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ABSTRACT KEYWORDS
The radiolytic degradation chemistry of three phenylated ana- Radiolysis; radical chemistry;
logs of N,N,N’,N'-tetraoctyl diglycolamide (TODGA) was investi- ~ TODGA; diglycolamides
gated: 2-(2-(di-n-octylamino)-2-oxoethoxy)-N,N-di-n-octyl-
2-phenylacetamide (PhTODGA), which has a phenyl substituent

bound to a central methylene, 2-(2-(di-n-octylamino)-2-oxo-
1-phenylethoxy)-N,N-di-n-octylpropanamide (PhMeTODGA),

which also contains a methyl substituent bound to the methy-

lene on the other side of the ether moiety, and, 2-(2-N-n-hexyl-
N-phenylamino)-2-oxoethoxy)-N-n-hexyl-N-phenylacetamide

(DHDPDGA), which has phenyl substituents located on the

amide groups instead of the central methylenes. In Part Il of

this series of papers radiolytic degradation products were iden-

tified after separation with liquid chromatography by High

Resolution, Accurate-Mass mass spectrometry and collision-

induced dissociation. At least twenty-two radiolytic degradation

products were identified for PhTODGA, twenty-nine for

PhMeTODGA, and over three dozen for DHDPDGA. The suite

of radiolytic degradation products of these three investigated

ligands was significantly larger than has been reported for pre-

viously studied diglycolamides, owing to their asymmetric nat-

ure, and to the identification of several new degradation

mechanisms, including addition of methyl, hydroxyl, and nitro-

gen oxide radicals, that have not been previously reported for
diglycolamides. Degradation products that contained addition

of a NO, or NOs; group were particularly prevalent for

DHDPDGA, likely due to the phenyl side-groups. Several of

these newly observed mechanisms do not appear to depend

on the presence of the phenyl groups, suggesting these novel

mechanisms may apply to other diglycolamides
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Introduction

The growing consequences of anthropogenic climate change have resulted in
increased interest in nuclear power, which can provide carbon-free generation of
energy.!! However, management of used nuclear fuel remains a challenge for
large-scale deployment of nuclear reactors in many places.’”’ Geologic require-
ments for storage repositories limit the number of sites available, and thus the
capacity, for storage of the final waste-form products of nuclear fuel cycles. Social
and political resistance to repository construction further limits overall storage
capacity.”! Thus, technologies that can increase the efficiency of use of limited
geologic storage space can enable an increase in the size of a nation’s nuclear power
generation capacity. 471

Partitioning and transmutation (P&T) schemes are of interest as one way to
reduce the total volume of radioactive material that requires deep geologic
storage.!”®! Briefly, P&T schemes aim to extract the bulk uranium, plutonium,
and neptunium out of the used nuclear fuel. The raffinate left after this
extraction step contains fission products, lanthanides (Ln), and the minor
actinides (An) americium (Am) and curium (Cm). As the heat from the
radioactive decay of americium is the dominant contribution to waste-form
heat load from approximately 200-2000 years after removal from a reactor,
one central aim of the concept of P&T is removal of the minor actinides from
the remainder of the used fuel.”) Once removed, the minor actinides can be
burned in a fast neutron spectrum reactor, yielding more energy and convert-
ing the minor actinides into short-lived fission products.’*'"!

Ligand molecules for used nuclear fuel separation processes must operate in
the extreme environment of high acidity and high radiation field, which results
in the radiolytic degradation of the ligand molecules.!"'** The degradation of
the separation ligands can diminish the efficiency of a separation process both
through the loss of the separation ligands and through the formation of degra-
dation products that can have a deleterious effect on the separation process.
Thus, elucidation of ligand radiolytic degradation mechanisms is critical to the
development of novel ligand molecules for used nuclear fuel separation.

The diglycolamides (DGAs) have emerged as a class of candidate ligand mole-
cules for separation of the minor An and Ln from the rest of the components of
used nuclear fuel, due to high extraction efficiencies for the minor An and Ln and
high enough radiation resistance to be industrially useful.!">'®! Several reports have
studied DGA molecules with alkane side-chains and substitutions adjacent to the
central ether oxygen, with attention to identification of their radiolytic degradation
products and mechanisms in alkane diluents, including N,N,N’,N'-tetraoctyl digly-
colamide  (TODGA),"”*!  N,N,N’,N"-tetra(2-ethylhexyl) ~diglycolamide
(TEHDGA),""®?! methyl tetraoctyldiglycolamide (MeTODGA),"**! dimethyl tet-
raoctyldiglycolamide (Me,TODGA),*?! N,N-didodecyl-N’,N’-dioctyldiglycola-
mide (D’DODGA),"*) and dimethyl tetradectyldiglycolamide (mTDDGA).**
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The conclusion of these studies is that the primary radiolytic degradation products
of the DGAs result from cleavage of the central bonds of the molecule, followed by
capping with either a hydrogen (H®) or hydroxyl (*OH) radical. Other identified
degradation products could form as the result of reactions with solvent
molecules,'”?*?*** or from elimination of molecular hydrogen.!"*?*** It is
believed that the hydrogen bonds adjacent to the central ether oxygen are the
most susceptible to radical attack. %2242

The presence of radiolytic degradation products can affect a separation process
in numerous ways. Galanet al. studied the extraction efficiency of several TODGA
degradation products.*”! 2-(2-(Dioctylamino)-2-oxoethoxy)acetic acid showed
distribution ratios less than one for americium and europium, which means its
presence would inhibit extraction, possibly due to enhanced solubility in the
aqueous phase from the presence of the carboxylic acid group. N,N-Dioctyl-
2-(2-(octylamino)-2-oxoethoxy)acetamide had distribution ratios greater than
one for Am and Eu, meaning it would enhance extraction. This is likely because
it is structurally very similar to TODGA, as it is the result of the loss of a single side
chain. 2-Hydroxy-N,N-dioctylacetamide also showed distribution greater than
one. Hubscher-Bruder et al. further investigated the trivalent actinide/actinide
extraction efficiency of 2-hydroxy-N,N-dioctylacetamide by comparing it to its
methyl ester analog, which suggested the presence of the hydroxyl group con-
tributes to enhanced extraction.”® 2-Hydroxy-N,N-dioctylacetamide and
2-hydroxy-N,N-dioctylpropanamide also had zirconium distribution ratios
greater than one. Other investigated degradation products of TODGA and
MeTODGA, especially those with monoamide structures, show poor extraction
for the trivalent actinides and minor actinides but had distribution ratios higher
than one for other metal cations that would be present in the feed of used nuclear
fuel separation processes, such as zirconium, molybdenum, palladium, and copper.

Elucidation of the influence of DGA molecular structure on radiolytic degrada-
tion rates and mechanisms is important for developing new molecules for
improved separation processes. In Part I of this manuscript series, we report on
the influence of phenyl substitution on the rates of gamma-radiation-induced
degradation of TODGA analogs.”?”! Here, we report on the radiolytic degradation
product chemistry of the phenyl-substituted analogs. As in Part I, we investigated
two phenyl-substituted versions of TODGA: 2-(2-(di-n-octylamino)-
2-oxoethoxy)-N,N-di-n-octyl-2-phenylacetamide (trivially, N,N,N’,N’-tetraoctyl
phenyldiglycolamide, PhATODGA, Figure 1la), and 2-(2-(di-n-octylamino)-
2-oxo-1-phenylethoxy)-N,N-di-n-octylpropanamide  (trivially, —N,N,N’,N*-
tetraoctyl phenylmethyldiglycolamide, PhMeTODGA, Figure 1b), which have
phenyl groups located in proximity to the central ether oxygen of the DGA
backbone. We also investigated the radiolytic degradation product chemistry of
2-(2-N-n-hexyl-N-phenylamino)-2-oxoethoxy)-N-n-hexyl-N-phenylacetamide
(trivially, N,N’-dihexyl-N,N’-diphenyl diglycolamide, DHDPDGA, Figure 1c),
which has phenyl and hexyl side-groups but no ether-adjacent substitutions.
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Figure 1. Structures of (a) PhATODGA, (b) PhMeTODGA, and (c) DHDPDGA. Note that PhTODGA has
a stereogenic carbon center, yielding two enantiomers (labeled R,S in the figure), and that
PhMeTODGA has two stereogenic carbons, yielding four stereoisomers.

Actual used fuel separation processes may use industrial hydrocarbon
mixtures such as kerosene or hydrogenated tetrapropene (TPH),''®! and
contain can contain co-extractants and other molecules like phase modifiers.
Additionally, real processes likely operate at elevated temperature due to the
heat from fission product decay. There is evidence that radiolysis of separation
ligands could be different in the more complicated conditions expected in
a separation process than in the simplified conditions typically used for
radiolysis studies. For example, irradiations of air-sparged TODGA-
containing solvents show some new degradation products that were not
previously identified, though most of the identified degradation products
were the same as have been observed prior.**) However, given the wide
range of potential conditions, and the complexity that brings, most DGA
radiolysis studies have been conducted under simplified conditions, typically
static irradiations in n-dodecane, and in n-dodecane in contact with nitric
acid-containing aqueous phases.'"®?*2*3!] To enable comparison with these
prior studies, we have utilized these same kinds of conditions.

Experimental
Ligand preparation

PhMeTODGA and PhTODGA were prepared following the methodology
described by Igbal et al.®?! TODGA (~98% purity) was purchased from
Marshallton Research Laboratories, Inc. (King, North Carolina, USA, http://
www.marshalltonlabs.com), and used without further purification. N,N’-di
-n-hexyl-N,N’-diphenyl diglycolamide (DHDPDGA) was synthesized under
Schotten-Baumann conditions according to the general procedure described in
Leoncini et al.** Nuclear magnetic resonance peaks of the product supporting
identity are provided in Part 1.1*°!

Gamma-ray irradiation

Detailed gamma irradiation conditions are provided in Part I and have been
chosen for consistency with previous studies of diglycolamide
radiolysis.[18’22‘24’3” Briefly, samples of PhMeTODGA, PhTODGA, and
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DHDPDGA were irradiated as 0.05M solutions in n-dodecane either as the
pure organic phase, or in contact with either 0.1 M HNOj; or 3.0 M HNO;.
Biphasic samples were mixed and allowed to sit for 24 h at room temperature
(20-23°C) to ensure equilibration prior to irradiation, in a Nordion GammacCell
220E (Ottawa, Canada)®°Co source, with a centerline sample chamber dose rate
of 4.5 kGy h™", as determined by decay corrected Fricke dosimetry.****!

UHPLC-ESI-MS

PhMeTODGA and PhTODGA degradation product analysis
Irradiated PhMeTODGA samples in n-dodecane were diluted in Optima® LC/MS
2-propanol (Fisher Scientific, Pittsburgh, PA, USA) prior to analysis to generate
a concentration in the low micromolar (uM) range. The diluted samples were
analyzed using a Dionex (Sunnyvale, CA, USA) ultra-high-performance liquid
chromatograph (UHPLC) with an Ultimate 3000 RS pump, 3000 RS autosampler,
3000 RS column compartment and a 3000 RS diode-array detector, coupled to
a Bruker (Billerica, MA, USA) microTOFQ-II electrospray ionization (ESI) quad-
rupole time-of-flight mass spectrometer with Hystar 3.2 software.

The chromatographic separation was achieved using 5 pL injections on
a Kinetex 1.7 pum particle size, EVO-C18 stationary phase, 50 mm x 2.1 mm
column (Phenomenex, Torrance, CA, USA) held at 50°C. The aqueous com-
ponent was Optima® LC/MS water with 0.1% v/v formic acid (Fisher Scientific,
Pittsburgh, PA), and the organic component was Optima® LC/MS 2-propanol.
A 25-min isocratic mobile-phase profile was initially used to separate the
irradiated PhMeTODGA solutions, with a flow rate of 300 uL/min and
a 59% organic composition. A 10-min gradient mobile-phase profile was
used to separate the irradiated PhATODGA solutions. The mass spectrometer
conditions were: capillary: 4.5 kV, positive mode; temp.: 220°C; nebulizer gas
and dry gas were both N,, nebulizer pressure: 0.4 bar; dry gas flow rate: 9L/
min. The mass spectrometer was operated using standard Bruker “tune low”
and “tune wide” tuning parameters. Each sample was injected three times.

DHDPDGA degradation product identification

Degradation product analysis was performed at Forschungszentrum Jiilich
(FZ]) using an Agilent 1200 HPLC coupled to a LTQ FT Ultra™ (Thermo
Fisher Scientific, Bremen, Germany) hybrid linear ion trap Fourier-Transform
Ion Cyclotron Resonance mass spectrometer. The Agilent 1200 HPLC system
consisted of a binary pump system, an autosampler, a thermostated column
compartment at 35°C and a diode-array detector (Agilent, Waldbronn,
Germany). The mass spectrometer was first tuned and calibrated in the
positive mode following the standard optimization procedure for all voltages
and settings: Source Type: ESI: Ion Spray Voltage 3.8 kV, Capillary Voltage 37
V, Tube Lens: 130 V; Capillary Temp 275°C, Sheath Gas Flow: 60 a.u. Mass
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spectra were recorded in full scan mode from 100 to 1000 Da with a resolution
of 100,000 at m/z 400. All data were processed using the Xcalibur™ software
2.0 (Thermo Fisher Scientific, Bremen, Germany). Only m/z ratios with a mass
deviation <1 ppm to the calculated chemical composition were considered.

Results and discussion
Degradation product identification

The ion chromatogram of 0.05 M PhMeTODGA after irradiation to 500 kGy
absorbed dose in contact with an aqueous solution of 3.0 M HNOj; is shown in
Figure S1. There are more than two dozen peaks, most of which have been
assigned as degradation products of PhMeTODGA. Compound numbers are
assigned based on the retention order of the degradation products for each of
the phenylated DGAs. There are a few products detected in the PhMeTODGA
samples that have no analog in the PATODGA samples, so some compounds
that are proposed to have the same structures for the PhMeTODGA and
PhTODGA samples have different compound numbers. Proposed structures
for these degradation products were derived from exact mass measurements
(PhMeTODGA: Table S1, PATODGA: Table S2, and DHDPDGA: Table S3),
interpretation of collision-induced dissociation (CID) tandem mass spectro-
metry (MS?) spectra, and logical bond cleavages and capping reactions of the
parent DGA. CID tandem mass spectra and proposed fragmentation schemes
explaining those spectra can be found in the Supplementary Information
(PhMeTODGA: Figure SA1 to Figure SA29 and Scheme SA1l to Scheme
SA28, PhTODGA: Figure SBI1 to Figure SB22 and Scheme SB1 to Scheme
SB22, with Figure and Scheme numbers corresponding to compound num-
ber). There was less DHDPDGA material available, so CID spectra were only
obtained for a few degradation products (Figure SC1 through Figure SC3, and
Scheme SC1 through Scheme SC3). Proposed structures for DHDPDGA
degradation compounds with no CID data were derived from exact masses
(Table S3) and logical bond cleavages. PhMeTODGA has two chiral centers,
and thus two diastereomers that can be chromatographically resolved.
Therefore, degradation products of PhMeTODGA that retain these two chiral
centers will also have two sets of two enantiomers, and will result in two
chromatographic peaks, which have identical m/z and CID spectra. Where
identified, these compounds have been labeled with a or b (PhMeTODGA
Compounds 6a and 6b, for example in Figure 2), indicating retention order, as
the specific stereochemistry cannot be identified using mass spectrometry.
Irradiation of DHDPDGA resulted in even more radiolytic degradation
products than PhMeTODGA and PhTODGA, particularly those which
would result from addition of NO, and NO; groups. As with PhMeTODGA
and PhTODGA, proposed structures of the degradation products are derived



588 (&) C.A.ZARZANAETAL.

PhMeTODGA Backbone Cleavages Followed by H-Radical Addition: .Oc Compound 2
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Compound 8 ' Oc 2-(2-(dioctylamino)- 12+ -ox0-1
N,N-dioctylformamide | 2-oxo-1 )propanoic acid | N- i
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: © Oc. OH 2-hydroxy-N,N-dioctyl- i\ N,N<dioctylformamide
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Figure 2. Proposed structures and formation mechanism classification of PhMeTODGA degrada-
tion products arising from cleavage of backbone bonds. R groups are n-octyl (CgH;-).

from exact mass measurements (Table S3) and logical bond cleavages and
capping reactions of the parent DGA. However, because of the limited amount
of sample, we were unable to collect CID spectra for many of the compounds
detected in the DHDPDGA samples. For DHDPDGA, several chromato-
graphic peaks with different retention times were observed with the same m/
z ratios, which could correspond to more than one chemical structure.
Without CID data, the mass spectrometer does not provide structural data,
only formula. Therefore, these are proposed structures, informed by the
radiolytic fragmentation chemistry of PhMeTODGA and PhTODGA, but
further investigation of these compounds would be required to definitively
identify and characterize them.

Radiolytic degradation pathways and product dose profiles

Mixtures formed from radiolysis of PhATODGA, PhMeTODGA, and
DHDPDGA contain a plethora of compounds, most of which are
formed from radiolysis reactions, although some are also formed by
purely chemical means. Products were identified from cleavage of nearly
every bond in the core of the diglycolamide molecules - only the
phenyl, pendant methyl, carbonyl, and bonds internal to the N-n-alkyl
groups were spared. Radiolysis product identification was based on
elemental composition derived from accurate mass measurements, and
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from CID spectra. Radiolysis pathways are summarized for
PhMeTODGA in Figures 2 and 4. Proposed radiolysis pathways and
degradation product structures for all three compounds studied here are
also reported in the Supplementary Information, Figure S2 through
Figure S5, and measured compounds in Table S1 through Table S4.
Here, the radiolysis product identities are discussed in the context of
the DGA bond cleavage, initially forming larger radicals that are capped
with low molecular weight radicals that are also formed in the radiolysis
experiments. Identification of the radiolysis reactions provides a starting
point for the development of a comprehensive understanding of com-
pound degradation, even though a quantitative description of competing
degradation reactions is currently unavailable, the latter on account of
unknown (and varying) ionization efficiencies under ESI conditions. The
chromatographic peak area for a given compound is proportional to the
compound concentration even though the conversion factor is unknown
due to unknown ionization efficiencies. Thus, the signal areas for
a given compound can be compared between different irradiation con-
ditions, providing some information on degradation mechanisms.

The abundance of the degradation products as a function of dose is
also informative, displaying two general profiles: a) increasing in abun-
dance at low dose, and then falling at high doses, and b) only increasing
in abundance as dose increases, at least to the maximum absorbed dose
used in this work. The radiation-induced radicals that are responsible
for destruction of the parent DGA and production of the degradation
products can also react with the degradation products, inducing second-
ary reactions. The likelihood of occurrence of these reactions increases
with increasing degradation product concentration. Thus, degradation
products that exhibit the first abundance profile (increasing at low dose
tfollowed by a roll-off or decrease at high dose) are likely to have been
formed with high efficiency, resulting in sufficient concentration at high
dose to undergo radiolytic degradation. Degradation products exhibiting
the second-dose profile (increasing abundance as a function of dose) are
likely to be present in low concentrations, either as a result of low
efficiency formation mechanisms or because they are formed from
radiolytic degradation of primary radiolysis products, as opposed to
being directly formed from radiolytic degradation of the parent DGA.

Compounds from Cajy—Namider and Cppenyr—Namide cleavages

In the PhTODGA and PhMeTODGA experiments, cleavage of the
Coctyl—Namide bonds produces mono-N-octyl amido derivatives, by initial
formation of a nitrogen-centered radical that is capped with He. Both the
phenylated and non-phenylated sides of PhMeTODGA react in this fashion
forming two sets of des-octyl derivatives, that show up as enantiomeric pairs in
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the HPLC/MS analysis (Figure 2, compounds 23a,b, 24a,b). PATODGA dis-
plays very similar behavior, producing des-octyl compounds 19 and 20 in
Figure S3. The radiolytic abundance profiles of these compounds suggest that
they are products of primary reactions that subsequently undergo secondary
radiolysis reactions: the profiles increase sharply over the first 150 kGy of
gamma dose, before plateauing at about 300 kGy and then decreasing at higher
doses (Figure 3, Figure S6 through Figure S9).

The abundance increase with dose was greatest for the experiments con-
ducted in 3 M HNO;, suggesting that this radiolysis mechanism is facilitated
by the acidic environment; increase in abundance of amide products in the
presence of nitric acid was also observed for previously studied DGAs.!'>'®!
This conclusion is consistent with the idea that radiolysis is accelerated by
amide functional groups that are protonated or partially protonated, weaken-
ing neighboring bonds. The decrease in abundance at doses >300 kGy is
attributed to secondary radiolysis processes, i.e., converting the mono-
N-octylamido compounds to other derivatives.

The des-octyl derivatives of PhMeTODGA undergo a second octyle cleavage/
He capping reaction to furnish phenylmethyl-N-octyl-N™-octyl diglycolamide
(Figure 4: compounds 6a,b), and PhATODGA does the same thing to form
methyl-N-octyl-N"-octyl diglycolamide (Figure S3: compound 6). The radiolysis
profiles of these compounds display an increase in abundance as dose increases,
consistent with the hypothesis that they are being formed as secondary radi-
olysis products (PhMeTODGA, Figure S10: compounds 6a and b; PATODGA,
Figure S11: compound 6). If the octyle cleavage/He capping reaction was
undirected, loss of an additional side chain from PhMeTODGA compounds
23a, 23b, 24a, and 24b would be expected to result in three degradation
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Figure 4. Radiolysis pathways for PhAMeTODGA involving proposed pathways other than cleavage
of a backbone bond followed by capping with a hydrogen radical.

products: one compound with two octyl side-chains on the phenyl-side amide
and none on the methyl-side amide, one compound with no octyl side-chains
on the phenyl-side amide and two on the methyl-side amide, and one com-
pound with one side chain on each side of the molecule, resulting in six peaks
because of the two stereogenic carbons. However, only two peaks (Figure 4:
compounds 6a and 6b) are present, and the CID spectra of the two indicate that
there are octyl groups on both sides of the molecule. Thus, loss of one octyl
chain from an amide appears to stabilize that amide against loss of a second.
DHDPDGA undergoes analogous reactions. Elimination of hexyle/He cap-
ping results in an N-hexyl-N-phenyl-N’-phenyl derivative (Figure S4, com-
pound 1); the chromatographic intensity increases by an order of magnitude
over the first 50 kGy in experiments conducted in organic-only, and organic-
0.1 M HNOj; contacted environments (Figure S39). Beyond 50 kGy, intensities
continue to increase but at a more modest rate. A significant amount of this
compound is also observed in the analyses of the third phase that was
formed."**! Compounds originating from cleavage of a phenyl moiety behave
in a practically identical fashion (Figure S4, compound 2, and Figure S40).
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DHDPDGA also undergoes serial hexyle loss/He capping followed by phe-
nyle loss/He capping to generate a N-hexyl-N’-phenyl diglycolamide, which
increases in intensity by two orders of magnitude in organic-only experiments
but does not appear to be generated from radiolysis of HNO;-contacted
solutions (DHDPDGA compound 11, Figure S41). Serial elimination of hex-
ene and a He, followed by capping with O,Ne or O,NOe also occurs (Figure
$42 and Figure S43). These products are principally observed in the organic
phase of the HNO;-contacted experiments; however, at high doses, the nitrato
compound is also observed in abundance in the third phase.

Compounds from N,,,iqe—Cc-o cleavages

Homolytic cleavage of the N,pige—Cc-o would initially generate
a dioctylamino radical, and a carbonyl radical. In the PhATODGA and
PhMeTODGA experiments, capping the amino radical with He furnishes
dioctylamine from both sides of these molecules, consistent with the abundant
peak observed in the chromatogram at 3.3 min (compound 2 in Figure 2 and
Figure S3). Capping the Cc_o radical occurs by reaction with hydroxide
radicals (HOs), generating carboxylic acid derivatives, albeit in low abun-
dance. These are compounds 9a,b and 11a,b from PhMeTODGA (Figure 2),
and compounds 8 and 10 from PhTODGA (Figure S3). Either H,O or HNO;
must be required for the formation of carboxylic acid products, and both are
present in these experiments. However, it is surprising that products from
HOe capping are not observed for the other initially formed radicals. This
suggests that the reaction between the HOe radical and the amide radical is
kinetically or energetically favored, while the reactions between the HOe
radical and other DGA radicals are not. Curiously, products of He capping
of the carbonyl radicals to form aldehyde derivatives are not observed in the
PhTODGA or PhMeTODGA experiments.

The radiolytic profile for di-n-octylamine shows a slow increase in abun-
dance up to ~50 kGy, followed by a slow increase to 300 kGy and constant
values thereafter - this is observed for experiments conducted in n-dodecane,
and in n-dodecane contacted with 0.1 M HNO; (Figure S14). The profile from
the experiment contacted with 3.0 M HNOj; is dramatically different: abun-
dance increases dramatically up to 400 kGy, and then decreases. The produc-
tion of di-n-octylamine is clearly augmented by the presence of abundant acid,
weakening the amide bonds as a result of protonation as suggested above. The
fact that the abundance of di-n-octylamine decreases at 500 kGy indicates
secondary reactions, and in fact N-nitroso-di-n-octylamine (Figure 2, com-
pound 13) is formed from PhMeTODGA, but not until very high doses have
been delivered (Figure S18).

The abundances of the carboxylic acid derivatives (e.g. compounds 9a,b and
11a,b from PhMeTODGA, Figure 2, and compound 8 from PhTODGA,
Figure S3) also increase rapidly at low dose, peaking at ~100 kGy before
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undergoing significant decreases (Figure S12, Figure S13, and Figure S15). The
abundance decrease at higher doses indicates secondary reactions, and com-
pounds resulting from esterification with n-dodecyl moieties are observed
(PhMeTODGA Figure 4, compounds 25 and 26; PhTODGA, Figure S3,
compounds 21 and 22). However, the radiolysis profiles for the dodecyl esters
are consistent with primary degradation products (Figure S16 and Figure S17).
Significantly, the ester derivatives are only observed in the 3.0 M HNO;
environments, where a substantial amount of di-n-octylamine was generated.

In the DHDPDGA experiments, N,,;ge—carbonyl cleavage initially forms
a carbonyl radical that reacts with He to form a DGA aldehyde derivative
(Figure S4, compound 8); this contrasts with the phenyl TODGA molecules,
where HOe» capping is observed. In the organic-only, and 0.1 M HNOj; experi-
ments, the intensity of the chromatographic signal rises two orders of magni-
tude over a dose of 500 kGy, with most of the increase occurring in the first
100 kGy (Figure S44).

N-hexyl-phenylamine is also observed in high abundance in the majority of
the DHDPDGA radiolysis environments (Figure S45), formed from He cap-
ping of the initially formed amino radical. This reaction product is analogous
to those seen in the phenyl TODGA compounds. In the organic-only envir-
onment, it is at reasonably high abundance before irradiation was initiated,
indicating that it is formed by purely chemical means. Upon irradiation, its
abundance increases by about a factor of 5 at 300 kGy, before decreasing.
A similar pattern was seen in both phases of the 0.1 M HNOj-contacted
experiment. N-hexyl-phenylamine abundance does not vary significantly in
the organic phase of the 3M HNO;-contacted experiment. The initially
formed amino radical is also capped by H;Ce, generating N-hexyl-N-methyl-
phenylamine (Figure S46). This compound is only observed with any abun-
dance in the organic-only experiment at high doses.

Nitrato, nitro, and nitroso derivatives of N-hexyl-phenylamine are also
formed in the DHDPDGA experiments (Figure S5, compound 10 + NOs,
compound 10 + NO,, and compound 10 + NO, respectively). Serial elimina-
tion of He from the phenyl moiety, followed by capping with O,NOes, O,Ne
and ONe are expected to generate nitratophenyl-, nitrophenyl-, and N-hexyl-
(nitrosophenyl)amine derivatives, structures consistent with CID spectra.
N-Hexyl-(nitratophenyl)amine abundance increases by more than two orders
of magnitude in the aqueous phase of the 0.1 M HNOj3-contacted experiment
over the first 100 kGy of gamma dose, then decreases at doses >300 kGy
(Figure S47) signaling the onset of secondary radiolysis reactions. This com-
pound is also formed in abundance in the organic phase of this experiment.

N-Hexyl-(nitrophenyl)amine is observed in abundance in the DHDPDGA-
containing organic phases of both the 0.1 M and 3 M HNOj3-contacted experi-
ments at zero gamma dose, and its abundance increases with increasing dose
in the organic and aqueous phases of the 0.1 HNO;-contacted experiment.
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This indicates that it is formed by chemical means, and also from radiolysis
(Figure S48). At the highest doses, abundance decreases, signaling secondary
radiolysis reactions. The abundance of N-hexyl-(nitrosophenyl)amine also
increases significantly with increasing gamma dose for both phases of the
0.1 M HNOs-contacted, and organic-only experiments (Figure S49). It is
abundant at zero dose in the organic phase of the 3 M HNO;-contacted
experiment, indicating that it can be formed in the absence of gamma
radiation.

Like the phenyl TODGA molecules, an abundant carboxylic acid derivative
is formed from HOe capping of the carbonyl radical from DHDPDGA. This
compound is favored in the organic-only experiment and in the third phase
but is not nearly as abundant in the more acidic environments (Figure S50).
This would seem to rule out a formation reaction that involves HNO;. The
carboxylic acid also undergoes esterification with a dodecyl moiety (Figure
S51), which is observed in modest abundance in all three organic environ-
ments that were analyzed. The mechanism is not known, but the formation of
this compound is consistent with the observation of n-dodecyl hydroperoxide
(Figure S68).

Nitratophenyl and nitrophenyl derivatives of the DHDPDGA-derived car-
boxylic acid product are also formed, by serial Cppeny—H cleavage with
capping by either O,NOe or O,Ne. The nitratophenyl derivative is observed
in abundance in the organic-only environment, and surprisingly its initial
abundance is significant (Figure S52). This suggests that initially its formation
is the result of a non-radiolytic, chemical reaction. At 100 kGy, abundance
drops, but then rebuilds, suggesting that at higher doses, the nitratophenyla-
cetic acid derivative is also formed by gamma radiolysis. Another nitrogen
oxide radical-capped derivative is formed that has a composition consistent
with either a nitrophenylacetic acid, or a nitratophenylacetaldehyde (Figure
§53). The compound is found in low abundance in all environments and is
most prevalent in the third phase at higher gamma doses.

Compounds from Cc_o—Ccy, cleavage

Radiolytic cleavage of the Cc_o—Ccp, bonds in PhMeTODGA and
PhTODGA generates a dioctylamido radical centered on the carbonyl, and
another radical centered on the methylene moieties (from either side of the
central ether oxygen atom). In the PhMeTODGA experiments, compounds
resulting from capping the dioctylamido radical with either He or H;Ce
produce N,N-di-n-octylformamide (Figure 2, compound 8) and N,N-di-
n-octylacetamide (Figure 4, compound 10). The presence of the methyl sub-
stituent adjacent to the central ether oxygen atom in PhMeTODGA means
that N,N-di-n-octylacetamide (Figure 4, compound 10) cannot be formed
directly from cleavage of the C_o—Ccp, bond followed by hydrogen radical
capping. Instead, this compound must be formed either by loss of a CH; group
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from N,N-dioctylpropionamide (Figure 2, compound 15) or by cleavage of the
Cc-0—Ccn, bond followed by capping with a methyl radical (H;Ce). If the
acetamide was formed from secondary radiolysis of the propionamide, its
abundance vs. absorbed dose would be expected to lag behind the abundance
vs. absorbed dose for the propionamide: the propionamide concentration
would need to grow large enough for the rates of a secondary reaction to
become high enough to produce detectable amounts of the acetamide.
However, the abundance of the acetamide begins to increase at low absorbed
doses, similar to that of the propionamide (Figure S20 and Figure S24,
respectively). This suggests that the acetamide is formed by cleavage of the
Cc-0—Ccnz bond followed by capping with a methyl radical (H;Co).

The analogous processes in the PATODGA experiments furnish the same
compounds (Figure S3, compounds 9, 11). The radiolytic profiles show
increasing abundances with gamma dose; the formamide derivative continues
to increase over the entire dose range, suggesting that it is not susceptible to
further radiolysis, and perhaps that it is formed by a secondary radiolysis
reaction (Figure S19). In contrast, the acetamide abundances increase to ~300
kGy, and then plateau, suggesting that they are reacting further, or that their
precursors are being depleted (Figure S20). An interesting observation is that
these amide products are favored in the n-dodecane- or low acid-contacted
environments. Conversely, formation of the formamides is disfavored in the
high acid-contacted environments, and generally this is also true for the
acetamide derivatives.

The methylene radicals generated by Ccoo—Ccpa cleavage in
PhMeTODGA and PhTODGA are not observed to produce compounds by
capping with either He or H;Ce, but instead appear to generate benzoate
esters, by oxidation of the methylene radical to furnish a carbonyl vicinal to
the central O, (Figure 2, compound 22 for PhMeTODGA; Figure S3,
compound 15 for PATODGA). The mechanism for formation of these com-
pounds has not been established but is hypothesized to involve initial capping
with HOe followed by oxidation to the carbonyl functional group. Both
compounds display typical radiolysis behavior, with increasing concentration
to 300-400 kGy, followed by a decrease resulting from secondary radiolysis
reactions (Figure S21).

In DHDPDGA, Cc_o—Ccpz cleavage with He capping forms N-hexyl-
N-phenylformamide, which is produced prominently in the organic-only,
and organic phase of the 0.1 M HNOj;-contacted environments (Figure S4,
compound 3). The anticipated companion product, 2-methoxy-N-hexyl-
N-phenylacetamide, is also produced (Figure S4, compound 5). The radiolysis
profiles for both compounds show significant increase in abundance over the
first 100 kGy of gamma dose in the organic-only, and organic phase of the 0.1
M HNO;-contacted environments (Figure S54, Figure S55). A phenyl nitra-
tion reaction product is observed, generating a N-hexyl-N-(nitratophenyl)
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formamide; this compound is observed in multiple environments, but is most
favored at high doses in the organic phases of the HNOj3-contacted experi-
ments (Figure S56). An indeterminate oxidation reaction also proceeds
together with Cc_o—Ccpy cleavage, producing 2-formoxy-N-hexyl-
N-phenylacetamide (Figure S4, compound 15). The compound is formed
over the first 50 kGy in the organic phases of the HNOj-contacted and
organic-only experiments; at higher doses slow abundance decreases are
seen (Figure S57).

Compounds from Ccp;—Oeher cleavage

Cleavage of the interior Ccpyp—Oetmer bonds produces a variety of products
from PhMeTODGA and PhTODGA, commensurate with the reactivity of
primary and secondary C-centered radicals, and dangling O radicals that are
initially formed. He capping of the radicals resulting from cleavage on the
phenylated side of the molecules produces 2-methyl-N,N-di-n-octyl glycola-
mide from PhMeTODGA (Figure 2, compound 7), N,N-di-n-octyl glycola-
mide from PhTODGA (Figure S3, compound 7), and 2-phenyl-N,N-di-
n-octylacetamide from both (Figure 2, compound 20, and Figure S3, com-
pound 17). These products display typical profiles in that their abundance
maximizes at 300 kGy and then plateaus, which indicates that either they are
stable, or that their rate of formation is about the same as their rate of further
degradation (Figure S22). In addition, 2-methyl-N,N-di-n-octylpropanamide
is formed by H;Ce capping of the secondary radical from PhMeTODGA
(Figure S2, compound 18), on the non-phenylated side of the molecule. The
radiolysis profile shows a steady increase in abundance, consistent with for-
mation by a secondary reaction (Figure S26a). An analogous reaction pathway
accounts for the formation of N,N-di-n-octyl propanamide from PhiTODGA
(Figure S3, compound 12), and it displays similar radiolysis behavior (Figure
S26Db).

Complementary products are generated from cleavage of the Ccpr—Oeher
on the non-phenylated side of PhAMeTODGA and PhTODGA. He capping of
the radicals produced from PhMeTODGA furnish N,N-di-n-octylpropana-
mide and 2-phenyl-N,N-di-n-octyl glycolamide (Figure 2, compounds 15
and 17, respectively). The same reactions operating on the radicals generated
from PhMeTODGA form N,N-di-n-octylacetamide, and 2-phenyl-N,N-di-
n-octyl glycolamide (Figure S3, compounds 11 and 14, respectively). Typical
radiolysis profiles are seen for 2-phenyl-N,N-di-n-octyl glycolamide from both
parent compounds, with abundance peaking at 300 kGy then decreasing,
indicating that this is a primary degradation product (Figure S25). In contrast,
the abundances of the acetamide and propanamide derivatives measured in
the n-dodecane-only environment underwent an initial slow increase, fol-
lowed by sharp increases after 300 kGy, indicating that these are the products
of secondary reactions (Figure 524).
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The methylene-centered radicals initially formed from Ccpyr—Oener clea-
vage also undergo oxidation: radicals from PhMeTODGA form N,N-di-
n-octyl pyruvamide (Figure 2, compound 12) and 2-phenyl-N,N-di-n-octyl
glyoxylamide (Figure 2, compound 19). Similar reactions of radicals from
PhTODGA generate N,N-di-n-octyl glyoxylamide (Figure S3, compound
13), and 2-phenyl-N,N-di-n-octyl glyoxylamide (Figure S3, compound 16).
The abundance of the pyruvamide derivative from PhMeTODGA increases
quickly to 300 kGy, and then plateaus, indicating that it is a primary degrada-
tion product (Figure 5a, Figure S27a), and the 2-phenyl glyoxylamide products
(from PhMeTODGA and PhTODGA) display the same behavior (Figure S28a
and b). The abundance of the N,N-di-n-octyl glyoxylamide continues to
increase throughout the dose range, suggesting that it may be formed by
both primary and secondary mechanisms (Figure 5b, Figure S27b). To our
knowledge, there have been no reports of DGA degradation products that
would result from the oxidation of alcohol-containing degradation products.
While formation of PhMeTODGA compound 19 and PATODGA compound
16 could be enabled by the proximity of the hydroxide group to a phenyl
moiety, analogs of PAMeTODGA compound 12 and PATODGA compound
13 should occur for other studied DGAs (TODGA, T(EH)DGA, MeTODGA,
Me,TODGA, and D*ODGA).

The radiolysis products that were produced from Ccp;—Oener cleavage and
He capping in PhMeTODGA and PhTODGA subsequently undergo a serial
Coctyl—Namide cleavage/He capping, to produce mono-N-octyl versions of the
glycolamide derivatives: 3-methyl-N-octyl glycolamide from PhMeTODGA
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Figure 5. Normalized signal vs. absorbed dose for (a) PhMeTODGA, compound 12, and (b)
PhTODGA, compound 13. PhAMeTODGA compound 12 (a) could be formed from the oxidation of
PhMeTODGA compound 7, while PATODGA compound 13 (b) could be formed from the oxidation
of PhTODGA compound 7.
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(Figure 2, compound 1), N-octyl glycolamide from PhTODGA (Figure S3,
compound 1), and 2-phenyl-N-octyl glycolamide from both parent com-
pounds (compound 3 in both Figure 2 and Figure S3). Generally, these
products continue to increase with increasing dose in experiments conducted
in n-dodecane-only or dilute acid-contacted environments (Figure S29, Figure
§30). This is consistent with the notion that these are secondary reactions.
When conducted in contact with 3.0 M HNO3, abundances peak at 300 kGy,
then decrease, suggesting that the presence of acid facilitates radiolytic degra-
dation of these compounds. Octyle cleavage/He capping also occurs from the
compounds that were oxidized, forming 2-phenyl-N-octyl glyoxylamide
(compound 4 in both Figure 2 and Figure S3). The radiolysis profiles show
that this process is favored in the acid-contacted environments, with abun-
dances of the products increasing throughout the 500 kGy dose range, whereas
the abundances peak and plateau in the n-dodecane-only environments
(Figure S31).

Nitration of the radicals initially formed from Ccpy—Oemer cleavage in
PhMeTODGA and PhTODGA also occurs. These reactions form 2-nitrato-
2-phenyl-N,N-di-n-octylacetamide from both PhMeTODGA and PhTODGA
(Figure 4, compound 21 and Figure S3, compound 18, respectively).
2-Nitratopropanamide is also formed from PhMeTODGA (Figure 4, com-
pound 14). These reactions only occur in the 3.0 M HNO;-contacted environ-
ments. The abundances peak at 300 kGy in the radiolysis profiles of all three
compounds, then remain static or undergo slow decreases at higher doses
(PhMeTODGA compound 21 and PhTODGA compound 18: Figure S32;
PhMeTODGA compound 14: Figure 6 and Figure S33). Nitration of the
phenyl group also occurs forming 2-(nitrophenyl)-N,N-di-n-octylacetamide
(Figure 4, compound 16); this compound is only formed in the 3.0 HNO;-
contacted environment (Figure S34). The compound is not observed until the
dose reaches 300 kGy, increasing sharply at higher doses, behavior consistent
with a secondary reaction.

In DHDPDGA, cleavage of the Ccry—Ocmer bond generates N-hexyl-
N-phenyl glycolamide by He capping of the initially formed Oy, radical
(Figure S4, compound 6). The companion acetamide derivative is also
observed in high abundance (Figure S4, compound 7). In the organic-
only, and HNOj-contacted organic environments, the abundances of both
compounds increase by an order of magnitude over the first 50 kGy of
gamma dose, and then display slower but steady increases at higher doses
(Figure S58, Figure S59). In addition, capping of the methylene radical with
a H3Ce results in formation of N-hexyl-N-phenyl propanamide, which is
observed in abundance in the organic-only, and in the 0.1 M HNO;-
contacted organic environments (Figure S4, compound 12) after 50 kGy
(Figure S61). Furthermore, double H;Ce addition also occurs, furnishing
N-hexyl-2-methyl-N-phenyl propanamide (Figure S4, compound 16) albeit
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Figure 6. Normalized signal vs. absorbed dose for PhMeTODGA compound 14. This product could
be formed from cleavage of the bond between the ether and the methyl-substituted methylene
carbon in PhMeTODGA, followed by reaction with a nitrate radical. The corresponding compound
for PATODGA was not detected. The radical formed from the cleavage of this PhMeTODGA bond
would initially be a secondary carbon-centered radical, as opposed to the primary carbon-centered
radical that would be formed from cleavage of the analogous bond in PhTODGA.

at low abundance; the majority of the compound is formed over the first 50
kGy of gamma dose in the organic-only, and acid-contacted organic envir-
onments (Figure S61). The propanamide derivative also undergoes serial
Cphenyl-He cleavage with O,NO. capping, to generate N-hexyl-
N-(nitratophenyl) propanamide (Figure S62, compound 12+ NO;). We
note that an isomer, N-hexyl-2-methoxy-N-(nitrophenyl) acetamide, is
also a possibility. This compound is observed in the third phase and is
slowly formed with increasing dose in the organic acid-contacted environ-
ments (Figure S62).

The Ogtner radical initially formed from DHDPDGA evidently under-
goes oxidation, which combined with H;Ce capping furnishes N-hexyl-
N-phenyl pyruvamide (Figure S4, compound 14). This compound is
observed with modest abundance in the organic-only, third phase, and
organic phase of the HNOj;-contacted experiments, before exposure to
any radiation (Figure S63) and indicates that the compound is formed in
a purely chemical fashion. The radiolysis profiles are either flat or show
modest declines with increasing dose. It is hypothesized that DHDPDGA
compound 14 would be formed from DHDPDGA compound 6, which is
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present in unirradiated DHDPDGA (Figure S58), likely as an impurity
from synthesis.

Serial Cpethylene—Oether/ Cphenyi—He cleavages also occur in DHDPDGA,
with nitrato radical capping on the phenyl moiety, to generate N-hexyl-
N-(nitratophenyl) glycolamide (Figure S5, compound 6 + NOj3). This com-
pound is most prevalent in the organic phase of the 0.1 M HNO;-contacted
experiment in the 100-300 kGy dose range; however, it is also observed in the
third phase and in the organic-3.0 M HNO;-contacted experiment (Figure
S64). The formation of the compound mainly occurs during the first 100 kGy
of gamma dose.

The primary DHDPDGA radiolysis product N-hexyl-N-phenyl glycolamide
(DHDPDGA compound 6) also undergoes Cppenyi—H cleavage followed by
O,Ne capping, to form N-hexyl-N-(nitrophenyl) propanamide (Figure S65).
This compound cannot be distinguished from N-hexyl-2-nitrato-
N-phenylacetamide, or N-hexyl-N-(nitratophenyl)acetamide, based on ele-
mental composition/exact mass measurement. The nitratoacetamide could
be reasonably formed by Ccpy—Oemer cleavage with O,NOe capping of the
Octher radical, and the nitratophenyl acetamide by Cppenyi—He cleavage/O,
NOe capping. This compound is initially more abundant in the third phase
before irradiation, indicating that it is at least partially formed by a non-
radiolytic mechanism. However, its abundance increases dramatically over
the first 50 kGy of gamma dose in the organic acid-contacted, and organic-
only environments (Figure S65).

An analogous reaction involving nitro capping also occurs, forming
N-hexyl-N-(nitrophenyl) acetamide (Figure S5, compound 7 + NO,). Its for-
mation is most favored in the organic phase of the 3 M HNOj;-contacted
experiments, and it is also prevalent in the third phase. With increasing
dose, its abundance quickly increases, followed by a slower increase over the
entire dose range, suggesting formation by multiple radiolysis processes
(Figure S66). Capping with ONe generates a related derivative, N-hexyl-
N-(nitrosophenyl)acetamide (Figure S5, compound 7 + NO). The nitrosophe-
nyl derivative is most abundant in the organic-only and organic acid-
contacted experiments, with abundance increasing quickly at first, then con-
tinuing to increase with increasing gamma dose (Figure S67).

Additional degradation pathways

DHDPDGA undergoes radiolytic cleavage of He, most likely from one of the
hexyl chains, to form a radical that is an intermediate in reductive elimination
of H, that generates N-hexyl-N-phenyl-N’-hexenyl-N-phenyl diglycolamide
(Figure S4, compound 13). The abundance of this compound increases by an
order of magnitude within the first 50 kGy of gamma dose in the organic-only
and organic phase of the 0.1 M HNOj3-contacted experiment (Figure S36).
Cleavage of He from the phenyl substituents is also occurring; the resulting
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phenyl-based radical is capped with nitrogen oxide radicals, generating nitro-
phenyl (Figure S5, compound DHDPDGA + NO, and Figure S37) and nitra-
tophenyl (Figure S5, compound DHDPDGA + NO; and Figure S38)
derivatives of intact DHDPDGA. These radiolysis products are observed in
the organic-only, organic HNO;-contacted, and third-phase environments,
with abundances in general steadily increasing with increasing gamma dose.

Conclusions

The suite of detected degradation products reported here is significantly larger
than in prior work, and while that is partially due to the asymmetry of these
molecules, it is also due to the presence of several radiolytic mechanisms that have
not previously been reported for diglycolamides. The degradation reactions can be
categorized according to the four primary diglycolamide bonds that are broken:
Caiky—Namides Namide—Cc-=0> Cc=0—Ccrz and Cepz—Octher- Radicals formed
by cleavage of these bonds are capped principally by He, but also by HOe, H;Co,
O,NOe, O,Ne, and ONe, to generate a wide range of products. Exact mechanisms
are not known; however, the radiolysis profiles of the degradation products enable
hypothesis of which are formed by primary degradation reactions, and which are
from secondary reactions.

While some of these mechanisms appear to be directed by the presence of the
phenyl group (primarily rapid oxidation of OHe radical addition adjacent to the
phenyl group), most of the mechanisms should also be present for TODGA and
other diglycolamides (CH;e and nitrogen dioxide radical addition in particular).
Thus, it is likely that the analogous degradation products of TODGA that would
result from addition of CHjze or nitrogen oxide radicals exist but have not been
reported due to low abundance and/or the presence of other organic interferant
molecules, either from the n-dodecane or from the sample analysis diluents or
chromatographic mobile-phase solvents. A complete understanding of the
radiation chemistry of fuel cycle ligands is necessary for construction of process
models that will enable optimum process performance. Thus, the identification
of these previously unreported radiolytic degradation mechanisms of diglyco-
lamides suggests the radiation chemistry of previously studied diglycolamides
that are currently candidates for advanced fuel reprocessing applications, spe-
cifically TODGA and its branched side-chain analog, N,N,N’,N’-tetra(2-ethyl-
hexyl) diglycolamide, should be reexamined.

Given the plethora of degradation products identified for these diglycolamides,
it is very likely that at least some of them would exert some effect on an actual
separation process. While most of the degradation products identified here have
not been directly studied, prior studies of the influence of similar degradation
products can provide some clues about their possible behavior. The results of
Galan et al.”” suggest that degradation products of the phenyl-substituted DGAs
studied here that are the result of loss of a single side chain (PhMeTODGA
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compounds 23a,b and 24a,b, PhATODGA compounds 19 and 20, and DHDPDGA
compounds 1 and 2) would be expected to have distribution ratios greater than
one for the trivalent actinides and lanthanides, and thus enhance extraction.
Carboxylic acid-containing degradation products (PhMeTODGA compounds
9a,b and 11a,b, PATODGA compounds 8 and 10, and DHDPDGA compound 9)
would be expected to have distribution ratios less than one and would inhibit
extraction.

PhTODGA compound 7 is 2-hydroxy-N,N-dioctylacetamide, which has been
shown to have distribution ratios greater than one for trivalent actinides and
lanthanides.'*”?*) It was suggested that the hydroxyl group contributes to extrac-
tion. Based on this, PhMeTODGA compounds 3 and 17, PhATODGA compounds
3 and 14, and DHDPDGA compound 4 would be expected to have distribution
ratios greater than one. However, caution must be exercised; PhMeTODGA
compound 7 is 2-hydroxy-N,N-dioctylpropanamide, which was shown by
Hubscher-Bruder et al. to have distribution ratios less than one for the trivalent
actinides and lanthanides.”® This compound only differs from 2-hydroxy-N,
N-dioctylacetamide by a single methyl (CH;) group, which shows how small
structural changes can have a large effect on extraction behavior. PhMeTODGA
compound 8 and PhATODGA compound 9 are both N,N-dioctylformamide;
Hubscher-Bruder et al. saw little influence on extraction from this
compound.”?®! PhMeTODGA compound 10 and PhATODGA compound 11 are
both N,N-dioctylacetamide; Hubscher-Bruder et al. measured distribution ratios
greater than one for zirconium and palladium, which would decrease the selectiv-
ity of a process for extracting the trivalent actinides and lanthanides.*®! As with the
hydroxylated compounds, small structural changes can have large effects on
extraction behavior.

It is difficult to speculate the influence of other degradation products that have
not been previously studied, since degradation product extraction behavior can
change significantly with only small changes in structure. Given the large number
of identified degradation products, it would be challenging to measure the
influence of all the products that have not been previously studied. Since the
DGAs studied here have lower distribution ratios for trivalent actinides and
lanthanides, less radiation resistance and produce more degradation products
than TODGA, it is unlikely that they will find use in an actual separation process.
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