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Abstract

Wet extraction and selective separation methods of actinide elements from highly active spent nuclear fuel constitutes a key step
in the current waste reprocessing technologies. The quadridentate 6,6°-bis(1,2,4-triazin-3-yl)-2,2°-bipyridine ligands (BTBPs)
form a very promising group of extraction agents investigated at recent. Radiation decay process of one of the BTBPs
representatives, CyMesBTBP, is indirectly analyzed by simulating the UV-Visible absorption spectra of the original compound
and one proposed possible CyMesBTBP and 1-octanol adduct and comparing the obtained courses with experimentally observed
data. Ab-initio TDDFT approach using 6-31++G(d,p) basis set and wB97X, CAM-B3LYP, LC-wPBE functionals is applied.
Partial agreement of the simulated and experimental data is found and discussed.
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1. Introduction

During several past decades, much effort has been spent on development of wet extraction and selective
separation methods of actinide elements from highly active spent nuclear fuel. The latter constitute a key step in the
current waste reprocessing technologies.!
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One strategy for reducing the radiotoxicity of the remaining waste involves partitioning and transmutation of the
long-lived minor actinides into shorter-lived or stable elements by neutron fission. However, it is, at first, necessary
to separate the actinides from the lanthanides and other fission products due to the high cross sections of lanthanides
for neutron capture. Therefore, separation of the radioactive minor actinides from the lanthanides itself represents
one of the main challenges of today’s nuclear waste reprocessing.”

It has been shown that ligands with soft N-donor atoms can distinguish between the actinides and lanthanides.
Among others, the N-heterocyclic ligand class have emerged as a particularly promising one: the quadridentate 6,6°-
bis(1,2,4-triazin-3-yl)-2,2‘-bipyridine ligands (BTBPs) with its representative CyMesBTBP (Figure 1). In general,
the BTBP ligands can be considered as currently the most suitable ligands for the herein mentioned separation
tasks. >4
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Figure 1: Chemical formula of CyMe,BTBP

To evaluate the applicability of extractants for process development, it is necessary to demonstrate not only their
good extraction and selective properties, but also their resistance against degradation caused by contact of the
extracting phase with highly radioactive solutions and highly concentrated nitric acid. Detailed investigation of the
degradation mechanisms of CyMesBTBP and identification of its degradation products is thus very desirable in
relation to the further extraction process development.

In this paper, we present results of quantum mechanical simulations of one type of the expected major
degradation products. The structure guess was made according to measured mass spectra of CyMesBTBP 1-octanol
solution before and after irradiation. Together with that, we present evolution of UV-Visible absorption spectra
measured on the same experimental system and compare them with the simulated spectra calculated both for the
pure CyMesBTBP and the selected degradation product by several quantum mechanical simulation methods.

2. Computational / experimental details

For the geometrical optimizations, the Density Functional Theory (DFT) method was used as implemented in the
Gaussian 09 code, with the hybrid exchange-correlation functional B3LYP>%7# and the 6-31G(d,p) basis set. The
PCM cavity approximation of solvent is used with 1-octanol.” For the simulation of UV-Visible absorption spectra,
the time-dependent DFT (TDDFT) method was used together with the 6-31++G(d,p) basis and three different long
range corrected exchange and correlation functionals: wB97X!°, CAM-B3LYP!!, and LC-wPBE!>!*!4, These three
different methods were used in order to evaluate the level of the possible dependence of the calculated electronic
excitations on the applied ab-initio theory level. Comparison of the results obtained by the three selected widely
used methods provides an estimate of such dependence. The relaxation level of transition state was confirmed by
subsequent vibrational analysis.

3. Results and discussion
3.1. CyMe BTBP molecular structure
As already shown, the free BTBP-type ligands are expected to adopt the ‘trans’ conformation (the molecule is

close to Cy, symmetry; trans-CyMes;BTBP in Figure 2), where the central bond between two pyridine rings
comprises the center of symmetry; the ‘cis’ conformation (Cay point group) is less energetically favored.*!> The
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results calculated for CyMesBTBP confirmed such expectation: the ‘cis’ conformation is 5.7 kcal/mol higher in
energy than the ‘trans’ conformation possessing the activation energy 8.1 kcal/mol. Accordingly, we further assume
that majority of CyMes;BTBP molecules in the solution adopt the ‘trans’ conformation. The further investigation
shows that also the torsion angle of the triazine-pyridine bonds plays a role in the total energy of the molecule.
Turning of such bond by 180 degrees with respect to the complexing conformation (bond L; trans-CyMesBTBP-L in
Figure 2) causes the drop in energy of about 0.3 kcal/mol. Changing the torsion angle of the second triazine-pyridine
bond has the same effect (see Table 1)
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Fig. 2. Chemical conformations of CyMe4-BTBP. In the trans-CyMe,;BTBP-LR structure,
the probable position of the C8H170 group are marked (a, b, and c).

Table 1. Energy of different CyMe;BTBP conformations.

Molecular system potential energy (kcal/mol)
trans-CyMe,;BTBP-LR 0.00
trans-CyMe,;BTBP-L 0.27
trans-CyMe;BTBP 0.63
cis-CyMe,;BTBP 6.30

3.2. Prevailing reaction products

The HPLC-MS analysis of irradiated CyMesBTBP solutions in 1-octanol showed that in such case no
degradation of the distribution ratios occurs and the resulting solution contains, in addition to the original
CyMesBTBP molecules, some adduct of 1-octanol to CyMesBTBP.!° It is thus plausible to expect that the core
structure of the adducts - involving the vicinity of the complexing nitrogen atoms - remains the same as in
CyMesBTBP. Based on this assumption, we have selected three positions where the octanol can be attached to the
CyMesBTBP molecule (see trans-CyMesBTBP-LR in Figure 2) and optimized the structures (marked A, B, C in
figure 3).

Fig. 3. Chemical structures of the investigated adducts of CyMe,BTBP and 1-octanol.

In this case, the role of torsion of the triazine-pyridine bond is further complicated by the interaction of the alpha-
hydroxyoctyl function group with the remaining structure. Therefore, the core conformation is not identical in this
case with the above described trans-CyMe;BTBP-LR conformation, most favorable in case of the original
CyMesBTBP molecule. After the geometrical optimization, the energy of formation was calculated and compared
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for all three structures. The obtained energetic difference between the structures A, B, C is small, presumably
comparable to the energy of thermal vibrations.

Assuming that the attachment of the aplha-hydoxyoctyl group runs through the nucleophilic substitution, the
most susceptible position of the reaction should be position ‘b’ thanks to the inductive effect. Surprisingly, the
structure B is not the one showing the lowest energy. On the other hand, in structures A and C, the possibility of an
H-bond creation between the alpha-hydroxyoctyl group and the neighboring triazine or pyridine group arises
equalizing likely the preference of the ‘b’ position and causing that the structures A and C can successfully compete
with the structure B. The conformations of A, B, and C with the lowest energy are depicted in Figure 3 and their
energy is presented in Table 2. Since the energy differences of the structures A, B, and C are small and significantly
sensitive to small possible conformation changes, all three structures should be incorporated in further
investigations.

Table 2. Energy of formation calculated for the optimized molecular structures.

Molecular system potential energy (kcal/mol)
product A 0.00
product B 0.64
product C 4.00

3.3. UV-Visible absorption spectra

The experimental UV-Visible absorption spectra recorded before and after several different doses of gamma
irradiation are presented in figure 4. With the absorbed dose increasing up to 200 kGy, the broad absorption bands
between 220 - 300 nm decrease in intensity. Further irradiation results in a slight reversal of the intensity decay in
the range of longer wavelengths (~ 240 - 320 nm). The short wavelengths absorption is steadily growing with the
absorbed dose. Within a close vicinity of the wavelength point located at ca. 215 nm, the observed spectral courses
corresponding to the different irradiation doses are intersecting, suggesting thus the possibility that the observed
spectral changes can be interpreted by a chemical transition of the initial CyMe4sBTBP molecules into a mixture of
products characterized (in average) by a stronger extinction in the region at the “left” and a weaker extinction at the
“right” from the intersection region. Remarkably, the spectrum measured after irradiation with 300 kGy dose
digresses from the previous monotonic spectral evolution both in sense of the red shift of the intersection point and
the reversal of the extinction decay in the region of wavelengths longer than 240 nm. Such behavior can suggest that
the original CyMesBTBP molecules are already depleted and some next step of the radiation decay starts to proceed.

In order to confirm selection of the representative products A, B, and C, the UV-Visible absorption spectra were
simulated for both CyMesBTBP and the chosen degradation products and the results compared with the
experimental data. The spectra obtained for original CyMesBTBP molecule are presented in figure 5. The result
obtained with the wB97XD functional can be perhaps preferred because of a closer similarity of the calculated
spectral course with the experimental one as well as due to the fact that the CAM-B3LYP functional has provided
very similar results and supported the reliability of them.

The calculated envelope curves are featuring four absorption maxima within the studied region for LC-wPBE; the
short-wavelength maximum predicted by xB97XD (~ 198 nm) is very weak and coincides with the shoulder of the
stronger band localized at ca ~ 220 nm in case of the CAM-B3LYP. The spectra obtained with wB97XD and CAM-
B3LYP are close to each other in the region of longer wavelengths but differ in the oscillator strength and position of
the high energy band. Much weaker absorption of the latter is predicted by CAM-B3LYP. The spectral course
calculated using LC-wPBE is comparable in shape to the ones obtained with wB97XD and CAM-B3LYP, but the
positions of maxima show all a 15-20 nm blue shift. With exception of the results obtained with CAM-B3LYP
functional, the simulated spectra contain the same number of absorption maxima as the experimental courses;
however, the calculated band positions show all a significant blue shift (~ -30 nm for the spectra calculated with
wB97XD and CAM-B3LYP) compared with the experimental ones. Energetic shift of such extent (0.3-0.4 eV) and
direction have been already reported in connection with TDDFT simulations of electronic excitations in small
organic molecules.!”
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Experimental UV-Visible absorption spectra of CyMed-BTBP after imadiation
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Fig. 4. Experimental absorption spectra of CyMesBTBP in 1-octanol after various absorbed doses with absorption maxima at 205.0 nm,
231.5 nm, and 290.5 nm.
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Fig. 5. Simulated absorption spectra of CyMe,;BTBP by TDDFT / wB97XD, CAM-B3LYP, LC-wPBE.

Spectral positions of electronic transitions calculated for the molecular fragments A, B, and C (figure 6) are
similar to those obtained for CyMe4sBTBP but the computed oscillator strength of the most intense absorption band
at ~ 220 nm is remarkably reduced. Again, the spectrum calculated with LC-wPBE 1is blue-shifted in respect to the
two other spectra. The very weak maximum at the blue-side shoulder of the 220 nm band is missing in case of the
C-structure and wB97XD and CAM-B3LYP functionals; however, the maximum is preserved in the LC-wPBE
spectra. The apparent differences in the intensity and position of the two maxima at ~ 250 nm and ~ 270 nm between
A, B, and C are probably linked to the different torsion angles of the triazine-pyridine bonds. The effect appears in
the results obtained with all three applied theoretical methods. Taking in account the already mentioned systematic
shift in energy between the calculated and experimental spectra, and the fact that the real experimental absorption
spectrum is composed from contributions of all thermodynamically feasible molecular structures existing in the
solution under test, the simulated spectra qualitatively agree with the observed evolution of the experimental spectra
in the spectral region ~ 215-320 nm. On the other hand, the observed increase of extinction in the region of short
wavelengths is not copied by the simulated spectra of the compounds A, B, and C. In this regard, the closest match
provides the LC-wPBE functional.

513



514 Tomds Koubsky et al. / Procedia Chemistry 21 (2016) 509 — 516

Simulated UV-Vis spectrum of degradation product A
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Simulated UV-Vis spectrum of degradation product C
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Fig. 6. Simulated absorption spectra of the structures A, B, and C by TDDFT / wB97XD, CAM-B3LYP, LC-wPBE.
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Evaluation of the electronic transitions obtained with the wB97XD functional shows that the main excitations
occur predominantly between the 7 orbitals energetically close to the HOMO and the n* orbitals close to the LUMO
(the details are not presented due to the restricted article extend). We furthermore note that because the dominant
orbitals involved in the electronic transitions are only weakly affected by the presence of the 1-octanol chain, no
substantial change of the UV-Vis. spectra can be expected due to the changing the binding positions ‘a’, ‘b’, and ‘¢’

4. Conclusions

The molecular structure of CyMesBTBP and three possible degradation products were optimized by the quantum
mechanical simulation methods and its molecular structure features were investigated. For the original structure and
three probable degradation products selected on the basis of the HPLC-MS analysis, UV-Visible spectra were
simulated and compared with the experimental results. The different simulation methods were found to be
qualitatively in agreement. The changes in simulated spectra between the original ligand and the products with one
1-octanol group attached correlate at least qualitatively with the observed evolution of the experimental spectra at
the longer measured wavelengths. However, the extinction enhancement with the absorbed dose that is observed at
the high energy end of the experimental spectra has no adequate counterpart in the simulated results. Thus, a larger
group of the possible products of the CyMesBTBP radiation induced transformation must be considered and tested.

The real experimental spectra are measured at thermodynamic conditions allowing for existence of thermally
excited molecular conformations contributed thus to the resulting spectral course. Fitting of the experimental
spectrum by a simulated course constructed as a weighted average of the selected, most thermodynamically feasible
molecular/conformation constituents could provide us with an improved level of the agreement between the
experimental and the simulated results. Results obtained with the use of such procedure will be presented in the
forthcoming article.
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