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CONTRIBUTIONS

The report combines contributions of two project partners: Czech Technical University in Prague (CTU) and
Forschungszentrum Jilich GmbH (FZJ). Results achieved by the CTU team compose the Sections 1.1 - 1.4, 2.1.1
—2.1.6,2.1.8 and 2.2.1. Sections 2.1.7 and 2.2.2 are then based on results of the FZJ group.

ABSTRACT

The present Deliverable collects the theoretical studies carried out within GENIORS on the Molecular modelling
of particular degradation mechanism of extracting and complexing agents. The results obtained are collected
and divided according to the type of ligands used. The studies are focused on two types of extractants: i)
CyMe4-BTBP and, in a larger extend, on hydrophilic DGA ligands (TMDGA, TEDGA, Me-TEDGA, Me,-TEDGA).

Two approaches are applied: modelling of theoretical molecular stability indicators / descriptors and their
juxtaposition to the known experimental data, and, based on the experimental findings, simulations of reaction
pathways and analysis of their energetics. Both types of studies were mainly performed using ab-initio
theoretical approaches either in “gas phase”, i.e. on isolated molecule, or with inclusion of a contact with
particular selected reactive species representing presence of acidic environment. In addition, classical
molecular dynamics simulations were performed on thermodynamic ensembles representing tested solutions
under realistic physical conditions and the produced trajectories analyzed.

A large amount of simulated data has been collected and is discussed with aim to verify adequacy of the
particular descriptor for the analyzed system (molecular model, reaction pathway) and through this
comparison deepen the knowledge about the studied extraction systems and radiolytic processes and further
improve the accuracy of applied modelling tools.

1 CyMe,4-BTBP

This Section provides theoretical analysis of radiolytic degradation of 6,6’-bis(5,5,8,8-tetramethyl-5,6,7,8-
tetrahydro-1,2,4-benzotriazin-3-yl)-2,2’-bipyridine (CyMe,-BTBP) dissolved in 1-octanol. The proposed reaction
pathway is motivated by the experimentally observed radiolysis products.

1.1 CONFORMATIONS

The free BTBP-type ligands are expected to adopt the ‘trans’ conformation (the molecule is close to C2h
symmetry; trans-CyMe,-BTBP in Figure 1.1), where the central bond between two pyridine rings comprises the
center of symmetry; the ‘cis’ conformation (C2v point group) is less energetically favored. The results
calculated for CyMe,-BTBP confirmed such expectation: the ‘cis’ conformation is 5.7 kcal/mol higher in energy
than the ‘trans’ conformation possessing the activation energy of the rearrangement of 8.1 kcal/mol.
Accordingly, we further assume that majority of CyMe,-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-CyMe,-BTBP-L in Figure 1.1) causes the drop in energy of about 0.3 kcal/mol.
Changing the torsion angle of the other triazine-pyridine bond has the same effect (see Table 1.1).

This project has received funding from the EURATOM research and training programme 2014-2018 under grant Wi
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Figure 1.1 Chemical conformations of CyMe;-BTBP. In the trans-CyMe,-BTBP-LR structure, the probable position
of the CgH;,0 group are marked (a, b, and c)
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Table 1.1 Energy of different CyMe,;-BTBP conformations

Molecular system relative 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

1.2 ADDUCTS

The HPLC-MS analysis of irradiated CyMe,;-BTBP solutions in 1-octanol showed that no degradation of the
distribution ratios occurs and the resulting solution contains, in addition to the original CyMe,-BTBP molecules,
some adduct of 1-octanol to CyMe,-BTBP [1].

It is thus plausible to expect that the core structure of adducts - involving the vicinity of the complexing
nitrogen atoms - remains unchanged. Based on this assumption, we have selected three positions where the
octanol can be attached to the CyMe,;-BTBP molecule (cf. trans-CyMe,-BTBP-LR in Figure 1.1, positions ‘a’, ‘b’,
‘).

Before the geometrical optimization of the molecular structures, the pre-optimization by MD was performed.
For each of the three products, six initial guess structures were made with different spatial orientations of the
octanol carbon chains and the alcohol oxygen. For each of those initial guesses, six experimental cells were
constructed reflecting the real experimental concentration conditions and equilibrated as canonical ensembles
by MD.

After the MD simulations, the geometries of the tested molecules were optimized with low accuracy by DFT
(BLYP / 6-31G(d,p)). Several energetically promising candidates were then optimized by the standard level of
theory (B3LYP / 6-31G(d,p) / PCM, GD3BJ) with additional conformation investigations of the ring-ring torsion
angles. By such procedure, the conformations with lowest possible energy (A, B, C) were found and
geometrically optimized (Figure 1.2). The energy of formation was calculated and compared for all three
structures. The obtained energetic difference between the structures A, B, C is small, possibly comparable to
the energy of thermal vibrations (Table 1.2).

This project has received funding from the EURATOM research and training programme 2014-2018 under grant [B]
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responsible for any use that may be made of the information it contains.



GENIORS -

D2.5 - version 3 issued on 09/06/2020

H—O
v
7\ ="
- \
N\ /N C

Figure 1.2 Chemical structures of the investigated adducts of CyMe,;-BTBP and 1-octanol

Table 1.2 Relative energy of formation calculated for optimized molecular structures

Molecular system potential energy
(kcal/mol)

product A 0.00

product B 3.25

product C 7.08

Surprisingly, the structure B (resulting from addition on the electron deficient carbon 'b') is not the one
showing the lowest energy. In structures A and C, the possibility of an intramolecular H-bond creation between
the alpha-hydroxyoctyl group and the neighboring triazine or pyridine group arises decreasing the energy of
formation and working against the mesomeric effect mechanism. The calculated energy of mentioned
intramolecular hydrogen bond in A and C amounts approximately 4.00 kcal/mol.

Thus, the structure A is found to be the most stable one and is therefore expected to the most frequently
populated in solution. This result deserves a further analysis.

1.3 ORBITAL STRUCTURE Q.57

In the first place, the orbitals structure was analyzed. Assuming that the +0.24 A, +0.24
attachment of the alpha-hydroxyoctyl group runs through the nucleophilic
substitution [2], we can make assumptions based on an analogical reaction
of pure pyridine and a free radical. On pyridine, the nucleophilic
substitution occurs predominantly at positions 2 (ortho) or 4 (para).
Thanks to the inductive effect and mesomeric effect, carbon atoms at
those positions have a deficiency of electron density, therefore they can

more easily accommodate the partially occupied orbital of the attacking Figure 1.3. Concentration of LUMO
radical orbital on pure pyridine (Gaussian,

B3LYP, 6-31(d,p), PCM); atomic
The electron deficiency can be seen from the orbital structure of pyridine position numbers indicated
(Figure 1.3). The preference of positions ‘para’ and ‘ortho’ can be expected
from the increased concentration of the LUMO orbital in their vicinity.

2
+0,35 | R e
N

-0.54

Transferred to the case of CyMe,;-BTBP and the alpha-hydroxyoctyl radical, the analogical position 'b' (Figure
1.4) would be more susceptible to the reaction than positions 'a' and 'c'. However, after calculation of the same
properties for pure CyMe,-BTBP, the circumstances are slightly different. At one pyridine ring, position 'b’
contributes more to LUMO (ca. 4%) compared to 'a’' and 'c', but at the other ring, position 'a' is the biggest

This project has received funding from the EURATOM research and training programme 2014-2018 under grant
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contributor by ca. 4%. Therefore, the possibility of higher concentration of LUMO at position 'a' can be one of
the explanations why the consequent structure A is more stable, despite the expectations from pure pyridine.
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Figure 1.4. Contribution of selected atoms to LUMO of CyMe4-BTBP (Gaussian, B3LYP, 6-31(d,p), PCM)

Consequently, structures A and C can successfully compete with structure B. Besides that, the mentioned
intramolecular H-bond probably already stabilizes the pre-reactive complex as well as the reaction
intermediates.

1.4 REACTION MECHANISM

In the case of CyMe,-BTBP we assume that the interaction of the solvent (1-octanol) with the ionizing radiation
generates predominantly alpha-hydroxyoctyl radicals (HOC*C;H;s). [3] The alpha-hydroxyoctyl radicals then
react with the ligand molecules.

According to the mentioned assumptions, we suggested the full reaction mechanism of CyMe,-BTBP and alpha-
hydroxyoctyl radical in Figure 1.5. Our study is focused on the reaction steps Pre — 2 (Van der Waals pre-
reactive complex of CyMe,-BTBP and alpha-hydroxyoctyl radical — reaction intermediate of nucleophilic
substitution) and 2 — 3 (hydrogen abstraction producing the final degradation product CyMe,-BTBP-
CHOHC;H4s5). The transition states related to these two reaction steps are optimized. Nevertheless, because
these steps contain highly unstable radical species, their potential energy must lie very high compared to the
full reaction chain occurring in the process. It is therefore necessary to analyze them in the context of the
inevitable preceding and following reaction steps, such as generation of alpha-hydroxyoctyl radical (0 — 1),
approaching of the alpha-hydroxyoctyl radical molecule to the CyMe,-BTBP molecule, and the hypothetical
final recombination of two hydrogen radicals. With steps 0 — 1, 1 — 2, and 3 — 4, the reaction path is
bounded only by stable species and in its context, the examined reaction steps appear more meaningful.

The resulting reaction energy profile is presented in Figure 1.6. It can be clearly seen that energies of Pre (pre-
reactive complex), TS1 (transition state), and 2 (reaction intermediate) determine the actual position where the
octanol molecule attaches to the pyridine-ring of CyMe,-BTBP.

As was already anticipated from the creation of intramolecular H-bonds and from the atomic contributions to
LUMO orbital on CyMe,-BTBP, the position 'b' (related to position ‘para’ which is one of the preferred positions
on pure pyridine) and product B is not the preferred one. Its pre-reactive complex (Pre) has ca. 29.98 kJ*mol™
higher formation energy than those of A and C, and the reaction intermediate (2) is even 10.98 kJ-mol™ higher.
The activation energy of 29.10 ki-mol™ related to the TS1 of B is also the highest, compared to A and C.
Therefore we conclude that product B is not the prevailing one.

This project has received funding from the EURATOM research and training programme 2014-2018 under grant )
agreement No 755171. The content of this deliverable reflects only the author’s view. The European Commission is not
responsible for any use that may be made of the information it contains.



GENIORS e

D2.5 - version 3 issued on 09/06/2020

0 (TS00) 1 (TS0) Pre TS1
O HOL ™ / —/
) _/
; H Y H Hofcrf\H
7NN 7NN 7NN
=N = =N = =N N=
I, A Y & " A
— \N_ _N/ \N_ 7N/ \Ni
2 TS2 3 (TS3) 4
H HD‘CH\/\/\/ . HO\CH/\/\/‘\/ e HD\CH’\/\/\/
o ¢ ¢
7N VA N/ W 7NN
SR A K )
Y VA Y VA Y VAR
7N/ \Ni _N/ \N_ 7N/ \Ni

Figurel. 5. Full suggested reaction pathway of generation of the expected degradation product CyMe4-BTBP-CHOHC7H15; the transition
states in brackets not optimized
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Figure 1.6. Energy profiles of the tested radical degradation reactions for CyMe4-BTBP with alpha-hydroxyoctyl radical at positions "a’,
*b', and “c' on pyridine ring, resulting in reaction products A, B, and C; calculated with Gaussian / B3LYP

Path A stands lowest in the total potential energy of TS2 compared to other reaction paths. Taking those facts
into account, we keep the earlier mentioned preference for the reaction at position 'a' leading to product A.

The energies of reaction step 3 and transition state TS2 can seem to be surprisingly high. However, we must
keep in mind that the step 2 — 3 produces a very reactive species, a hydrogen radical. The long-term existence
of such species is very improbable and therefore, the extremely high resulting energies are understandable. In

This project has received funding from the EURATOM research and training programme 2014-2018 under grant
agreement No 755171. The content of this deliverable reflects only the author’s view. The European Commission is not
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reality, the reactive radicals react and decrease the energy of the system very quickly. This is also the reason
why the whole picture of reaction steps 1 — 4 is important.
After analysis of the TS structures and energies, formation energies of the reaction intermediates, and
formation energies of reaction products, we suggest that the degradation product A is the most preferred one.
The conclusion is supported by the following findings:

—  Formation energy of the product A is the lowest one (step 3 in the reaction path, cf. Table 1.2)

—  Energy of its intermediate (2) is ca 63.64 kJ*mol™ lower than that of B and C

— Activation energy of the position-determining step (TS1) amounting 16.54 ki*mol™ is the lowest on

compared to products B and C.

The following reasons are then behind the site-preferences proposed above:

Possibility of intramolecular H-bonds formation which is common for the products A and C and

stabilizes the pre-reactive complex Pre
—  The concentration of LUMO at position 'a' on CyMe,-BTBP is higher compared to positions 'b' and 'c',
in contrary to the standard situation of pure pyridine. This lowers the energy barrier of TS1 and

stabilizes the corresponding intermediate 2.

A well-studied family of molecules for the separation of trivalent actinides and lanthanides from other fission
products are diglycolamides (DGAs). The general molecular structure is shown in Figure 2.1.

ﬁ(a) | B} @
R cl | | R
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Figure 2.1: General structure of DGAs with the atom indices indicated

DGAs have been playing an important role in many partition processes for spent nuclear fuel.[4-5] In particular,
the molecule with two linear octyl chains (marked as ‘R’ in Figure 2.1) on both nitrogen atoms, N,N,N'N'"-
tetraoctyl diglycolamide (TODGA), has been studied intensively for the purpose of solvent extraction [6]. Since
then, it has been used in processes such as EURO-GANEX [7-9] and SANEX [10-13]. Later on, water soluble
DGAs with shorter side R-chains have been prepared and tested, too (Table 2.1) [14].

Table 2.1: Studied DGA derivatives

Abbreviation Chemical formula Molecular weight (Da) Name of the compound

TMDGA CgH46N,05 188.23 N,N’,N,N’-tetramethyl-diglycolamide

TEDGA C1,H,4N,05 244.34 N,N’,N,N’-tetraethyl-diglycolamide

Me-TEDGA Cy3H,6N,04 258.36 2-(2-(diethylamino)-2-oxoethoxy) -N,N’-
diethylpropanamide

Me,-TEDGA Cy14H,gN,05 272.39 2,2'-oxybis(N,N’-diethylpropanamide)

TODGA C36H7,N,0; 581.98 N,N,N',N'-tetraoctyl diglycolamide

mTDDGA Ca6HgoN,05 721.25 modified tetradecyl diglycolamide

Usage of TEDGA involves processes such as EXAm (Extraction of Americium) [15] or ALSEP (Actinide Lanthanide
Separation) [16]. The role of TEDGA in these processes is an aqueous stripping agent and a hold back agent, i.e.,

This project has received funding from the EURATOM research and training programme 2014-2018 under grant
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TEDGA makes more preferably complexes with Curium (Cm) or other lanthanide ions (Ln) than with Americium
(Am). Subsequently, the selectivity ratios Am/Cm and Am/Ln of the other extractant used in the organic phase
is higher. For example, in the EXAM process, DMDOHEMA molecule is used in place of extractant [17].

Considering the high radioactivity present in solutions containing spent nuclear fuel, the stability of organic
components of a solvent extraction system is important for future applications in reprocessing. Therefore, it is
required to obtain knowledge on this matter before upscaling newly developed processes. Concerning the
DGAs, radiolysis experiments were at first conducted on lipophilic TODGA (18-20, 45] and its methylated
derivatives [21-22]. Experimentally, solutions of DGAs in n-dodecane were irradiated with a gamma source and
analyzed afterwards. Using techniques such as High Performance Liquid Chromatography coupled with Mass
Spectrometry (HPLC-MS), the stability of extractant under ionizing irradiation can be determined on a
guantitative level and degradation compounds can be identified. The identification of problematic radiolysis
products is crucial to understand and ensure the long-term performance of a solvent in a solvent extraction
process and its recycling. Therefore, the identified radiolysis products were synthesized and their extraction
properties were studied individually [22, 45].

Multiple experimental works were also focused on investigating the radiolytic and hydrolytic stability of
hydrophilic DGA-type ligands. This report largely relates to the studies by Wilden et al. [23] and Horne et al [24]
dealing with the representatives of the DGA family listed in Table 2.1. Their hydrolysis and radiolysis were
investigated separately, because the hydrolysis of TEDGA caused by nitric acid appears to occur by multiple
mechanisms during the experiments. The rate of the hydrolysis was so remarkable that radiolysis needed to be
at first investigated in pure water [23]. The DGA samples were irradiated to target the absorbed doses from 0
to 150 kGy at 23 + 2 °C [23]. After the irradiation, the samples were analyzed by HPLC-MS. Kinetics
measurements revealed fast rate constants for DGA reactions with the hydroxyl radical *OH, suggesting its
importance in the mechanism of their radiolytic degradation in water. A decrease in dose constants with
increasing molecular weight of DGAs indicated that the most important degradation mechanisms of the radical
reaction are an electron transfer and a hydrogen abstraction. Wilden et al. concludes that the radiolytic
stability increases for the studied molecules in the following order: TMDGA < TEDGA < Me-TEDGA <Me,-TEDGA
[23].

The study of Horne et al. [24] were conducted on hydrophilic DGAs (Table 2.1) dissolved in concentrated
aqueous nitrate solution with a neutral pH value. The experimental setup was similar to that one used by
Wilden et al.[23]. Horne and coworkers demonstrated that (i) the studied hydrophilic DGAs undergo a first-
order decay with an average dose constant of (-3.18 + 0:23) x 10° Gy’; (ii) the observed degradation product
distributions are similar to those found under pure water conditions, except for the appearance of NOx
adducts; and (iii) the radiolysis process is likely driven by hydroxyl and nitrate radical oxidation chemistry
moderated by secondary degradation products scavenging the reactions [24]. As a whole, similar to their
lipophilic analogs, the radiolysis of hydrophilic DGAs in concentrated, aqueous nitrate solutions is significantly
slower and less structurally sensitive than the same process under pure water conditions. Acid hydrolysis, not
radiolysis, is thus expected to limit the useful lifetime of these extractants [24].

Since the complexity of processes related to the radiolysis of extraction ligands, application of theoretical
modelling approaches focused on determination and evaluation of the theoretical stability descriptors relating
to the tested ligands and the decay reaction kinetics of these is invaluable. For DGAs, such studies were
performed by Koubsky et al.[25-26]; studies dealing with different ligands have been recently published also by
other groups (e.g. [27-28]). The calculated electronic structure parameters involved molecular orbitals, Fukui
functions and Fukui charges, partial atomic charges, bond orders and electrostatic potential (ESP) distributions.
Following these studies, Section 2.1 of this report starts with the theoretical stability descriptors calculated for
the hydrophilic DGAs derivatives (Table 2.1) considered in four different model environments, one representing

This project has received funding from the EURATOM research and training programme 2014-2018 under grant
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a pure water, and the remaining three simulating the nitric acid influence by addition of one of the following
groups to ligand structure: H', H;0" and HNO;. Due to the generally low concentrations of ligand in solvents, it
is plausible to assume an indirect radiolysis mechanism: the degradation pathway starts with the radiolysis of
solvent molecules, and products of these reactions interact then with ligand molecules causing their
degradation. In the remaining text, we’ll refer primarily to the following two possible decay mechanisms: a
radical attack initiated by a hydrogen abstraction, and an electrophilic attack [23, 25-26].

Important information about a molecular electronic system provide the bond dissociation energy (BDE) values
giving us the energy needed to be spent in order to homolytically cleave the intramolecular bonds. For
different types of amide ligands, the method of BDE calculation was proposed and performed by Drader et al.
[27]. In the next part of Section 2.1, the BDE values are first overviewed for TEDGA and its derivatives, and then
influence of a side chain (R) length analyzed.

The last part of Section 2.1 provides the results obtained in testing application of conformation analysis to
evaluation of molecular stability. The derived stability descriptors are obtained from statistical analysis of
temporal trajectories produced by classic molecular dynamics simulations on canonic ensembles containing
aqueous solutions of the studied ligands.

2.1 STABILITY DESCRIPTORS

2.1.1 MODELS OF LIGANDS WITH ACID

Initial geometries for all tested ligands were generated using the ground state geometry from [26] combined
with the specific particle representing the nitric acid. For each acid model and each ligand, eight input
geometries were created and optimized. Creation of hydrogen bonds was observed in the case of H™ acid
model for all ligands. For TMDGA, TEDGA and Me,-TEDGA, the hydrogen bond is located between the H" cation
(bonded to one of the carbonyl oxygen) and the ether oxygen (cf. Figure 2.2 (a)). For TEDGA, the length of this
hydrogen bond is 1.899 A. For Me-TEDGA, the H" cation is bonded to one of the amide nitrogen, consequently
two hydrogen bonds are observed. The first one is between the H* and the ether oxygen (length 2.279 A), and
the second one between the H" and the carbonyl oxygen attached to the other amide group than the H" cation
(length 1.589 A; Figure 2.5 (b)).

(a) (b)
Figure 2.2 TEDGA (a) and Me,-TEDGA (b) structures of lowest energy showing presence of hydrogen bonds. H" acid model

This project has received funding from the EURATOM research and training programme 2014-2018 under grant
agreement No 755171. The content of this deliverable reflects only the author’s view. The European Commission is not
responsible for any use that may be made of the information it contains.



GENIORS -

D2.5 - version 3 issued on 09/06/2020

The HNO3; molecule is bonded to the carbonyl oxygen trough the hydrogen atom of the nitric acid molecule. No
other binding locations of nitric acid molecule to the tested ligands are found (Figure 2.3).

Figure 2.3 Hydrogen bridge between TEDGA and HNOs; HNO; acid model; minimal total energy configuration

The obtained geometries of the studied ligands optimized within all applied acid models are then used in the
subsequent calculations of electron density properties.

2.1.2 MOLECULAR ORBITALS

The HOMO-LUMO gap relates to chemical hardness and kinetic stability of a molecule. A hard molecule has a
large gap and a soft one has a small gap. Generally, a lower HOMO-LUMO gap value implies a lower value of
electronic excitation energy. Molecules with a small gap are more reactive than these with a larger gap [29-30].
HOMO-LUMO gap of TODGA and its methylated derivatives TWE-14 and TWE-21 was already analyzed in our
previous study [25]. The resulting gap energies and trends were found to be remarkably sensitive to the level of
theory applied.

Table 2.2 shows the calculated HOMO-LUMO gap energies obtained for the studied hydrophilic DGAs models.
Table 2.3 shows then the values of gap between HOMO(DGA’) and LUMO("OH) that relates to a degradation
reaction initiated by hydroxyl radical and involving electron transfer.

Table 2.2 HOMO-LUMO gap energy (kJ/mol) calculated for the studied hydrophilic DGAs models (Gaussian,
B3LYP, 6-31G(d,p), GD3BJ, NBO, PCM)

acid model TMDGA TEDGA Me-TEDGA Me,-TEDGA
no acid 637 629 640 646
H* 514 566 515 501
H,0" 680 672 670 670
HNO; 483 483 481 420
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Table 2.3 HOMO(DGA')-LUMO(°OH) gap energy (kJ/mol) calculated for the studied hydrophilic DGAs models
(Gaussian, B3LYP, 6-31G(d,p), GD3BJ, NBO, PCM)

acid model TMDGA TEDGA Me-TEDGA Me,-TEDGA
no acid 227 226 225 218
H* 250 264 293 248
Hs0" 298 296 295 306
HNO; 231 230 228 220

Apparently, the gap energies calculated for all considered models do not show any clear trend and cannot be
easily correlated with the experimental data. This result confirms the previously observed insufficiency of the
HOMO-LUMO gap energy in place of DGAs radiolytic stability indicator.

2.1.3 FUKUI FUNCTIONS AND FUKUI CHARGES

With regard to the considered decay mechanisms, two types of Fukui function (FF) are analyzed: radical FF and
electrophilic FF. The radical FF is relevant for the degradation mechanism based on abstraction of the hydrogen
atom on the ether group. The electrophilic FF is then instrumental for the degradation mechanisms beginning
with the electron transfer from ligand molecule to the adjacent *OH free radical. The calculated FF values are
mapped on the 0.017 e/A? iso-surface of molecule electron density. From the point of practical analysis and
discussion of the results however, the volumetric FFs are difficult to treat due to their spatially delocalized
nature. Introduction of atomically-condensed form of FFs called Fukui charges (FCs) removes this drawback.
The FCs presented below are based on the Hirshfeld population analysis considered to be more relevant and
less basis-set dependent than the alternative Mulliken population analysis.

RADICAL FUKUI FUNCTIONS

In the case of the lipophilic DGAs, the radical FF has proven to be a good descriptor for identifying the sites
susceptible to a reaction with radicals [25]. For all the models of hydrophilic DGAs tested here, the main
maximum of radical FF appears in vicinity of the hydrogen atoms bonded to the ether group. The trend
observed for the tested ligands (Figure 2.4) is in concert with the experimental stability studies. For the acid
models, the trend is preserved and the differences between individual derivatives are becoming even more
resolved (remarkable especially for the H" and H;0" models).

In all studied cases, the maxima of the radical FF close to the amide group are also evident suggesting
susceptibility of the studied structures to radical attack at this locations (Figure 2.5 — 2.9). As demonstrated by
Figure 2.5 and Figure 2.9, this basic character of radical FF for DGAs is insensitive to the particular length of the
peripheral alkyl chain as well as to the applied level of theory.
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Figure 2.4 Maximum values of radical FF obtained for the studied hydrophilic DGA derivatives and acid models. The maximum located in
vicinity of hydrogen atoms bonded to the ether group (red circle in Figure 2.5 a-d) (DMol>, DNP, B3LYP, GD2, COSMO)
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Figure 2.5 Radical FF calculated for TEDGA / no acid model; mapped on the 0.017 e/A® iso-surface of electron density; red and white
circles indicate maxima on the ether adjacent hydrogens and amide groups, respectively (DMol’, DNP, B3LYP, GD2, COSMO)

- 7.800e-3
- 7.243e-3
- 6.686e-3
- 6.129¢-3
- 5571e-3
- 5.014e-3
- 4.457e-3

- 2.786e-3
- 2.22%-3
- 1671e-3
- 1.114e-3
- 5571e-4
- 0.000

Figure 2.6 Radical FF calculated for TEDGA / H" acid model; mapped on the 0.017 e/A? iso-surface of electron density; red and white
circles indicate maxima on the ether adjacent hydrogens and amide groups, respectively (DMol®, DNP, B3LYP, GD2, COSMO)
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Figure 2.7 Radical FF calculated for TEDGA / H;0" acid model; mapped on the 0.017 e/A® iso-surface of electron density; red and white
circles indicate maxima on the ether adjacent hydrogens and amide groups, respectively ( DMol®, DNP, B3LYP, GD2, COSMO)
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Figure 2.8 Radical FF calculated for TEDGA / HNO; acid model; mapped on the 0.017 e/l‘-'\3 iso-surface of electron density; red and white
circles indicate maxima on the ether adjacent hydrogens and amide groups, respectively (DMoI3, DNP, B3LYP, GD2, COSMO)

Increasing value of Fukui function

TODGA mTDDGA

Figure 2.9 Radical FF calculated for TODGA and mTDDGA (dimethyl tetradodecyldiglycolamide); mapped on iso-surface of electron
density; the dashed and full circles indicate maxima on the ether adjacent hydrogens and the hydrogen atoms on the alkyl chain,
respectively (Quantum Espresso, DFT, PBE)
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RADICAL FUKUI CHARGES

The radical FC calculated for the studied hydrophilic DGA derivatives and tested models are summarized in
Tables 2.4 — 2.7. The values of FCs are averaged over the symmetry-related atoms. Labeling of the atoms
introduced in Figure 2.1 is used.

Table 2.4 Radical FCs based on Hirshfeld population analysis / no acid model; atom labels after Figure 2.1
(DMol?, DNP, B3LYP, GD2, COSMO)

atom atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) 0.062 0.057 0.057 0.054
C (2) 0.067 0.063 0.064 0.064
(0] (3) 0.114 0.111 0.113 0.111
C (4) 0.030 0.030 0.021 0.022
C (5) eq. (4) eq. (4) 0.029 eq. (4)
0] (6) 0.037 0.033 0.033 0.036
H R1 0.026 0.025 0.023 0.020
H R2 eqg. R1 eq. R1 - -

H R3 eqg. R1 eq. R1 eq. R1 eqg. R1
H R4 eq.R1 eq.R1 eq.R1 -

H avg. all Hs 0.021 0.014 0.013 0.012

Table 2.5 Radical FCs based on Hirshfeld population analysis / H* acid model; atom labels after Figure 2.1
(DMO|3, DNP, B3LYP, GD2, COSMO)

atom atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) 0.096 0.072 0.049 0.070
C (2) 0.071 0.068 0.076 0.065
0] (3) 0.097 0.074 0.108 0.088
C (4) 0.020 0.019 0.013 0.009
C (5) eq. (4) eq. (4) 0.018 eq. (4)
0] (6) 0.023 0.021 0.012 0.012
H R1 0.025 0.024 0.022 0.014
H R2 eq. R1 eq. R1 - -

H R3 eq. R1 eq. R1 eq. R1 eq. R1
H R4 eqg.R1 eq. R1 eq. R1 -

H avg. all Hs 0.022 0.016 0.013 0.013

Table 2.6 Radical FCs based on Hirshfeld population analysis / H;0" acid model; atom labels after Figure 2.1
(DMol?, DNP, B3LYP, GD2, COSMO)

atom atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) 0.065 0.061 0.062 0.060
C (2) 0.072 0.070 0.068 0.064
0] (3) 0.079 0.078 0.078 0.083
C (4) 0.025 0.025 0.018 0.015
C (5) eq. (4) eq. (4) 0.020 eq. (4)
0] (6) 0.033 0.032 0.029 0.022
H R1 0.031 0.029 0.019 0.015
H R2 eqg. R1 eq. R1 - -

H R3 eqg.R1 eq. R1 eqg. R1 eqg.R1
H R4 eqg.R1 eq. R1 eqg. R1 -

H avg. all Hs 0.020 0.014 0.013 0.013
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Table 2.7 Radical FCs based on Hirshfeld population analysis / HNO; acid model; atom labels after Figure 2.1
(DMol?, DNP, B3LYP, GD2, COSMO)

atom atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) 0.038 0.045 0.044 0.065
C (2) 0.019 0.018 0.016 0.018
0 (3) 0.067 0.058 0.058 0.058
C (4) 0.009 0.006 0.002 0.007
C (5) eq. (4) eq. (4) 0.006 eq. (4)
(0] (6) 0.022 0.007 0.004 0.007
H R1 0.011 0.008 0.006 0.011
H R2 eq. R1 eq. R1 - -

H R3 eq. R1 eqg. R1 eq. R1 eq.R1
H R4 eq. R1 eq. R1 eq. R1 -

H avg. all Hs 0.012 0.009 0.008 0.008

High values of the radical FCs on N(1), C(2) and O(3) atoms correspond to the extremes of the volumetric
radical FF on the amide group. Values of these FCs are not significantly changed in H' and H;0" acid
representations, but drop remarkable for the HNO; acid model. The possible reaction mechanism initiated in
this area is unknown.

The most important area in the study of DGA radiolysis is the ether group. The radical FCs on the oxygen O(6)
do not indicate any systematic trend with no acid present. However, under influence of acid, the value of FC for
0O(6) is decreasing with the molecular weight of ligand increasing for all three tested acid representations.
Finally, with no acid present, the radical FCs values on C(4) and C(5) carbons indicate a descending tendency
with the ligand molecular weight rising up. This phenomenon remains unchanged for all three acid
representations.

The radical FCs on hydrogen atoms at positions R1 - R4 adjacent to C(4) and C(5) carbons are averaged (when
there is a methyl group present at the given position, the FC value is not indicated). Since the ether group is the
most likely site where the reaction with radical is initiated, these hydrogens are those that are likely to be
abstracted by the incoming radical. Indeed, the calculated FCs values display in this case a falling trend
conformal with the experimentally determined decay rate TMDGA > TEDGA > Me-TEDGA > Me,-TEDGA .

Considering the abstraction of the hydrogen adjacent to the ether group as the initiation of the degradation
reaction, it must not be forgotten that in the case of methylated ligands the number of possible reaction
centers (a hydrogen adjacent to the ether group at positions R1 -R4) is reduced up to one half, lowering thus
correspondingly the probability of hydrogen abstraction for the methylated ligands, in accordance with the
experimentally observed trend of the stability.

For TMDGA (as an exception among the studied ligands), products that correspond to the rupture of the C-O
ether bond were not observed during the experiment [23]. The authors suggested that the abstraction of the
hydrogen atom does not occur at the positions R1 - R4, but at the R chain. In order to verify this possibility,
we’ve determined an average value of the radical FCs over all hydrogens in molecule and compare it with the
radical FCs on hydrogens R1 - R4. In case of TMDGA / no acid model (Table 2.4), the average value (0.021) is
relatively close to the radical FCs on R1 - R4 (0.026). Thus, indeed, the probability of hydrogen abstraction from
the ether group is comparable to the abstraction from any of the CH; groups. For the rest of tested DGAs and
no acid model, the values of radical FCs at positions R1 - R4 (e.g. 0.025 for TEDGA) exceed the average value
over all hydrogens significantly (0.014 is obtained for TEDGA). This findings suggests that for TEDGA and its
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methylated derivatives, in contrary to TMDGA, the probability of the hydrogen abstraction from the ether
group dominates over the abstraction from the side alkyl chains.

For the H' acid model, the radical FCs at positions R1 — R4 calculated for TMDGA (0.025) are even closer to the
corresponding average value (0.022). For Me,-TEDGA, the two values are low and nearly identical (0.014 vs.
0.013), suggesting likely an overall increase in the resistance against hydrogen abstraction mechanism. For the
remaining two ligands, the difference persists (Table 2.5).

For the H;0" acid representation, the small difference between the average value for all hydrogens and the
value for hydrogens at positions R1 - R4 is not present for TVIDGA, but it remains similar to H" acid model for
Me,-TEDGA (table 2.6). Finally, in frame of the HNO; acid model, the average values of radical FCs for all
hydrogens are almost the same as the radical FCs for hydrogens at positions R1 - R4 for all the tested ligands
(Table 2.7).

In general, the inclusion of the acid influence leads to reduction of the radical FCs mainly on the ether group,
and does not significantly change the basic stability trends observed with no acid present; in case of the H" acid
model, the differences among the ligands are even deepened.

éELECTROPHILIC FUKUI FUNCTION - ELECTRON TRANSFER

The second considered reaction mechanism — electrophilic attack - consists in removal of electron from the
ligand under influence of an electrophile, such as oxidizing radical *OH, occurring presumably in vicinity of one
of the amide groups [23]. Such assumption is supported by the calculated electrophilic FCs (Table 2.8).

Table 2.8 Electrophilic FCs based on Hirshfeld population analysis / no acid model; atom labels after Figure
2.1 (DM0I3, DNP, B3LYP, GD2, COSMO)

atom atom label TMDGA TEDGA Me_TEDGA Me, TEDGA
N (1) 0.062 0.079 0.075 0.069
C (2) 0.067 0.035 0.035 0.033
0] (3) 0.114 0.121 0.122 0.119
C (4) 0.030 0.014 0.012 0.014
C (5) eq. (4) eq. (4) 0.011 eq. (4)
0] (6) 0.037 0.025 0.025 0.044
H R1 0.026 0.017 0.016 0.017
H R2 eq.R1 eq. R1 _ _

H R3 eq. R1 eq. R1 eq. R1 eq. R1
H R4 eq. R1 eq. R1 eq. R1 _

H avg. all Hs 0.022 0.015 0.014 0.013

Electrophilic FCs at the N (1), C (2) and O (3) amide atoms are notably greater than these found for all other
atoms and all tested DGAs. The tendency of electrophilic FCs on C(2) is conformal with the expected stability
trend, in contrast to the values found at N(1) and O(3) showing a slight increase when going from TMDGA
towards Me-TEDGA and then a modest drop for Me,-TEDGA. These results seem to suggest a key role of the
amide carbon C(2) in possible stabilization of the TEDGA and its derivatives against electrophilic attack on the
amide group. For the ether group (C(4), C(5), O(6)), the electrophilic FCs values for TMDGA are higher than for
the TEDGA and its derivatives. For the latter, FCs do not significantly differ (with the exception of isolated
increase at O(6) for Me,-TEDGA), what could again (together with the trend on C(2)) be likely correlated to the
different behavior of TMDGA during the experiment reported by Wilden at al. [23].
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The electrophilic FCs calculated with inclusion of the acid models show considerable changes at positions of the

amide group atoms (Table 2.9 — 2.11).

Table 2.9 Electrophilic FCs based on Hirshfeld population analysis / H" acid model; atom labels after Figure
2.1 (DMol’, DNP, B3LYP, GD2, COSMO)

atom atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) 0.086 0.089 0.085 0.086
C (2) 0.041 0.031 0.035 0.031
0 (3) 0.117 0.090 0.087 0.111
C (4) 0.016 0.012 0.002 0.004
C (5) eq.(4) eq. (4) 0.017 eq. (4)
(0] (6) 0.033 0.023 0.012 0.007
H R1 0.018 0.015 0.016 0.009
H R2 eq.R1 eq. R1 - -

H R3 eqg.R1 eq. R1 eq. R1 eq.R1
H R4 eq.R1 eq. R1 eq. R1 -

H avg. all Hs 0.020 0.015 0.015 0.013

Table 2.10 Electrophilic FCs based on Hirshfeld population analysis / H;0" acid model; atom labels after

Figure 2.1 (DMol®, DNP, B3LYP, GD2, COSMO)

atom atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) 0.082 0.078 0.079 0.074
C (2) 0.030 0.032 0.034 0.025
0 (3) 0.073 0.079 0.081 0.062
C (4) 0.017 0.019 0.008 0.009
C (5) eq. (4) eq. (4) 0.019 eq. (4)
0 (6) 0.065 0.052 0.033 0.026
H R1 0.023 0.024 0.018 0.015
H R2 eqg. R1 eq. R1 - -

H R3 eq. R1 eq. R1 eq. R1 eq.R1
H R4 eq. R1 eq. R1 eq. R1 -

H avg. all Hs 0.021 0.015 0.013 0.014

Table 2.11 Electrophilic FCs based on Hirshfeld population analysis / HNO; acid model; atom labels after

Figure 2.1 (DMol®, DNP, B3LYP, GD2, COSMO)

atom atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) 0.067 0.087 0.086 0.082
C (2) 0.035 0.035 0.031 0.029
0 (3) 0.127 0.111 0.112 0.108
C (4) 0.017 0.010 0.010 0.006
C (5) eq. (4) eq. (4) 0.002 eq. (4)
(0] (6) 0.044 0.013 0.006 0.021
H R1 0.020 0.013 0.010 0.015
H R2 eqg. R1 eqg. R1 - -

H R3 eqg. R1 eqg. R1 eqg. R1 eqg. R1
H R4 eqg. R1 eqg. R1 eqg. R1 -

H avg. all Hs 0.020 0.015 0.014 0.013
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Difference of electrophilic FCs at the N(1) atom between TMDGA and remaining DGAs is diminished for H" and
H,0" acid models, but remain unchanged for the HNO; model. The higher values of electrophilic FSc at the
carbon C(2) for TMDGA compared to remaining DGAs diminish or vanish with including the acid influence.

The most remarkable influence of the acid models is seen on the electrophilic FCs of the ether group atoms.
While no significant difference is observed with no acid included (Table 2.8), a noticeable decrease occurs of
the FCs values at the C(4), C(5), O(6) atoms and all H positions R1 — R4 for all acid models. Few exceptions are
present, for example the O(6) oxygen within the H;0" acid model. The observed decreasing trends are in
agreement with the experimentally observed trend of the stability for all acid models.

Similarly to the situation without acid, the electrophilic FCs averaged over all hydrogen atoms are very close to
the values at R1 - R4 positions for all acid representations, too. Thus, a similar electrophilic reactivity of all the
tested DGAs molecules at these sites can be expected.

2.1.4 PARTIAL CHARGES

The partial charges were calculated for all considered models using the Natural population analysis method
(Table 2.12 — 2.15). In general, the observed changes in atomic charges can be attributed to the choice of the
acid model, depending in particular on the site of contact between the molecule and the particle representing
the acid in the particular model as well as on the total charge of the model system. Let’s recall that the total
charge is zero for the HNO; acid model and +1e for the H" and H;0" models.

The effect is here demonstrated for the H" acid model (Table 2.13) on the charges calculated for the N(1) or
C(2) atoms. For Me-TEDGA, where the H" cation is bonded to a different location of the ligand than in the case
of the remaining ligands, the partial charge on the N(1) atom is -0.495 for Me-TEDGA, but it is -0.415 e for
TEDGA or -0.410 e for Me,-TEDGA. Thus, in contrast to other two acid models, the H* model shows a
remarkable difference from the acid-free situation.

Table 2.12 Partial charges based on the Natural population analysis / no acid model; atom labels after Figure
2.1 (Gaussian, B3LYP, GD3BJ, 6-31G(d,p), NBO, PCM)

atom atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) -0.455 -0.465 -0.465 -0.464
C (2) 0.666 0.668 0.672 0.681
(0] (3) -0.673 -0.676 -0.679 -0.682
C (4) -0.195 -0.192 0.011 0.016
C (5) eq. (4) eq. (4) -0.188 eq. (4)
(0] (6) -0.589 -0.588 -0.596 -0.607

Table 2.13 Partial charges based on the Natural population analysis / H
2.1 (Gaussian, B3LYP, GD3BJ, 6-31G(d,p), NBO, PCM)

acid model; atom labels after Figure

atom atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) -0.457 -0.415 -0.495 -0.410
C (2) 0.687 0.698 0.722 0.683
0] (3) -0.654 -0.670 -0.601 -0.659
C (4) -0.194 -0.190 0.011 0.009
C (5) eq. (4) eq. (4) -0.193 eq. (4)
0] (6) -0.601 -0.583 -0.588 -0.599
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Table 2.14 Partial charges based on the Natural population analysis / H;0" acid model; atom labels after
Figure 2.1 (Gaussian, B3LYP, GD3BJ, 6-31G(d,p), NBO, PCM)

atom atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) -0.419 -0.429 -0.428 -0.423
C (2) 0.711 0.712 0.716 0.707
0 (3) -0.693 -0.693 -0.695 -0.698
C (4) -0.192 -0.188 0.022 0.020
C (5) eq. (4) eq. (4) -0.187 eq. (4)
0 (6) -0.578 -0.577 -0.589 -0.593

Table 2.15 Partial charges based on the Natural population analysis / HNO; acid model; atom labels after
Figure 2.1 (Gaussian, B3LYP, GD3BJ, 6-31G(d,p), NBO, PCM)

atom Atom label TMDGA TEDGA Me-TEDGA Me,-TEDGA
N (1) -0.435 -0.444 -0.444 -0.465
C (2) 0.681 0.682 0.687 0.681
(0] (3) -0.683 -0.687 -0.690 -0.678
C (4) -0.194 -0.192 0.011 0.013
C (5) eq. (4) eq. (4) -0.188 eq. (4)
(0] (6) -0.587 -0.586 -0.595 -0.609

Increase of the charge on the ether O(6) oxygen accompanying introduction of methyl groups on the C(4) and
C(5) atoms is observed with no acid present. The methyl group provides electron density to the surrounding
atoms. Therefore, bonding of the methyl group on C(4) and C(5) atoms (synthesis of Me-TEDGA and Me,-
TEDGA) should protect the ether O(6)-C(4) and O(6)-C(5) bonds, i.e., these bonds are expected to have higher
bond order than in the case with no methyl group attached. Surprisingly, this does not occur for the studied
molecules (cf. Section 2.1.5 below). The partial charge on the ether oxygen O(6) increases as a result of
methylation and remains nearly identical for TMDGA and TEDGA. The same situation was already observed in
the case of TODGA and its derivatives [25]. The described phenomenon is not altered by introduction of the
acid models, with exception of a small deviation occurring for H" acid model, where the charge at the oxygen
0O(6) is respectively -0.601 e and -0.583 e for TMDGA and TEDGA; the trend for TEDGA and its methylated
derivatives remains unchanged.

In the acid-free model, the methylation results in a positive shift of the partial charges at C(4) and C(5) atoms.
The same effect also happens for all considered acid models (cf. Table 2.13 — 2.15). Since chemical nature of
these carbon atoms have been changed by introduction of the methyl group(s), it is not possible to regard
these charge differences as indicative for any change in reactivity or other chemical property of the atoms.

2.1.5 BOND ORDERS

Bond orders provide a useful tool for investigating molecular stability. The Wiberg bond indices based on the
natural bond orbital (NBO) theory are calculated for the acid-free situation and the tested acid models (Table
2.16 —2.19).

This project has received funding from the EURATOM research and training programme 2014-2018 under grant K]
agreement No 755171. The content of this deliverable reflects only the author’s view. The European Commission is not
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Table 2.16 Wiberg bond indices / no acid model; atom labels after Figure 2.1 (Gaussian, B3LYP, GD3BJ, 6-

31G(d,p), NBO, PCM)

bond TMDGA TEDGA Me-TEDGA Me,-TEDGA
N(1)-C(2) 1.225 1.233 1.235 1.235
C(2)-0(3) 1.604 1.597 1.593 1.593
C(2)-C(4) 0.965 0.964 0.954 0.945
C(4)-0(6) 0.904 0.904 0.889 0.884
C(5)-0(6) eq. C(4)-0(6) eq. C(4)-0(6) 0.900 eq. C(4)-0(6)

Table 2.17 Wiberg bond indices / H acid model; atom labels after Figure 2.1 (Gaussian, B3LYP, GD3BJ, 6-

31G(d,p), NBO, PCM)

bond TMDGA TEDGA Me-TEDGA Me,-TEDGA
N(1)-C(2) 1.355 1.368 1.076 1.371
C(2)-0(3) 1.408 1.372 1.688 1.393
C(2)-C(4) 0.986 0.982 0.972 0.961
C(4)-0(6) 0.895 0.908 0.895 0.880
C(5)-0(6) eq. C(4)-0(6) eq. C(4)-0(6) 0.913 eq. C(4)-0(6)

Table 2.18 Wiberg bond indices / H;0" acid model; atom labels after Figure 2.1 (Gaussian, B3LYP, GD3BJ, 6-

31G(d,p), NBO, PCM)

bond TMDGA TEDGA Me-TEDGA Me,-TEDGA
N(1)-C(2) 1.322 1.328 1.332 1.339
C(2)-0(3) 1.446 1.442 1.439 1.427
C(2)-C(4) 0.982 0.982 0.971 0.958
C(4)-0(6) 0.913 0.914 0.892 0.895
C(5)-0(6) eq. C(4)-0(6) eq. C(4)-0(6) 0.914 eq. C(4)-0(6)

Table 2.19 Wiberg bond indices / HNO; acid model; atom labels after Figure 2.1 (Gaussian, B3LYP, GD3BJ, 6-

31G(d,p), NBO, PCM)

bond TMDGA TEDGA Me-TEDGA Me,-TEDGA
N(1)-C(2) 1.276 1.282 1.285 1.228
C(2)-0(3) 1.524 1.519 1.515 1.597
C(2)-C(4) 0.971 0.970 0.964 0.946
C(4)-0(6) 0.904 0.903 0.880 0.882
C(5)-0(6) eq. C(4)-0(6) eq. C(4)-0(6) 0.904 eq. C(4)-0(6)

Order of bonds within the ether group ( C(4)-O(6) and C(5)-0(6)) is found to be the lowest one for all tested
models and molecular systems, suggesting the ether bond to be the weakest one and to be the location, where

the degradation mechanism is initiated. Decrease of the bonds indices with the increasing molecular weight of

ligand is predicted, in disagreement with the experimentally observed trend of the stability. Although the

additional electron density provided by methylation is located on the ether carbon C(4) and / or C(5) (cf.
Section 2.1.4) the bond order C(4)-O(6) and / or C(5)-O(6) (based on the orbital overlap) does not increase.
Similar findings was already reported for TODGA and its methylated derivatives [25]. As shown in [25], the

bond orders alone cannot be used as decisive stability indicators. Only a complete analysis of all computed

electronic properties and their collective understanding can be used for their reliable interpretation.

This project has received funding from the EURATOM research and training programme 2014-2018 under grant
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The prevailing trend of increasing bond order with the growing molecular weight of ligand is observed for the
N(1)-C(2) bond for all tested models, with two exceptions in case of Me-TEDGA / H" and Me,-TEDGA / HNO,
acid models. In the first case, the reason is likely in difference in mutual position of TEDGA-Me and H" ion
compared to other tested derivatives (cf. Section 2.1.4). The reason for the second deviation remains unknown.
The N(1)-C(2) bond is supposed to play important role in the degradation mechanism based on the electron
transfer initiation (electrophilic attack). The observed trend is conformal with the experimentally determined
stability evolution.

2.1.6 ELECTROSTATIC POTENTIAL

The ESP is usually used to investigate intermolecular interactions and also to understand the interactions with
electrophilic species. Negative local value of ESP implies that the corresponding location is more susceptible to
a reaction with an electrophilic particle. The calculated ESP is mapped on the 0.017 e/A? iso-surface of
molecular electron density.

Results of the ESP calculations for acid-free state have been used as initial information while creating the
systems with different acid representations. Since the particles representing the acid usually have a positive
charge, places of negative ESP extremes are selected as the prospective starting positions.

Within each of the tested acid models, a similar ESP distribution is obtained irrespective the particular DGA
derivative, as demonstrated in Figure 2.10 for the case of H* acid model. Some variations of the ESP distribution
are observed when changing between different acid models; however, in all cases, two main locations of ESP
extremes can be identified: the first one located at the carbonyl oxygens and the second one at the ether
oxygen atom, as illustrated for TEDGA / H;0" acid model in Figure 2.11. Location of these extremes agrees well
with the values of partial charges calculated for these oxygen atoms (cf. Section 2.1.4).

In all acid models, other additional ESP extremes appeared, too. The most significant is found at the nitric acid
molecule in case of the HNO; acid model. However, since these maxima usually appear on the acid-
representing particle, outside of the ligand itself, we do not interpret them as an indicator related to stability of
the ligand.

In sense of the experimentally determined mutual stability trend of the ligands, the analysis of ESP does not
provide any simple guidance.

This project has received funding from the EURATOM research and training programme 2014-2018 under grant [wAl
agreement No 755171. The content of this deliverable reflects only the author’s view. The European Commission is not
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(c) Me-TEDGA (d) Mex-TEDGA

Figure 2.10 Electrostatic potential / H" acid model calculated for indicated DGA derivatives; ESP distribution mapped on 0.017 e/A3 iso-
surface of molecular electron density (DMoI3, DNP, B3LYP, GD2, COSMO)

~ 4.857e-2
- 2.214e-2

Figure 2.11 Electrostatic potential / H;0" acid model calculated for TEDGA; ESP distribution mapped on 0.017 e/A3 iso-surface of

molecular electron density; red circles indicate the negative extremes at carbonyl oxygens, the white one then the minimum at ether
oxygen. (DMol®, DNP, B3LYP, GD2, COSMO)

2.1.7 BOND DISSOCIATION ENERGIES

Bond dissociation energies (BDE) are calculated as a sum of the energies of the two fragments resulting from
cleaving a certain bond subtracted with the energy of the starting molecule. This gives an indication how much
energy it takes at least to homolitically cleave the bond of interest. This kind of molecular property was

This project has received funding from the EURATOM research and training programme 2014-2018 under grant ¥l
agreement No 755171. The content of this deliverable reflects only the author’s view. The European Commission is not
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previously also calculated by Drader et al.[27] for N,N-dialkyl amides, where the results correlated with MS
data for the behavior of the monoamides under irradiation.

First, different methods for the calculation of BDE are evaluated to make an efficient choice for the functional,
optimizing computational resources. After confirmation of the method, the effect of methylation on the DGA
backbone on the BDE is studied and compared to the previously published experimental findings. Additionally,
the influence of the DGA alkyl chain length on the BDE of the C(2) N(1) bond is evaluated.

éBENCHI\/IARKING OF DFT FUNCTIONALS FOR BDE CALCULATIONS

This subsection is aimed on calculation of bond dissociation energies (BDE) of selected set of benchmarking
molecules using different DFT functionals. The obtained results are compared to the experimental and
computational findings published by Korth et al. [31] in order to determine whether or not a satisfactory results
can be obtained with much faster standard DFT approach and if it is really needed to use more computationally
demanding hybrid functionals (hybrid functionals require about 100 times more computing time).

The structures of the benchmarked molecules are shown in Figure 2.12. In Figure 2.13, experimental, published
BDEs and calculated BDEs for breaking the C-H bond in ethyl methyl ether, acetic acid and methyl amine are

shown.
\/O\ — H + '\/O\

O o}

OH : OH

——NH, E— H + ~——NH,

Figure 2.12 Start and end products for BDE calculations used for benchmarking

The experimental values and Hartree Fock (HF), second order Moller-Plesset (MP2) and Becke 3-Parameter
Lee-Yang-Parr (B3LYP) [32-34] calculations were taken from Korth et al. [31]. At a first glance, it is clear that
there are some significant deviations from the experimental values. Especially HF underestimates and Local-
Density Approximation (LDA) overestimates bond strengths. What is most important from these results is that
the order of the BDE values remains the same in all cases except for the combination of B88+SLA (i.e.
accounting for the Becke exchange and no correlations, which should resemble HF results — such an
approximation is thus not expected to perform well). For our purpose of qualitative evaluation of BDEs of
different bonds, widely used PBE will be further on used in this Section in order to increase the efficiency of the
use of computational resources.

This project has received funding from the EURATOM research and training programme 2014-2018 under grant Wk
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Figure 2.13 BDE of CH bond for three different organic molecules determined by different methods; experimental values, HF, MP2 and
B3LYP calculations were taken from Korth et al. [31], these are marked in the legend with *

éBOND DISSOCIATION ENERGIES OF METHYLATED TEDGA DERIVATES

In order to keep the computation time at a reasonable level, the calculations were conducted for the
symmetric unsubstituted TEDGA derivative. In Figure 2.14, the calculated BDEs of TEDGA are shown for the
bonds in the backbone of the structure. The bond which needs the lowest amount of energy to break is the C-O
bond of the ether group. This is in agreement with the experimental irradiation studies, where products of
breaking the ether bond were found most abundantly for TODGA radiolysis. [20-22]

When the backbone of TEDGA is methylated twice (Me,-TEDGA), there are two different possibilities
considering the stereochemistry. In one configuration, both methyl groups are oriented in the same direction
(RS) in the other case the methyl groups are oriented to opposite sides of the backbone (RR). Interestingly,
these seemingly small differences showed to greatly influence (up to two orders of magnitude) solvent
extraction efficiency and change of selectivity for Me,-TODGA. [35]

Methylation causes a decrease in BDE of the ether bond for both diastereomers (Figure 2.14). If a protective
effect by methylation would occur, this could not be explained by the results above, although these
calculations do not take steric effects into account. BDEs do not seem to be significantly different between the
two diastereomers.

This project has received funding from the EURATOM research and training programme 2014-2018 under grant &
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Figure 2.14 BDEs for TEDGA and two stereomers of Me,-TEDGA

For methylation of the TODGA backbone, the extraction behavior follows the trend D(TODGA) > D(Me-TODGA)
> D(Me,-TODGA), [36] although, at high nitric acid concentrations, the extraction behavior of Me-TODGA
resembles that of TODGA.[37] For the asymmetrical Me-TEDGA molecule, simulations show a decrease of the
BDE of both ether bonds, not only for the methylated C-O bond (Figure 2.15) but also for the other C-O bond.
This indicates that the introduction of a single methyl group into the DGA backbone weakens the molecule’s
structure. This simulation is in agreement with findings of Galan

et al.[21] for Me-TODGA, where an increased degradation rate

3.70 eV 3. 11 eV 3.17 eV 3.68 eV was observed for the single substituted variant, Me-TODGA,
/ which was remarkable because it might be expected that the
substitution with a methyl group could protect the molecule

/\ O\)J\
K from radiolysisl. In experiments with short-chained TEDGA

2 72 eV 2 83 eV derivatives, there was no significant difference between the
dose constants of Me-TEDGA and Me,-TEDGA.[23] Contrary, in
Figure 2.15 : BDEs for Me-TEDGA concentrated aqueous nitrate solution the dose constants

become larger with methylation for TEDGA, Me-TEDGA and

Me,-TEDGA.[24]

INCREASING ALKYL CHAIN LENGTH OF DGAS

Since in experimental studies not only the degradation products of ether bond breaking were found, the
breaking of the C-N bond between the amide and the alkyl
groups was studied. For DGAs with short alkyl chains, there

0 might be a significant difference expected in the BDE of these
39 | bonds. From Figure 2.16, it becomes clear that the biggest
difference in the BDE occurs between the alkyl chains with a

< 38 length of one and two carbon atoms. These results can be
;-’ explained by the relative stability of methyl and ethyl radicals,
@ 3.7 4 which are the final products of homolytical cleavage of the C-N
bond. Because the methyl radicals are much less stable than the

36 1 ethyl radicals [38], the BDE is much lower for TEDGA than for
TMDGA. This result seems to be in contrast with the

3.5 T T T T
1 2 3 4

#C atoms in alkyl side chain

observation that TMDGA degrades faster than TEDGA under
gamma irradiation [23]. However, Horne et al. [24] showed

experimentally that the degradation of hydrophilic DGA
Figure 2.16 BDE of the C-N bond as a function of
the length of the alkyl chains

degradation is driven by "OH and ‘NO; oxidation, of which the
latter would become more important in concentrated HNO;

The apparent contradiction is tempered by the experimental observation that the prevailing decay products
are linked to the unprotected C-O bond [22].

This project has received funding from the EURATOM research and training programme 2014-2018 under grant Wi
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solutions because HNO; scavenges "OH radicals. For this reason, the BDE of this C-N bond may not be very
indicative for the degradation rate.

2.1.8 STABILITY INDICATORS DERIVED FROM MOLECULAR DYNAMICS

MOLECULAR STABILITY

Conformation states of the four different hydrophilic DGA derivatives (TMDGA, TEDGA, Me-TEDGA, Me2-
TEDGA) dissolved in water have been also analyzed by application of statistical methods on the temporal
trajectories obtained for canonical ensembles produced by means of classical molecular dynamics (MD)
method.

The objective of the performed research was to test the influence of the real thermodynamic conditions
(density, temperature) and the realistically represented solvent (water) molecular surroundings on the
resulting dynamics and prevailing conformation states of the selected DGA derivatives in solution. It is likely
that such mean conformation states will differ from the conformations predicted by QM ground state
optimization, the difference possibly leading to modification of chemical stability indicators and the related
bond stability predictions for the tested molecules. The dynamical behavior of the selected bonds that is
extracted from the MD trajectories can provide additional information about energetic characteristics of the
molecules (such as the bond rotation barrier) in a real solvent environment.

The simulations were performed within the Materials Studio (MS) simulation environment using the server
modules MS Amorphous Cell and MS Forcite. Special SW tool written in the Matlab SW environment was
developed in order to perform the detailed statistical analysis of the conformational dynamics. The forcefield
MS COMPASS, Ewald evaluation of electrostatic interactions and atom-based summation of van der Waals
interactions with the cut-off radius 1.6 nm was applied in all MD calculations

At first, the forcefields available in MS were tested on reliability of water simulations. 30 different initial
instances were constructed using MS Amorphous cell containing 1110 water molecules in the one simulation
cell (linked by periodic boundary condition with surrounding cells). Due to the restricted extend of the samples,
the auto-ionization of water molecules was neglected. Each of the samples was let to evolve for 500 ps, and
then the radial distribution functions gqo, g., g4+ and thermal capacity cy has been calculated from the obtained
trajectories and compared with the available experimental data. The best agreement has been achieved with
the forcefield MS COMPASS, Ewald evaluation of electrostatic interactions and atom-based summation of van
der Waals interactions; so, this settings were applied in all further calculations.

In the second step, samples were generated for each tested molecule using MS Amorphous Cell module. The
samples contained 1110 water molecules per 1 ligand molecule placed in a cubic cell of dimensions conformal
with the mass density 1 g/cma. In case of simulations involving acidic solutions, number of undissociated acid
molecules corresponding to the desired molar concentration was added in the sample. The MD trajectories
were then calculated under the following conditions: NVT dynamics, NHL thermostat, periodic boundary
conditions, total simulation time 5 ns, time step 1 fs and temperature 293 K. One longer 40 ns simulation was
also performed. Statistical reduction was applied in order to select the statistically inequivalent conformations.
The threshold level was set to 1.5 ESD for each of the torsion angles shown in Figure 2.17.

This project has received funding from the EURATOM research and training programme 2014-2018 under grant [AS)
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Figure 2.17 Torsion angles analyzed for the shown DGA derivatives
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Number of distinguished conformation states obtained for TMDGA, TEDGA, Me-TEDGA and Me2-TEDGA
amounts 4, 30, 24 and 64, respectively. The relatively high numbers provide evidence about the low energetic
barriers restricting rotations around the available bonds, comparable with the thermal energy kgT. During the
simulations, the tested molecules “jumped” between the conformations in a random manner, independently
on the simulation time.

The complex conformational analysis algorithm then provided, for each tested molecule and every torsion
angle instance, a set of populated values together with the temporal frequency of their changes. Remarkable
dependence (linked presumably to the influence of entropy) of the obtained distributions on the total
simulation time is observed (Figure 2.18).
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Cetnost

Figure 2.18 Example of the torsion angle distribution obtained from 5 ns simulation (picture on the left) and last 5 ns of 40 ns long
simulation (right); equilibration in the observed conformational behavior is apparent.

In further analysis, normality of all the distributions is assumed. The number of Gaussian components is set to
be equal to the number of maxima identified (by the proposed filtering algorithm) for the given torsion angle.
From the Gaussian fits, the mean angular values of the given torsion angle are then obtained. A matrix
describing conformational dynamics of the given molecule over the selected time interval is then calculated
and analyzed in terms of two selected statistical parameters: the rate of conformational changes (L) and the
total number of conformations (K) that appeared during the fixed testing time interval (5 ns).

Experimentally, it was found [23] that the radiation stability of the tested molecules in pure water decreases in
the order Me,-TEDGA =~ Me-TEDGA > TEDGA > TMDGA that is in general inversely proportional to the molecular
weight of the molecules. The calculated L-values are qualitatively very well correlated with the experimental
order (Table 2.20), providing a significantly larger L-value for the less stable TMDGA, modestly larger for
TEDGA, and smallest, nearly equal values for Me- and Me,-TEDGA, in agreement with the nearly identical
slopes of the concentration decay under irradiation [23]. Thus, following the observed correlation, a lower
value of the indicator L suggests a higher stability of the molecule. Apparently, no such well-resolved
correlation is found for the parameter K, where the value obtained for Me-TEDGA deviates from the expected
trend.

Table 2.20 Parameters L and K (cf. the text) obtained for the tested molecules in pure water environment

parameter TMDGA TEDGA Me-TEDGA Me,-TEDGA
L 766 370 310 315
K 157 178 131 203

Behavior of TEDGA was also experimentally tested in dependence on temperature and on the nitric and
hydrochloride acids concentration in the irradiated solutions [24]. The radiolytic stability of TEDGA was found
to decay with the both environmental parameters rising. Comparison of the mentioned experimental data with
the values of parameters L and K obtained in simulations (Table 2.21) shows that both L and K copy well the
trends of the experimental decay rates, including the initial stabilization effect of HNO; (cf. Table 2.20) as well
as the observed rise of stability with the also tested growing HCl concentration. Comparison of the L-values
obtained with TEDGA for pure water and aqueous nitric acid solutions provides, in this particular case, no
support for possible stabilization through the acid presence predicted by experiment and QM calculations.

This project has received funding from the EURATOM research and training programme 2014-2018 under grant
agreement No 755171. The content of this deliverable reflects only the author’s view. The European Commission is not
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However, taking in account the proposed protective mechanism of nitric acid consisting in indirect radical
screening, such finding is not surprising.

Table 2.21 Comparison of the calculated parameters L and K with the decay constants [h'1] observed in [23]
for TEDGA solutions at different temperature, HNO; and HCl concentrations

TrFC] 05MHNO, L K 4 M HNO, L K 5 M HC1 L K
25 (1,1 £ 0,1)-107* 450 245 (1,2 +£02)-107F 515 283 (7.0 £ 04)-107% 756 499
15 (8,5 £ 0,1)-107% 640 342 (88 £0,5)-10~% 650 317 & M HCI
65 (5.0 £ 0,6)-10-2 737 478 (78 £0,6)-10-2 809 463 (52 +0,2)-10~2 707 432

'BOND STABILITY

The results obtained from conformational analysis can also provide information about the dynamics of
individual bonds that can be related to the stability of these bonds. We demonstrate such possibility on the
following example.

In Ref. 24, products of the rupture of the C-O ether bond were identified for TEDGA, Me-TEDGA and Me,-
TEDGA, but not for TMDGA. Indeed, dynamics of the torsion angles related to the ether bond show high
frequency changes in case of TEDGA, Me-TEDGA and Me,-TEDGA (typical examples given in Figure 2.19), but a
qualitatively different behavior is found for TMIDGA (Figure 2.20), with one of the torsion angle involving the
ether bond (marked as 12) “frozen” for a long time periods, resulting in a low-rate dynamics. The highest
conformation change rate is then observed for the torsion angles involving the amide group (marked as ‘11’
and ‘14’ in Figure 2.20). With the proposed sense of the L-parameter in mind, such behavior might suggest a
possibly different decay mechanism of TMDGA, involving primarily the amide groups instead of the ether group
“preferred” in TEDGA and its derivatives.

Jali - IR
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Me-TEDGA s

Figure 2.19 Me-TEDGA: the torsion angles involving the ether bond and the variation of these with the simulation time
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Figure 2.20 Torsion angles involving the ether bond in TMDGA (12, 13, upper row) and TEDGA (14, 15, lower row) followed by examples
of their temporal dynamics. Notice the remarkably different course calculated for TMDGA

2.2 SIMULATION OF RADIOLYSIS REACTION PATHWAY

2.2.1 MECHANISMS BASED ON HYDROGEN ABSTRACTION

The degradation reaction pathways based on the hydrogen abstraction is investigated for the studied ligands
TMDGA, TEDGA, Me-TEDGA and Me,-TEDGA. No acid representation is considered during these calculations. In
searching for transition states, the QST2, QST3 [39-40] and TS [41] algorithm options of Gaussian09 code (42]
are used. Conformation analysis of reactants, intermediates and products is done by the CREST utility of xTB
software.

Total energy of each compound is calculated separately with the thermochemistry correction taken into
account and the final energies are normalized to the energy of reactants. The method used consists of the CC
single point calculations in Orca software on geometries obtained by the DFT calculations with Def2TZVP basis
set. The thermochemistry corrections from the DFT calculations are added to total energy obtained by the CC
calculations. The applied approach is considered to be the best one available today and is used in all discussion
within the Section 2.1.1.

The degradation mechanism considered here is initiated by a free radical, causing the abstraction of hydrogen
atom bonded to one of the ether carbons (C(4), C(5)). The radical might be represented by a hydroxyl radical
*OH (aqueous environment) or a hydrogen radical *H (lipophilic organic solution). Due to the abstraction, the
ether C-O bond is supposed to break. Methyl groups added in methylated forms of TEDGA should protect the
adjacent ether C-O bond. The respective set of considered reaction pathways for “OH and °H radical is shown in
Figure 2.21 and Figure 2.22.

For the case of hydrogen abstraction caused by hydroxyl radical, the calculations of transition states appearing
in the first step of reaction (Figure 2.21) did not converge to required saddle points. The reason for such
behavior is unknown. Thus, only the results obtained for reactions initiated by hydrogen radical are presented
and discussed below.
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Figure 2.21 Reactions schemes considered for the degradation mechanism based on hydrogen abstraction initiated by attack of hydroxyl
radical "OH on TMDGA and TEDGA (a), Me-TEDGA leading to rupture of the protected ether bond (b), Me-TEDGA causing a break of the
unprotected ether bond (c) and Me,-TEDGA (d)
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Figure 2.22 Reactions schemes considered for the degradation mechanism based on hydrogen abstraction initiated by attack of
hydrogen radical "H on TMDGA and TEDGA (a), Me-TEDGA leading to rupture of the protected ether bond (b), Me-TEDGA causing a
break of the unprotected ether bond (c) and Me,-TEDGA (d)
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Considering the abstraction of hydrogen adjacent to the ether group as the initiation of the subsequent
degradation reaction, it must not be forgotten that in case of methylated TEDGA ligands, the number of
possible reaction centers (number of hydrogen atoms adjacent to the ether group at positions R1 - R4) is
reduced. TMDGA and TEDGA have four of these hydrogens, but only three hydrogens of this type are present in
Me-TEDGA and only two hydrogens are in Me,-TEDGA. This correspondingly reduces the overall probability of
hydrogen abstraction for methylated ligands, in accordance with the experimentally observed trend of stability.

Energy diagrams obtained for the first reaction step and for the whole reaction pathway are shown in Figure
2.23 and 2.24, respectively. The energy profiles are summarized in Table 2.22. The corresponding values of
activation energy and reaction energy are given in Table 2.23.

20

15 2

PG\
/
10 ./" \
7 \
= 4 A
o & :
£ P \-,\ — -TMDGA
Tg o’ "\ TEDGA
- 0 L2 "
= NN Me-TEDGA |
20 A
T a Me-TEDGA I
w ‘\ ~e« Me2-TEDGA
-10 \
)
:\
-15 3
-20
Reactants TS1 Intermediates

Figure 2.23 Energy profiles of the first step in the degradation mechanisms suggested in Figure 22 (Coupled Cluster Theory)

Table 2.22 Reaction energy (kcal /mol) of the individual steps in the degradation pathways shown in Figure
2.24; Coupled Cluster Theory, R stands for Reactants, TS1 for Transition state 1, | for intermediates, TS2 for
Transition state 2 and P for Products.

molecule R TS1 | TS2 P

TMDGA 0 15.08 -14.59 4.64 -17.35
TEDGA 0 14.19 -15.40 6.37 -17.69
Me-TEDGA Reaction | 0 17.43 -13.21 8.39 -19.93
Me-TEDGA Reaction Il | 0 13.20 -15.46 5.81 -23.00
Me,-TEDGA 0 14.92 -14.97 5.94 -23.36
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Figure 2.24 Energy profiles of the degradation mechanisms suggested in Figure 22 (Coupled Cluster Theory)

Table 2.23 Activation energy (Ea) and reaction energy (Er) of the proposed degradation pathway steps (cf.
Figure 2.24) calculated with Coupled Cluster Theory; energy of each reaction step is listed separately

First step Second step
molecule Ea (kcal/mol) Er (kcal/mol) Ea (kcal/mol) Er (kcal/mol)
TMDGA 15.08 -14.59 19.23 -2.76
TEDGA 14.19 -15.40 21.76 -2.30
Me-TEDGA Reaction | 17.43 -13.21 21.60 -6.73
Me-TEDGA Reaction Il 13.20 -15.46 21.27 -7.53
Me,-TEDGA 14.92 -14.97 20.90 -8.39

The activation energy (Ea) of the first reaction step (Figure 2.23) are similar for all ligands, with exception of
Me-TEDGA / reaction | option, where the highest energy barrier of 17.43 kcal/mol is observed, in contrast to
13.20 kcal/mol for the reaction Il option. The same observation was made for the methylated derivative of
TODGA (TWE 21) [25]. The activation energy for TMDGA (15.08 kcal/mol) is higher than for TEDGA (14:19
kcal/mol). This behavior contradicts the experimentally observed stability [23-24]. However, it is in agreement
with the experimental rate coefficients for this reaction measured in [24] (1.22+0.03 x 10® mol™s™ for TMDGA
and 1.60+0.03 x 10° mol's™ for TEDGA). The activation energy for Me,-TEDGA is 14.92 kcal/mol that is higher
than for TEDGA but lower than for TMDGA. The latter relation contradicts the experimentally measured rate
coefficient for Me,-TEDGA (0.36+0.07 x 10° mol™s™ [24]). However, the energy difference between TMDGA and
Me,-TEDGA is small. In such case, caution is advised when interpreting such small energetic differences
because the influence of uncertainties and fluctuations in the geometries of the transient states can be
significant [25].

This project has received funding from the EURATOM research and training programme 2014-2018 under grant
agreement No 755171. The content of this deliverable reflects only the author’s view. The European Commission is not
responsible for any use that may be made of the information it contains.




GENIORS -

D2.5 - version 3 issued on 09/06/2020

Difference in the calculated activation energy of the second reaction step is very small for all studied ligands,
preventing us from making any definite conclusions or comparison. Apparently, the activation barriers of the
second reaction step overweight these of the first reaction step for all tested ligands (Table 2.23). This suggests
that the second reaction step determines the overall reaction rate. A similar and even more remarkable
inbalance in the activation energies of the first and second reaction step was already simulated by DFT for
TODGA and its methylated derivatives [25]. The here reported values obtained by much more reliable Coupled
Cluster Theory confirm this phenomenon.

In study of TODGA and its methylated derivatives [25], thermodynamic control of the reaction was suggested
to be dominant. In such case, the change in potential energy between the reactants and the products would
have a decisive impact on the composition of final products [25]. The conclusion stem from comparison of the
activation energy and high reaction energy observed for the first reaction step. However, the latter is not the
case for the hydrophilic DGAligands studied here (cf. Table 2.23).

Furthermore, for the second reaction step, the reaction energy is much lower than the activation energy for all
ligands (cf. Figure 2.24) and the relative size of the total potential energy drop calculated for individual ligands
is in disagreement with the experimentally observed stability relation of the ligands (TMDGA < TEDGA < Me-
TEDGA < Me,-TEDGA [23]).

In the particular case of Me-TEDGA, the energetic parameters calculated for the first reaction step seems to
sligtly prioritize the reaction Il. In the second reaction step, the activation and reaction energies are almost the
same for both possible reactions (Ea = 21.60 kcal/mol for reaction | and 21.27 kcal/mol for reaction Il; Er = 6.73
kcal/mol for reaction | and 7.53 kcal/mol for reaction 1l), and the mutual comparison is again in favor of the
more likely rupture of the non-protected C-O ether bond. Nevertheless, caution must be taken when
interpreting such small energetic differences.

Let’s finally notice that In the case of hydrogen abstraction initiated by a hydroxyl radical, only the activation
energy of the first reaction step would be different. The rest of the proposed reaction is the same as for the
hydrogen radical. The experimental studies [23-24] suggest that role of the hydroxyl radical is dominant.
Unfortunately, corresponding transition states were not found.

2.2.2 ALTERNATIVE REACTION PATHWAY

Similar to the previous Section, evaluation of the energetics of the degradation routes is based [25] on
calculation of Gibbs free energy change AG = AH — TxAS. The entropy contribution to the free energy is usually
effectivelly neglected (T = 0) or approximated with the ideal gas phase expression for vibrational (Sv),
translational (St) and rotational (Sr) parts. The solvent effects, that may be significant, are not accounted for.

Further on, the solvation entropy model published recently by Garza [43] is implemented for reaction path
calculations. These results are compared to the published experimental findings and simulations. It is shown
that the influence of the solvent entropy can have major consequences for the value of the AG for a certain
reaction step. Certainly, entropy effects drive the reaction if there are more end products and significant
entropy changes occur.

In the context of radiolysis research, often the reaction pathway between the original and the final compounds
remain a question because the intermediate products are often of a radical nature and consequentially short-
lived species. In the literature, a reaction pathway was suggested by Koubsky et al.[25] for DGAs. It starts with
hydrogen abstraction on one of the methylene groups next to the ether oxygen. This reaction pathway is
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shown in Figure 2.25, together with the Gibbs free energies calculated in two different ways. The Gibbs free
energies for which AS was approximated based on ideal gas formulas insinuate that AG decreases in both
reaction steps, so that the final products are thermodynamically favorable. However, when solvent corrections
(n-dodecane) are incorporated for AS, the second reaction step does not result in a decrease in AG. For the DFT
energy, solvent interactions were calculated using ENVIRON. Approximation of AS in the solvent was obtained
by the mentioned method of Garza. Van der Waals volumes, which are input parameters for this approach,
were calculated as published by Bondi[44]. The results of implementing this solvent model suggests that, when
applying more realistic simulation conditions, this reaction path would not be energetically advantageous. This
is in agreement with experimental data, where the product of the reaction shown in Figure 2.25 is not
observed or only in small amounts.

AG (With ASg,s) = -118 kJ mol™! AG (with ASg,s) = -19 kJ mol™!
AG (With ASyogecane) = -118 kd mol™!  AG (with ASyogecane) = +18 kJ mol”
0 o} 0 0 o} o
R. o} _R
| |
R R R R R R
o
Hy H,

Figure 2.25 Calculated changes in Gibbs free energy for the suggested hydrogen abstraction mechanism

Different experimental irradiation experiments show that products of ether bond breaking are the main
degradation products of DGA degradation. For this reason, Gibbs free energies were calculated between begin
and end products of the reaction resulting in one of the most significant experimentally observed degradation
compounds (with the alcohol group) [18, 22, 23, 45]. The result of this calculation is shown in Figure 2.26. This
strongly negative value for AG suggests that this reaction is energetically much more favorable. The reaction
mechanism with activation energies in between reaction steps could be considered as well, however the
current calculations already give a clear indications about thermodynamics.

AG (With ASyogecane) = -154 kJ mol™

0 0 o o
R\EJVO\)J\E/R — R\NJ\. HO\)J\N,R
R R

o

Figure 2.26 Calculated Gibbs free energies for the reaction leading to an observed degradation compound.

This project has received funding from the EURATOM research and training programme 2014-2018 under grant
agreement No 755171. The content of this deliverable reflects only the author’s view. The European Commission is not
responsible for any use that may be made of the information it contains.



GENIORS e

D2.5 - version 3 issued on 09/06/2020

CONCLUSIONS

An extensive set of simulation results has been collected and analyzed related to stability descriptors and
radiation decay routes of two types of extraction agents, CyMe4-BTBP and DGA derivatives. Overview of the
results and their detail analysis and discussion is given in Section 1 and Section 2 of the Deliverable. Based on
analysis of these complex results, the following conclusions deserve to be highlighted.

e For CyMe,-BTBP, the radiolysis degradation pathway in 1-octanol solvent is proposed, resulting in
CyMe,-BTBP — octanol adduct conformal with the experimental observations, and the energetically
most favorable structures and reaction route is identified.

e In case of DGAs, the obtained results mainly relate to hydrophilic derivatives - TMDGA, TEDGA, Me-
TEDGA and Me,-TEDGA - studied within a pure water environment as well as in an acidic solution
simulated by three different acid representation: H', H;0" and HNO; models.

o Creation of hydrogen bonds is anticipated for all studied hydrophilic DGAs in frame of H* acid
model, and for TEDGA also within the HNO3; model.

o Calculated radical Fukui functions show, for all the tested hydrophilic DGAs, the trend that is in
concert with the experimental stability studies. The same trend is then preserved with the acid
models included. The observed maxima of the function are localized in vicinity of the ether
hydrogens and the amide groups. This localization remains valid also for the calculated radical
Fukui charges.

o In case of TMDGA, the probability of hydrogen abstraction from the ether group indicated by the
high radical Fukui charges on ether hydrogens is found to be comparable to the hydrogen
abstraction from any of the CH; groups, in contrast to the rest of tested DGAs; similar situation is
observed for the H" acid model.

o Inclusion of acid influence leads to reduction of the radical Fukui charges mainly on the ether
group, and does not significantly change the basic stability trends observed with no acid present;
in case of the H" acid model, the difference among the ligands is even deepened.

o The radial Fukui function distributions calculated for hydrophilic DGAs, TODGA and mTDDGA show
similar localization of the main maxima, suggesting a similar susceptibility to radical attack for the
different DGA ligands.

o The electrophilic Fukui charges suggest a key role of the amide carbon C(2) in possible stabilization
of the TEDGA and its derivatives against electrophilic attack on the amide group and confirm a
different character of TMDGA comparing the TEDGA-based compounds.

o Similar electrophilic reactivity of all hydrogen atoms is predicted by calculated values of
electrophilic Fukui charges for all tested DGAs molecules, both in the acid-free situation and with
any of the tested acid models included.

o The HOMO-LUMO gap energy, partial atomic charges, bond orders and electrostatic potential
distributions calculated for the tested models provide no simple guidance in respect to the
resulting stability predictions.

o The calculated BDEs show that methylation of the DGA backbone can decrease the amount of
energy necessary to homolytically cleave the ether bonds in certain cases.

o A new type of descriptor based on molecular dynamics simulations and subsequent statistical
analysis of the obtained trajectories has been proposed and its relevance for the studied
hydrophilic DGA derivatives successfully tested on molecular level as well as on level of individual
bonds.
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o Radiolysis reaction routes initiated by hydrogen radical and including hydrogen abstraction are
simulated including the transition states, and the values of activation and reaction energy
obtained for all studied hydrophilic DGAs. Only small energetic differences are found between the
individual derivatives, with the activation and reaction energies of the same order for both
reaction steps considered.

o In context of the simulation of reaction paths, the solvent effect is discussed. Namely, inclusion of
solvent entropy is tested and found to change the estimated reaction Gibbs free energy in the
way favoring the reaction route conformal with the experimental data. However, the role of
solvent can be strongly influenced by the particular radical reaction type [85]. Thus, importance of
the solvent entropy as a decision-making factor for selection of a certain reaction pathway will be
further investigated.

e The simulation works provided also results related to practical performance and feasibility of applied
methods.

o Results of calculations of the BDE of the C-H bonds in ethyl methyl ether, acetic acid and methyl
amine with different calculations methods are used to show that in most cases the order of
calculated BDE values does not change compared to the experimental values. By choosing to use
the PBE functional, computational resources can be kept reasonably low, even when increasing
the size of the studied molecular system. This finding might be of practical importance when
expansion of the studied model is desirable. However, the resulting tradeoff between the
reduction of computing costs and loss of theoretical precision of the results obtained for larger
molecular systems should be further carefully analyzed.

o Set of reliable, standard simulation methods / settings / tools used to conformation analysis,
geometrical optimization, transient state search and calculation of individual descriptors has been
consolidated. Coupled Cluster Theory has been successfully applied to calculations of single point
energies of the reactants, reaction intermediates and products, and proofed to provide very
reliable and stable results.

e Analysis of the results obtained with the molecular stability descriptors derived from ab-initio
quantum mechanical calculations and molecular dynamics simulations suggests a promising direction
for further improvement, based on a proper merging of the two approaches.
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APPENDIX — METHODS AND COMPUTATIONAL SETTINGS

The calculations results referred in Sections 2.1.7, 2.2.7 and shown in Figure 2.9 were conducted with DFT
Quantum Espresso package [46] using the Jilich Aachen Research Alliance High Performance Computing (JARA-
HPC) partition on the Rheinisch-Westfalische Technische Hochschule (RWTH) cluster. Calculations were
conducted in vacuum with the Perdew-Burke-Ernzerhof (PBE) functional.[47] The effect of solvent has been
computed assuming continuum solvation model with ENVIRON package, using the dielectric constant of
n-dodecane of 2.0.[48] Initial structures were created in ChemDraw version 14.0, with initial geometry
optimization performed with the aid of molecular mechanics.

All other DFT calculation were done by DMol® and Gaussian09 programs. The CC calculations were performed
by Orca code. The geometry optimization started with generated initial geometries in the Gaussian09 program
[42] with the following settings: 6-31G(d,p) basis set [49-50], PCM solvent model [51-53] with water as a
solvent, GD3BJ dispersion correction [54-55] and B3LYP exchange and correlation functional [33].

Conformation analysis for reaction calculations was done with CREST utility [56] of xTB Semi-empirical
Extended Tight-Binding Program Package [57-59]. This software generates the thermally accessible ensemble
of minimum-energy structures generally consisting of conformers as well as rotamers using combination of
Molecular Dynamic and Tight-Biding approximation [60]. Further optimization was performed on the
conformations with the lowest energy gained by the CREST utility of xTB with the following settings: 6-
311G++(2d,d,p) [61-62] and Def2TZVP [63-64] basis sets, PCM solvent model [51-53] with water as a solvent,
GD3BJ dispersion correction [51-52] (section 1.2.4) and B3LYP exchange and correlation functional [33].

Gaussian09 code [42] was used for the geometric optimization and HOMO/LUMO calculations. Wiberg bond
indices and Natural population analysis were calculated with Gaussian09 in combination with NBO 6.0 software
[65] with the following settings: 6-31G(d,p) basis set [49-50], PCM solvent model [51-53] with water as a
solvent, GD3BJ dispersion correction [54-55] (section 1.2.4) and B3LYP exchange and correlation functional
[33]. Gaussian09 code was also used for searching transition states of the degradation reaction mechanism
initiated by the hydrogen abstraction (section 2.1.1) using QST2, QST3 [39, 40] and TS [41] algorithm selections.
The following settings was used for searching the transition states: 6-311++G(2d,d,p) [61-62] and Def2TZVP
[63-64] basis sets, PCM solvent model [51-53] with water as a solvent, GD3BJ dispersion correction [51-52] and
B3LYP exchange and correlation functional [33]. Furthermore, energy of reactants, intermediates and products
were determined by Gaussian09 code with above mentioned settings with thermochemistry implemented in
Gaussian09 code [66].

CC calculations [67-73] were done by Orca software [74-75] for single-point calculations of energy of reactants,
transition states, intermediates and products on the geometries gained by DFT calculations using Gaussian09.
Following settings were used: DLPNO-CCSD(T) level of theory, Def2TZVP [63-64] basis set and RIJCOSX
approximation (RI-J for Coulomb integrals and COSX numerical integration for HF exchange) [76-78].
Thermochemistry corrections are added from the Gaussian09 DFT calculations.

Material studio DMol® [79-80] module was used to determine the subsequent properties of the electronic
structure relevant for the stability study. These attributes are Fukui functions, Fukui charges, Mulliken
population analysis, Hirshfeld population analysis, partial charges fitted from the electrostatic potential, bond
orders based on Mulliken and Mayer theory and the electrostatic potential with the following settings: DNP
basis set [79], COSMO solvent model [81-82], GD2 dispersion correction [83-84] and B3LYP correlation
functional [33].
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Molecular dynamics calculations used in Section 2.1.8 were performed within the Materials Studio (MS)
simulation environment using the server modules MS Amorphous Cell and MS Forcite. Special SW tool written
in the Matlab SW environment was developed in order to perform the detailed statistical analysis of the
conformational dynamics. The forcefield MS COMPASS, Ewald evaluation of electrostatic interactions and
atom-based summation of van der Waals interactions with the cut-off radius 1.6 nm, NVT dynamics, NHL
thermostat, periodic boundary conditions, total simulation time 5 ns, time step 1 fs and temperature 293 K was
applied in all MD calculations.
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