Physical Chemistry Chemical Physics

&
4

PCCP

Impact of Lanthanide Ion Complexation and Temperature
on the Chemical Reactivity of N,N,N’,N’-tetraoctyl
diglycolamide (TODGA) with the Dodecane Radical Cation

Journal: | Physical Chemistry Chemical Physics

Manuscript ID | CP-ART-03-2023-001119.R1

Article Type: | Paper

Date Submitted by the

Author: 31-May-2023

Complete List of Authors: | Horne, Gregory; Idaho National Laboratory, Center for Radiation
Chemistry Research

Celis-Barros, Cristian; Colorado School of Mines, Chemistry

Conrad, Jacy K; Idaho National Laboratory,

Grimes, Travis; Idaho National Laboratory, Aqueous Separations and
Radiochemistry

Rotermund, Brian; Florida State University

McLachlan, Jeffery; Lawrence Berkeley Laboratory

Cook, Andrew; Brookhaven National Laboratory, Chemistry Department
Mezyk, Stephen; California State University at Long Beach, Chemistry
and Biochemistry

SCHOLARONE™
Manuscripts




Page 1 of 23

Physical Chemistry Chemical Physics

Impact of Lanthanide Ion Complexation and Temperature on the Chemical
Reactivity of N,N,N',N'-tetraoctyl diglycolamide (TODGA) with the Dodecane
Radical Cation

Gregory P. Horne,* Cristian Celis-Barros,>® Jacy K. Conrad,® Travis S. Grimes,® Jeffery R.
McLachlan,®¢ Brian M. Rotermund,? Andrew R. Cook,f and Stephen P. Mezyke*

@ Center for Radiation Chemistry Research, Idaho National Laboratory, Idaho Falls, ID, P.O.
Box 1625, 83415, USA.
b Department of Chemistry, Colorado School of Mines, Golden, Colorado 80401, USA.

¢ Nuclear Science and Engineering Program, Colorado School of Mines, Golden, Colorado
80401, USA.

4 Department of Chemistry and Biochemistry, Florida State University, Tallahassee, Florida
32306, USA.

¢ Department of Chemistry, Florida International University, Miami, Florida 33199, USA.

I Department of Chemistry, Brookhaven National Laboratory, Upton, New York, 11973, USA.

8 Department of Chemistry and Biochemistry, California State University Long Beach, 1250
Bellflower Boulevard, Long Beach California, 90840-9507, USA.

*Corresponding authors. E-mail: gregory.horne@inl.gov and stephen.mezyk@csulb.edu.

ORCID
Gregory P. Horne 0000-0003-0596-0660
Cristian Celis-Barros 0000-0002-4685-5229
Jacy K. Conrad 0000-0002-0745-588X
Travis S. Grimes 0000-0003-2751-0492
Jeffery R. McLachlan 0000-0001-6944-3377
Brian M. Rotermund 0000-0002-2379-0119
Andrew R. Cook 0000-0001-6633-3447
Stephen P. Mezyk 0000-0001-7838-1999

ABSTRACT

The impact of trivalent lanthanide ion complexation and temperature on the chemical
reactivity of N,N,N',N'-tetraoctyl diglycolamide (TODGA) with the n-dodecane radical cation
(RH**) has been measured by electron pulse radiolysis and evaluated by quantum mechanical
calculations. Additionally, Arrhenius parameters were determined for the reaction of the non-
complexed TODGA ligand with the RH** from 10—40 °C, giving the activation energy (£, = 17.43
+ 1.64 kJ mol ™) and pre-exponential factor (4 = (2.36 + 0.05) x 10'> M~! s71). The complexation
of Nd(IIT), Gd(III), and Yb(III) ions by TODGA yielded [Ln™(TODGA )3;(NOs);] complexes that
exhibited significantly increased reactivity (up to 9.3x faster) with the RH**, relative to the non-
complexed ligand: A([Ln"(TODGA)3;(NO3);] + RH*") =(8.99 £ 0.93) x 1010, (2.88 + 0.40) x 1019,
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and (1.53 + 0.34) x 109 M s7!, for Nd(III), Gd(III), and Yb(III) ions, respectively. The rate
coefficient enhancement measured for these complexes exhibited a dependence on atomic number,
decreasing as the lanthanide series was traversed. Preliminary reaction free energy calculations—
based on a model system [Ln"(TOGDA)]** complex system—indicate that both electron/hole and
proton transfer reactions are energetically unfavorable for complexed TODGA. Furthermore,
complementary average local ionization energy calculations showed that the most reactive regions
of model N,N,N'N'-tetracthyl diglycolamide (TEDGA) complexes, [Ln"(TEGDA)3;(NOs);],
toward electrophilic attack is for the coordinated nitrate (NO;~) counter anions. Therefore, it is
possible that radical reactions with the complexed NO5~ counter anions dominate the differences
in rates seen for the [Ln"(TODGA );(NOs3);] complexes, and are likely responsible for reported
radioprotection in the presence of TODGA complexes.

INTRODUCTION

Understanding the impact of ionizing radiation on ligands employed for the separation,
recovery, and transport of metal ions is of vital importance for the innovation of nuclear fuel cycle
technologies and nuclear medicine. In both fields, novel ligands are designed to selectively form
complexes with metal ions in specific oxidation states. For example, the ligand
N,N,N'.N'-tetraoctyl diglycolamide (TODGA) was designed to enable the separation of the
trivalent minor actinides (MA, specifically americium and curium) from the trivalent lanthanides
(Ln(III)) in used nuclear fuel (UNF) reprocessing raffinates [1-15]. However, in the presence of
ionizing radiation fields—for example, those arising from the radioisotopic content of UNF
raffinates or from the radioactive decay of theranostic agents—these complexing ligands are
subject to indirect radiolytic processes, leading to their destruction and the formation of potentially
detrimental degradation products. Consequently, mastery of the radiation-induced behavior of
these molecules is essential for optimizing their effectiveness and longevity, and minimizing the

negative impacts of radiolysis.

The prototypical UNF reprocessing solvent, n-dodecane, is broken down by ionizing
radiation (w) to form several important transient species, including the n-dodecane radical cation

(RH™), which reacts with ligands leading ultimately to their destruction [16—22]:
RH w» e7, H’, RH"", R", (D)
Ligand + RH™" — [Ligand]**/[Ligand(+H")]* + RH/R". 2)

There have been extensive studies on the radiation chemistry of ligands, especially those designed
for the separation and recovery of elements from UNF [23-38]. However, most contemporary

investigations have focused on the radiolytic behavior of the non-complexed ligand, despite
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literature precedence for their metal ion complexes exhibiting very different chemical behaviors
[16,17,39-48]. For example, the complexation of trivalent iron ions (Fe(Ill)) by
ethylenediaminetetraacetic acid (EDTA)—a typical chelation therapy ligand—was found to
accelerate the rate of EDTA radiolysis, as the metal ion center provided additional inner/outer
sphere reaction pathways for the products of water radiolysis [40—43]. More recently, Nd(III) and
Am(III) ion complexation by TODGA in 5% 1-octanol/n-dodecane solvent was shown to reduce
the extent of steady-state TODGA radiolysis and to alter the suite of degradation products,
producing species that were less problematic [49]. Unfortunately, our understanding of the
fundamental radiation-induced processes responsible for these divergent steady-state observations
is limited, and yet it is essential for accurately predicting their behavior under real-world

application conditions and to aid in the design of new radiation-resistant ligands.

Elucidation of the underpinning mechanistic changes conferred by metal ion complexation
necessitates knowledge of their chemical kinetics, as recently demonstrated for the reaction of
uranyl ion (UO,*") complexes of N,N-di-(2-ethylhexyl)butyramide (DEHBA), N,N-di-2-
ethylhexylisobutryamide (DEHi/BA), and tributylphosphate (TBP) [17] with the RH™" radical
cation. In the case of DEHBA, DEH/BA, and TBP, the complexation of UO,*" ions by
DEHBA/DEH/BA afforded a 2.6x/1.4x faster rate coefficient (k) for the reaction of the RH** with
the corresponding complexes—[UO,(DEHBA),(NO3),]/[UO,(DEHIBA),(NO;),]—relative to the
non-complexed ligands. In contrast, the complementary TBP complex—[UO,(TBP),(NO3),]—
showed no change in reaction kinetics relative to non-complexed TBP [17]. These changes in the
chemical reactivity of the ligand complexes were attributed to a combination of differences in
reaction pathways (electron/hole transfer vs. proton transfer), energetics, and electron density
distribution changes upon complexation [17]. Overall, these absolute kinetic measurements
provided greater insight into the impact of metal ion complexation on the chemical reactivity of

ligands in radiation environments.

To date, no such chemical kinetics knowledge exists for the metal ion complexes of
TODGA, despite this ligand exhibiting significantly different radiolytic behavior in the presence
of its MA and Ln(III) ion complexes at steady-state timescales [49]. To bridge this knowledge gap,
we report here kinetic measurements demonstrating the impact of Ln(III) ion complexation on the

reaction kinetics of the RH** with TODGA at ambient temperature (23 + 1 °C). Further, as the real-
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world application of TODGA in UNF reprocessing systems is expected to operate at temperatures
above ambient (>30 °C), Arrhenius parameters—activation energy (£,) and pre-exponential factor
(A)—were also determined for the reaction of the RH™" with the non-complexed TODGA ligand.
These kinetic data are necessary to facilitate the development of computer models to determine

predicted longevity under process conditions.

METHODS
Chemicals

N,N,N’,N -tetraoctyldiglycolamide (TODGA, 99%) was supplied by Technocomm Ltd
(Wellbrae, Scotland, UK). Dichloromethane (DCM, > 99.8%), n-dodecane (> 99% anhydrous),
nitric acid (HNO3, > 99.999% trace metals basis), perchloric acid (HCIO4, > 99.999% trace metals
basis), and potassium thiocyanate (KSCN, > 99.0% ACS Reagent Grade) were obtained from
MilliporeSigma (Burlington, Massachusetts, USA). Nitrate salts of gadolinium (99.9%),
neodymium (99.99%), and ytterbium (99.9%), were sourced from Alfa Aesar. Nitric acid (Optima
Grade) was also received from Fisher Scientific. All chemicals were used without further

purification. Ultra-pure water (18.2 MQ cm) was used to prepare all aqueous solutions.
Sample Preparation

Non-complexed 100 mM TODGA ligand solutions were prepared by weighing the ligand
directly into a 0.5 M DCM/n-dodecane stock solution. DCM was added to the n-dodecane solvent
as a solvated electron scavenger to extend the lifetime of the RH** and inhibit competing reactions.
A portion of this non-complexed ligand stock solution was also used for non-ambient temperature
runs, following serial dilution using additional 0.5M DCM/n-dodecane solution. The
corresponding Ln(III) ion complex solutions were then prepared by pre-equilibrating the non-
complexed TODGA ligand solution thrice with 1.0 M HNOj solution [50], and then contacting the
acid-loaded organic phase in a 1:1 organic:aqueous ratio, with an aqueous phase comprised of
~20 mM of either Nd(III), Gd(III), or Yb(III) ions in 1.0 M HNOs;. For each contact (pre-
equilibration and Ln(III) ion extraction), phases were rapidly vortex mixed for 5 minutes, and then
the organic phase separated using a Thermo Scientific (Waltham, Massachusetts, USA) Sorvall
Legend Centrifuge for 5 minutes at 4000 rpm. The lanthanide-loaded organic phases were then

used to prepare samples for irradiation by serial dilution with additional pre-equilibrated 0.5 M
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DCM/n-dodecane solution, maintaining a constant TODGA:Ln(III) ion ratio. The initial and post
contact aqueous phases were retained for Inductively-Coupled Plasma Mass Spectrometry (ICP-

MS) analyses to quantitatively determine the amount of each Ln(III) ion extracted.
Time-Resolved Electron Pulse Irradiations

Kinetics for reaction of the RH™" with TODGA in the absence and presence of Nd(III),
Gd(I1T), or Yb(III) ions in 0.5 M DCM/n-dodecane solutions at 23 + 1 °C were measured using the
Brookhaven National Laboratory (BNL) Laser Electron Accelerator Facility (LEAF) [51]. Aerated
sealed samples were irradiated in static 1.00 cm Suprasil Starna Scientific Ltd. (Ilford, United

Kingdom) cuvettes sealed with Teflon stoppers. Dosimetry was determined using N,O-saturated

solutions of 10 mM KSCN at A =470 nm (G*¢ = 5.2 x 10*m? J 1) [52].

The time-resolved changes in the absorption decays of the RH™" were observed near its
maximum absorption at 800 nm [53] using an FND-100 silicon diode detector, and subsequently
digitized using a LeCroy WaveRunner 640Zi oscilloscope (4 GHz, 8 bit). Interference filters (ca.
10 nm bandpass) were used for wavelength selection of the analyzing light. These measured RH"*
decays were fitted starting at 2 ns after the electron pulse to allow for the instrument response

using a double-exponential decay function:
kops = Arexp ~ ¥1' 4 Ajexp ~*2t 4B, 3)

where k,,s was the overall rate of decay for the RH™" signal at 800 nm, A; are the optical density
amplitudes, k; are the pseudo-first-order rate coefficients (s7!), ¢ is time (s), and B is a baseline
offset correction. The first exponential decay (A; and k; parameters) corresponds to the total
reaction of the RH"* with both the non-complexed TODGA ligand and the [Ln"(TODGA )3;(NOs);]

complex:

k1= kKTODGA[TODGA] + kComplex[Complex],
(4)
while the second exponential decay (A, and k,) and B variables account for the slower tailing

absorption decrease seen in these systems [17].

The contribution of the non-complexed TODGA ligand (kropga) Was calculated based on
its measured rate coefficient, (9.72 + 6.0) x 10° M~! s7! [18], and its concentration, assuming a

constant 3:1 TODGA:Ln(IIl) ion ratio complex was formed under our conditions [50,54].
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Subtracting this component from the overall fitted k; value, and then plotting the difference as a
function of solute concentration, gave the final second-order rate coefficient (kcompiex) values

reported by this work.

Arrhenius parameters were also determined for non-complexed TODGA, wherein kinetics
were measured at several temperatures (1040 °C) in a thermostatically controlled cell holder
regulated by a water bath. A thermocouple placed directly next to the cell allowed remote control
of the irradiation holder temperature, stable to = 0.1 °C. Solutions in cuvettes were cooled/pre-
heated to the appropriate temperature using a bespoke sample holder supplied by the same water
bath. These temperature-dependent rate coefficients allowed calculation of the activation energy

(E,, kJ mol™") and pre-exponential factor (4, M~! s7) values, using the expression:

—Fa

k= Aepr, (5)

where R is the molar gas constant (J mol~' K1), and 7 is the absolute temperature in Kelvin (K).

The quoted rate coefficient and Arrhenius parameter errors (1c) are a quantitative
combination of measurement precision (~4%) and sample concentration (initial concentration

(~8%) and dilution (<1%)) errors.
Inductively-Coupled Plasma Mass Spectrometry Metal Ion Analysis

Quantification of the amount of Ln(III) ion extracted into the organic phases was achieved
by ICP-MS. Pre- and post-contact Ln(IIl) ion aqueous samples were digested entirely in 2%
Optima grade HNO; and diluted, typically 100-500%. Samples were run on an Agilent (Santa
Clara, CA, USA) 7500ce ICP-MS using a helium reaction cell to reduce isobaric interferences.
Standard Ln(III) ion solutions were sourced from Inorganic Ventures CMS-1, instrument
calibrations used SPEX CertifPrep CL-CAL-2 ICP-MS calibration standards, and the internal
standard sample was 20 ppb rhodium from SPEX CertifPrep PLRH2-2Y. All standards were run
at the beginning and end of each sample set measurement. Measurements were performed in

triplicate and are summarized in Table 1.
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Table 1. Results from ICP-MS analysis of the Ln(II)/1.0 M HNO; aqueous phases pre- and post-contact with pre-
equilibrated TODGA/0.5 M DCM/n-dodecane organic solution. Reproducibility error in aqueous measurements was

+ 5%.

. [Aqueous]p,. [Aqueous]pyst A[Aqueous] - [Organic]
Lanthanide
(mM) (mM) (mM)
Nd(111) 19.49 7.48 12.01
Gd(I1I) 21.18 1.75 19.43
Yb(IIT) 20.00 0.38 19.62
Computations

Quantification of electronic structure computations for non-complexed TODGA and
[Ln"(TODGA)]** in n-dodecane solvent used the Gaussianl6 and Gaussview6 programs [55,56].
Geometries were determined using density functional theory (DFT) with the B3LYP functional
and 6-31+g* basis set. Small corrections for dispersion effects were included using Grimme’s D3
model with Becke and Johnson (BJ) damping [57]. Solvation was included in all calculations using
the polarizable continuum model for n-dodecane, albeit solvation effects are small, as n-dodecane
is a non-polar liquid. Computations involving a Ln(IIl) ion used the Stuttgart/Dresden MWB
ECP/basis set with 46 core electrons. Reaction free energies for electron/hole vs. proton transfer
from the RH™* to TODGA, [Ln"(TODGA)]**, HNOs, and NO;~ anions were determined using

corrections for standard entropic states [58,59].

To further investigate the reactivity of these TODGA complexes with RH**, we employed
the Average Local Ionization Energy (ALIE) formalism [60]. The ALIE is defined as the average
energy required to remove one electron from point () of a molecular space as shown by equation
(6):

_ Zplel
I(r) = p(r) (6)

where the summation runs over all the i molecular orbital electron densities and their associated
energies (&), whose contribution is normalized against the total molecular electron density, p(7).
One of the advantages of analyzing ALIEs over frontier molecular orbital (FMO) methods is that
they account for every possible electronic contribution to the reactivity of the molecule at a specific

region in space and not solely on the highest occupied and lowest unoccupied molecular orbitals.
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Another advantage of the ALIE formalism is that since I(r) is evaluated on a specific molecular
contour (typically 0.0005-0.002 a.u.), it recovers chemically relevant molecular features such as
atomic anisotropy, lone pairs, local polarizability, n electrons, etc., which is crucial for
understanding chemical reactivity [60]. The most reactive regions on the molecule toward
electrophilic reaction are those where minimum values of ALIE are found, Is (). Herein, we
report and analyze the ALIEs projected onto the 0.0005 a.u. molecular surface of the studied
TODGA complexes.

Given the size of the [Ln'(TODGA);(NOs);] complexes investigated here (352 atoms),
and the challenge in optimizing their geometries, we replaced the tetraoctyl chains of TODGA
with tetraethyl chains, affording the N,N,N',N'-tetracthyl diglycolamide (TEDGA) species. This
simplification ensured that the calculated molecular geometries used here corresponded to a local
minimum. Geometry optimizations were carried out in ADF2019 using the GGA functional PBE
along with the Slater-type orbital 7ZP basis set for all atoms [61]. Dispersion corrections were
included through the Grimme’s D4(EEQ) electronegativity-equilibrium method [57], while
relativistic effects were included via the Zeroth-Order Relativistic Approach (ZORA) Hamiltonian
[62]. The optimized molecular geometries were used to obtain the electronic structure and
molecular electron densities through single point calculations using the ORCA software at
PBEO/DKH-def2-TZVP level of theory for all atoms except the Ln(III) ion center, where the SARC-
DKH-TZVP basis set was used instead [63,64]. The MultiWFN package was used to calculate and
analyze the ALIEs [65].

RESULTS AND DISCUSSION

The temperature dependence for the reaction of RH™" with the non-complexed TODGA
ligand, along with the derived Arrhenius parameters are shown in Figure 1. For all investigated
temperatures (1040 °C), the rate of reaction increased with increasing temperature. The
transformed Arrhenius plot gave values for the activation energy (E, = 17.43 £ 1.64 kJ mol™') and
the pre-exponential factor (4 = (2.36 £ 0.05) x 10> M~! s7!). The E, value is consistent with
previous values for biomolecular electron transfer reactions of related primary radiolysis species
in water [66], but no comparative kinetic data have been reported in n-dodecane. Concomitant
experiments for the [Ln(TODGA);(NO;);] complexes were not possible due to limitations in

instrument time resolution.
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Figure 1. Arrhenius plot for the reaction of non-complexed TODGA with the RH** radical cation, affording an E, =
17.43 £ 1.64 kJ mol™!, and an 4 = (2.36 = 0.05) x 10'3 M~! s, Individual data points were derived from second-order
rate coefficients determined at different temperatures: 10 (H), 20 (@), 30 (A), and 40 (V) °C, shown in the Inset.

The reaction of RH** with the non-complexed TODGA ligand can proceed by either
electron/hole or proton transfer:

TODGA + RH™*
- TODGA*" + RH (electron/hole transfer), (7)

— TODGA(+H") + R® (proton transfer), (8)

of which the calculated reaction free energies (4G, eV) for these reaction pathways are -1.02 and
-1.07 eV, respectively. While a full understanding of the radiation chemistry of TODGA
containing solvent extraction systems requires knowledge of whether TODGA is oxidized or
protonated, here we focus on the impact of metal ion complexation. Separate work seeks a
fundamental understanding of the nature of the non-complexed extractant’s interactions with the
oxidized diluent. Both RH"" reaction pathways are equally energetically favorable in n-dodecane
solvent, however, we anticipate that Ln(II) ion complexation will alter the kinetic preference for
these pathways, thereby influencing the rate of ligand radiolysis and the suite of associated
degradation products, as demonstrated for the steady-state radiolysis of TODGA in the presence
and absence of its Am(III) and Nd(III) ion complexes [49].
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Figure 2. Normalized kinetic traces at 800 nm for electron pulse irradiated solutions of aerated 10 mM TODGA in
0.5 M DCM/n-dodecane without (M) and with pre-equilibration with either water (®), 1.0 M NaNO; (A), or 1.0 M
HNO; (V) at23£1°C.

Prior to performing [Ln'(TODGA);(NOs);] complex reactivity measurements in n-
dodecane, the impact of extracted water, nitrate anions (NO3~), and HNO; on the decay of the RH™"
was investigated by irradiating 10 mM TODGA in 0.5 M DCM/n-dodecane solutions with and
without pre-equilibration with the aforementioned aqueous components. We found a negligible
effect of pre-equilibration on the lifetime of the RH'*, as shown in Figure 2, despite
complementary free energy calculations indicating that both electron/hole (-3.03 eV) and proton
(-2.79 eV) transfer between RH™" and NO;~ anions are very favorable. These observations are
consistent with the expectation that charged NO; ™~ anions are negligibly extracted into the organic
phase in the absence of metal ion TODGA complexes. Furthermore, our calculated reaction free
energies for electron/hole (+2.26 eV) and proton (+1.59 eV) transfer between RH** and HNO; are
energetically unfavorable in n-dodecane. However, we note that the environment around, and the
form of extracted water and NO;7HNQO3, is not well defined [50,67]. It could be more polar, thereby
reducing the energy for charge/proton transfer. Nevertheless, the results in Figure 2 suggest not
enough of an effect was observed. At the low TODGA concentrations used here, micelle-like pools
of extracted water [50,67] are unlikely and unsupported by our previous work that showed only

1.59 mM water uptake to the organic phase with 50 mM TODGA [68]. Therefore, the following
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observed changes in kinetic behavior are attributed directly to the impact of Ln(IIl) ion and

attendant NO;~ anion complexation on the reactivity of the TODGA ligand with the RH"*.

Table 2. Summary of second-order rate coefficients determined for the reaction of the RH* radical cation with

TODGA in the absence and presence of complexed lanthanides—Nd(I1I), Gd(III) and Yb(III) ions—in aerated 0.5 M
DCM/n-dodecane solutions at 23 = 1 °C.

Second-Order Rate Coefficient (k, x 101 M1 s71)
Ligand
Non-Cpmplexed Nd(IIT) Complex | Gd(III) Complex | Yb(III) Complex
Ligand
TODGA 0.97 £0.60 [18] 8.99 +0.93 2.88 £0.40 1.53+£0.34

The measured absolute second-order rate coefficients for the reaction of the RH*" with
TODGA in the absence and presence of complexed lanthanides—Nd(III), Gd(III), and Yb(III)
ions—at ambient temperature are summarized in Table 2. For the investigated TODGA and
Ln(IIT) ion concentration ranges, we assumed a constant TODGA:Ln(III) ion ratio of 3:1 [50],

with all the [Ln"'(TODGA)3(NOs);] complex rate coefficients given in Table 2 calculated based

on this ratio.

-
»
1.0 - 236
o < .
'y e 54l KRH"+INI(TODGA)(NO,)])
oy E ! =(8.99 £0.93) x 10" M~' s
c ©
608 8321
e & 2
E. A ® £30}
o v & £
g 06 L . . 9 28
< - £
- L] ug 261
) . . .
ﬁ ’. 2 0.0 0.2 0.4 0.6
g
= 04F a '0,- < [NA(TODGA),(NO3),] (mM)
(1] ||
]
g ; ’0.'- ®  0.16 mM Nd(lll) + 3.26 mM TODGA
o ’QO'- @ 0.32 mM Nd(lll) + 6.53 mM TODGA
Zoo| A 0.48 mM Nd(lll) + 9.79 mM TODGA
: v 0.63 mM Nd(lll) + 13.05 mM TODGA
A
L 4

0.0 M . . . . .
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Time (ns)

Figure 3. Normalized kinetic traces at 800 nm for electron pulse irradiated solutions of TODGA in the presence of
Nd(III) ions in aerated 0.5 M DCM/n-dodecane at 23 = 1 °C: 0.16 (W), 0.32 (@), 0.48 (A), and 0.63 (V) mM Nd(III)
ions. Inset: Second-order determination of the rate coefficient for the reaction of [Nd™(TODGA);(NOs);] with RH"*.
Individual data points are the faster pseudo-first-order component of the double-exponential fit to the data shown in

the main figure. The weighted linear fit corresponds to A([Nd™(TODGA );(NOs);] + RH*) = (8.99 £ 0.93) x 10! M!
s
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Increasing the concentration of [Ln(TODGA );(NOs);] complexes in solution afforded a faster
decay of the RH"" absorption at 800 nm, as demonstrated by the kinetic data shown in Figure 3
for the [Nd"(TODGA );(NO3);] complex. Complementary Gd(IIT) and Yb(III) ion data are shown
in the Supplementary Information (SI), Figures S1 and S2, respectively. Fitting these decays
ultimately gave the second-order rate coefficients given in Table 2, all of which are faster than the
value for the non-complexed ligand (up to 9.3x) [18]. From a chemical kinetics perspective, the
greater reactivity of the [Ln"(TODGA );(NOs);] complexes, relative to the non-complexed ligand,
is expected to lead to a faster rate of TODGA radiolysis. However, Kimberlin ef al. showed that
the steady-state gamma irradiation of Nd(III) and Am(III) ion complexes of TODGA decreased
the rate of TODGA radiolysis and altered the suite of degradation products, relative to the non-
complexed TODGA ligand [49]. These observations suggest that complexation provides an

alternative reaction mechanism.

Preliminary calculations based on a model system consisting of a single TODGA molecule
bound to a Ln(III) ion center with no counter NO;~ anions ([Ln"(TOGDA)]**, shown in Figure
S3) indicate that both electron/hole and proton transfer reactions become unsurprisingly
energetically unfavorable upon complexation. We note that the proton transfer route is especially
unfavorable due to the Ln(III) ion blocking the oxygen sites which are expected to be the usual
acceptors for protons in non-complexed TODGA (Equation 8). In the case of electron/hole
transfer, the resulting [Ln"(TOGDA)J** complex “hole” is predicted to reside on one of the octyl
chains, and not on the core of the ligand, as it does in non-complexed TODGA. The shorter octane
molecule has a slightly higher ionization potential (9.80 eV [69]) than n-dodecane (< 9.56 eV
[70,71]), which contributes to the uphill reaction energy. The values calculated for the
[Ln™(TOGDA)]*" complex suggest that an alternative pathway must be responsible for the kinetic
enhancement observed here for the [Ln(TODGA );(NOj3);] complexes.

To better understand the reactivity of [Ln"(TODGA);(NOs);] complexes, we performed
ALIE calculations for the TEDGA complex analogs, [Ln"(TEDGA)3;(NOs)3], simplifying the
octyl to ethyl chains for a more reliable optimized geometry of the complexes. We evaluated the
average localization energies, I¢(7), on the molecular surface to obtain a qualitative picture of the
sites that are more susceptible to electrophilic reaction, whereas a quantitative analysis was

performed by locating the local minima on the calculated ALIE surface, I pn(7). Figure 4 shows
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that the most reactive regions toward electrophilic attack are where the NO;3 ™~ counter anions sit on

the complex, in agreement with our previous findings for TBP [17].

(B) (%] (D)

95eV

123eV

Figure 4. Molecular depiction of the studied [Ln™(TEDGA );(NOs);] complex (A) in the same orientation as the ALIE
surfaces of [Nd™(TEDGA);(NOs);] (B), [GA™(TEDGA);(NO;);] (C), and [Yb™(TEDGA);(NO;);] (D). The lowest
ALIE regions are shown in blue, which indicate the least bound electron density on the molecular surface (0.0005
a.u.). Cyan dots on the surface indicate the ALIE local minima, Ismin(r).

Specifically, the two O-atoms exposed to the chemical environment show two local minima with
essentially equivalent average values of 8.95, 8.94, and 8.89 eV for the Nd(III), Gd(III), and
Yb(IIT) ion TEDGA complexes, respectively, shown in Table 3. Interestingly, despite these being
outer sphere molecules, the presence of the Ln(IIl) ion center causes these values to increase
significantly with respect to the free NO5~ anion in n-dodecane (6.48 eV, Table 3 and SI Figure
S4).

Table 3. ALIE minima (eV) at the 0.0005 a.u. surface of NO;-, TODGA, TEDGA, and the [Ln™(TEDGA)3;(NO;);]
complexes of Nd(IIT), Gd(III), and Yb(III) in n-dodecane solvent.

[LHIII(TEDGA)s(NO3)3]

Moiety NO;~ TODGA | TEDGA

NddIl) | Gd(I) | Yb(II)
Oxygen (NO;3") 6.48 ; - 8.95 8.94 8.89
Oxygen (DGA) - 9.76 9.89 11.40 11.39 11.55
Nitrogen (DGA) - 10.51 10.66 11.19 11.22 11.21
CH, (DGA) - 10.42 10.42 11.66 11.71 11.80
CH, (chain) - 10.59 11.21 11.60 11.63 11.64
CH; - 10.92 11.31 11.44 11.49 11.56

These ALIE findings are contrary to the Fukui function calculations reported by Kimberlin

et al. [49]. Using N,N,N’,N’-tetramethyl diglycolamide (TMDGA) as their computational

surrogate, they found that the most likely sites for electrophilic reaction were on the methylene
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CH,-groups of the TMDGA backbone in the [Nd"(TMDGA);(NO3);]/[Am!(TMDGA)3;(NO3)s]
complexes, and not at the coordinated NO;~ anions. Interestingly, their corresponding calculations
for coordinated chloride anions (CI), [Am"(TMDGA);(Cl);], predicted preferential electrophilic
reaction at the coordinated Cl~ anions [49]. However, given that Fukui functions are based on FMO
theory, their results could be misleading in cases where molecular reactivity is not dominated by
the highest-occupied (HOMO) or lowest-unoccupied (LUMO) molecular orbitals [72]. Our ALIE
approach focuses on a point in space rather than a particular molecular orbital. Furthermore,
assuming electron/hole transfer predominates, the direct reaction of the RH** with complexed NO;~
anions generates NO;" radicals, which are likely responsible for the detection of the nitrate-
containing TODGA degradation products identified by Kimberlin et al. These nitrate-containing
degradation products were only seen for TODGA irradiated in the presence of its Nd(III) and
Am(III) ion complexes [49].

In addition to the reactivity of the NOs~ anions being altered by the presence of the Ln(III)
ion center, the coordinated TEDGA ligands were found to be even more affected. Table 3 shows
the effect of complexation on the reactivity of the TEDGA ligand. The ALIE values suggest that
the most reactive region toward an electrophile for non-complexed TEDGA and TODGA is around
the O-atoms followed by the ethylene diglycolamide (DGA) moieties and lastly the alkyl chains.
This picture is completely changed upon complexation, as the electrons around the coordinating
moiety are now less susceptible to electrophilic reaction. The order of reactivity of the ligand is
thus altered, with the DGA nitrogen becoming the most reactive region, though with a significantly
high ALIE value of ~11.20 eV. Further changes are expected when TODGA is complexed instead
of TEDGA. As observed in Table 3, the DGA moieties closer to the metal ion center are more
notably affected upon coordination, becoming less reactive, while the increase in chain length has
the opposite effect. Thus, we anticipate that in [Ln''(TODGA);]*" complexes, the most reactive

sites are located on the -CH,- (chain) groups and not around the DGA nitrogen atoms.

Interestingly, for all regions of the [Ln"'(TEDGA)3;(NOs);] complexes, the ALIE values
increase with the atomic number of the Ln(III) ion center, which suggests that the ligand becomes
less reactive as the series is traversed. This observation is consistent with the trend in rate
coefficient values for the reaction of the RH'" with the investigated [Ln"{(TODGA );(NOs3);3]
complexes in Table 2, i.e., decreasing k with increasing lanthanide atomic number:

K([Ln"(TODGA);(NO;)s] + RH*) = (8.99 % 0.93) x 100, (2.88 = 0.40) x 100, and (1.53 = 0.34)
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x 1010 M1 s71, for Nd(IIT), GA(IIT), and Yb(III), respectively. Our working hypothesis to explain
this observation is based on the reactivity calculations performed and the fact that the effective
nuclear charge increases as the lanthanide series is traversed [73], thereby affecting more
significantly the electronic structure and reactivity of the coordinated ligands of the heavier Ln(III)
ion complexes over the outer sphere NO;~ anions (Table 3). Thus, the trend in kinetics would be
observed not due to the reaction between the RH** with NO;™ anions, but rather due to secondary
reactions between the resulting NO;' radicals and coordinated TODGA molecules, which is where
the decreased reactivity is observed. Follow up calculations are underway to explore this

hypothesis.

CONCLUSIONS

Complexation of Ln(IIl) ions by TODGA afforded complexes with increased chemical
reactivity (up to 9.3x) towards the RH™" formed in n-dodecane radiolysis. Further, the
[Ln(TODGA);(NO;3)3] complexes exhibited reaction rates that decreased as the lanthanide series
was traversed—Nd(III) to Gd(III) to Yb(III)—indicating a change in reaction mechanism upon
metal ion complexation. However, these enhanced reaction rates with the RH™" do not necessarily

translate to more extensive TODGA radiolysis, as evident from previous work by Kimberlin et al.
[49].

Our reaction free energy calculations showed that electron/hole and proton transfer were
both energetically favorable for the reaction of RH*" with non-complexed TODGA, but become
highly uphill for a model [Ln"(TOGDA)]** complex in n-dodecane solvent, suggesting another
reason for the enhanced rates with the complexes. Complementary ALIE calculations
demonstrated that the most susceptible sites to electrophilic reaction are on the O-atoms of the
coordinated NO;~ anions in all three [Ln'(TODGA);(NO;);] complexes. Consequently, while
enhanced reaction rates appeared to implicate differences in the chemical reactivity of the TODGA
ligand, one must also consider the impact of the attendant NO;~ counter anions. The reaction of
non-complexed NO;~ anions with the RH™* were predicted to be energetically favorable (< -2.79
eV), and likely also influenced by the charge density of the bound Ln(IIl) ion, thereby also
providing a plausible explanation for the change in [Ln"'(TODGA)3;(NOs);] complex reactivity as

the lanthanide series is traversed. Overall, it is possible that radical reactions with the NO;~ counter
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anions dominate the differences in rates we see with the [Ln'(TODGA);(NO;);] complexes, as

found for UO,?" complexes of TBP [17].

Although the presented computational models suggest that the reaction between the RH"*
and the [Ln"(TODGA );(NOs);] complexes takes place where the NO;~ counter anions are located,
the coordinated ligands may still be subject to subsequent radiation-induced reactions with the
initial NO;" radical product, assuming electron/hole transfer predominates. The fact that the alkyl
chain is subject to less electronic reorganization upon coordination, it provides a possible candidate
for reactive sites in addition to the NO;  counter anions. Conversely, the NO;' radical
(electron/hole transfer) is neutral and on the relative outskirts of the complex. Thus, the NO;5*
radical may be liable to diffuse away from the complex and react with the more abundant
molecules of the solvent, i.e., n-dodecane, thereby shifting any potential sequential damage away
from TODGA. Follow up quantum mechanical calculations are underway to evaluate the chemical
behavior and fate of complexed NOjs' radicals as well as the reactivity of the actual lanthanide

complexed with TODGA.
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