in a multi-
component system, namely europium/calcite/ Shewanella
oneidensis Thus, the preferential interaction of europium
with extracellular DNA and surface proteins of the bacte-
rium was demonstrated (Y p. 63). This paves the way for fu-
ture investigation of complex environmental samples.
Using spectroscopy, X-ray diffraction and theory studies re-
garding the fundamental properties of the actinides have
explored new mechanisms for the in situ oxidation of tetra-
valent actinides (Y p.17) and the coordinative properties of
glucuronic acid, a simple biomolecule (Y p.14). In collabora-
tion with the University of Erlangen , we have also contribut-
ed to a study characterizing complexes of trivalent uranium
with ligands containing S -donor atoms. First studies making
use of the newly installed EPR spectrometer have revealed
interesting electrochemical properties in a bimetallic com-
plex containing Sb and Ru (Y p.29).

Furthermore, we have expanded previous work investigat-
ing the retention prope rties of K-feldspar to include natural
and synthetic Ca-feldspars (Y p.47) and studied the impact
of naturally occurring anions on the retention of trivalent
rare earth and actinide elements (Y p.44).

In a French-German cooperation together with the Universi-
té de Lille and the HZDR Computational Science Group, the
complexation of trivalent curium with aqueous phosphates
was newly investigated by spectroscopy and ab initiosimula-
tions. For the first time, in addition to Cm(H Y0l)y, dlie for-
mation of Cm(H POI)y wlas unambiguously established. The
results are essential for understanding fundamental actinide
coordination chemistry and clarifying the often -emphasized
analogy of actinides and lanthanides as well as for predict-
ing actinides migration behavior in a nuclear waste reposito-
ry (Y p.15). Starting in 2022, the successful collaboration is
consolidated with a joint supervision of a doctoral t hesis.
After a successful restart in 2020 at the world-wide fir st 4D
generation synchrotron (EBS-ESRF), the Rossendorf Beam-
line has now all four experimental stations running in full
user mode. XES, the 5crystal spectrometer for high -energy-
resolution X-ray absorption and emission spectrosco-
py(Y p.23); XAFS, with the world z first multi element Ge
detector with CUBE amplifiers; XRD -1, the 6-circle Huber
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diffractometer for surface and high -resolution powder dif-
fraction; and XRD-2, the Pilatus 2M diffractometer for single -
crystal and in situ diffra ction (Y p.19). On XES and XAFS,
the first experiments involving trans -uranium actinides have
been successfully conducted. Last but not least, both spec-
troscopy stations have demonstrated their superior perfor-
mance by obtaining excellent spedra in the sub-ppm concen-
tration range.

The surface reactivity of crystalline matter determines im-
portant properties such as the migration of radionuclides
and the evolution of porosity and permeability. We present a
novel parametrization of reactive trans port models towards
heterogeneous surface reactivity leading to improved quan-
titative predictability of dissolution reactions (Y p.35). An-
other application is the valid quantification and prediction of
the heterogeneous sorption of radionuclides on crystal sur-
faces, asshown by a combined experimental and numerical
study (Y p.38). Solute transport and fluid flow are govern-
ing factors in reactive transport. The upscaling of small -scale
transport processes in complex geomaterials remains an im-
portant task for our research. For improved prediction of ra-
dionuclide migration in laminated and lay ered argillaceous
rocks with complex diagenetic products, advanced numeri-
cal upscaling workflows are required, as demonstrated in
the example of heterogeneous diffusive transport in Opal-
inus clay rocks (Y p.37). The treatment of plastic waste by
biodegradation is a very promising approach. This is im-
pressively demonstrated by the first spatially resolved data
sets of biodegradation kinetics using rate maps (Y p.40).2D
and 3D materials are investigated, particularly with respect
to their electronic properties and the possibility of tuning
these properties to the desired applications. For instance, in
the van der Waals heterostructures of transition-metal
dichalcogenide monolayer with a 2D perovskite, we show a
novel band alignment, allowing only hole transfer b etween

the two building blocks (Y p.28). In other contributions, we
investigated, together with experimental partners, novel no-
ble-metal chalcogenides and metalorganic frameworks,
which are promising for efficient photoelectrocatalytic water
splitting and highly sen sitive photodetectors, respectively
(Y p.3D.

Beside these highlights, we obtained many other new scien-
tific results in the past year, which are presented in this an-
nual report.

In the last year, more than 180 scientists and techniciars
were employed at the Institute of Resource Ecology. Thereof,
49 Ph.D. students worked at the institute in 2021.

In retrospect of a challenging but at the end successful year
2021, | would like to thank the visitors, German and interna-
tional ones, for their interest in our research and for their
participation in the institute seminars. Although it was very
limited in 2021, we will continue to encourage strongly the
collaborations and visits by scientists in the future. Special
thanks are due to the executive board of the HZDR, the Min-
istry of Science and Arts of the Free State Saxony (SMWK),
the Federal Ministry of Education and Research (BMBF), the
Federal Ministry for Economic Affairs and Climate Action
(BMWK), the Deutsche Forschungsgemeinschaft (DFG),lie
European Commission, and other organizations for their
support.

Tt S,

Prof. Dr. Thorsten Stumpf
Director of the
Institute of Resource Ecology
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Synthesis and characterization of a U(lll) arene-anchored tris-thiophenolate complex

DrPividori,t MrEfMiehlich! BrKestel! FiiNrHeinemannt ArScheurert MiPatzschke KriMieyet
IFriedrichrAlexanderUniversity ErlangerNQOfberg (FAU), Department of Chemistry and Pharmacy, Inorganic Chemistry, Erlangen, Germany

Large scale DFT and multi -reference calculations have
been performed on U(lll) complexes to gain deeper un-
derstanding of the U(lll) -S bond.!

The group of Karsten Meyer has long experience with an-
chored aryl-oxide ligands. In a recent series of experiments
the oxygen in these was replaced by sulfur, leading to lig-
ands of the general structure depicted in Fig. 1.

& C A O IS¢hentatit drawing of the ligandlhe anchor A is mesitylene an
is the adamantyl rest

METHODS. The anchor can be either triazacyclononane or
mesitylene. The three thiophenolate groups carry two bulky
adamantyl ligands each. Theligand synthesis is a seven step
procedure starting from 2 -adamantyl -4-methylphenol and
has an overall yield of 12%. Adding [U(N -(SiMepYd to a
suspension of the ligand in cyclohexane yields the target
complex. The identity of which was confirmed by NMR and
SG-XRD. The target complex [U" ((SAr$d-Me)pmes)] shows in-
teresting structural and magnetic properties which led to a
computational investigation of the complex and its tris-
aryloxide counterpart.

Optimizations of the structures of the two complexes were
done atthe DFT level of theory employing triple -¢basis sets
and the PBEO functional. Dispersion corrections according to
Grimme were used and scalar relativistic effects were taken
into account by a small core ECP for uranium. The calculat-
ed structures agreed extremely well with crystal structures.

& C A D ISteutture of [UM((SAr™)@nes)] (left) and [U"((OAF™)@nes)
(right).

RESULTS. A striking first observation is the structural dif-
ference between the S and O complexes as depicted ifrig. 2,
while the C1 0Ot U bond angle is 126°, this changes to 93° for
the Ct StU angle. The rea®n becomes evident from a look at
the orbital contributions to the U ¢ O and Ut S bond. The Ut S
bond has a predominant p contribution from sulfur, while it

is a clear sp hybrid for oxygen. The s-p hybridization does
not work for sulfur as the energy differen ce between the 3s
and 3p orbitals is too large.

This difference is even reflected in the magnetic properties of
the complexes. The EPR spectra for both differ significantly.

While the U -O complex shows only a mildly oblate uranium
with g values of 1.58, 146 and 1.2, the US complex shows a
greatly increased axiality with g values of 3.06, 2.85 and 0.96.
To corroborate the change in axiality, multi -reference calcu-
lations (CASSCF(3,7)) on a smaller model system were per-
formed. In the model the adamantyl rest s as well as the me-
thyl groups of the mesitylene anchor were replaced by hy-
drogen. The resulting structure was optimized and then its
electronic properties compared to the whole complex, only
minor differences in the U(ll) environment were found. The
subsequent CAS calculation gave g values of 2.93, 2.93 and
1.03 for the U-S compound, in excellent agreement with ex-
periment.

The Ut S bond was further analyzed by the QTAIM (quan-
tum theory of atoms in molecules) method and by the close-
ly related method of inte racting quantum atoms (IQA).
These calculations showed, that the UtS bond is indeed
quite strong with a delocalization index (DI) of 0.65, but, in-
terestingly, still slightly weaker than the U +O bond
(DI =0.72). The IQA method was then employed to deter-
mine covalent contributions. While the U+O bond is pre-
dominantly ionic with a covalent contribution of 19 %the Ut S
bond shows 39% of covalent contribution, which explains
the much more oblate behavior of the U-S complex. This is of
course another example ofthe HSAB concept at work, the
relatively soft U(Ill) forms stronger covalent interactions
with the softer sulfur ligand.

From the QTAIM analysis it also becomes apparent, that the
mesitylene anchor also interacts with U(lll). This interaction
is relatively weak (DI =0.2 for the U-S complex), but it shows
a very high covalent contribution of 48 %. This interaction
becomes even visible in the spindensity of the complexes,
here depicted for the U-S complex in Fig. 3. This interaction
is comparable in both ligands. As can be seen inFig. 2, the
U(lll) center is still approachable by other species, despite
the bulky adamantyl rests, suggesting possibilities for inter-
esting chemistry at the metal center, which will hopefully be
revealed in further studies.

& C A B IS@IN density of[U"((SAf™)@nes)] left viewed from the to
through the adamantyl groups, right viewed through the mesitylene ancl
Blue alpha excess, red beta excess (spin polarization).

[1] PividoriH "e8al3(2021)inorg. Chem60H ' XXB 5 b & ' XXB XKp 1
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Structure and thermodynamics of Eu(lll) and Cm(lll) complexes with glucuronic acid

SReese PPKaden Gysraylor, RKloditz, MriSchmidt

We have studied the interaction of Cm Z alidd EuZ @ith
glucuronic acid (GlcA) , a simple sugar acid. Time -
resolved laser-induced luminescence spectroscopy
(TRLFS) shows that complexation at pH 5.0 occurs only
at high ligand -to-metal ratios in the form of 1 @l ¢gom-
plexes with standard formation constants

log $U=1.84+0.22 for EuZ aiad log $U=2.39+0.19 for
CmZ.d¥ combination of NMR, QMMM, and TRLFS re-

complex. The difference between the constans is surprising-
ly large, corresponding to a 43¢6-fold increase for Cm. In ad-
dition to log ¢, a specific ion interaction theory (SIT) interac-
tion parameter was determined.

The origin of this difference in stability can be characterized
by determining the structures of the formed complexes.
TRLFS shows that il gomplexes form, which bear 5@ wa-
ter molecules in addition to GIcA, while pH dependent

YT EOUwUT 1 wOUOUUEOUUI wOF wUOT 1 wE O dheaburements dndidate intolvemienE 6 iat least one OH-

sandwich -U U U U E wherein theuigand binds through
its carboxylic group, the ring oxygen, and a hydroxyl
group. Surprisingly, Y Z,direfers a different coordination
geometry, bonding to the opposite side of a distorted
GlcA molecule. QMMM simulations indicate that the
differ ences in stability between Cm, Eu, and Y are relat-
ed to ring str ain induced by smaller cations.

Complexation by small organic ligands controls the bioa-
vailability of radionuclides and influences their mobility in
the geosphere.Glucuronic acid (GIcA) is a simple sugar acid,
which is a common building block of extracellular polysac-
charides (EPS), a ubiquitous biomolecule involved in nu-
merous biochemical processes, e.g. biomineralization. [
Thus, we have studied the complex formation of GIcA with
Cm(lll) and Eu(lll) using TRLFS and NMR spectroscopy, as
well as QMMM calculations. @

EXPERIMENTAL. All experimental and computational de-
tails are available in the literature.[@ Briefly, three types of
experiments were performed by TRLFS: (i) variable ligand
concentration at fixed pH 5.0 and several ionic strengths (Cm
and Eu), (ii) varying pH from 5¢@ at | =0.1M, and (iii) ligand
concentration series in the presence of CQ (Eu only). All
luminescence measurements were carried out in solution at
room temperature. The samples were resonantly excited us-
ing a tunable OPO laser system pumped by a Nd:YAG laser
(both Continuum, USA). Eu(lll) was excited viaits most in-
tense absorption band corresponding to the (F5YdiL3 transi-
tion at 394.0nm, while the most intense (ZYddlz8 transi-
tion at 396.6nm was used for Cm(lll) excitation. NMR spec-
tra were recorded on a Varian Inova 400MHz spectrometer
operating at 399.89MHz for *H and 100.56MHz for 3C, re-
spectively. The solvent DYO was used as internal standard.
Equilibrium Quantum Mechanics/Molecular Modeling
(QMMM) simulations were conducted of eac h of Eu(lll),

"Op( (( KOWEBEWS ( ( ( AwpdOi wi EET QETITG THS GNelERS & GaYseiviBrEmales Qrsiraut o 1

curonic acid where the metal was placed either above or be-
low each anomer for a total of twelve configurations.

RESULTS. TRLFS shows a continuous increase of the
(P SY0IFY/ (P SYdYFy peak ratio with increasing ligand con-
centration for Eu(lll) and a corresponding peak shift to high-
er wavelength for Cm(lll). Concurrently, lifetimes increase
in both systems, indicating the occurring complexation reac-
tion. Peak deconvolution with subse quent fluorescence in-
tensity (FI) correction yields a speciation of the trivalent
metals, which only reaches ~$0% complexation even at very
high ligand -to-metal (L/M) ratios ~&00,000.

From this speciation complex, formation constants can be
derived for both, Cm and Eu, by slope analysis and extrapo-
lation to infinite dilution. The complex formation constants
are found to be log¢WCm)=2.39+0.19 and

log dYEuU) =1.84+0.22, respectively, for the [M(GIcA)]y dz

group in binding to Eu. Paramagnetic NMR spectroscopy in
combination with QMMM simulations was used to identify
which functional groups bind to each metal. NMR data
analysis was complicated by the fact that the chosen dia-
magnetic reference, Y(lll), exhibits a different structure than
both Eu and Cm. Nonetheless, the NMR results suggest
bonding of Eu through one or two OH -groups, the ring oxy-
gen O-5 as well as possibly the carboxylic acid group on C-6
(Fig.1D). On the other hand, Y(Ill) appears to bind to O-2
and O-4 on the opposite side of a distorted GIcA molecule
(Fig.1C).

& C A O Dépiction of Y(lll) simulation starting geometries with
d-AF O= OL | H Gglucuroni€aeid #&d (€) tHe underside of a distor
d-glucuronic acid onformation. The most stable configurations from tl
QMMM simulations for (D) Eu and (E) Cm are shown below.

We applied QMMM simulations from various starting con-
ditions for all three metals to determine likely complex struc-
tures. The simulations show that Cm consistently binds to O -
3, O-5, and O-6. In contrast, Eu also binds to all three, but
only maintains contact to the carboxyl O-6, while interac-
tions with the ring oxygen O -5 and O-3 broke and re-formed

dius of Eu relative to Cm. Bl The yet smaller Y cannotsteadily
interact with any G IcA conformer and forms a stable com-
plex with a highly distorted molecule instead revealing in-
teractions with O -2 and O-4 as well as carboxyl O-6 and ring
0O-5(Fig. 1C), which would be found on opposite sides of the
pyranoid ring in less distorted configur ations (Fig.1A).

[1] Ariadd " *etal. (2008)Chem. Re\L08, 4475k4482.
[2] Reesd) "etaln(2021)inorg. Chem60, 1466 714678.
[3] Shannord * A1976\ata Crystallogr. 82, 751K767.
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Impact of temperature on the complexation of Cm(lll) with H lPPO&wm insights from
thermodynamics

Njordan, NiHuittinen, IJéssat FRéal* Vivallet! SStarke?
LUniversity ofLille, CNRS, UMR 8523, PhLAM, Lille, Fra@oenputational Science Group, Department of Information Services and ComputiHigDR

The complexation of Cm(lll) with H  #POIlLWas investi- 1.5 ™
gated at temperatures between 25 and 90°C using laser- Cm(H,PO,) &=log [H]=1.00
induced luminescence spectroscopy. Two complexes Q 1.2+ - O -log [H"] = 2.52
namely CmH POl yartk Cm(H tPOI)s digre identified. + 5 ‘_'x‘}% ¥ —log [H'] = 3.44
371 wbOUI T UEUI EwYEOs Ow' O i wi gUI 094 Loz .?%" O —log [H'] = 3.65
molar enthalpies and entropies of reaction for both UE) %;55:‘ W .
=] et - - confidence intervals
complexes. = 06 ‘.:;%:
EXPERIMENTAL. For the luminescence spectroscopic in- 0.3 +
Y1 UUDPIT ELdH0560mY performed at 25°C, sample A
rows with | =0.5, 1.0 and 2.0nol LLIXJwere prepared using 0.0 — T T T T T T
NaClO| as background electrolyte. The concentration of e
y €rg was 8.76xhuY drJs.16xhu Y rhd¢L 12 The proton concen- lonic strength / mol-kg™
tration was 3xhuY rhdEL 1n all samples. The phosphate con- .
centration varied between 0 and 0.055mol L1XJ Additionally, 154 Cm(H,PO,); 3 0 - log [H'] = 2.52
experiments were performed at Nogs [Bl dz= 3.44 (I=1.0 and o 124 ¥ —log [H*] = 3.44
2.4mol L%y and 3.65 (I=3.0mol L1%). Furthermore, the impact © _/’ O~-log[H'] =3.65
of temperature (25 to 90°C; | = 1mol L1J on the complexation i %, == fit .
was investigated. 5 06 S -~ confidence intervala
S o3d.-ET
RESULTS. With increasing phosphate concentration the —&5
emission spectra of Cm(lll) at 25°C were shifted towards 004.- B
higher wavelengths indicating an increasing complexation. [ 03 — T
After decomposition, the pure spectral components of the 00051015202530354.0
Cm2Z dquo ion, the CmHYOI yamid the Cm(HYPOI)s ddm- lonic strength / mol-kg™"

plexes as well as their luminescence intensity corrected spe-
cies distribution were obtained. ! The determination of the
conditional stability constants at 25 °C was performed on the

molal scale assuming the following chemical reaction (n =1 ] .
and 2): 4 ; <IFBnthalpy and entropy valuesierived for the Cm(HPC92$ and

CmHPOYH=1 GIF?R?M OMCHA NB? CHN?AL

& C A O Lifear SIT regression plot for timmplexes oCm(HP 920 (A) anc
Cm(HPOYmH(B) at 25C

Cmz dh HPOIl 2 Cm(H PO, fLleNEHA Hdz

Vigr  Ver
NGNS !
which was confirmed by slope analysis.d The conversion Complex (kJOOOFOOCLN
from molar to molal scale and the derivation of molal con- Cm+' p/ zICmHY . | Aydi 14.2+1.1 56.1+3.3
centration of the free HpPOI was performed as described "OZ® p/ zICmHY . | A& 0227+1.8 77357

elsewhere[*2 By applying the SIT equation, (3 the following
values at infinite dilution were derived: log 5 ¢8)>=0.45+0.04
(CmHYOI Yad# logs ¢i)=0.08+0.07(Cm(H OIS )dEig. 1).
Furthermore,  the ion interaction coefficients,
Q" GOl yai® I 0.17+0.04kg mol 11 and
Q" GIONS ; @0I1DI= NopLo+ 0.06kg mol Lidvere obtained.

under circumneutral and slightly alkaline pH conditions.
However, finding suitable solution conditions while avoid-
ing Cm/Eu -phosphate precipitation will be challenging, even
with a highly sensitive method such as luminescence spectros-

. copy.
Our results clearly show, that any approach exclusively Py

based on charge consideration and neglecting the size and —

structure of the complex (e.g, its electron density distribu- [1] Huittinent ' etaf} (2021)inorg. Chem 60, 10656K.0673.

[2] * 1 L > ;ethH(2018)norg.Chem57, 70157024.

tion) _tq derive default values for non -available |[§)n interaction [3]" L 2 H NeBaR (020)Second Update on the Chemical Thermodynam-
Cogﬁlglents, should be used_extremt_ely carefully.2 _ ics of Uranium, Neptunium, Plutonium, Americium and Technetium.
With rising temperature an increasing Cm(lll) complexation Chemical Thermodynamics Volume @ECD Publications, Paris.

was observed !t For the extrapolation to infinite dilution, the [4] ThoenerY "etlln(2014) PSI Bericht Nr. $84, Villigen, Switzerlagh

ion interaction coefficients derived at 25 °C were assumed to [5] Puigdoménecty ethlA1999),Temperature Correctiort® Thermody-
namic Data and Enthalpy CalculatignBDB4, IssyLesMoulineaux,

be constant in the temperature range from 2510 9CC8The Franco OFCD Nuclear Eneray Agency, - o
DOUI TUEUI EwYEOz Ow' O I wi BUE UD O Gopbsits doadoz) i bldodidda WET UDYT wx OUDPUDYI w
standard molar enthalpies and entropies of reaction for both

complexes (Tab.1), indicatin g an endothermic and entropic

driven complexation. [3 For the first time, the formation of

the Cm(HYOI)s damplex was spectroscopically assessed

and consistent thermodynamic data was obtained. Similar

studies were conducted for Europium, which will allow dis-

cussing how reliable the analogy between lanthanides and

trivalent actinides is. [§ Furthermore, the authors are aiming

at exploring other aqueous Cm(Ill)/Eu(lll) -phosphate species
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Covalency trends in An(IV) mono(silen) complexes

MriKiBlei, LiIKiWaurick MPatzschke KnorKvashning JiMarz

Series of U(IV) mono(salen) complexes of the type
[UXYsalen)(THF)Y were synthesized and characterized
by HERFD-XANES (High Energy Resolution Fluores-
cence Detected X-ray Absorption Near Edge Structure)
measurements to get a deeper understanding of the co-
valency trends induced by varying the halides (X). An
increasing covalency in the U ¢ X bond from F via Cl to Br
was found.

Previous quantum chemical calculations showed unexpected
large covalent contributions for actinide halide bonds. 1 A
deeper understanding of the binding character of these
bonds can be derived from series of isostructural complexes,
e.g.by using HERFD-XANES. The salen ligand has been
found to be a suitable system (seeFig. 1), which is able to
form 14l gomplexes with tetravalent actinides of the type
[AnX Ysalen)(solv)y. The variation of the system of the
mono(salen) complex offers the possibility to analyze the so
far hardly described binding properties between halides and
actinides.

& C A D IM8no(salen) uranium(lV) complex witiwo coordinated THF sc
vent moleales and two halideX(X=F, ClI, Br))l

EXPERIMENTAL. U(IV) mono(salen) complexes were syn-
thesized by dissolving 1eq. U(IV) bis(salen) complex in
MeOH and adding 1.1 eq. UCII. By using the corresponding
[UI(EtYO)Y salt, the complex [UlYsalen)(MeOH)Y was syn-
thesized. By evaporating MeOH and dissolving th e com-
plexes in anhydrous THF [UCI Ysalen)(THF)Y as well as
[UlYsalen)(THF)Y was formed. [UBr Ysalen)(THF)§ was syn-
thesized by dissolving [UCI Ysalen)(MeOH)Y in anhydrous
THF and adding SiMe (Br. The resulting suspension was cen-
trifuged and remaining so Ivent was evaporated. The com-
plex [UFYsalen)(THF)§ was prepared by the addition of
TBAF (t-butyl ammonium fluoride) to the dissolved complex
[UBrYsalen)(THF)Y in anhydrous THF by centrifuging the
suspension and evaporating the remaining solvent .

In ord er to investigate the effects of the halide exchange on
the binding situation at the U(IV) center, HERFD-XANES
measurements were conducted at the Rossendorf Beamline
(ROBL) of the ESRF.

By exciting the M| X-ray absorption edge of U(IV) at 3728eV,
on the one hand the number of f electrons of an actinide in
the ground state and thus its oxidation state can be deter-
mined. Furthermore, such a measurement allows conclu-
sions to be drawn about the electron density at the actinide
and thus about the covalency of the coordinative bonds.[?

RESULTS. In Fig. 2, the HERFD-XANES spectra of the series
of mono(salen) U(IV) complexes [UXYsalen)(THF)Y with
varying halide substituent X (X =F, Cl, Br, I) as well as UG

and UO% yefidrence substances are shown. The strong ab-
sorption band around 3725eV confirms the tetravalent oxi-
dation state based on the UCkreference data. However, the
broad absorption band including maxima at higher energies
of complex [Ul Ysalen)(THF)Y point to at least one further
oxidation state in addition to U(IV). Unfortunately, due to
the different species, the absorption energy and intensity of
the iodide comple x cannot be used for comparison with the
other complexes.

0.5 +lV

—— [UF,(salen)(THF),]
[UCl,(salen)(THF),]
[UBr,(salen)(THF),]

u.)

— U0,
[Ul,(salen)(THF),]

normalized Intensity (a.

Nl N

e s

T T T T T T 1
3724 3726 3728 3730 3732 3734 3736
Energy (eV)

& C A B The hormalized Intensity against measured Energy of the com|
?M 658n6M; ERQHe®RY&bLY P8 ; H> NE
57 4]

For the other complexes [UXYsalen)(THF)Y (X =F, CI, Br),
the following trends become clear: The intensity of the ener-
gy maximum increases from the fluoride complex via the
chloride to the bromide complex which indicates an increas-
ing covalency of the halide bond to the uranium This ten-
dency is confirmed by a slightly decreasing absorption ener-
gy, which equates to an increasing electron density at U(IV).
The increasing covalency in the Ant X bond from Fvia Cl to
Br can be explained by the increasing size of the halides and
thus decreasing hardness, leading to a better polarizability of
the halides.

A higher covalency and correspondingly higher electron
density at the U(IV) is also confirmed by NBO ( Natural Bond
Orbital) analysis. This shows a decreasing charge (increasing
electron density) on An(lV) (Th and U) within the
mono(salen) halide series (F, Cl, Br, 1) with a particularly
large decrease between F and ClTherefore, it was found
that the high er the polarizability of a donor (halide) the more
covalent is the character of the bond with uranium.

[1] Radoské] "etln(2020)Chem Eur. J26, 16853k16859.
[2] Butoring ' 3etmal. (2046)Proc. Natl. Acad. Sci. U.S.23, 8093i8097.
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Synthesis of a uranyl(VI) pureN-donor complex via TEMPO mediated oxygen transfer
, N+ BFML'Y M, -MAL =BGCSNOGJ @

Synthesis of the hexavalent uranyl complex

Li(thf) HUO ¥Cl(pyren)] (1) with the N-donor ligand
N,N'-ethylene -bis((pyrrole -2-yl) methan-imine) (H 4.,
HYpyren) was achieved on the one hand via classical salt
metathesis reaction. But on the other hand, oxidative ox-
ygen transfer with (2,2,6,6 Tetramethylpiperidin -
1-yl)oxyl (TEMPO) was shown to convert the tetravalent
complexes [U(pyren) § (2) and [UCI Ythf)(pyren)] (3)to a
hexavalent uranyl complex in 1 @l ¢gtoichiometry. The
formation of similar uranyl complexes for the different
routes was proven by NMR and a mechanism suggested .

Due to their different degrees of mobility in the envir on-
ment, exploring the accessibility of the different oxidation
states of uranium plays a crucial role in the risk assessment
of future nuclear waste repositories. In deep geological for-
mations with reducing conditions, the tetravalent state is ex-
pected to be predominant and least mobile. Nevertheless,
formation of the mobile uranyl(VI) ion might be possible
through organic oxygen transfer agents. Exemplarily, (2,2,6,6
Tetramethylpiperidin -1-yl)oxyl (TEMPO) is used in the follow-
ing investigations, to see, if oxygen transfer can be realized
through such compounds.

EXPERIMENTAL. A: N,N'-ethylene-bis((pyrrole-2-yl)me-
thanimine) (H tpyren) was deprotonated by the base lithium
diisopropylamide (LDA) in thf and stirring at room tem-
perature. After 20 minutes, UO%CI5in thf was added to the
solution, leading to an immediate color change to intense
dark red. After one day , volatiles were removed in vacuum
and the product was received as red powder. Crystals were
grown by layering a saturated complex solution in thf w ith
cyclohexane.

B: An excess of TEMPO in thf was added to an orange sus-
pension of [U(pyren) § and [UCI Ythf) §pyren)] in thf . After
stirring for 3 h the reaction mixture slowly starts to turn red.
The completeness of the reaction was accomplished after ore
day. Then all volatiles were removed in vacuum, yielding
the product as red solid.

RESULTS. The synthesis of a uranyl complex in 1§l étoichi-
ometry with the pyren ligand was conducted viatwo differ-
ent paths (seeFig. 1). One possibility is the reaction between
uranyl chloride and the deprotonated ligand (path A). Inter-
estingly, a complex anion is formed, exhibiting a cation -

Vs T M,
A /“‘"’f‘? Tl IN’(:'H__‘
5 oY o
/N 1.LDA 4=N o= T ol
N N)\ 2.U0,Cl; SE{;\‘\QG/;S \ P
= e - 29 0 «;5\ E N //%
< NH \—; cl 0 \{ ;/.?T’ .
Lifthfs !___{ j (T
B 1
=N N= N\
’;( \I = 4—N§ﬁN— _N\ /N:H
o=V TEMPO 3 8] - TEMPO
= /U\ JT—’J 2@>9£’b — E{;/u\'“\—n\;
=N N= thf” O “thf mré Cl Mt
2 3

& C A D ISyhthesis paths leading to a uranyl complex with ligand pyrer
Salt metathesis reaction resulting in the &mic comple
, CONB @e O 6 53)(A). ®FdatibrEok tite teadaledt complexes throu
the oxygen transfer reagent TEMPO (B).
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cation interaction between the uranyl oxo lig and O2 and a
lithium ion (Fig. 1). Hence, an increased W O2 bond length
of 1.7996A EOOXxEUI Ew0Ow 4+ .
found, indicating bond weakening and thus potentially acti-
vation. Nevertheless, similar values for the different bond
lengths are reported in literature. [+ Analysis in solution by
'H NMR shows only one signal set in a range typical for di-
amagnetic species, verifying that the highly symmetric ani-
onic complex structure is preserved in solution.
Furthermore, the tetravalent uranium complexes 2 and 3
were chosen as starting material to synthesize a neutral hex-
avalent complex suitable for comparison (Fig.2). *H NMR
analysis of the reaction with TEMPO shows very good
agreement with the spectrum of complex 1 (Fig. 2). With re-
spect to this and charge balance for a +Zharged uranyl cen-
ter, a suggestion of the formed product is given in Fig. 1. Im-
purities arise from ligand species in solution. Very small de-
viations of peak positions of 0.5 ppm in maximum could be
explained by the formation of a neutral instead of an anionic
complex. Regarding the reaction mechanism, oxygenatoms
are subsequently transferred from TEMPO to the uranium in
a redox reaction.®l

These investigations depict, that conversion of UV to UVOS% y dz

is possible via oxygen transfer agents even under reducing
conditions. This might have an impact on the mobility of
these species and should be considered in future risk as-
sessments.

Following work will focus on crystal growth of the products
from the reactions with the tetravalent complexes to verify
the predicted structures and undertake bonding analysis as
well as comparison to 1. Furthermore, the reaction proce-
dure will also be applied to other tetravalent actinide com-
plexes, such as [NpClthf) Y¥pyren)], to investigate if oxida-
tion is possible there as well.

[1] + F; G G RKtal' (2p20%wgrg.Chem59, 23¥31.
[2] #1 QC ? & al.(2619)@hemRev.119, 1059510637.
[3] &I L N €tall(291)3./Am. Chem. Sdt33, 1422414227.
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Uranyl(VI) citrates: comprehensive determination of aqueous solution molecular structures

and complex formation constants

JrKretzschmar Sfrsushima AfRossberg RSteudtner, KriMiller, FBok, Kischmeide \fBrendler

This research addresses a subject discussed controver-
sially for over 70 years. Both the molecular structures
and the aqueous speciation of dimeric and trimeric ura-
nyl(VI) citrate complexes were determined from acidic to
alkaline pH ranges by means of a unique multi -method
approach supported by DFT calculation. Species distri-
bution calculations suggest that polynuclear U(VI) cit-
rate species do not significantly increase U(VI) mobility
in the environment.

EXPERIMENTAL. Sample preparation procedures, used
spectroscopic techniques and details on quantum chemical
calculations can be found in our recent paperst2

RESULTS. The polynu clear U(VI) complexes forming with
citric acid (H pCitn#t],) are characterized by tridentate coordi-
nation, involving the deprotonated hydroxyl group and two
out of the three carboxylates. The remaining third carboxyl
group can be either protonated (HCit nj#L)Jor deprotonated
(Citnjet))

c4. ¢" b0 &' . g .

4. *"pU0O . k ¢TcTe ¢ Tiphkt (1)
o4 . o b0 ' . k'

4 . . "bPU kolo 2)
g4 . ¢" BP0 1", k'

4 . . . "pU kol 3

Combining Y@ NMR and DFT calculation allowed for un-
ambiguous assignment of complex configurations, evidenc-
ing that the binary (n=0) dimeric 2/2/0 complex exists as
two diastereomers, with the synisomer in aqueous solution
strongly favored over the anti isomer. Upon increasing pH
above ~4, at first ternary (n =1, 2) dimeric mono- and bis-
hydroxo U(VI) citrate 2/ &/¢ and 2/@/@ complexes form. Then,
at neutral pH, ternary trimeric 3/ @ and 3/ complexes pre-
dominate. For all these species stability constants were de-
termined (Tab.1).

UV-Vis and ATR FT-IR spectra reveal the successive for-
mation of ternaryU(VI) citrate hydroxo dimeric species. Both
spectroscopies refer to features directly correlated with ur a-
nyl(VI1). In case of IR, the uranyl entities show a decrease in

the UOS4 entities upon deprotonation of the uranyl(VI) -
coordinating water are caused by hydrolysis within the bina-
ry U(VI)-citrate dimeric complex according to
U-OHH Y U-OH +Hdz

Increasing pH causes the 28/@ species to break down so that
the HCit njLligand is released, thereby forming Cit3LJThe
consecutively emerging 3/@ complex then forms by reaction
of the trinuclear uranyl(VI) hydrolysis speci es
(UOYHupO)(OH) p with three Cit 3Lthereby (again) releasing
the alcoholic hydroxyl protons to finally yield
(UOYHup-O)(Citnj)pLaUpon further increasing pH, the com-
plexes with U(VI)/Cit ratio equal to unity are displaced by
(UOYHupO)(u&OH)(Cit njys Lzh species with U(VI)/Cit ratio
of 1.5, which can be seen as the replacement of citrate by
OH La&s ligand. The computed speciation distributions imply
that in general the inorganic U(VI) hydrolysis species are the
precursors for the polynuclear U(VI) citrate complex species.
That is, even for 10Gfold citrate excess no polynuclear spe-
cies form as long as the U(VI) solution is sufficiently diluted,
such as 1QgM.

For U(VI) concentrations of about 10LgM, corresponding to
the pgLlJrange, only the mononuclear 1/1 species,
(UOY(HCit) LIplays a role. Taking into account that as of
5xhuy MJ3(VI) and excess ligand the formed U(VI) citrate
complexes are polynuclear, in some technology-affected
natural environments (issue of TENORM ¢t technologically
enhanced natural occurring radioactive materials) both the
U(VI) and the (organic) ligand concentration probably reach
values that promote formation of polynuclear complex spe-
cies. However, these polynuclear complexes are still only
minor components compared to competing inorganic U(VI)
complexes, namely hydroxides, carbonates and hydroxycar-
bonates. Thus, calculations of the species distribution sug-
gest that the characterized polynuclear U(VI) citrate species
do not significantly increase uranium mobility in th e envi-
ronment. From a safety and risk assessment perspective, this
is good news.

Additionally, uranyl(VI) citrate complexes are important for
environmental remediation concepts of uranium -contamina-
ted sites. For instance, in microbial degradation and immobi-
lization these readily bioavailable species are well-suited
electron-donor bearing precursors for biogenic reduction of
mobile U(VI) complexes to immobile U(IV) -oxide species.

UT1 PUWEOUDPUAOOI UUPEwWUOUHUOH] POT wYDEUEUDOOwWI Ul gUI OEaOw?

The incremented increase in absorptivity in ligand -to-metal
charge-transfer (LMCT) transitions observed in the UV -Vis
spectra essetially refer to the uranyl(VI) as the chromo-
phore. The structural changes occurring in direct vicinity of

4 ; <1F Stability constants of agueous dimeric and trimeric U(dtjate spe-
cies, calculated fozeroionic strength according to the Davies equation

log ¢(1)*
Species 1=0.1M 100
2/2/0 19.7£0.2 22.1+0.2
2/2/1 13.820.2 15.5+0.2
21212 6.5+0.2 7.4+0.2
3/3 N5.4+ 0.4y N{8.6+0.4)
3/2 Ng1.0+ 0.9F N§1.0+0.9)

& +2h, Y0.1M NaClO |, UV-vis; « 0.1M NaCl, ATR FT-IR.
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[1] + L 2 N T M=eBaG(2020)Chenm Commur6, 13133/13136.
[2] Kretzschmd. Hetal. (2021)inorg. ChemB0, 7998#801Q
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High temperature diffraction at ROBL

#n' (BHEGAN3IBANREE>?CM?H
1HZDR, Mechanical Engineering, Dresden, Germany

In situ powder X1 # OwU1 ET1 O00awbpOx 01 01 6C
XRD-2 diffractometer, is a powerful technique to study

phase transitions and structural modifications as a func-

tion of temperature, with various applications in kinet-

ics, catalysis and thermodynamics.

The diffractometer X RD-2 can be equipped either with a hot
gas generator / Cyberstar {ig.1), or a heating chamber
HTK1200N / Anton Paar (Fig.2).Y The hot gas generator is
able to heat a sample up to 850C using an Eurotherm con-
troller. The temperature is remotely contro lled with the Pyla-
tus software.l? Samples can be measured exclusively in
transmission mode using quartz glass capillaries of typically
0.3mmiin dlar_neter. The capillary is rOt.ated Wlt.h one of the & C A 8 IMadified goniometer support for samples in reflection geome
standard goniometers and can be aligned with the long- using HTK1200N. Goniometgruber (grey) mounting plate for the goniorr

distance microscope (top right in Fig. 1). ter (green), adapter unit between heating chamber and support (yellow
i blue).

in reflection geometry (Bragg-Brentano and grazing inci-
dence), the heating chamber is mounted on a specially de-
signed goniometer (Fig. 3).

The dehydration of CaSOI 2H#Ohis shown as example for a
temperature -dependent phase transformation.
b-CaSO @5H¥ONSG PI2s) is formed by dehydration of
Casd ZH#OH (SG 12/a) at temperatures above 120C
(Fig.4/1). Soluble anhydrite (CasSd, SG C222) forms around
130°C (Fig.4/2) and transfers around 350°C (Fig.4/3) into
insoluble anhydrite (CaSOI, SG Amma). The experiment was
performed with the hot gas generator with a heating rate of
three degrees per minute. Figure 4 shows the registered pat-
tern as function of temperature using the MEDVED soft-
ware. MEDVED (Modulation -Enhanced Diffraction Viewer
EQEwWs$ #PUOUAWPUWEOOXxEUDPEOT whpbUT wi
& C A D H@t gasgenerator/ Cyberstar in Deby&cherrer Geometry mounte lows inspecting each powder pattern separately or together. 3l

!
|

5 10 15
20/ deg

The second option is the use of a heating chamber
HTK1200N (Anton Paar) which reaches a temperature of

1200°C (Fig.2). This furnace can be used for measuring
PXRD in reflection and in transmission geometries and can

also be used for XANES and EXAFS measurements at
1.1 +z0w7 %2wU0EUDPOOS

A rotation module for glass capillaries can be mounted and

enables measurements in transmission geometry. The capil-
lary can be aligned with an external microscope before

mounting the com plete rotation module. For measurements

Temperature / °C

& C A @ Déhydration of CaS@RHD. Powder diffraction patterns measure
in transmission at 2XxeV. The sequence of the powder patterns is depic
with MEDVED. Diffraction peak nima are red.

[1] Scheinost A. Getal. (2021)J. Synchrotron Ra@8, 333i340.
[21$ S; > ECHH: SymphraBonRe@B® H F3RF 3 1
[3] # B? L H'S M&al (POB6)AtayCrystallogr. A22H K

& C A B Hé&ating chamber HTK1200N (grey) with rotation module for g
capillaries (black), adapter between heating chamber and support (yel
and blue), and support plate (green). The unit for measurements in refle(
mode is mounted on the bottom of the chamber.
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Solid solutions and phase stability in (Th/Ce)-Y-zirconia systems

VISlitlyk, SWeissO1* ( 2 HHCA

Y-stabilized zirconia (YSZ) phases were found to incor-
porate Th atoms and the corresponding solubility ranges
depend on the relative Y content. Cubic YSZ series can
incorporate 20 % more of Th z idhs compared to their t e-
tragonal analogues with lower Y content. The larger
Th-Zr/Y solubility range for phases with higher Y con-
centration is related to the associated symmetry increase
which allows to stabilize longer Zr/Y 0O bonding dis-
tances. Analogous Ce-YSZ phases exhibit excellent sta-
bility under extreme conditions of temperature and
pressure. The YSZ phases are, therefore, potential can-
didates as host matrices for tetravalent radiotoxic ele-
ments like U, Th or Pu.

Derivatives of zirconium -based ceramics, in particular zirco-
nia, ZrOY are promising materials as host matrices for spent
nuclear fuel since these phases are known to remain stable in
geological cycles of up to 1®years.[l Scientific and techno-
logical goals for this research are to obtain zirconium-based
ceramic materials containing maximum possible tetravalent
actinides (An(1V)) without Zr/ An(IV) phase separation. In
addition, structural stability of these phases under various
external parameters, e.g.temperature (T), pressure (P), irra-
diation and leaching resistance is essential in order to ex-
clude possible discharge of the incorporated radioactive el-
ements over a long time scale.

EXPERIMENTAL. For the current study, five series of sam-
ples based on Y-stabilized zirconia (YSZ) have been synthe-
sized viaco-precipitation method: Zr Y35 Th,Oj(y = 16 %,
~{L% step), Zr,Y55 ThyOtnj(y =4, 7, 10, 126), Zr Y 3% Th Ol
(y =06q1%, ~B% step), ZriY35 GOty (v =068%, ~1.5%
step) and Zr,Y35 Ge,Oyj (y = 008%, ~{1.5% step). Ambient,
T- and P-dependent in situ synchrotron radiation diffraction
experiments were performed at the ROBL BM20 beamline at
ESRF, Grenoble HT was obtained with hot gas blower and
HP was generated using diamond anvil cells (DAC). Diffrac-
tion data were collected on high resolution XRD1 (Pilatus
100k) and multipurpose XRD2 (Pilatus3 X 2M, HT and HP
experiments, Fig. 1) diffractometers of ROBL.[2

RESULTS. For the tetragonal phases with lower Y concen-
tration of 14 at.-% a maximal possible Th intake on the Zr/Y
metal site reached ca. 1@t.-%. Cubic phases with higher Y

& C A D In3ituHPdiffraction experiment at XRD2 ROBL diffractometer

content could dissolve up to ca.12at.-% Th. This behavior is
explained by more symmetrical coordination of central Zr/Y
metals by the surrounding O atoms in cubic YSZ, as con-
cluded from the diffraction experiments. This results in easi-
er accommodation of bigger Th atoms via structural stabili-
zation of longer Zr/Y 1O bonding distances. Thus, in these
systems higher symmetry favors incorporation of larger
An(IV).

T-dependent studies revealed excellent stablity of the YSZ
phases doped with guest Cez wins used as surrogates for
An(IV). Specifically, no phase decompositions and no mobil-
ity of incorporated Ce z idihs have been observed during in
situ measurements in aRT¢+ 1150K range. Nevertheless, ap-
plication of HP induced transformation to higher cubic
symmetry in Ce-YSZ phase with lower Yttrium content
around 9 GPa. Remarkably, occupancy of the guest Ce idias
remained constant up to the maximal probed pressure of
14GPa (Fig.2). Cubic phase with higher Y content did not
exhibit structural or phase changes until 11 GPa. This togeth-
er with T-dependent data indicates excellent affinity of Ce
atoms with the host YSZ matrices. The studied YSZ phases
can be considered as promising materials for long-term and
seaire immobilization of radiotoxic actinide elements.

7 T T T T T T
Cel}.(lSYﬂ.][lzr(l.XSOI.US

6 Fm-3m
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2 + . )
2 5 - n
o’ +
S’ in
|
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4 tetragonal .
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P, GPa

&CARDLZ=0J; H=S biohs hroughdlt thet tetragonalcubic
transformation in CeYSZat HP.
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[1] Heamard * ,and'LeCheminarty * ! (1993 Clmem. Geoll10, 95%126.
[2] 3 = B ? C H lehaN(®D2]) JsSynhmptron RadiaP8, 333#49.
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Incorporation of Cm3¢into hydrous zirconia at elevated temperatures

LOpitz, NHuittinen

The incorporation of Cm Z idifo zirconia and the crystal-
lization of the solid phase has been monitored for ther-
mal aging times of up to four months at 80 °C. The sam-
ples collected after different aging times were analyzed
with PXRD and luminescence spectroscopy. The diffrac-
tion data showed partial crystallization of the hydro  us
zirconia after 16 days in solution, and a fully crystalline
ZrO S material composed of mainly the monoclinic phase
and a minor amount of the tetragonal polymorph after
four months. Cm-TRLFS indicated a successful incorpo-
ration of the actinide into the amorphous and crystalline
zirconia structures.

Water intrusion into a deep geological repository can lead to
the mobilization of transuranium elements present in the
spent nuclear fuel matrix (e.g.Pu, Np, Am, Cm). Different
materials in the repository, such as Zircaloy-4, may act as
retention barriers for the released elements and prevent their
further migration into the biosphere. In this work, the inter-
action of the trivalent actinide curium with hydrous zirco-
nia, i.e.the amorphous precursor to zirconia (ZrO ¥ forming
as a result of Zircaloy corrosion, has been studied.

EXPERIMENTAL . Zirconyl chloride octahydrate (100 mg)
was dissolved in 400uL HCI (0.01M). Cm(lll) stock solution
was added to the mixture (82 L, 10LJ). The solution was
inserted dropwise to 13.3mL 0.5M NaCl (pH 12) and the pH
of the electrolyte was readjusted to its initial pH value with
2N NaOH when necessary. The formed precipitate of Cm-
containing hydrous zirconia was recovered by centrifugation
and washed twice with 20 mL MilliQ -grade water. The pow-
der was dried for 24 h in N$atmosphere. The dry powder
was suspended in 13.3mL 0.5M NaCl (pH 12) and placed in
a drying cabinet at 80°C for a given amount of time. After
removing the sample from the oven it was centrifuged and
the powder was washed twice with 20 mL MilliQ -grade wa-
ter. The resulting powder was dried for 24 h and ground in
an agate mortar.

RESULTS. The recovered sample after one day at 80C, has
a fully amorphous structure as deduced from the absence of
any diffraction peaks (Fig.1, bottom trace). The amorphous
powder is hydrous zirconia which can be described with the

chemical formula ZrO(OH) & Upon further increase of the
thermal aging time, a transformation of the material into a

crystalline ZrO $structure can be observed with PXRD (Fig. 1,
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upper traces). Phase identification showed the presence of
both the monoclinic and the tetragonal p hases, whereas the
monoclinic phase is dominant with 76 % for the longest
treated sample (24%tetragonal ZrO ¥). While the monoclinic
phase is thermodynamically stable below 1170°C, the te-
tragonal phase undergoes stabilization due to the surface
energy of the small crystallites (< 20nm).[2 The spectroscopic
results obtained with time -resolved laser-induced fluores-
cencespectroscopy (TRLFS) show a broad Cm emission sig-
nal at 615nm after the short aging time of one day (Fig. 2,
spectrum of 1d). Following spectral decomposition, the
emission peak could be described with two single compo-
nent spectra arising from two different Cm environments in
the amorphous structure of the Zr-phase. Upon further
thermal aging TRLFS shows that with the beginning of the
phase transformation a large bathochromic shift to wave-
lengths of up to 650nm and beyond occurs, while the signal
from the amorphous phase disappears (Fig. 2, spectie wOd
¢ hiduXhis points toward full incorporation of the Cm  Z aiit-

whut ¢

ion into the structure of zirconia by replacing the host Zr z dz

cation in both the monoclinic and tetragonal phase. To pre-
serve charge neutrality, 0.5 oxygen vacancies are created per
incorporated trivalent cation. Various hot band transitions
can also be seen inFig. 2 for all partly crystalline samples.
The main signal at 650nm cannot be decomposed into mul-
tiple species but the different peak widths and slightly
asymmetric peaks allows for the assumption that several
CmZ eflvironments are present also in these crystalline sam-
ples. This is in agreement with recent results obtained in
analogous experiments using the luminescent lanthanide
EuZ.@7The results show that the retention of lanthanides and
actinides are possible with the zirconia barrier presentin the
spent nuclear fuel waste.

ACKNOWLEDGEMENTS. The support of BMBF for funding of the AcE
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Oxidation of micro - and nanograined UMpellets by in situ synchrotron XRD

%n’ $ YL I+H L Wdltdy L

- 0 UHAL RAAAH 2 MHER 35=18 20QHD 2MONL

1Joint Research Centre, European Commission, Karlsruhe, Germany

The oxidation of three UO % pellets having equal density
but different grain size was studied by in situ P-XRD.
The UOSsamples were produced by Spark Plasma Sin-
tering and had grain sizes of 3.08+0.06um, 478+ 17nm,
and 163+ 9nm. After 21 h at 300°C, the first two samples
were converted into U pODxvhile the one having the
smallest grain size showed only the XRD peaks of U pO!.
This is particularly relevant for spent nuclear fuel safety
as its grain size is similar to that of the high burnup
structure (i.e., the region at the ri m of spent nuclear fuel
pellets).

Despite over 50 years of studies on the oxidation of UObin
different forms (powder, sintered, single crystal) and under
different conditions (temperature, oxygen partial pressure,
radiation field), some crucial aspects remain unclear.
Around 300 °C, the temperature representative of dry stor-
age conditions, UOboxidizes to U pODfgllowing the reaction
UOLY UIODY ¢-UpD! Y UpDDZ Excess oxygen atoms are
first incorporated inside the lattice of the hyper -
stoichiometric phase UO4yj and after a certain threshold (in-
creasing with temperature up to x =0.24) start rearranging in
cuboctahedral clusters with the formation of U IODZor
Ul0).1 Further oxidation introduces more cuboctahedra
leading to an anisotropic distortion of the lattice and the
formation of tetragonal U pO!.lBl These stages involve diffu-
sion-controlled processes (pseudcparabolic weight gain
curve), while the successive formation of UpODZ driven by a
combination of nucleation and growth, and microcracking
(sigmoidal weight gain curve). [2 These cracks, fundamental
for the development of U pODAtart appearing only after an
incubation time, needed for the formation of a layer of U pO!
thick enough to induce stress due to the lattice mismatch
with pristine UO &yjl3 Recent studies showed that loose

powders under a certain size (200nm) did not develop U pODZ

after being oxidized under air. [ In this work, similar results
were obtained on sintered UO% pellets having grain size of
163+ 9nm.

EXPERIMENTAL. Thethree UOSsamplesof different grain
sizes were produced by Spark Plasma Sintering (SPS) under
different conditions. [g The resulting samples had a density
of 95% TD, and grain sizes of 3.08+0.06um (micro),
478+ 17nm (suby), and 163+9nm (nang. An annealing
treatment (2h, 600°C, Ar-4%H?Y) was performed to reduce all
stoichiometries to exactly UO45.5

A fragment of each pellet was prepared for P-XRD by manu-
al milling in an agate mortar for one minute, and then
poured into a glass capillary open at both ends to allow air-
flow. These samples were then shipped to the ROBL:II
beamline where the in situ oxidation study was performed.
XRD pattern were continuously acquired during 21 h at
300°C, with an acquisition time of 10 s in the early stages and
30s after some hours. Data were recorded using a Pilatus3X
2Mdetector (Dectris Ltd.), with a sensitive area of
253.7x288.8mm?2 (width x height).

RESULTS. All three samples share a similar behavior in the

initial phase of the oxidation experiment. The appe arance of
the reflections of UIODa@nd UpD! can be seen inFig.1. The
formation of U IODIeads to the appearance of shoulders on

& C A O Ewlution of theP-XRD pattern of the micrograegd UOnsample ir
the first 62Gs of the isothermal oxidative treatment. Patternkave beei
gradually shifted to higheF [for sake of readability

the right side of the UO $peaks, while that of tetragonal U pO!
into the splitting of the 200 peak into the 200$§02 doublet.
Rietveld refinements of the XRD data allow calculating the
volumetric fractions of each phase as oxidation proceeded.
In each one of the three samples, WODAways remains below
20%, due to its prompt conversion to U pO!, that is in all cas-
es the main phaseafter about 10min.

At this point, different oxidation behaviors can be observed,
based on the grain size. The peaks of YODstart appearing in
the micro and sub-p samples after 15 and 30min respective-
ly. UOS completely disappears after 2.5h in the nano and
sub-p sample, and after 10h in the micro sample. In the nano
sample, no UpDDiéflections can be detected at any stage of
the experiment. Figure 2 shows a comparison of the initial
and final stages of each sample.

This finding is particularly relevant for spent nuclear fuel
safety, as the transformation of UO% into U pODifivolves a
36% volume expansion that can be detrimental to the integ-
rity of the fuel pins.

& C A B [Gomparison of theP-XRD patterns for the three samples before .
after the oxidation treatmen. Contrarily to theother two samples, no @<
was detected in the naneized compound after 2h in air at 300C

[1] Rousseat "etal(2006)J. NuclMater.355, 10%20.

[2] $ ? MAL ; tAlA206P)norg,Chem48, 7585k7592.
[3], ? CH> 2thl.NPg16)inayg.Chem55, 992319936.

[4]1 O8 G; letalH2009). Eur. Ceran$oc.29, 27912798.
[5]1 $ ? MAL ; HtAl3201)I. NuclMater.402, 163K172.
[6] , ? CH> athl.NPg16)inarg.Chem55, 3915(3927.

[71$ 2 " | élal.R02%n Eur. Ceram. Sotl, 36553663.
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