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Abstract

Solutions of the diglycolamide extractants TODGA and T(EH)DGA in n-dodecane were subjected to y-
irradiation in the presence and absence of an acidic aqueous phase. These solutions were then analyzed
using UHPLC-ESI-MS to determine the rates of radiolytic decay of the two extractants, as well as to
identify radiolysis products. The concentrations of the diglycolamide derivatives were shown to
decrease in an exponential fashion with increasing dose, and the measured decay rate constants were
not influenced by the presence or absence of an acidic aqueous phase, or by chemical variations in the
alkyl side-chains. The DGA degradation was attributed to reactions of the dodecane radical cation,
whose kinetics were measured for TODGA using picosecond electron pulse radiolysis to be k; = (9.72 +
1.10) x 10° M s™. A number of radiolysis products were identified, consistent with those previously
identified for these two compounds using GC-MS. The identity of these radiolysis products suggests that
the bonds most vulnerable to radiolytic attack are those in the diglycolamide center of these molecules,
and not on the side-chains. The major products of these reactions retain the ability to form
multidentate coordination complexes with metal cations, so radiolysis reactions may not immediately
play a large role in influencing distribution ratios or separation factors. The highly predictable
degradation rates should enable direct correlation of chemical changes in the extractant systems with
changes in the separation performance.

Introduction

The diglycolamides are finding increasing attention for potential applications in rare earth and actinide
separations.[” Sasaki et al. investigated a series of related diglycolamides that varied in their N-alkyl
substitutents (Figure 1), and reported that derivatives with 4, 5, or 6 N-alkyl carbons were barely soluble

in aliphatic hydrocarbon diluents such as dodecane, the commonly used diluent in actinide solvent



extraction.’”) However, the n = 8 and 10 derivatives were soluble in dodecane, and these compounds
complexed and extracted actinides and lanthanides with distribution ratios that increased with
increasing aqueous nitric acid acidity, and that followed the order M"/M" > M"'> M". In experiments
designed to separate trivalent lanthanides from trivalent actinides such as Am, separation factors
(oteu/am) @s high as 9 were achieved using the octyl derivative N,N,N’,N’-tetraoctyldiglycolamide (TODGA,
Figure 1a) although the diglycolamides are generally considered to be group 4f and 5 f-element
extraction reagents. TODGA has thus received detailed study for its potential applications at the back
end of the nuclear fuel cycle. Modolo et al.® for example, reported that 0.2 M TODGA, modified with
0.5 M tri-n-butyl phosphate (TBP) in hydrogen tetrapropene, an industrial alkane diluent, successfully
extracted Eu", Am", cm", cf" and Th" across the nitric acid concentration range 1-3 M. However, it
was such a good complexing agent that holdback reagents were required to mitigate Zr, Mo and Pd
extraction, and Sr extraction was regarded as a problem for separations from a simulated first cycle

PUREX raffinate aqueous phase.
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Figure 1: Structures of the two diglycolamides studied here: a. N,N,N’,N’-tetraoctyldiglycolamide
(TODGA) and b. N,N,N’,N’-tetra-2-ethylhexyldiglycolamide (T(EH)DGA).
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The branched-chain TODGA derivative N,N,N’,N’-tetra-2-ethylhexyldiglycolamide (T(EH)DGA,
Figure 1b) has been promoted as a cheaper alternative with less affinity for fission product

complexation.[4] The weaker complexing ability of T(EH)DGA was used to advantage by Lumetta et al.l”!



in the design of the ALSEP (Actinide Lanthanide SEParation) solvent, where, in combination with the
acidic soft-donor ligand diethylenetriamine pentaacetic acid (DTPA) , it was used to give a single
extraction/strip cycle separation of the actinides from the lanthanides.”® A loaded organic phase
consisting of 0.05 M T(EH)DGA and 0.75 M 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester
(HEH[EHP]) in dodecane, when stripped with an aqueous phase consisting of 0.01 M DTPA and 0.2 M
citric acid, provided oyg/am Values ranging from 10-30."! Higher separation factors were obtained in the

TODGA/HEH[EHP] system, with TODGA concentrations < 0.1 M, with values ranging from 50-90 for
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In continued European research within the FP 7 ACSEPT project, TODGA was modified by the
addition of one or two methyl groups on the methylene carbon positions to produce Me-TODGA and
Me,-TODGA, respectively.”'gl These derivatives were then used as 0.1 M solutions in the TPH alkane

"across a wide range of nitric acid

diluent to measure the distribution ratios of Am" and Eu
concentration. Extraction efficiency decreased with increasing methyl substitution, probably due to
steric considerations. However, adequate extraction of both the actinides and lanthanides occurred at

the higher nitric acid concentrations typical of fuel cycle solvent extraction processes. Importantly, the

undesirable co-extraction of strontium that occurs with unsubstituted TODGA was mitigated.

Short-chain derivatives of the diglycoamides have also found applications in metal separations
processes. Tetrabutyldiglycolamide (TBDGA) has been proposed for intergroup lanthanide separations
by solvent extraction, both in the conventional molecular diluent octanol, and in ionic liquid diluents.™”
Tetrabutyldiglycolamide is not soluble in the longer chain alkanes used to dissolve TODGA and
T(EH)DGA. It was reported that the lanthanides were conveniently separated into heavy, intermediate

and light groups using 7 mM TBDGA in octanol. Furthermore, Eu" was better extracted than Am", with a

separation factor of about 10 across a wide range of nitric acid concentrations. Upon decreasing the



alkane chain length further, the diglycolamides even become water soluble. The aqueous
diglycolamides have been used to strip lanthanides and actinides from loaded TODGA organic phases.!*”
13 Tetraethyldiglycolamide (TEDGA) at 0.25 M in 1 M HNO; has been used as a lanthanide stripping
agent for the loaded T(EH)DGA/HEH[EHP] solvent used in the ALSEP process above, following initial back
extraction of the actinides into buffered DTPA solution.”” Given the success of the cited studies, it seems
likely that the diglycolamides will receive continued study as potential actinide and lanthanide
complexing agents. However, the acid hydrolysis of TEDGA may be of concern, and Lumetta et al. made

fresh solutions daily prior to use although hydrolysis rates were not specifically investigated in that

work."!

For application to highly acidic media, or in media exposed to ionizing radiation, hydrolytic and
radiolytic stability of the diglycolamides is of obvious potential concern. Only a few studies have been
performed to date. Sugo et al. examined the hydrolytic and y-radiolytic decomposition of TODGA,
concluding that there was no evidence of hydrolysis after 4 weeks of continuous stirring of 0.1 M TODGA
in dodecane with 3 M HNO; at room temperature.*¥ Modolo et al.” also found no changes in
extraction performance for 0.2 M TODGA in TPH after 60 days of contact with 3 M HNO3, and Sharma et
al."™™ found no degradation products in 0.2 M T(EH)DGA/30% isodecanol/dodecane in contact with 0.5
M HNO; at room temperature for 20 days. Thus, hydrolytic degradation does not seem to be a serious

issue, at least for long-chain DGAs at moderate temperature.

Radiolytic degradation of DGAs has been observed. The decrease in TODGA concentration is
exponential with dose, but slower for neat TODGA than for TODGA in dodecane.™ The presence of
nitric acid during irradiation has little effect on the rate of TODGA radiolysis. Similar results have been

reported for T(EH)DGA.“SI The so-called “sensitization effect,” in which the presence of dodecane



increased the rate of decomposition of TODGA, was attributed to electron transfer reactions between

TODGA and radiolytically-produced dodecane radical cations.!*®

Several studies have appeared in recent years regarding the effects of DGA irradiation on
solvent extraction metal distribution ratios (Dy). For y-irradiation in TPH, or in TPH with
tributylphosphate (TBP) as a phase modifier, only a slight decrease in the distribution ratios for Am" or
Eu" was found by Modolo et al. for doses as high as 1 MGy.B] However, Gujar et al. irradiated TODGA in
dodecane in the presence of several phase modifiers, including TBP, and found large decreases in the
americium distribution ratio (Dan) at the same absorbed dose, accompanied by decreases in Ds, and
increases in Dyo.™” Stripping distribution ratios for americium were not affected. In continued work,
Guijar et al. compared TODGA to T(EH)DGA, finding that the changes in solvent extraction behavior
caused by y-radiolysis were analogous, and similar to those reported for TODGA above.™ In contrast,
Sharma et al. reported decreased metal distribution ratios for Mo, as well as significant increases in
stripping distribution ratios for Eu and Am for irradiated T(EH)DGA/isodecanol/dodecane solution.™ In
further study of the radiolysis of T(EH)DGA, Deepika et al. found that D, values decreased more for
T(EH)DGA when irradiated in the presence of the dodecane and HNO,."! However, these authors did
not attempt to separate the effects of the diluent and the aqueous phase and erroneously concluded
that nitric acid enhanced T(EH)DGA decomposition, rather than to electron transfer reactions with the

dodecane radical cation. Thus, contradictory reports have appeared in the literature, possibly

confounded by the use of the various phase modifiers.

Recently a study was published concerning the y-radiolysis of an additional diglycolamide:
didodecyldioctyldiglycolamide (D3DODGA), was evaluated by changes in Da,, with absorbed dose.l*®

This unsymmetrical diglycolamide was designed to minimize third phase formation during extractions

with high metal loading, and to minimize Sr extraction.™ The presence of dodecane increased



decomposition rates for D3DODGA in a manner similar to TODGA and T(EH)DGA, and the authors
reported little effect due to the presence or absence of 4 M HNO;. Like some reports for the other

diglycolamides, Dan, and Ds, decreased with increasing absorbed dose, but stripping was unaffected.™®

The products of TODGA radiolysis reported by Sugo et al. indicated that the most susceptible
bonds were the ether linkage (yielding dioctylacetamide and dioctylglycolamide), the methylene-
carbonyl bond (forming dioctylformamide), and the amide C-N bond (producing dioctylamine), as
measured by gas chromatography with a mass spectrometer detector (GC-MS).**! The presence of nitric
acid favored C—N bond rupture. The Modolo group™® also reported the generation of dioctylacetamide
and dioctylglycolamide for irradiations in the absence of an aqueous phase, using HPLC-MS, as well as
products corresponding to loss of octyl groups. Products of the y-radiolysis of neat T(EH)DGA, detected
by GC-MS included the diglycolamide resulting from loss of an ethylhexyl group, and the formamide
produced by rupture of the methylene-carbonyl C-C bond, analogous to the products identified in
TODGA radiolysis. T(EH)DGA degradation products reported were also those caused by cleavage of
ether and amide linkages, to produce formamide, acetamide, and glycolamide derivatives analogous to
those reported above for TODGA, except that the carboxylic acid associated with the amine product was
also detected for samples irradiated in the presence of acid.™ Itis commonly reported that rupture of

the N-C bond to produce an amine and a carboxylic acid is favored by the presence of HNO,.2”

To date, most studies of TODGA and T(EH)DGA have used GC-MS for quantitation of DGA
degradation, and for identification of radiolysis products. Because GC separates analytes in the gas
phase, those analytes must be volatile, or be rendered volatile through chemical derivatization. For
guantitative work, derivatization is undesirable, since the derivatization reaction adds a source of
uncertainty. Furthermore, derivatization reactions on an irradiated sample could produce unanticipated

products, complicating the identification of true radiolysis products. Ultra-high pressure liquid



chromatography with electrospray ionization mass spectrometry detection (UHPLC-ESI-MS) is an
alternative quantitation and identification method that offers some advantages for studying DGA
systems. As these DGA systems are liquids, UHPLC is a natural method for separating their components.
Positive-mode electrospray produces gas-phase ions from solution-phase analytes through either
addition of a cation (usually a proton, but sometimes a sodium cation) to the analyte molecule, which
must have a functional group that will protonate. Negative-mode electrospray ionization produces gas-
phase ions through removal of a proton. The diglycolamide functional group, in particular the two
carbonyl groups, should readily accept protons, so the DGAs will ionize efficiently. In addition, the
expected radiolysis products of the DGAs should retain basic functional groups that will also ionize
efficiently by protonation. In particular, radiolysis products containing a carboxylic acid functional group
will ionize readily by both positive and negative-mode ESI, while analysis of carboxylic acid containing
molecules by GC-MS is difficult, due to their elevated boiling points. Therefore, UHPLC-ESI-MS analysis
of these DGA systems should offer complimentary information to GC-MS analysis, with the potential for

identifying non-volatile compounds that might not be detectable using GC-MS.

In this paper we present an investigation of the y-radiolytic stability of TODGA and T(EH)DGA in
n-dodecane using UHPLC-ESI-MS based on their decrease in concentration with absorbed dose and the
generation of products, as part of a larger study of symmetric diglycolamides. Each was irradiated at the
same concentration to allow for appropriate comparison of their G-values, and irradiations were
performed for the organic solution in the presence and absence of an acidic aqueous phase.
Additionally, the kinetics of the reaction of the dodecane redical cation with TODGA were measured

using pico-second (ps) electron pulse radiolysis.

Experimental

Gamma-ray irradiation of diglycolamide solutions
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TODGA and T(EH)DGA (Eichrome Industries, Darien, IL) were irradiated as 0.05 M solutions in n-
dodecane. Aliquots of these solutions were irradiated as the pure organic phase, or in contact with an
equal volume of either 0.1 M HNOg, or 2.5 M HNO3. The mixed phase solutions were well agitated by
hand prior to irradiation. The samples were sealed in screw-capped glass liquid scintillation vials, and
therefore must be considered deaerated after the deposition of a small absorbed dose. The irradiations
were performed using a ®°Co Gamma Cell source (Nordion, Ottawa, Canada), with a center-line sample
chamber dose-rate of 5.4 kGy h™, as determined by decay-corrected Fricke dosimetry. Irradiation was

conducted at room temperature.

UHPLC-ESI-MS

Irradiated DGA samples in n-dodecane were diluted 1:30,000 in HPLC grade 2-propanol(Fisher Scientific,
Pittsburg, PA) prior to analysis in order to generate a concentration in the low micromolar (uM) range
(i.e., in the middle of the response versus concentration curve). The diluted samples were analyzed
using a Dionex (Sunnyvale, CA) 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) microTOFQ-Il electrospray ionization quadrapole time-of-flight mass
spectrometer with Hystar 3.2 software. All experiments conducted on the UHPLC were carried out
isocratically using a 30% aqueous / 70% organic mobile phase. The aqueous component was 0.1% v/v
formic acid in NanoPure® water, and the organic component was 4% v/v 1-octanol in 2-propanol (all
HPLC grade). The chromatographic separation was achieved using a 3 uL injection volume onto a C18
reverse-phase (RP-Cyg) column (Dionex Acclaim® RSCL 120 C18, 10 cm x 2.1 mm, 2.2 um) with a flow rate
of 200 puL/min. The column was maintained at 50 °C. 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: 9 L/min. The mass spectrometer was operated using standard Bruker tuning



parameters, specifically “tune high” (Table S1, Supplementary Information). Each sample was injected 5

times.

Standard preparation

Standards for TODGA and T(EH)DGA were prepared by serial dilution of unirradiated, non-acid
contacted 0.05 M DGA solutions in dodecane with 2-propanol, to final concentrations ranging from 0.5
MM to 5 uM. These standards were used to construct a calibration curve using the integrated
chromatographic peak areas for the diglycolamides using the UHPLC-ESI-MS analytical method. Each
sample result is the mean of 5 measurements and the error bars shown represent 99% confidence

intervals.

Picosecond electron pulse radiolysis

Pulse radiolysis based transient absorption experiments were performed at the Brookhaven LEAF
facility, as described previously.m] Samples were irradiated in 1.00 cm Suprasil semimicro cuvettes
sealed with Teflon stoppers. The doses per pulse for various experiments were in the range 20-40 Gy.
Time-resolved kinetics were obtained using a Hammamatsu R1328-03 biplanar tube (rise time 60 ps)
amplified using a B&H AC4020H20L1 amplifier (4 GHz), and digitized using LeCroy WaveRunner 640Zi

oscilloscope (4GHz). Interference filters were used for the wavelength selection of the analyzing light.

Results and Discussion

Degradation of TODGA and T(EH)DGA as a function of absorbed dose

The change in TODGA concentration versus absorbed y-dose for samples irradiated as the organic phase
or in contact with either 0.1 M or 2.5 M HNQO3 is shown in Figure 2. Results for T(EH)DGA irradiated as

the organic phase or in contact with 0.1 M HNOs are also shown. The concentration change versus
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absorbed dose data may be well fit with an exponential curve, suggesting pseudo-first-order kinetics,
probably by reaction with a direct radiolysis product of the diluent. Dose constants (d) for each system
are shown in Table 1, with the mean value for all conditions being (4.1 + 0.3) x 10 kGy™. Sugo et al.
reported a similar value of 4.5 x 10° kGy™, with increasing dose constants at lower TODGA
concentrations.® Since the decompositions of TODGA and T(EH)DGA occur exponentially, the G-value
is not an appropriate metric; as a rate rather than a rate constant, the G-value changes with
concentration under these conditions.””? Since G-values have historically been reported in studies of
systems undergoing radiolysis, they are reported here to aid in comparison to previous work. Initial G-
values (G,, in pmol J) may be calculated based on the initial DGA concentration and the dose constant,

according to Eq. 1:

G, = d [DGA](1.3 x 10°) (1)

where d is the dose constant, [DGA] is the initial DGA concentration, and the factor 1.3 x 10% includes
appropriate unit conversions and density corrections. Calculated G, values for each system are given in

Table 1.

The presence of the acidic aqueous phase, whether dilute or concentrated HNOs, has no obvious
effect on the degradation rate, in agreement with the findings of Sugo“‘”, Ravi™® Sharma!®® and the
solvent extraction results of Modolo.® This indicates that free radicals generated during irradiation of
the aqueous phase are not important for TODGA degradation. Given the low starting concentration of
DGAs (0.05 M), the likely mechanism for radiological degradation would be by reaction of a direct
radiolysis product of the diluent, n-dodecane, as postulated by Sugo et al."® It must be noted that this
is in contrast to the results of Galan et al.”®, who reported a protective effect for TODGA solutions pre-

equilibrated with 3 M HNOs.
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There does not appear to be any difference in the degradation rates between TODGA and
T(EH)DGA. This is somewhat surprising, as it was expected the branched carbon on the side-chains of
T(EH)DGA would provide an additional site for bond cleavage or addition. Branched alkanes typically
decompose with higher G-values than do n-alkanes.”™ However, the similarity in the degradation rates
between TODGA and T(EH)DGA, along with the identified radiolysis products, discussed below, strongly
suggest that the diglycolamide center of these molecules, not the side-chains, is most vulnerable to

radiolytic degradation.
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Figure 2: DGA concentration vs. absorbed dose. The solid squares are 0.05 M TODGA, the open
diamonds are 0.05 M T(EH)DGA, the solid upward-facing triangles are 0.05 M TODGA contacted with 0.1
M HNOQOs, the open inverted triangles are 0.05 M T(EH)DGA contacted with 0.1 M HNOs, and the solid
circles are 0.05 M TODGA contacted with 2.5 M HNOs.
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Table 1: Measured dose constants and G, values for the degradation of TODGA and T(EH)DGA in the
three systems studied. The dose constants were calculated from linear fits of plots of In[DGA] vs.
absorbed dose and the G, were calculated according to Eq. 1. The uncertainty in the dose constants are
99% confidence intervals.

Sample G, (umol J™) Dose constant d (kGy™)
0.05 M TODGA 0.27 (41+0.3) x10°
0.05 M T(EH)DGA 0.29 (43+0.3) x10°
0.05 M TODGA / 0.1 M HNOs 0.30 (45+0.2) x10°
0.05 M T(EH)DGA /0.1 M HNO; | 0.25 (3.7+0.2) x10°
0.05 M TODGA / 2.5 M HNOs 0.25 (3.8+0.3) x10°

Identification and behavior of TODGA and T(EH)DGA radiolysis products

A number of radiolysis products of TODGA and T(EH)DGA were identified by UHPLC with positive-mode
ESI-MS detection. A superposition of representative ion chromatograms for the compounds detected in
0.05 M TODGA/dodecane contacted with 2.5 M HNOj; after absorbing 432 kGy is shown in Figure 3. The
total-ion chromatogram contains several other peaks that were identified as non-radiolytically-produced
contaminants, based on their detection in the mobile phase and their signal invariance with absorbed
dose, and so have been omitted for clarity. Radiolysis products were identified both by examining the
masses of the non-contaminant peaks, and by explicitly searching for ion signals that would correspond
to structures that could possibly be formed from the parent DGA through bond cleavage, followed by
capping with various radicals (H®, CH5®, “OH, etc.). Proposed structures for the identified compounds,
based on a logical bond cleavage followed by capping that would result in the protonated and sodiated

measured masses, along with the bond cleavages that would result in their formation are shown in
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Figure 4. The same kinds of radiolysis products were identified for both TODGA and T(EH)DGA, with the

differences in proposed structure being octyl side-chains for TODGA-derived products and ethylhexyl

side-chains for T(EH)DGA derived side chains. Curiously, no compounds which would result from bond

cleavage within either the octyl or the ethylhexyl side-chains were detected (see Figure S1 for a list of

potential radiolysis products that were explicitly searched for but not detected). This lack of products

due to side-chain fragmentation supports the conclusion that, from a radiological degradation

perspective, TODGA and T(EH)DGA are identical.
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Figure 3: Overlaid ion chromatograms of TODGA and its detected degradation products for irradiation to
432 kGy absorbed dose, in contact with 2.5 M HNO3. The inset shows Compounds V and VI only.
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Figure 4: Proposed structures for radiolysis products observed for both DGAs with positive-mode ESI-
MS, where R is octyl for TODGA and ethylhexyl for T(EH)DGA.

Compound | produced a peak at m/z 469 , assigned to M+H", and an accompanying peak 22
mass units higher, assigned to M+Na" (See Figure 5b). This indicates the monoisotopic molecular mass
of compound | is 468, a loss of 112 mass units from the parent molecule. The side-chain for both DGAs
has the formula CgHy7, with a mass of 113. Therefore, a loss of 112 would correspond to loss of a side-
chain and replacement with a hydrogen atom, giving N,N,N'-trioctyldiglycolamide (TrODGA) from
TODGA and N,N,N’-tri(ethylhexyl)diglycolamide (Tr(EH)DGA) from T(EH)DGA, as indicated in the
proposed structure for compound I in Figure 4. Compound Il produced peaks at m/z 358 and 380,
suggesting a monoisotopic molecular mass of 357. Since this mass is odd, the nitrogen rule indicates
this species must have an odd number of nitrogen atoms. Cleavage of the N-Ccarhonyi bond followed by
addition of an OH group gives 5-(N,N-dioctyl)amido-3-oxopentanoic acid (DOAOPA) from TODGA and 5-

(N,N-di(ethylhexyl)amido-3-oxopentanoic acid (D(EH)AOPA) from T(EH)DGA, as indicated in Figure 4. A
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peak at the expected mass of deprotonated DOAOPA (m/z 356) was detected using negative-mode ESI-
MS (data not shown), further supporting this structural assignment. Compounds IlI-VI have even
protonated peaks, so they all have odd monoisotopic masses, indicating odd numbers of nitrogen
atoms. The proposed structure for each of these compounds was obtained by cleaving the C-Ogiher bond
(compounds Il and V) or the C-Ccaronyl bond (compounds V and VI), followed by addition of a hydrogen

atom.

The radiolysis products DOAOPA and D(EH)AOPA are different than the other detected
compounds, in that these products are formed by bond cleavage followed by capping with an OH group,
rather than with a hydrogen atom as in all the others. A possible source of *OH radical could be
entrained water in the organic phase. What is also interesting is that since DOAOPA and D(EH)AOPA are
detected, one might expect the analogous products resulting from bond cleavage followed by capping

with OH, but no evidence for any of these other compounds was detected (see Figure S1).

Additional support for the proposed structures comes from examination of the ratios of peaks
for the protonated and sodiated molecule, shown in Figure 5. Sodium is a ubiquitous, adventitious
contaminant frequently seen in the electrospray experiments, which nevertheless is useful for
confirming the molecular weight of the compound in question, and in this case is indicative of the
compound structure. The ratio of the sodiated to protonated peak for intact TODGA (Figure 5a) is
approximately one, as is the peak ratio for TrODGA (compound I, Figure 5b). Both molecules have an
intact diglycolamide functional group that can bind with sodium via O—Na bonds. In the proposed
structure for DOAOPA (compound Il) one of the amide groups has been modified to a carboxylic acid,
but the molecule still has the ability to bind in a similar tridentate fashion. Here, the ratio of the
sodiated to protonated peaks is even higher (approximately 2, Figure 5c), which suggests that DOAOPA

has the ability to bind even more strongly with Na*. N,N-dioctyl-glycolamide (DOGA) (compound Ill) also
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displays a high intensity ratio for the sodiated and protonated peaks (Figure 5d); here, tridentate
bonding cannot occur, however bidentate bonding involving two O atoms does occur, accounting for the

higher ratio observed.
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Figure 5: Mass spectra of TODGA and its detected degradation products showing the ratio of the
sodiated peak to the protonated peak: a. TODGA; b. Compound [; c. Compound II; d. Compound lll; e.
Compound IV; f. Compound VI. Compound V is omitted due to its low signal intensity.

The high sodiated:protonated ion intensity ratios seen for the above compounds contrast
sharply with the ratios recorded for the two amine products N,N-dioctylacetamide and N,N-
dioctylformamide (compounds IV and V), which have very small sodiated peaks compared to their

protonated peaks (Figure 5e and Figure 5f). This observation is consistent with the assignment of
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structures that cannot bind in a multidentate fashion to Na*, and hence do not form abundant sodiated

peaks.

How these degradation products will affect Dy, depends on the efficiency with which the
products are able to complex metal ions and the solubilities of those complexes in the aqueous and
organic phases. Although sodiation in the gas phase is not strictly comparable with f-element
complexation in the condensed phase, the amount of sodiation may provide information about how
strongly complexing each degradation product could be. From Figure 5, compounds I, I, and Ill all
exhibit strong affinity for sodium. They may also exhibit strong affinity for lanthanides and actinides,

which might explain the small changes in extraction efficiency measured by Modolo™

using irradiated
TODGA solutions. Examining the chromatograms in Figure 3, these compounds are also more polar than
TODGA, since their retention times are much shorter. If these compounds are hydrophilic enough to
significantly partition into the aqueous phase (DODA and D(EH)DA are likely candidates), they could
reduce the separation efficiency to a greater extent than predicted merely from the radiolytic
degradation of TODGA or T(EH)DGA alone; they might also inhibit stripping. However, if the polarity of
the radiolysis product DGAs remains low enough (possibly TrODGA and Tr(EH)DGA) that their metal
complexes are still soluble in the organic phase, separation efficiency may be maintained, even though

the parent DGA was destroyed. The other identified radiolysis products have low affinity for sodium,

and thus may not complex well with lanthanides or actinides.

Of those previous studies which have investigated Dy, versus absorbed dose for irradiated DGAs,

those performed in the presence of organic phase modifiers > °!

are not strictly comparable to the
products study here, since phase modifiers may perturb reaction chemistry with the ligand by radical

scavenging reactions. Of those which examined post-irradiation Dy, for DGAs in dodecane, each

examined americium extraction and found approximately exponential changes in Da, with absorbed
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dose.” %9 Although it is tempting to attempt to correlate this with the exponential decrease in DGA
concentration, extraction of americium by a changing mixture of complexing agents could produce the
same effect. Additional studies examining the effect of DGA radiolysis products on Dy, would be

valuable in this regard.

The concentration changes of the detected radiolysis products as a function of absorbed dose
(Figure 6) can be examined based on the proposed structures. The signal for each compound is
normalized to the maximum signal detected in a given solution (for example, the signal for compound |
in the 0.05 M TODGA solution is normalized to the maximum detected compound I signal for all the
exposed 0.05 M TODGA samples, found at 348 kGy total absorbed dose) because, due to the lack of
intensity calibration standards and internal standards, it is difficult to directly compare the measured
signal intensities. Compounds | and Il (Figure 6a and Figure 6b respectively) are present in the zero
absorbed-dose samples, possibly as byproducts or precursors from synthesis of TODGA and T(EH)DGA,
but grow in as dose increases, indicating they are also readily formed by radiolysis. The signal for
compound Il peaks at around 250 kGy absorbed dose and then begins to decrease, indicating this
radiolysis product is itself susceptible to radiolysis. Given the proposed structures, DOAOPA from
TODGA and D(EH)AOPA from T(EH)DGA, this is not surprising, since these structures still have the C-
Oethers C=Cearbonyl, and N=vCearponyi bonds whose rupture is proposed to lead to the other detected
radiolysis products. The signal for compound | could be beginning to decrease at maximum absorbed
dose, but there is too much scatter in the data to be sure. That the intensity of compound Il peaks
before that of compound | suggests that compound Il is more susceptible to radiolysis than compound |,
possibly due to enhanced reactivity of the carboxylic acid in DOAOPA and D(EH)AOPA. Compounds llI
and IV (Figure 6¢ and Figure 6d respectively) are not detected in the zero absorbed-dose samples and
grow in as absorbed dose increases, consistent with their structural assignments as small radiolysis

products.
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Figure 6: Normalized signal vs absorbed dose for a. Compound I, b. Compound Il, c. Compound I, d.
Compound IV. The solid squares are 0.05 M TODGA, the open diamonds are 0.05 M T(EH)DGA, the solid
upward-facing triangles are 0.05 M TODGA contacted with 0.1 M HNOs, the open inverted triangles are
0.05 M T(EH)DGA contacted with 0.1 M HNO3, and the solid circles are 0.05 M TODGA contacted with
2.5 M HNO:s.

Comparison to previous work

The identified radiolysis products agree with those reported by Sugo et al. for TODGA,™ and those
reported by Sharma et al. for T(EH)DGA,[15] with two exceptions. A product detected here that was not
reported previously was compound |, identified as N,N,N'-trioctyldiglycolamide (TrODGA) in TODGA
solutions and N,N,N'-tri(ethylhexyl)diglycolamide (Tr(EH)DGA) in T(EH)DGA solutions, which result from
loss of a single side-chain followed by replacement with a hydrogen atom. However, Galan et al.” did

detect the de-alkylation product for irradiated TODGA. Curiously, the analogous radiolysis products, loss
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of two side-chains, were not detected in this or the previous work. This may be due to its expected low
abundance, since it must be formed from already existing TrODGA or Tr(EH)DGA. The product formed
from the other side of this cleavage by H —capping the N-alkyl group (the Cg paraffin), will not ionize by

electrospray, and so is not detected.

Amines, which would be produced by cleavage of the amide bond were not detected for either
irradiated TODGA or T(EH)DGA samples here. However, both Sugo et al.*¥ and Galan et al.”** identified
dioctylamine (DOA) in irradiated TODGA. Sharma et al.™ identified the corresponding amine
di(ethylhexyl)amine (D(EH)A), in the T(EH)DGA system. The product formed from the other side of this
cleavage, compound Il, DOAOPA in TODGA solutions, and D(EH)AOPA in T(EH)DGA solutions, was
detected here, suggesting that there is appreciable cleavage of the amide bond. Additionally, the mass
spectrometer tuning parameters, “tune high”, suffers from a substantial drop in transmission efficiency
around the expected m/z of this species (m/z 242). Therefore, it is likely DOA and D(EH)A are formed

but not detected efficiently by the mass spectrometer due to the tuning parameters used in this study.

For the systems studied, the highest signals were for compounds | through 1V, with compounds
V and VI having much lower signals (Figure 3 is representative). This is in general agreement with Galdn
et al.”® who found abundant production of the compounds labelled here as |, lll, and IV in TODGA
samples. Because there were no standards for these radiolysis products, the magnitudes of their signal
intensities cannot be directly related to concentrations. However, the signals for compounds V and VI
are substantially lower than for the other detected compounds. Positive-mode electrospray is expected
to produce ions from these compounds through proton attachment to the carbonyl oxygen. Examining
these structures, the proton affinity for compounds V and VI would not be expected to be substantially
lower than the others, nor should their mass -transmission efficiencies be substantially different than

that of compounds lll and IV. Therefore, based on the lower signals for compounds V and IV in all
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systems studied, it is likely that these are minor radiolysis products, and the cleavage of the C—Ccarponyl
bond is less likely to occur than cleavage of the other bonds in the diglycolamide portion of these

1,04

molecules. This agrees with Sugo et a who reported the reactivity of cleavage of the C—C,rpony bond

in TODGA was lower than the cleavage of the C=Oetner bond and the amide-bond (N—=Ccarpony bond).

Galan et al.?¥

reported the same radiolysis products for dry and acid-contacted TODGA
solutions, although their abundances varied. In that work, acidity apparently favored rupture of the
ether bond, to generate compound lll; that effect was not detected here. In this work, rupture of the
amide Ccarmonyi—N bond may have been favored by acidity, especially at higher absorbed doses, but the
scatter in the data (Fig. 6b) precludes a definitive statement in this regard. However, it is noted that the
presence of nitric acid was shown to favor amine bond rupture for TODGA by Sugo et al."™  for the

[26]

malonamide dimethyl dioctyl hexylethoxymalonamide (DMDOHEMA) by Berthon et al.””* and for

octylphenyl-N,N-diisobutylcarbamoyl phosphine oxide by Mincher et al.l?”!

Radical cation kinetics:

The y-radiolysis of an organic diluent such as dodecane results in a mixture of radical
(H®, CH,") and ionic (&son, R™) species formed by bond breakage and ionization. Under aerated
conditions, the most important species that will react with added extractants such as DGAs is
expected to be the solvent radical cation, R”. The dodecane radical cation has been previously

d[16]

identifie using UV- visible absorption spectroscopy, and its reaction with TODGA

gualitatively established. However, no kinetics for this reaction have been reported.

CiHa6™ + TODGA —¥ 5 CyoHy6 + [TODGA**]/other products (2)
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Therefore, in this study, the importance of this degradation pathway was elucidated by
measurement of the absolute second-order rate constant, k; utilizing electron pulse radiolysis
which generates the same radical and ionic species as gamma radiolysis.[24] Figure 7a shows the
measured kinetic data for TODGA concentrations in the range 0-50 mM. Based on the
previously reported dodecane radical cation absorbance enhancement™® when CH,Cl, was
used as a solvent, our irradiations were performed in solutions consisting of 0.10 M CH,Cl, in
aerated dodecane. These kinetic measurements were performed at 650 nm, which gave the
best signal-to-noise ratio for this system. Within experimental error, the same kinetic data

were obtained at the peak absorbance of 800 nm (Figure 7b, Inset).

The kinetic data were fitted to a double-exponential decay function, with the faster rate
constant assumed to correspond to the radical cation reaction, and the second exponential
used to correct for any baseline drift. The concentration dependence of the fitted pseudo-first-
order rate constants (k;’) is shown in Figure 7b, and from the slope of this plot, a value of k; =
(9.72 £1.10) x 10° M st is obtained. To our knowledge, this is the first absolute rate constant
measurement of the dodecane radical cation reported. This rate constant is of the order of the
normal diffusion rate constant in this alkane!®! and considerably slower than that reported for
dodecane excited radical cation (R"*, formed by geminate recombination of radical cations
with solvated electrons) with triethylamine of 3.3 x 10** M™ s1.128 However, this fast reaction
suggests that the radical cation reaction will be a major degradation pathway for species such
as these DGAs that have relatively low ionization potentials. This is consistent with previous
measurements performed in this diluent, where no radical cation scavenging was observed for
decalin (Clong).[zgl Degradation observed for y-irradiated CMPO (which contains a phosphoryl
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moiety) in dodecane; however, in this case the degradation was mitigated by the presence of
nitric acid, suggesting a slower rate constant for the reaction of the dodecane radical with

CMPO than was measured here for TODGA.!?”!

4.0
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0.0 l 25..0 - 5(;.0
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Figure 7: a) Kinetic traces obtained for ps electron pulse radiolysis of dodecane/0.10 M CH2CI2 aerated
solutions containing zero (bottom), 20 mM (second bottom), 40 mM (second top) and 50 mM (top)
TODGA at 650 nm. Data offset for clarity. Solid lines are double-exponential decays, with initial
decay rate constants of (3.98 + 0.10) x 10® s, (5.82 + 0.18) x 10%s™, (8.05 + 0.27) x 10% s, and
(1.04 + 0.05) x 10° s, respectively. b) Inset: Zero-time extrapolated, transient absorption
spectra obtained for pulse irradiated aerated 0.10 M TODGA/0.10 M CH,Cl,/dodecane. x-axis is
wavelength in nm. Main: Second-order rate constant determination from kinetic data of part
a). Individual data points and corresponding error bars are the average of 2-3 individual
measurements for each TODGA concentration. Solid line is weighted linear fit, corresponding
to a slope of k; =(9.72 £ 1.10) x 10°M?*s?, and an intercept of (3.74 £ 0.35) x 108st (R? =
0.974).
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Conclusions

The results of this study suggest that there is no difference in the y radiolysis chemistry of
TODGA and T(EH)DGA in n-dodecane, nor is there a difference in chemistry that depends on the acidity
of an aqueous phase in contact with the DGAs in n-dodecane. In both molecules, the major sites for
radiolytic attack are the bonds within the diglycolamide functional group, specifically the C-Ogther, N-
Cearbonyl, @and the N-Cgige-chain bonds, and to a lesser extent the C-Cearhonyi bond, while the bonds in the N-
alkyl side-chains do not participate. This suggests that modification of the alkane side-chains to produce
an extractant with desired solubility and complexation behavior resulting from steric considerations will
not have an effect on the y-radiation stability of the new extractant compared to TODGA and T(EH)DGA.
Furthermore, this suggests that efforts to reduce the radiolytic decay of diglycolamide extractants
should focus on protecting the bonds in the diglycolamide functional group, specifically the C-Ogther, and
N-Cearbonyi. Direct measurement of the dodecane radical cation charge-transfer kinetics shows that this
reaction is very fast, k; = (9.72 + 1.10) x 10° M* s, indicating that this could be a major degradation
pathway. Finally, comparison of the radiolysis products of TODGA and T(EH)DGA detected here using
UHPLC-ESI-MS with those previous detected with GC-MS suggests that UHPLC-ESI-MS is a powerful new

technique for analyzing these extraction systems.
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