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Preface 

HE INSTITUTE OF RESOURCE ECOLOGY (IRE) IS ONE OF 

the eight institutes of the Helmholtz -Zentrum Dres-
denɸɬɸRossendorf (HZDR). Our research activities are 

ÔÈÐÕÓàɯÐÕÛÌÎÙÈÛÌËɯÐÕÛÖɯÛÏÌɯ×ÙÖÎÙÈÔɯɁ-ÜÊÓÌÈÙɯ6aste Man-
ÈÎÌÔÌÕÛȮɯ2ÈÍÌÛàɯÈÕËɯ1ÈËÐÈÛÐÖÕɯ1ÌÚÌÈÙÊÏɯȹ-42 %$ȺɂɯÖÍɯÛÏÌɯ
'ÌÓÔÏÖÓÛáɯ ÚÚÖÊÐÈÛÐÖÕɯȹ'&%ȺɯÈÕËɯÍÖÊÜÚɯÖÕɯÛÏÌɯÛÖ×ÐÊÚɯɁ2ÈÍÌɪ
ÛàɯÖÍɯ-ÜÊÓÌÈÙɯ6ÈÚÛÌɯ#ÐÚ×ÖÚÈÓɂɯÈÕËɯɁ2ÈÍÌÛàɯ1ÌÚÌÈÙÊÏɯÍÖÙɯ-Üɪ
ÊÓÌÈÙɯ1ÌÈÊÛÖÙÚɂȭɯ3ÏÌɯ×ÙÖÎÙÈÔɯ-42 %$ȮɯÈÕËɯÛÏÌÙÌÍÖÙÌɯÈÓÓɯ
work which is done at I 1$ȮɯÉÌÓÖÕÎɯÛÖɯÛÏÌɯÙÌÚÌÈÙÊÏɯÍÐÌÓËɯɁ$Õɪ
ÌÙÎàɂɯÖÍɯÛÏÌɯ'&%. 
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 saf ety 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 a large extend. Never-
theless, 131 original papers were published in peer-reviewed 
international scientific journals with an average impact fac-
tor of 5.29 in 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 (Ÿ p. 78). 
Ion 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 µm 
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 ( Ÿ p. 84). Moreover, these results 
bear valuable implicat ions for the correct interpretation of 

data obtained by methods that integrate over extended 
depth ranges, e.g. nanoindentation (Ÿ p. 83). The work pro-
vides insight into the opportunities and limits of the use of 
ions to emulate neutron damage and provides recommenda-
tions for the design of experiments for optimal transferabil-
ity.  
Reliable prognostics concerning the migration patterns of 
radionuclides are significantly supported by the "smart -Kd" 
approach developed under the lead of our institute during 
the last years. 2021 brought significant extensions of the 
thermodynamic database coupled to this approach. Namely 
the systems uranium-montmorillonite (with PSI Ÿ p. 43) and 
trivalent actinides/lanthanides -muscovite (Ÿ p. 44) were suc-
cessfully published milestones. Moreover, the smart-Kd is 
now implemented in the OpenGeoSys reactive transport 
software (Ÿ 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 (Ÿ 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 (Ÿ p. 17) and the coordinative properties of  
glucuronic acid, a simple biomolecule (Ÿ 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 (Ÿ p. 29). 
Furthermore, we have expanded previous work investigat-
ing the retention prope rties of K-feldspar to include natural 
and synthetic Ca-feldspars (Ÿ p. 47) and studied the impact 
of naturally occurring anions on the retention of trivalent 
rare earth and actinide elements (Ÿ 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 initio simula-
tions. For the first time, in addition  to Cm(HƾPOǀ)ƴǆ, the for-
mation of Cm(H ƾPOǀ)ƴǆ was 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 (Ÿ 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 4Ɗh 
generation synchrotron (EBS-ESRF), the Rossendorf Beam-
line has now all four experimental stations running in full 
user mode. XES, the 5-crystal spectrometer for high -energy-
resolution X-ray absorption and emission spectrosco-
py(Ÿ p. 23); XAFS, with the world ɀs first multi element Ge 
detector with CUBE amplifiers; XRD -1, the 6-circle Huber 

T 
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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 (Ÿ 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 spectra 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  (Ÿ p. 35). An-
other application is the valid quantification and prediction of 
the heterogeneous sorption of radionuclides on crystal sur-
faces, as shown by a combined experimental and numerical 
study  (Ÿ 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 (Ÿ 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 (Ÿ 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 (Ÿ p. 28). In other contributions, we 
investigated, together with experimental partners, novel no-
ble-metal chalcogenides and metal-organic frameworks, 
which are promising for efficient photoelectrocatalytic water 
splitting and highly sen sitive photodetectors, respectively 
(Ÿ p. 31). 
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 technicians 
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, I 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), the 
European Commission, and other organizations for their 
support.   

 
 
 
 
 
 

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

Dӆ᾿Pividori,¹ Mӆ᾿EӆM̓iehlich,¹ Bӆ᾿Kestel,¹ FӆW̓ӆ᾿Heinemann,¹ Aӆ᾿Scheurer,¹ Mӆ᾿Patzschke, KӆM̓eyer¹ 

¹Friedrich-Alexander-University Erlangen-NOὛrnberg (FAU), Department of Chemistry and Pharmacy, Inorganic Chemistry, Erlangen, Germany 
 

Large scale DFT and multi -reference calculations have 
been performed on U(III) complexes to gain deeper un-
derstanding of the U(III) -S bond.[¹] 

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. 

METHODS.  The anchor can be either triazacyclononane or 
mesitylene. The three thiophenolate groups carry two bulky 
adamantyl ligands each. The ligand synthesis is a seven step 
procedure starting from 2 -adamantyl -4-methylphenol and 
has an overall yield of 12 %. Adding [U(N -(SiMeƿ)ƾ)ƿ] to a 
suspension of the ligand in cyclohexane yields the target 
complex. The identity of which was confirmed by NMR  and 
SC-XRD. The target complex [UIII ((SArɸAd,Me)ƿmes)] 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 at the DFT level of theory employing triple -ϙ basis sets 
and the PBE0 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.  

RESULTS. A striking first observation is the structural dif-
ference between the S and O complexes as depicted in Fig. 2, 
while the CɬOɬU bond angle is 126°, this changes to 93° for 
the CɬSɬU angle. The reason becomes evident from a look at 
the orbital contributions to the U ɬO and UɬS bond. The UɬS 
bond has a predominant p contribution from sulfur, while it 
is a clear sp³ 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, 1.46 and 1.2, the U-S 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(III) 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 UɬS 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 UɬS bond is indeed 
quite strong with a delocalization index (DI) of 0.65, but, in-
terestingly, still slightly weaker than the U ɬO bond 
(DI  = 0.72). The IQA method was then employed to deter-
min e covalent contributions. While the UɬO bond is pre-
dominantly ionic with a covalent contribution of 19  % the UɬS 
bond shows 39 % of covalent contribution, which explains 
the much more oblate behavior of the U-S complex. This is of 
course another example of the HSAB concept at work, the 
relatively soft U(III) 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(III). This interaction 
is relativel y 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 spin-density of the complexes, 
here depicted for the U-S complex in Fig. 3. This interaction 
is comparable in both l igands. As can be seen in Fig. 2, the 
U(III) 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.  

 

[1] PividoriӇ᾿$ӆ et al. (2021) Inorg. Chem. 60Ӈ ґҖҔҕҕửґҖҔҖҕӆ 

&CAOL?᾿ґӆ Schematic drawing of the ligand. The anchor A is mesitylene and R 

is the adamantyl rest. 

&CAOL?᾿2. Structure of [UIII((SArA̓d,Me)Ṍmes)] (left) and [UIII((OArA̓d,Me)Ṍmes)] 
(right). 

&CAOL?᾿3. Spin density of [UIII((SArA̓d,Me)Ṍmes)], left viewed from the top 

through the adamantyl groups, right viewed through the mesitylene anchor. 
Blue alpha excess, red beta excess (spin polarization). 
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Structure and thermodynamics of Eu(III) and Cm(III) complexes with glucuronic acid 

Sӆ᾿Reese, Pӆ᾿Kaden, Cӆ᾿Jӆ᾿Taylor, Rӆ᾿Kloditz, Mӆ᾿Schmidt 
 

We have studied the interaction of Cm Ƶǆ and EuƵǆ with 
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 ɸȯɸ1 com-
plexes with standard formation constants 
log  ϕƲ = 1.84 ± 0.22 for EuƵǆ and log  ϕƲ = 2.39 ± 0.19 for 
CmƵǆ. A combination of NMR, QMMM, and TRLFS re-
ÝÌÈÓÚɯÛÏÌɯÚÛÙÜÊÛÜÙÌɯÖÍɯÛÏÌɯÊÖÔ×ÓÌßɯÛÖɯÉÌɯÈɯɁÏÈÓÍ-
sandwich -ÚÛÙÜÊÛÜÙÌɂɯwherein the ligand binds through 
its carboxylic group, the ring oxygen, and a hydroxyl 
group. Surprisingly, Y Ƶǆ, prefers 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 (GlcA) 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. [¹] 
Thus, we have studied the complex formation of GlcA with 
Cm(III) and  Eu(III) using TRLFS and NMR spectroscopy, as 
well as QMMM calculations. [²] 
 
EXPERIMENTAL.  All experimental and computational de-
tails are available in the literature. [²] 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 5ɸɬɸ9 at I = 0.1 M, and (iii ) ligand 
concentration series in the presence of COƾ (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(III) was excited via its most in-
tense absorption band corresponding to the (ƹFƼɸŸɸƷLǂ) transi-
tion at 394.0 nm, while the most intense (ƺSǃ/ƾɸŸɸƸIƽƽ/ƾ) transi-
tion at 396.6 nm was used for Cm(III) excitation. NMR spec-
tra were recorded on a Varian Inova 400 MHz spectrometer 
operating at 399.89 MHz for ¹H and 100.56 MHz for ¹³C, re-
spectively. The solvent DƾO was used as internal standard. 
Equilibrium Quantum Mechanics/Molecular Modeling 
(QMMM) simulations were conducted of eac h of Eu(III), 
"Ôȹ(((ȺȮɯÈÕËɯ8ȹ(((ȺɯÞÐÛÏɯÌÈÊÏɯÖÍɯÛÏÌɯϔɯÈÕËɯϕɯÈÕÖÔÌÙÚɯÖÍɯÎÓÜɪ
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 
(ƷDƼɸŸɸƹFƾ)/(ƷDƼɸŸɸƹFƽ) peak ratio with increasing ligand con-
centration for Eu(III) and a corresponding peak shift to high-
er wavelength for Cm(III). 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 ~ɸ50 % complexation even at very 
high ligand -to-metal (L/M) ratios ~ɸ200,000. 
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 ϕƲ(Cm) = 2.39 ± 0.19 and 
log ϕƲ(Eu) = 1.84 ± 0.22, respectively, for the [M(GlcA)]ƴǆ 

complex. The difference between the constants is surprising-
ly large, corresponding to a ȃɸ3.5-fold increase for Cm. In ad-
dition to log ϕ, a specific ion interaction theory (SIT) interac-
tion parameter was determined.  
The origin of this difference in stability can be characterized 
by determining the s tructures of the formed complexes. 
TRLFS shows that 1ɸȯɸ1 complexes form, which bear 5ɸɬɸ6 wa-
ter molecules in addition to GlcA, while pH dependent 
measurements indicate involvement of at least one OH-
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(III), 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(III) appears to bind to O-2 
and O-4 on the opposite side of a distorted GlcA molecule 
(Fig. 1C). 

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 
over time. This difference is caused by the smaller ionic ra-
dius of Eu relative to Cm. [³] The yet smaller Y cannot steadily 
interact with any G lcA 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 
O-5 (Fig. 1C), which would be found on opposite sides of the 
pyranoid ring  in less distorted configur ations (Fig. 1A). 
 

[1] AriasӇ᾿*ӆ᾿,ӆ et al. (2008) Chem. Rev. 108, 4475̓ӝ̓4482. 
[2] ReeseӇ᾿3ӆ et al. (2021) Inorg. Chem. 60, 14667̓ӝ̓14678. 
[3] ShannonӇ᾿2ӆ᾿$ӆ (1976) Acta Crystallogr. A 32, 751̓ӝ̓767. 

&CAOL?᾿1. Depiction of Y(III) simulation starting geometries with (A) 

ʠ-AFO=OLIHC= ;=C> Ө"ө ʡ-glucuronic acid and (C) the underside of a distorted 

ʠ-glucuronic acid conformation. The most stable configurations from the 
QMMM simulations for (D) Eu and (E) Cm are shown below. 
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Impact of temperature on the complexation of Cm(III) with HṋPOṍϖ: insights from 

thermodynamics 

Nӆ᾿Jordan, Nӆ᾿Huittinen, Iӆ᾿Jessat, Fӆ᾿Réal,¹ Vӆ᾿Vallet,¹ Sӆ᾿Starke² 

¹University of Lille, CNRS, UMR 8523, PhLAM, Lille, France; ²Computational Science Group, Department of Information Services and Computing, HZDR 
 

The complexation of Cm(III) with H ƾPOǀǇ was investi-
gated at temperatures between 25 and 90 °C using laser-
induced luminescence spectroscopy. Two complexes 
namely CmH ƾPOǀƴǆ and Cm(HƾPOǀ)ƾǆ were identified. 
3ÏÌɯÐÕÛÌÎÙÈÛÌËɯÝÈÕȿÛɯ'ÖÍÍɯÌØÜÈÛÐÖÕɯÞÈÚɯÜÚÌËɯÛÖɯÖÉÛÈÐÕɯ
molar enthalpies and entropies of reaction for both 
complexes. 

EXPERIMENTAL.  For the luminescence spectroscopic in-
ÝÌÚÛÐÎÈÛÐÖÕÚɯȹϞexc = 396.6 nm) performed at 25 °C, sample 
rows with I  = 0.5, 1.0 and 2.0 mol  LǇ¹ were prepared using 
NaClOǀ as background electrolyte. The concentration of 
ƴƶƺCm was 8.76 × ƕƔǇƺɯor 1.15 × ƕƔǇƹ mol  LǇ¹. The proton concen-
tration was 3 × ƕƔǇƵ mol  LǇ¹ in all samples. The phosphate con-
centration varied between 0 and 0.055 mol  LǇ¹. Additionally, 
experiments were performed at ǸlogƽƼ [Hǆ] = 3.44 (I = 1.0 and 
2.4 mol  LǇ¹) and 3.65 (I = 3.0 mol  LǇ¹). Furthermore, the impact 
of temperature (25 to 90 °C; I = 1 mol  LǇ¹) on the complexation 
was investigated. 
 
RESULTS. With increasing phosphate concentration the 
emission spectra of Cm(III) at 25 °C were shifted towards 
higher wavelengths indicating an increasing complexation. [¹] 
After decomposition, the pure spectral components of the 
CmƵǆ aquo ion, the CmHƾPOǀƴǆ and the Cm(HƾPOǀ)ƾǆ com-
plexes as well as their luminescence intensity corrected spe-
cies distribution were obtained. [¹] 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): 

CmƵǆ + n HƿPOǀ ᵶ Cm(HƾPOǀ)nǉ³ǇnǊǆ + n Hǆ 

which was confirmed by slope analysis. [¹] The conversion 
from molar to molal scale and the derivation of molal con-
centration of the free HƿPOǀ was performed as described 
elsewhere.[¹, ²] By applying the SIT equation, [³] the following 
values at infinite dilution were derived: log ƽƼ ϕƲ = 0.45 ± 0.04 
(CmHƾPOǀƴǆ) and logƽƼ ϕƲ = 0.08 ± 0.07 (Cm(HƾPOǀ)ƾǆ) (Fig. 1). 
Furthermore, the ion interaction coefficients, 
Ϙȹ"Ô'ƾPOǀƴǆ; ClOǀǇ) = 0.17 ± 0.04 kg molǇ¹ and 
Ϙȹ"Ôȹ'ƾPOǀ)ƾǆ; ClOǀǇ) = Ǹɸ0.10 ± 0.06 kg molǇ¹ were obtained. 
Our results clearly show, that any approach exclusively 
based on charge consideration and neglecting the size and 
structure of the complex (e.g., its electron density distribu-
tion) to  derive default values for non -available ion interaction 
coefficients, should be used extremely carefully.[³, ƶ] 
With rising temperature an increasing Cm(III) complexation 
was observed.[¹] For the extrapolation to infinite dilution, the 
ion interaction coefficients derived at 25 °C were assumed to 
be constant in the temperature range from 25 to 90 °C.[³] The 
ÐÕÛÌÎÙÈÛÌËɯÝÈÕɀÛɯ'ÖÍÍɯÌØÜÈÛÐÖÕɯÌÕÈÉÓÌËɯÜÚɯÛÖɯËÌÙÐÝÌɯ×ÖÚÐÛÐÝÌɯ
standard molar enthalpies and entropies of reaction for both 
complexes (Tab. 1), indicatin g an endothermic and entropic 
driven complexation. [Ʒ] For the first time, the formation of 
the Cm(HƾPOǀ)ƾǆ complex 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. [Ƹ] Furthermore, the authors are aiming 
at exploring other aqueous Cm(III)/Eu(III) -phosphate species 

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. 
 

[1] HuittinenӇ᾿.ӆ et al. (2021) Inorg. Chem. 60, 10656̓ӝ̓10673. 
[2] *IL>;HӇ᾿.ӆ et al. (2018) Inorg. Chem. 57, 7015̓ӝ̓7024. 
[3] 'L?HNB?Ӈ᾿)ӆ et al. (2020) Second Update on the Chemical Thermodynam-

ics of Uranium, Neptunium, Plutonium, Americium and Technetium. 
Chemical Thermodynamics Volume 14, OECD Publications, Paris. 

[4] ThoenenӇ᾿4ӆ et al. (2014) PSI Bericht Nr. 14ӝ̓̓04, Villigen, Switzerland. 
[5] PuigdomènechӇ᾿)ӆ et al. (1999), Temperature Corrections to Thermody-

namic Data and Enthalpy Calculations, TDB-4, Issy-Les-Moulineaux, 
France: OECD Nuclear Energy Agency. 

[6] JessatӇ᾿)ӆ et al. (2022), in preparation. 

4;<F?᾿1. Enthalpy and entropy values derived for the Cm(HṋPOṍ)²ϕ and 

Cm(HṋPOṍ)ṋϕ =IGJF?R?M OMCHA NB? CHN?AL;N?> P;HӒN (I@@ ?KO;NCIH. 

Complex  
Ўἠἒἵ 

(kJ ÔÖÓǇƳȺ 
Ўἠἡἵ 

(J ÔÖÓǇƳ *ǇƳȺ 

Cm³+ + 'ƿ/.ǀ ᵶ Cm(Hƾ/.ǀȺƴǆ + 'ǆ 14.2 ± 1.1 56.1 ± 3.3 

"ÔƵǆ + 2 'ƿ/.ǀ ᵶ Cm(Hƾ/.ǀȺƾǆ + 2 'ǆ 22.7 ± 1.8 77.3 ± 5.7 

 

&CAOL?᾿1. Linear SIT regression plot for the complexes of Cm(HṋPOṍ)²ϕ (A) and 
Cm(HṋPOṍ)ṋϕ (B) at 25̓°C. 



HZDR  |   Institute of Resource Ecology  |   Annual Report 2021 16 

Covalency trends in An(IV) mono(salen) complexes 

Mӆ᾿Kӆ᾿Blei, Lӆ᾿KӆW̓aurick, Mӆ᾿Patzschke, KӆO̓ӆ᾿Kvashnina, JӆM̓ärz 
 

Series of U(IV) mono(salen) complexes of the type 
[UXƾ(salen)(THF)ƾ] 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 UɬX 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 (see Fig. 1), which is able to 
form 1ɸȯɸ1 complexes with tetravalent actinides of the type 
[AnXƾ(salen)(solv)ƾ]. 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. 

EXPERIMENTAL.  U(IV) mono(salen) complexes were syn-
thesized by dissolving 1 eq. U(IV) bis(salen) complex in 
MeOH and adding 1.1  eq. UClǀ. By using the corresponding 
[UIǀ(EtƾO)ƾ] salt, the complex [UIƾ(salen)(MeOH)ƾ] was syn-
thesized. By evaporating MeOH and dissolving th e com-
plexes in anhydrous THF [UCl ƾ(salen)(THF)ƾ] as well as 
[UIƾ(salen)(THF)ƾ] was formed. [UBrƾ(salen)(THF)ƾ] was syn-
thesized by dissolving [UCl ƾ(salen)(MeOH)ƾ] in anhydrous 
THF and adding SiMeƿBr. The resulting suspension was cen-
trifuged and remaining so lvent was evaporated. The com-
plex [UFƾ(salen)(THF)ƾ] was prepared by the addition of 
TBAF (t-butyl ammonium fluoride) to the dissolved complex 
[UBrƾ(salen)(THF)ƾ] 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 Mǀ X-ray absorption edge of U(IV) at 3728 eV, 
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. [²] 
 
RESULTS. In Fig. 2, the HERFD-XANES spectra of the series 
of mono(salen) U(IV) complexes [UXƾ(salen)(THF)ƾ] with 
varying halide substituent X (X  = F, Cl, Br, I) as well as UOƾ 

and UOƾƴǆ reference substances are shown. The strong ab-
sorption band around 3725 eV confirms the tetravalent oxi-
dation state based on the UOƾ reference data. However, the 
broad absorption band including maxima at higher energies 
of complex [UIƾ(salen)(THF)ƾ] 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 complex cannot be used for comparison with the 
other complexes. 

For the other complexes [UXƾ(salen)(THF)ƾ] (X = F, Cl, 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 AnɬX bond fr om F via 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(IV) (Th and U) within the 
mono(salen) halide series (F, Cl, Br, I) with a particularly 
large decrease between F and Cl. Therefore, it was found 
that the higher the polarizability of a donor (halide) the more 
covalent is the character of the bond with uranium.  
 

[1] RadoskeӇ᾿4ӆ et al. (2020) Chem. Eur. J. 26, 16853̓ӝ̓16859. 
[2] ButorinӇ᾿3ӆ᾿-ӆ et al. (2016) Proc. Natl. Acad. Sci. U.S.A. 113, 8093̓ӝ̓8097. 

&CAOL?᾿1. Mono(salen) uranium(IV) complex with two coordinated THF sol-
vent molecules and two halides X (X = F, Cl, Br, I). 

&CAOL?᾿2. The normalized Intensity against measured Energy of the complex-
?M Ӫ58ṋӨM;F?HөӨ4(&өṋӫ Ө8 = &Ӈ #FӇ "LӇ )ө ;H> NB? L?@?L?H=? M;GJF?M 5/ṋ ;H> 

5/ṋḽϕ. 
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Synthesis of a uranyl(VI) pure N-donor complex via TEMPO mediated oxygen transfer 

,ӆ᾿+ƥBF?LӇ *ӆ᾿";F;MӇ *ӆ᾿-ļLTӇ -ӆ᾿3=BGC>NӇ 4ӆ᾿3NOGJ@ 
 

Synthesis of the hexavalent uranyl complex 
Li(thf) ƿ[UOƾCl(pyren)] (1) with the N-donor ligand 
N,N' -ethylene -bis((pyrrole -2-yl) methan-imine) (H ƾL, 
Hƾpyren) 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) ƾ] (2) and [UCl ƾ(thf)(pyren)] (3) to a 
hexavalent uranyl complex in 1 ɸȯɸ1 stoichiometry. 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((pyr role-2-yl)me-
thanimine) (Hƾpyren) was deprotonated by the base lithium 
diisopropylamide (LDA) in thf and stirring at room tem-
perature. After 20 minutes , UOƾClƾ in 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) ƾ] and [UClƾ(thf)ƾ(pyren)] in thf . After 
stirring for 3  h the reaction mixture slowly starts to turn red. 
The completeness of the reaction was accomplished after one 
day. Then all volatiles were removed in vacuum, yielding 
the product as red solid. 
 
RESULTS. The synthesis of a uranyl complex in 1ɸȯɸ1 stoichi-
ometry with the pyren ligand was conducted via two differ-
ent paths (see Fig. 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 -

cation interaction between the uranyl oxo lig and O2 and a 
lithium ion (Fig.  1). Hence, an increased UɬO2 bond length 
of 1.799(5) Å ÊÖÔ×ÈÙÌËɯÛÖɯ4ɫ.ƕɯÞÐÛÏɯƕȭƛƛƙȹƝȺ Å can be 
found, indicating bond weakening and thus potentially acti-
vation. Nevertheless, similar values for the different bond 
lengths are reported in literature. [¹, ²] Analysis in solution by 
¹H 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). ¹H  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 +2-charged 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, oxygen atoms 
are subsequently transferred from TEMPO to the uranium in 
a redox reaction.[³] 
These investigations depict, that conversion of UIV to UVIOƾƴǆ 
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 [NpClƾ(thf)ƾ(pyren)], to investigate if oxida-
tion is possible there as well. 
 

[1] +F;GGӇ᾿"ӆ᾿%ӆ et al. (2020) Inorg. Chem. 59, 23̓ӝ̓31. 
[2] #IQC?Ӈ᾿"ӆ᾿%ӆ et al. (2019) Chem. Rev. 119, 10595̓ӝ̓10637. 
[3] &ILNC?LӇ᾿3ӆ et al. (2011) J. Am. Chem. Soc. 133, 14224̓ӝ̓14227. 

&CAOL?᾿1. Synthesis paths leading to a uranyl complex with ligand pyren.  
Salt metathesis reaction resulting in the anionic complex 

,CӨNB@өṌӪ5/ṋ#FӨJSL?Hөӫ Ө3)(A). Oxidation of the tetravalent complexes through 

the oxygen transfer reagent TEMPO (B). 
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&CAOL?᾿Ғӆ ¹H NMR spectra of the different reaction mixtures (top 2) in compar-
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Uranyl(VI) citrates: comprehensive determination of aqueous solution molecular structures 

and complex formation constants  

Jӆ᾿Kretzschmar, Sӆ᾿Tsushima, Aӆ᾿Rossberg, Rӆ᾿Steudtner, KӆM̓üller, Fӆ᾿Bok, Kӆ᾿Schmeide, Vӆ᾿Brendler 
 

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 papers.[¹, ²] 
 
RESULTS. The polynu clear U(VI) complexes forming with 
citric acid (HƿCitHɸ

±ɸƲaq) 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 ǌHɸ³Ǉ) or deprotonated 
(CitǌHɸƶǇ). 

ς 4. ς "ÐÛ ὲ 'Ɩ. ὲ '
4. '"ÐÛ

'
.' ḳςȾςȾὲ ὲ πȟρȟς (1) 

σ4. σ"ÐÛ 'Ɩ. ƙ '  
4. . "ÐÛ

'
ḳσȾσ (2) 

σ 4. ς "ÐÛ Ɩ 'Ɩ. ƙ '
4. . .' "ÐÛ

'
ḳσȾς (3) 

Combining ƳƹO 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 syn isomer in aqueous solution 
strongly favored over the anti isomer. Upon increasing pH 
above ~ɸ4, at first ternary (n = 1, 2) dimeric mono- and bis-
hydroxo U(VI) citrate 2/ ɸ2/ɸ1 and 2/ɸ2/ɸ2 complexes form. Then, 
at neutral pH, ternary trimeric 3/ ɸ3 and 3/ɸ2 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 ternary U(VI) citrate hydroxo dimeric species. Both 
spectroscopies refer to features directly correlated with ur a-
nyl(VI). In case of IR, the uranyl entities show a decrease in 
ÛÏÌÐÙɯÈÕÛÐÚàÔÔÌÛÙÐÊɯÚÛÙÌÛÊÏÐÕÎɯÝÐÉÙÈÛÐÖÕɯÍÙÌØÜÌÕÊàȮɯϠƿ(UOƾ). 
The incremented increase in absorptivity in ligand -to-metal 
charge-transfer (LMCT) transitions observed in the UV -Vis 
spectra essentially refer to the uranyl(VI) as the chromo-
phore. The structural changes occurring in direct vicinity of 

the UOƾ 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 Ÿ U-OH + Hǆ. 
Increasing pH causes the 2/ɸ2/ɸ2 species to break down so that 
the HCitǌHɸ³Ǉ ligand is released, thereby forming Cit ³Ǉ. The 
consecutively emerging 3/ɸ3 complex then forms by reaction 
of the trinuclear uranyl(VI) hydrolysis speci es 
(UOƾ)ƿ(µƿ-O)(OH)ƿǆ with three Cit ³Ǉ thereby (again) releasing 
the alcoholic hydroxyl protons to finally yield 
(UOƾ)ƿ(µƿ-O)(CitǌH)ƿƺǇ. Upon further increasing pH, the com-
plexes with U(VI)/Cit ratio equal to unity are displaced by 
(UOƾ)ƿ(µƿ-O)(µƾ-OH)(Cit ǌHɸ)ƾƷǇ, a species with U(VI)/Cit ratio 
of 1.5, which can be seen as the replacement of citrate by 
OHǇ as 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 100-fold citrate excess no polynuclear spe-
cies form as long as the U(VI) solution is sufficiently diluted, 
such as 10Ǉƹ M. 
For U(VI) concentrations of about 10Ǉƹ M, corresponding to 
the µg LǇ¹ range, only the mononuclear 1/1 species, 
(UOƾ)(HCit) Ǉ, plays a role. Taking into account that as of 
5 × ƕƔǇƷ M U(VI) and excess ligand the formed U(VI) citrate 
complexes are polynuclear, in some technology-affected 
natural environments (issue of TENORM ɬ 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 t o 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. 
 
ACKNOWLEDGEMENTS.  3ÏÐÚɯÞÖÙÒɯÞÈÚɯÍÜÕËÌËɯÉàɯÛÏÌɯ$ÜÙÖ×ÌÈÕɯ4ÕÐÖÕɀÚɯ
Horizon 2020 research and innovation program (CORI project, no. 847593) as 
well as by the Federal Ministry for Economic Affairs and Climate Action 
(BMWK , GRaZ II, grant no. 02E11860B). 

 

[1] +L?NTM=BG;LӇ᾿*ӆ et al. (2020) Chem. Commun. 56, 13133̓ӝ̓13136. 
[2] KretzschmaLӇ᾿*ӆ et al. (2021) Inorg. Chem. 60, 7998̓ӝ̓8010. 4;<F?᾿1. Stability constants of aqueous dimeric and trimeric U(VI) citrate spe-

cies, calculated for zero ionic strength according to the Davies equation. 

Species 

log  ϕ(I )a 

I  = 0.1 M  I   O0 

2/2/0 19.7 ± 0.2b 22.1 ± 0.2 

2/2/1 13.8 ± 0.2b 15.5 ± 0.2 

2/2/2 6.5 ± 0.2b 7.4 ± 0.2 

3/3 Ǹɸ(5.4 ± 0.4)b Ǹɸ(8.6 ± 0.4) 

3/2 Ǹɸ(1.0 ± 0.9)c Ǹɸ(1.0 ± 0.9) 
a: ± 2Ϧ; Ÿ: 0.1 M NaClOǀ, UV-vis; c: 0.1 M NaCl, ATR FT-IR. 
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High temperature diffraction at ROBL 

#ӆ᾿(?HHCAӇ 6ӆ᾿3PCNFSEӇ 3ӆ᾿&CH>?CM?H¹ 

¹HZDR, Mechanical Engineering, Dresden, Germany 
 

In situ  powder X1#ȮɯÙÌÊÌÕÛÓàɯÐÔ×ÓÌÔÌÕÛÌËɯÈÛɯ1.!+ɀÚɯ
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 XRD-2 can be equipped either with a hot 
gas generator / Cyberstar (Fig. 1), or a heating chamber 
HTK1200N / Anton Paar (Fig. 2).[¹] The hot gas generator is 
able to heat a sample up to 850 °C using an Eurotherm con-
troller. The temperature is remotely contro lled with the Pyla-
tus software.[²] Samples can be measured exclusively in 
transmission mode using quartz glass capillaries of typically 
0.3 mm in diameter. The capillary is rotated with one of the 
standard goniometers and can be aligned with the long -
distance microscope (top right in Fig. 1). 

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.!+ɀÚɯ7 %2ɯÚÛÈÛÐÖÕȭ 
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 

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 CaSOǀɸɇɸ2HƾO is shown as example for a 
temperature-dependent phase transformation. 
b-CaSOǀɸɇɸɸ0.5HƾO (SG P3ƽ2ƽ) is formed by dehydration of 
CaSOǀɸɇɸ2HƾO (SG I2/a) at temperatures above 120 °C 
(Fig. 4/1). Soluble anhydrite (CaSOǀ, SG C222) forms around 
130 °C (Fig. 4/2) and transfers around 350 °C (Fig. 4/3) into 
insoluble anhydrite (CaSOǀ, 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 
ÈÕËɯ$#ÐÛÖÙȺɯÐÚɯÊÖÔ×ÈÛÐÉÓÌɯÞÐÛÏɯ1.!+ɀÚɯËÈÛÈɯÍÖÙÔÈÛɯÈÕËɯÈÓɪ
lows inspecting each powder pattern separately or together.[³] 

 

[1] Scheinost A. C. et al. (2021) J. Synchrotron Rad. 28, 333̓ӝ̓340. 
[2] $S;>ECHӇ᾿6ӆ ӨҒҐґҖө J. Synchrotron Rad. 23Ӈ ҘҒҕ᾿ӝ̓ ҘҒҙӆ 
[3] #B?LHSMBIPӇ᾿$ӆ et al. (2016) Acta Crystallogr. A 72Ӈ ҕҐҐ᾿ӝ̓506 

&CAOL?᾿1. Hot gas generator/Cyberstar in Debye-Scherrer Geometry mounted 
at XRD-2. 

&CAOL?᾿3. Modified goniometer support for samples in reflection geometry 

using HTK1200N. Goniometer/ Huber (grey) mounting plate for the goniome-

ter (green), adapter unit between heating chamber and support (yellow and 
blue). 

&CAOL?᾿4. Dehydration of CaSOṍɸÖ2HṋO. Powder diffraction patterns measured 

in transmission at 22keV. The sequence of the powder patterns is depicted 
with MEDVED. Diffraction peak maxima are red. 

&CAOL?᾿2. Heating chamber HTK1200N (grey) with rotation module for glass 
capillaries (black), adapter between heating chamber and support (yellow 

and blue), and support plate (green). The unit for measurements in reflection 

mode is mounted on the bottom of the chamber. 
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Solid solutions and phase stability in (Th/Ce)-Y-zirconia systems 

Vӆ᾿Svitlyk, SӆW̓eiss, Cӆ᾿(?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 ƶǆ ions 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 ɬO 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, ZrOƾ, are promising materials as host matrices for spent 
nuclear fuel since these phases are known to remain stable in 
geological cycles of up to 10ƻ years.[¹] Scientific and techno-
logical goals for this research are to obtain zirconium-based 
ceramic materials containing maximum possible tetravalent 
actinides (An(IV) ) 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 via co-precipitation method: Zr xYƼ.ƽƽThyOƾɸǌɸz (y = 1ɸɬɸ7 %, 
~ɸ1 % step), ZrxYƼ.ƽǀThyOƾɸǌɸz (y = 4, 7, 10, 12 %), ZrxYƼ.ƾƽThyOƾɸǌɸz 
(y = 0ɸɬɸ11 %, ~ɸ3 % step), ZrxYƼ.ƽƼCeyOƾɸǌɸz (y = 0ɸɬɸ8 %, ~ɸ1.5 % 
step) and ZrxYƼ.ƽǂCeyOƾɸǌɸz (y = 0ɸɬɸ8 %, ~ɸ1.5 % 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. 10 at.-%. Cubic phases with higher Y 

content could dissolve up to ca. 12 at.-% 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 ɬO bonding distances. Thus, in these 
systems higher symmetry favors incorporation of larger  
An(IV). 
T-dependent studies revealed excellent stability of the YSZ 
phases doped with guest Ceƶǆ ions used as surrogates for 
An(IV). Specifically, no phase decompositions and no mobil-
ity of incorporated Ceƶǆ ions have been observed during in 
situ measurements in a RT ɬ 1150 K range. Nevertheless, ap-
plicatio n of HP induced transformation to higher cubic 
symmetry in Ce-YSZ phase with lower Yttrium content 
around 9 GPa. Remarkably, occupancy of the guest Ceƶǆ ions 
remained constant up to the maximal probed pressure of 
14 GPa (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 
secure immobilization of radiotoxic actinide elements. 

ACKNOWLEDGEMENTS.  This project was supported by the Bundesminis-
terium für Bildung und Forschung (BMBF) AcE grant (02NUK060). We also 
acknowledge the HZDR BM20 ROBL station at ESRF for providing beamtime 
in the frame of the AcE project. D. Naudet, J. Exner and N. Baumann are 
acknowledged for computing and technical support during experiments at 
BM20 beamline. 

 

[1] HeamanӇ᾿,ӆ᾿-ӆ and LeCheminantӇ᾿!ӆ᾿.ӆ (1993) Chem. Geol. 110, 95̓ӝ̓126. 
[2] 3=B?CHIMNӇ᾿!ӆ᾿#ӆ et al. (2021) J. Synchrotron Radiat. 28, 333̓ӝ̓49. 

&CAOL?᾿2. /==OJ;H=S I@ AO?MN #?ḿϕ ions throughout the tetragonal-cubic 

transformation in Ce-YSZ at HP. 

&CAOL?᾿1. In situ HP diffraction experiment at XRD2 ROBL diffractometer. 
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Incorporation of Cm³ϕ into hydrous zirconia at elevated temperatures  

LӆO̓pitz, Nӆ᾿Huittinen 
 

The incorporation of Cm Ƶǆ into 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 
ZrOƾ 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 ƾ) forming 
as a result of Zircaloy corrosion, has been studied. 
 
EXPERIMENTAL . Zirconyl chloride octahydrate (100  mg) 
was dissolved in 400 µL HCl  (0.01 M). Cm(III) stock solution 
was added to the mixture (82 µL, 10Ǉƶ M). The solution was 
inserted dropwise to 13.3 mL 0.5 M NaCl ( pH  12) and the pH 
of the electrolyte was readjusted to its initial pH value with 
2 N 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 Nƾ atmosphere. The dry powder 
was suspended in 13.3 mL 0.5 M 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 80 °C, 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) ƾ.[¹] Upon further increase of the 
thermal aging time, a transformation of the material into a 
crystalline ZrOƾ structure can be observed with PXRD (Fig. 1, 

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 ZrOƾ). 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 (< 20 nm).[²] The spectroscopic 
results obtained with time -resolved laser-induced fluores-
cence spectroscopy (TRLFS) show a broad Cm emission sig-
nal at 615 nm after the short aging time of one day (Fig. 2, 
spectrum of 1 d). 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 650 nm and beyond occurs, while the signal 
from the amorphous phase disappears (Fig. 2, spectrÈɯÖÍɯƕƚɸɬ
ɸƕƕƛ d). This points toward full incorporation of the Cm Ƶǆ cat-
ion into the structure  of zirconia by replacing the host Zr ƶǆ 
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 in Fig. 2 for all partly crystalline samples. 
The main signal at 650 nm cannot be decomposed into mul-
tiple species but the different peak widths and slightly 
asymmetric peaks allows for the assumption that several 
CmƵǆ environments are present also in these crystalline sam-
ples. This is in agreement with recent results obtained in 
analogous experiments using the luminescent lanthanide 
EuƵǆ.[³] The results show that the retention of lanthanides and 
actinides are possible with the zirconia barrier present in the 
spent nuclear fuel waste. 
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Oxidation of micro - and nanograined UOṋ pellets by in situ synchrotron XRD 
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The oxidation of three UO ƾ pellets having equal density 
but different grain size was studied by in  situ  P-XRD. 
The UOƾ samples were produced by Spark Plasma Sin-
tering and had grain sizes of 3.08 ± 0.06 µm,  478 ± 17 nm, 
and 163 ± 9 nm. After 21 h at 300 °C, the first two samples 
were converted into U ƿOǄ, while the one having the 
smallest grain size showed only the XRD peaks of U ƿOǃ. 
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 UOƾ in 
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, UOƾ oxidizes to UƿOǄ following the reaction 
UOƾ Ÿ UǀOǅ Ÿ ϕ-UƿOǃ Ÿ UƿOǄ.[¹] Excess oxygen atoms are 
first incorporated inside the lattice of the hyper -
stoichiometric phase UOƾǋx, and after a certain threshold (in-
creasing with temperature up to x  = 0.24) start rearranging in 
cuboctahedral clusters with the formation of U ǀOǅ (or 
UǀOǅɸǌɸy).[²] Further oxidation introduces more cuboctahedra 
leading to an anisotropic distortion  of the lattice and the 
formation of tetragonal U ƿOǃ.[³] These stages involve diffu-
sion-controlled processes (pseudo-parabolic weight gain 
curve), while the successive formation of UƿOǄ is driven by a 
combination of nucleation and growth, and microcracking  
(sigmoidal weight gain curve). [ƶ] These cracks, fundamental 
for the development of UƿOǄ, start appearing only after an 
incubation time, needed for the formation of a layer of U ƿOǃ 
thick enough to induce stress due to the lattice mismatch 
with pristine UO ƾɸǋɸx.[Ʒ] Recent studies showed that loose 
powders under a certain size (200 nm) did not develop U ƿOǄ 
after being oxidized under air. [Ƹ] In this work, similar results 
were obtained on sintered UOƾ pellets having grain size of 
163 ± 9 nm. 
 
EXPERIMENTAL.  The three UOƾ samples of different grain 
sizes were produced by Spark Plasma Sintering (SPS) under 
different conditions. [ƹ] The resulting samples had a density 
of 95 % TD, and grain sizes of 3.08 ± 0.06 µm (micro), 
478 ± 17 nm (sub-µ), and 163 ± 9 nm (nano). An annealing 
treatment (2 h, 600 °C, Ar -4%Hƾ) was performed to reduce all 
stoichiometries to exactly UOƾ.ƼƼ. 
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 
30 s after some hours. Data were recorded using a Pilatus3X 
2Mdetector (Dectris Ltd.), with a sensitive area of 
253.7 × 288.8 mm² (width  × height). 
 
RESULTS. All three samples share a similar behavior in the 
initial phase of the oxidation experiment. The appe arance of 
the reflections of UǀOǅ and UƿOǃ can be seen in Fig. 1. The 
formation of U ǀOǅ leads to the appearance of shoulders on 

the right side of the UOƾ peaks, while that of tetragonal UƿOǃ 
into the splitting of the 200 peak into the 200ɸɬɸ002 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, UǀOǅ always remains below 
20 %, due to its prompt conversion to U ƿOǃ, that is in all cas-
es the main phase after about 10 min.  
At this point, different oxidation behaviors can be observed, 
based on the grain size. The peaks of UƿOǄ start appearing in 
the micro and sub-µ samples after 15 and 30 min respective-
ly. UOƾ completely disappears after 2.5 h in the nano and 
sub-µ sample, and after 10 h in the micro sample. In the nano 
sample, no UƿOǄ reflections 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 UOƾ into UƿOǄ involves a 
36 % volume expansion that can be detrimental to the integ-
rity of the fuel pins.  
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&CAOL?᾿2. Comparison of the P-XRD patterns for the three samples before and 
after the oxidation treatment. Contrarily to the other two samples, no UṌOṑ 

was detected in the nano-sized compound after 21h in air at 300̓°C. 

&CAOL?᾿1. Evolution of the P-XRD pattern of the micrograined UOṋ sample in 
the first 620s of the isothermal oxidative treatment. Patterns have been 

gradually shifted to higher Ғʆ for sake of readability. 
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