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Abstract

This review aims to provide an overview of the current state of radiation chemistry with
respect to the actinide elements, thorium through californium. Despite the inherent radioactivity
of the actinides, only a few studies explore the effects of ionizing radiation on their redox chemistry
and surrounding environment. This fundamental knowledge gap, coupled with the current
renaissance in actinide-based technologies such as nuclear power, space exploration, and
medicine, underscores the importance of research in this interdisciplinary area. This review will
focus on the interactions between reactive species formed by radiolysis with actinides and their
complexes, offering an inorganic chemist’s perspective on research in radiation chemistry. In
addition, a thorough discussion of our current understanding of radiation-induced changes in

actinide speciation in both aqueous solution and the solid-state will be provided, focusing on

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

changes in oxidation state distribution, complexation, and secondary coordination effects within

inorganic materials. Finally, this review will discuss challenges and opportunities for inorganic

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

chemists to explore this unique intersection of fields.

(cc)

Highlights

e Summary of relevant fundamental ionizing radiation physics and chemistry.

e Overview of both aqueous solution and solid-state radiation chemistry and changes in
actinide speciation, specifically oxidation state, coordination environment, and products
formed.

¢ Discussion of outlooks for inorganic chemists in the field of radiation chemistry.
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1. Introduction

The actinides are a series of complex elements that continue to challenge and fascinate the
inorganic chemistry community.! Positioned at the bottom of the periodic table, these elements
exhibit chemical behavior significantly influenced by relativistic effects, such as expansion of the
5f-orbitals and extensive spin-orbit coupling. These physical attributes strongly influence their
electronic structure, resulting in complex spectroscopic signatures, magnetic properties, and redox
behavior. Unlike their 4f congeners, the lanthanides, actinides display increased involvement of
their 5f/~orbitals in chemical bonding, leading to enhanced covalency.? The intricacies of actinide
electronic structures and the resulting variability in their chemical interactions have led many

inorganic chemists to delve deeper into the fundamental behavior of these elements.

A frequently overlooked aspect of actinide chemistry is the impact of their inherent
radioactivity or the ionizing radiation fields in which they are associated. All actinides possess
isotopes that are susceptible to radioactive decay, resulting in the emission of 1onizing radiation in

the form of energetic particles (alpha particles [a], beta particles [B], neutrons [n], fission

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

fragments, and recoiling daughter nuclei) and photons (gamma rays [y] and X—rays). Harnessing
this energy is essential for energy production by nuclear power reactors® # and radioisotope

thermoelectric generators for space exploration.> ¢ Conversely, managing the impacts of ionizing
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radiation fields is a significant challenge for used nuclear fuel (UNF) reprocessing,” nuclear waste

(cc)

storage,!%13 environmental remediation,'* 1> and nuclear medicine!® because the energy deposited
by ionizing radiation generates reactive radicals, ions, and molecular species. These radiolysis
products can initiate redox chemistry, degrade molecules, create defects in solid-state materials,
and alter the physical and chemical properties of matter.!” Each of these radiation-induced
modifications can influence the chemical behavior, speciation, and transport of actinides which is
further complicated by actinide elements often being intermixed with other radionuclides in real-
world scenarios.!®!?Consequently, understanding actinide radiation chemistry is one of the basic

research needs in nuclear science.

There is an existing understanding of the effects of ionizing radiation on actinide chemistry,

thanks to the foundational work of radiation chemists and physicists, but the primary focus has
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been on resolving long-standing challenges in the reprocessing of UNF.20-23 However, there
remains a gap between the insights of radiation chemists and the tools and techniques utilized by
inorganic chemists to explore fundamental actinide science. Bridging this gap could yield valuable
insights and new discoveries in the field. Thus, this review aims to summarize the current state of
ionizing radiation research on actinides in both aqueous solutions and the solid-state, focusing on
the interactions between radiolysis products and actinide ions, their complexes, and the
surrounding chemical environment. Additionally, this review will highlight gaps in the literature,

key tools for the characterization of actinides, and potential future research directions.

In this review, we focus on inorganic actinide species in aqueous solutions and solid-state
materials. For solid-state materials, we cover inorganic crystalline solids that demonstrate
significant changes in actinide speciation upon irradiation. Given the importance to the field, we
also include discussion on organic ligands coordinated to actinide ions in the solid-state and briefly
highlight emerging metal-organic frameworks (MOFs). This review is also limited to radiation-
induced processes involving a-particles and y—rays, as these radiation types are predominant in the
radioactive decay of actinide isotopes and have been extensively studied in the literature.
Furthermore, it is important to note that discussions of y—rays also apply to B-particle effects due

to their equivalent mechanisms of radiation energy deposition.?*
2. Ionizing Radiation Basics

The absorption of ionizing radiation by matter primarily causes the ejection of electrons
from atoms, ions, and molecules to create “holes” (the site vacated by the electron) and a free
electron.” In this context, o—particles, P—particles, y—rays, X-rays, fast electrons (e”), fission
fragments, recoiling daughter nuclides, accelerated protons (p*), and heavy ions are all forms of
ionizing radiation that can induce physical and chemical changes in matter. Note that B—particles
are electrons/negatrons (37) or positrons (f*) emitted by the decay of a nucleus, while fast
electrons are artificially produced. The terms are often interchanged, especially as the chemistry
induced by these species is equivalent. Note that a low energy B-particle will not induce the same
radiation chemistry as a fast electron due to differences in the track structure. Neutrons have been
omitted from the above list as they do not directly ionize matter; instead, they activate nuclei
through neutron capture processes, generating unstable isotopes that subsequently undergo

radioactive decay, or generate recoil ions that then ionize the surrounding medium.
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Not all energy transfer events result in ionization; those below the energetic threshold
promote an electron to a higher energy orbital, forming an excited state.?® Excited states can also
form by charge recombination reactions between electrons and holes. These initial radiolytic
species—the free electron, the corresponding hole, and excited states—subsequently relax by
solvation, fragmentation, chemical reaction, or charge recombination to ultimately generate
thermal energy. The latter of which is the predominant process in the absence of solutes and
reactive surfaces. In more complex systems, the branching of these relaxation pathways determines
the extent to which radiolysis impacts the physical and chemical properties of an irradiated system.
Each species formed by radiolysis, initial and subsequent, has an associated yield per unit of energy
absorbed, a G-value (mol J™! or species per 100 eV energy absorbed), representing the efficiency

of radiation-induced chemical change.

Initial energy loss by charged particles is through Coulombic interactions with the electrons
of the medium. In a mixed medium, the energy deposition to each component is proportional to
the electron density of each component, which to a first approximation is equal to their relative
masses. The passage of ionizing radiation through matter creates a path of energy transfer events
known as a radiation track—a non-homogenous distribution of radiolytic species that evolves in

time and space due to a competition between diffusion and chemical reaction. The structure of a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

radiation track is determined by the type of incident radiation and the composition of the absorbing

medium. The number and separation of energy transfer events is directly related to the linear
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energy transfer (LET) of a charged particle; defined as the average amount of energy deposited by

(cc)

. L . S dE .
ionizing radiation per unit path length of the medium it travels through (_a)_ZS, 27 LET increases

as the particle’s velocity decreases, goes through a maximum (the Bragg peak) and ultimately
reaching zero when the particle thermalizes with the surrounding medium. At a given velocity,

heavier particles have a higher LET than light particles and travel shorter distances.

Track structure is important for the subsequent chemistry that occurs with constituents of
the irradiated system. For instance, high-LET leads to energy loss events sufficiently close in space
that they can overlap, creating a columnar structure that promotes second-order radical
combination reactions, affording relatively lower G(radicals) and higher G(ions/molecules)

values. Conversely, low-LET results in energy loss events that are well separated in space, with
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each event evolving independently, affording relatively higher G(radicals) and lower

G(ions/molecules) values.

Photon radiation interacts with matter via (1) the photoelectric effect, where the incident
photon is absorbed to create a hole and a free electron; (2) Compton scattering, where the photon
scatters like a particle to produce a free electron and corresponding hole; or (3) pair production,
where an electron and positron are produced.?® In water, the photoelectric effect is dominant below
approximately 30 keV, then Compton scattering up to about 25 MeV, and pair production beyond
that energy range. Given these modes of interaction, photon radiation tracks are comprised of few,
well-separated energy transfer events, and thus, classified as low-LET radiation. y-rays are
generally in the MeV energy range, so they produce high energy electrons through the Compton
effect and the radiation chemistry they induce is the same as an incident fast electron. Electrons
ejected by X-rays will induce radiation chemistry consistent with low energy B-particles or fast

electrons depending on their initial energy.

It is important to note that if electrons are ejected with sufficient kinetic energy
(approximately > 5 keV), they propagate their own radiation tracks. However, in most cases, these
"secondary" electrons do not travel far from the initial ionization event and ultimately produce a
cluster of ionizations and excitations, known as a spur. As alluded to above, the lifetime of a
radiation track is finite, on the order of microseconds in aqueous solution. The surviving species

become homogenously distributed in bulk solution and available for further reaction.
3. Radiation Sources

Ionizing radiation sources can be external, where a radioactive material or accelerator is
used to supply the radiation, or internal where a radioisotope is deposited or dissolved in the
medium. Experimental radiation chemistry studies typically utilize external sources of y-radiation
due to the limited penetration depth of external o—sources and the challenges of working with
radioisotopes for internal source irradiations. External radiation sources provide more accurate
dosimetry and are useful for simulating the long-term effects of radiation in an experimentally
feasible time. External y-radiation sources often utilize °°Co (1, = 5.27 yr) or 37Cs (11, = 30.71
yr), which require a significant amount of expertise and safety and security procedures to use.
Accelerators are common sources for charged particles or X—rays and can be run in a continuous

mode for high dose rate studies or in a pulsed mode for time resolved studies. Accelerators can
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provide advanced capabilities, including electron pulse radiolysis experiments that utilize short
bursts of high energy electrons to examine radical reactions and other chemical changes as a
function of time and absorbed dose. Fewer studies focus on a-radiation, with external sources
utilizing particle accelerators to generate He?' ion beams (a-particle surrogates), and internal
sources incorporating a radioactive o—emitter, such as 2*'Am (11, = 432.2 yr), for so-called self-
radiolysis experiments.?’ The incorporation of an internal o—emitter provides a more uniform dose
as a He-ion beam can only penetrate a short distance into a medium given its high LET.?°
Therefore, the use of both external and internal radiation sources are essential in experimental

studies.
4. Radiation Chemistry in Aqueous Solutions
4.1. Water Radiolysis and its Chemistry

Water, as the universal solvent, is important in numerous processes; thus, the interaction
of ionizing radiation with water is a key factor in understanding fundamental mechanisms
occurring in ionizing radiation environments. As depicted in Figure 1, water radiolysis can be
described in three main stages. The initial timepoint is the physical stage, where the absorption of

radiation causes either excitation (H,O*) or ionization (H,O™" + ¢7) of a water molecule. During

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the subsequent physicochemical stage, these initial water radiolysis species undergo a variety of

reactions to create a range of primary radiolysis products. From the excited state, dissociative

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

relaxation can occur to either form a *OH + H- pair or create H, and an O('D,3P) atom. The O(°P)

atom can interact with neighboring water molecules to create two more “OH radicals. From the

(cc)

ionization branch, H,O™" can either transfer a proton to a nearby water molecule to form H;0" +
*OH, or undergo recombination with an electron to give H,O*. Any e~ that escape recombination
becomes solvated by the surrounding water molecules to yield the hydrated electron (e,q"). Finally,
each of the species produced from the excitation and ionization processes can interact with other
constituents in the system during the chemical stage. The chemical stage also includes the
formation of additional reactive oxygen species, such as H,O,, HO,', and O,", through interactions
between free radicals ("OH + "OH — H,0,; H,O, + *OH - HO;" + H,0) or molecular oxygen (O,
+ e — O,"). These reactions occur over the range of nanoseconds to microseconds depending on

the type and energy of the incident radiation.
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Figure 1. Reaction scheme for the radiolysis of neat water.?!

Although each of these radiation-induced species has a G-value in neat water, these yields are
highly sensitive to the presence of solutes and radiation quality (type and energy). For example,
about a microsecond the e,;~ has a G-value of 2.8-2.9 ions/100eV from the y-radiation of neat
water.3? This yield decreases to 2.47 ions/100eV for 5 MeV accelerated He?* ions,?? and zero in
the presence of 1 mM NaNOs.** Therefore, one must consider all components of an irradiated

system when comparing and invoking G-values in the study of actinide-containing solutions.

Figure 2 provides a timeline correlating the various time regimes in water radiolysis and
the appropriate experimental techniques currently used by radiation chemists and inorganic
chemists alike. We have expanded the chemical stage from Figure 1 into two categories—the non-
homogeneous radiation track stage and the homogeneous bulk solution stage. The typical initiation
of the non-homogeneous stage begins at picosecond timescales, where spur geometry drives
competition between the chemical reaction of radiolysis products and their diffusion into
homogenous bulk solution. The timeframe of the non-homogeneous stage extends from
microseconds for low-LET radiation but cannot be generalized due to differences in track structure
for different radiation qualities and dependence on the medium. Upon complete spatial relaxation
of the radiation track the concentrations of water radiolysis products can be considered to be

homogeneous.
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The rate of reaction between a water radiolysis product (P) and a solute (S) is given by the

following equation:

arp] _
S = — k[ PI[S] (Eq. 1)

Generally, [S] does not change much over the course of the reaction so it can be considered
constant giving a pseudo first-order reaction rate, and the value of ky[S] is referred to as the
“scavenging capacity” of this reaction. The inverse of the scavenging capacity provides the time
regime of the scavenging reaction. For example, scavenging of the e,;~ by NO;~ occurs at 9 x 10°
M-1s71.35 Therefore, in an aqueous 1 mM NaNOj solution, the scavenging capacity is 9 x 106 s~
occurring within the sub-microsecond time regime (1.11 x 1077 s), i.e., the non-homogenous
chemical stage.3¢ Care must be taken with interpreting the chemistry of efficient radical scavenging
solutes because at high solute concentrations they can scavenge the precursors of certain radiolysis
products. For instance, at concentrations > 1 M, NOs~ can scavenge the precursor to the e,y and
H,0*.37 Note, unless there are additional driving forces, such as Coulombic attraction between
charged species or extended ion networks, rate coefficients cannot be faster than the diffusion limit
of a reactive species in a specific solution. Rate coefficients can, however, be much slower than

the diffusion-controlled limit due to a variety of factors, including steric hindrance and high

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

activation energies.

The presence of multiple solutes can lead to competition for water radiolysis products, the

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

partitioning of which is based on simple competition kinetics. Consider the scavenging of e,y by

(cc)

NOjs~ with a rate coefficient of k, in competition with the reduction of U(VI) by the e,;~ with a rate

coefficient of k,. Competition between these two reactions is given by:
ke[UCVD/(k[U(VD)] + k[NO37]) (Eq. 2)

The scavenging capacity of each competing species is independent of the concentration of the e,
and applies to both the non-homogeneous and homogeneous bulk regimes. Important limitations
to consider when selecting a radical scavenging solute include its solubility, its reactivity towards
a species of interest, and potential issues from radiolysis of the solute and solvent at high

concentration.3?

Finally, water radiolysis leads to the formation of strong reductants (e,;") and oxidants

("OH) in about equal yields,*®-4° and thus, both oxidation and reduction can occur simultaneously
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in irradiated aqueous solutions. This competition can lead to difficulties in determining which
species is responsible for the observed chemistry. Consequently, radiation chemists commonly
resort to saturating aqueous solutions with nitrous oxide (N,O), which converts the reducing

products of water radiolysis into additional *OH radicals:#°
€aq /H"— O/"OH + N, (1)
O~ +H,0 —'OH +OH". (2)

This conversion is nearly stoichiometric, leading to a doubling of G("OH) and associated yields of
oxidizing reactions. In contrast, the yields of reducing reactions will decrease to zero in N,O
saturated solutions. Note, not all systems are completely oxidizing or reducing, so some variation

of these results can be expected.

The discussed reaction kinetics are a result of indirect radiation effects. Direct radiation
effects refer to chemical change arising from the direct absorption of radiation energy by a solute,
as in by the solvent whereas indirect effects arise from the interaction of solvent radiolysis products
with solutes. That said, under high solute concentration conditions (approximately > 1 M in
aqueous solution), a solute will receive a fraction of the radiation energy absorbed by the medium,
leading to the direct radiolysis of the solute. These direct radiation effects may decompose the
solute in a completely different manner from the oxidation/reduction processes occurring by

indirect processes. For instance, the direct radiolysis of NO;~ leads to:*!

NO37 > Caq » NO3', NOzf, 0. (3)
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Figure 2. Left — Timeline of radiation chemistry with the incorporation of metals for solution and solid-state media. Right — Experimental techniques
that can be used for different irradiation analyses and associated timescales including spectroscopic techniques such as absorbance, in-situ Raman
spectroscopy, Raman spectroscopy, absorbance spectroscopy, ultraviolet-visible (UV-vis) spectroscopy, infrared spectroscopy (IR), nuclear
magnetic resonance spectroscopy (NMR), electron paramagnetic resonance spectroscopy (EPR), mass spectroscopy (MS), luminescence, X-ray
absorption near-edge spectroscopy (XANES), extended X-ray absorption fine structure spectroscopy (EXAFS), and inductively coupled plasma
mass spectrometry (ICP-MS). Solid-state characterization techniques also include powder X-ray diffraction (PXRD), single crystal X-ray diffraction
(SCXRD), scanning electron microscopy (SEM), and thermogravimetric analyses (TGA)/differential scanning calorimetry (DSC).
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4.2. A short overview on actinide elements

The actinides consist of elements 89—103 on the periodic table and the complexity of their
aqueous chemistry is driven by their electron configuration. Valence electrons associated with the
actinide elements are located within the 7s, 6d, and 5f-orbitals and the close proximity of the orbital
energy levels leads to multiple oxidation states for a majority of the actinide cations. Table 1
summarizes information on the known oxidation states of the actinides from Chapter 15 of the
Actinide and Transactinide Elements book,*? which provides an excellent detailed overview of the
chemistry in this series. The authors also note that the most unstable oxidation states have been
observed in solid state compounds or, more relevant for this audience, produced as transient
species in solution by pulse radiolysis. Figure 3 provides a standard redox potential scale for the
actinide elements and common radicals produced from aqueous solutions (with common co-
solutes) to further highlight how radicals produced during pulse radiolysis could influence the
redox behavior of the metal cation. We note that the standard reduction potentials provided in
Figure 3 are taken from equilibrium conditions in 1 M HCl or HCIO,, but that non-equilibrium
conditions can exist during radiolysis processes and are influenced by pH. For readers interested
in additional information on the impact of pH on actinide redox behavior, we refer them to the
“Atlas of Eh-pH Diagrams” published by the Geological Survey of Japan.*3

Table 1. Possible oxidation states for the actinide elements.*> 4+ 45 The most stable oxidation
states are shown in bold and unsubstantiated are indicated with question marks.

Ac | Th | Pa U | Np | Pu | Am | Cm | Bk Cf | Es | Fm | Md | No | Lr

1 1(?)

2 2 2 2 2 2 2 2 2 2 2 2

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
4 4 4 4 4 2 4 4 4 |47
5 5 5 5 5 157 5(7)
6 6 6 6 | 6(2)
7 7 177
8(?)
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Figure 3. Standard reduction potentials versus the Standard Hydrogen Electrode (SHE) for free radicals
produced during the radiolysis of water and aqueous solutions of common solutes compared to the common
oxidation states for the actinide elements under acidic conditions.*?

Across the actinide series, cations of the same charge tend to have similarities in
coordination environments and some chemical properties. Both trivalent, An(III), and tetravalent,
(AnlV) cations have coordination numbers that vary between 8—10 and show a strong tendency to

solvate, hydrolyze, and oligomerize in aqueous solutions. Both pentavalent, An(V), and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

hexavalent, An(VI), actinides form strong covalent bonds to oxygen atoms to create actinyl ions

(AnO,™, where n = 1 or 2) whereas heptavalent, An(VII), actinides form the tetraoxo species

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

(AnOy). These high valent moieties can further coordinate to additional ligands in solution to

(cc)

create an overall coordination number between 6-8. Given the limited evidence of the divalent and
octavalent states, the coordination environments of these species are unknown. The An(IV)/An(III)
and An(V)O,"/An(VI)O,** redox couples are reversible, but the others are not, likely due to the
barrier caused by the breakage/formation of the covalent actinyl bonds. Changes in standard redox
couples and the overall chemical behavior of the actinides are observed in the presence of co-
solutes and are also relevant to consider when evaluating how these cations will interact with free

radicals produced during water radiolysis.

4.3. Actinide interactions with aqueous radiolysis products and common solutes

Adding actinide cations to aqueous solutions adds additional complexity to the cascade of

radiation-induced processes discussed thus far, resulting in deviations in the expected chemical
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behavior. In the current section, we summarize the existing state of knowledge regarding the
irradiation of actinide-containing aqueous solutions and highlight key inorganic chemistry drivers
that may be important to consider in these systems. To support these efforts, we have also created
a series of tables (Supporting information, Tables S1-S22) that summarizes the previously
reported radiation results for actinide elements Th—Cf in aqueous solutions. These tables
consolidate information regarding experimental conditions (i.e., solutes, actinide concentration,
and pH) and oxidation state changes of the actinide cations before and after irradiation to provide
a clearer picture of the experimental conditions that have previously been reported in the literature.
This review does not include discussions of Ac, Pa, or Es through Lr due to the limited information

on the inorganic chemistry and irradiation of these species—opportunities for future study!

4.3.1. Hydrated electron (e,q")

The hydrated electron (e,q") is a powerful reducing agent (E° = -2.77 V) capable of
participating in single-electron reduction reactions with actinide ions in aqueous media.*
Reduction by the e,q is considered an elementary process, meaning that an intermediate actinide
species does not form prior to the reduction process. An important consideration for inorganic
actinide chemists is that the e,q~ can reduce actinide ions traditionally considered stable in aqueous
media, such as Th(IV) and Cm(III). Th(IV) has a calculated E°4 ranging from -2.09 to -2.36 V
for its hydrated monomeric form, which means that the e,,~ is capable of reducing Th(IV) to
Th(IIT).4”- 48 Electron pulse radiolysis of Cm(III), a species which is predominantly present as a
trivalent ion in aqueous solution, has resulted in its transient reduction to Cm(II).#> Although this
species re-oxidized within approximately 20 ps, one could envisage that under constant irradiation
in a system that favored the formation of the e,q~, a small steady-state concentration of Cm(II)
could be established. Morss reported an E° .4 of -3.7 V for the Cm(III)/Cm(II) couple in 1994,%°
which is significantly larger than the reducing potential of the e, at -2.77 V. However, Mikheev
et al. reported a Cm(IIT)/Cm(Il) E®4 of -2.78 V3! indicating that reduction is thermodynamically
feasible, but the resulting Cm(II) would be ultimately unstable under these conditions, aligning
with the findings from pulse radiolysis.*” The curium study highlighted that validation of standard
reduction potentials under a range of chemical conditions, particularly for the transuranic elements,
is needed to provide better predictive capabilities for redox properties of the actinides elements

subjected to ionizing radiation.
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When considering the impact of the e,,~, pH and coordination environment of the actinide
ion must be considered because redox properties are predicted to vary with metal hydrolysis and
speciation. As mentioned above, Th(IV) has a calculated standard reduction potential ranging from
-2.09 to -2.36 V for its hydrated monomeric form.#’-4 When factoring in hydrolysis, the standard
reduction potential for the hydrolyzed forms of Th(IV)—such as Th(OH)4(H,O), and
Thy(OH)g(H,0),—shifts to -3.80 and -3.74 V, respectively>? (Figure 4), where the former is a
monomer and the latter is a dimeric species. This shift suggests that actinide hydrolysis products
may be less reactive towards the e,q, although this is yet to be explored experimentally. Similar
considerations need to be made beyond Th(IV), as other tetravalent actinides readily undergo
hydrolysis. For example, Np(V) is reduced to Np(IV) by the e,4~, and further reduction to Np(III)
can occur under acidic condition.’> However, in neutral or basic conditions, the formation of a
trivalent species may be limited because the resulting hydrolysis product, Np(OH),, may be less

prone to subsequent reduction.>*

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Figure 4. Ball and stick models of a) Th(OH),(H,0O), and b) Th,(OH)s(H,0), molecular hydrolysis
products with their calculated reduction potentials. H, O, and Th atoms are colored pink, red, and green
spheres, respectively.*®

While interactions between actinide ions and e,y clearly demonstrate that reduction will
take place, the lifetime of the reduced species is variable and strongly dependent on the chemical
environment. Nenoff et al.>> reported that the y—irradiation of U(VI) in acidic media results in the
formation of U(IV) as UO, nanoparticles. In this case, the one-electron reduction of U(VI) by the
€aq forms U(V), which is unstable in aqueous solution. The resulting U(V) rapidly
disproportionates into U(IV) and U(VI), cascading the reduction process. This chemistry
demonstrates the dynamic nature of these irradiated redox active systems and how subtle

differences in chemical environment can influence the long-term behavior actinides.
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4.3.2. Hydrogen radical (H")

The H* is another strongly reducing (E° = -2.3 V) water radiolysis product generated by a
combination of excited state water (H,O*) fragmentation (reaction 4) and protonation of the e,q

(reaction 5):%¢
H,0" — H* + "OH (4)
€aq T Hyg" = H pK;=9.6.(5)

Consequently, the yield and availability of the H* for reaction with actinide ions is tied directly to
the acidity of the solution (number of free protons). Therefore, H*-mediated reduction reactions
are less likely in basic pH media. Under acidic conditions, the H* has been shown to reduce several
actinide ions and oxidation states* at rates typically one-to-two orders of magnitude slower than
by the e,q, which is consistent with their fundamental differences in chemical reactivity and
respective redox potentials. Reduction of an actinide ion by the H* has been postulated to occur
via an inner-sphere mechanism in which the H* adds to a coordinated water molecule, forming the
hydronium radical (H;O). This species then undergoes an electron transfer with the metal ion

center to generate the hydronium ion (H;0™), as shown in Scheme 1:°7

/\\ ,/'\ @..
T O (n-1)+
. — n+t A +
H + HZO_ An"t H3O dn H HH An

Scheme 1. Proposed mechanism describing the redox process for H* mediated actinide ion (An"*)
reduction.’’

Similar to the e, mediated reduction, the long-term stability of H' reduced actinide species
is dependent on the overall chemical environment. For example, the reduction of C{{(III) to C{(II)
by the H' radical® resulted in the reoxidation back to Cf(III) within the ps timeframe.*> Metal ion
reduction can induce disproportionation reactions as Saini et al.>® observed for the y-radiation of
U(IV). The initially formed U(V) further transforms into a mixture of U(IV) and U(VI). Similarly,
interactions with the H* reduces Am(V) to Am(IV)*® but can also cause disproportionation of
Am(IV) and Am(VI)*. It is worth noting that all of the examples described above include the
presence of HCIOy, as a co-solute, providing excess H,q" to increase G(H') from water radiolysis.
Yet, the presence of co-solutes (described in more detail in Section 4.3.6) further complicates the

underlying chemistry (e.g., generation of Cl10," and ClOs® radicals, Section 4.3.6.), which must also
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be considered beyond the primary products of water radiolysis. Therefore, the discussed studies

may not solely reflect H* chemistry, but other radical-driven processes as well.

Interestingly, unlike the e,q, the H" has been shown to oxidize the trivalent oxidation states
of Np and Pu.%% ¢! This unusual behavior is likely driven by the more negative standard reduction
potentials of Np(III) and Pu(Ill), -2.83 and -2.79 V, respectively.’> This observation adds an
additional layer of redox complexity to multivalent irradiated actinide systems that needs further

study.
4.3.3. Hydroxyl ("OH) and oxide anion (O*) radicals

The *OH is the most important oxidizing radical (E° = 2.8 V) produced by water radiolysis
due to its persistence beyond the lifetime of the radiation track and has been shown to interact with
a wide variety of chemical constituents.®? This radical primarily exists in acidic to weakly basic
media, whereas its deprotonated form (O, pK, = 11.9) predominates under alkaline conditions.>”-
2 In acidic environments, the *OH undergoes one-electron oxidation processes with the majority
of the actinide elements and their oxidation states, even with those whose redox potentials would

suggest otherwise (e.g., Am(III), Cm(III), and Cf{(III)).%3

Two mechanisms for the *OH-mediated oxidation of trivalent actinides have been proposed

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and explored using experimental and computational techniques. The first mechanism, proposed by

Berdnikov et al.%*, occurs through an H-atom abstraction/electron transfer from an "OH in the

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

second coordination sphere (Figure 5a). Codorniu-Hernandez and Kusalik® investigated this

(cc)

pathway in bulk solution using density functional theory (DFT)-based ab initio molecular
dynamics methods, predicting a rapid three-step process: (1) preorganization of the [H,O—OH]
transition state with weakening of the O—H bonds in the ligated water; (2) formation of an H;O;’
molecule and subsequent electron transfer from the coordinated An®* ion to the bonded radical
species; and (3) electron transfer/H-atom abstraction resulting in the formation of free H,O and
coordinated OH". The second proposed mechanism is an inner-sphere process proposed by Golub
et al.% In this mechanism, the 'OH directly complexes to the actinide ion, leading to the
rearrangement of the first coordination sphere (Figure Sb). This rearrangement is followed by
electron transfer from the metal center to *OH, elimination of OH", and a return to the original
coordination environment. This proposed mechanism is supported in part by Lierse et al.,®” who

measured rate coefficients using transient conductivity pulse radiolysis experiments for Np(III),
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Cm(III), Bk(III), and Cf(III). The kinetic values were in good agreement with those predicted (~5
x 108 M1 s71),67 however, the Lierse et al. study is limited to nanosecond time resolution, which
may not be fast enough to provide definitive evidence for distinguishing between the two

mechanisms.

[An3*(H,0),] + “OH [An3+("OH)(H,0);] [An**(H,0),] + -OH

Figure 5. Proposed "OH mediated oxidation schemes for H-abstraction by *OH of the inner hydration shell
of the actinides (a, outer sphere) and rearrangement of the inner hydration shell followed by an OH-
elimination (b, inner sphere). The * indicates a radical species and — indicates an anion. Actinides (An),
O, and H are represented as green, red, and pink, respectively. Hydrogen atoms were omitted from the aqua
ligands for clarity unless deprotonation is described. Adapted from Lierse et al.5®

Oxidation of the early actinides (i.e., U, Np, Pu, and Am) from their lower valence states
to higher valence actinyl states (AnO,"", n = 1 or 2) involves more than just a simple electron
transfer. It requires the additional formation of two axial oxygen bonds, leading to reaction rates
that are significantly slower—by orders of magnitude—compared to the oxidation of An(III) to

An(IV).66
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Figure 6. Ball-and-stick models of the hexavalent and pentavalent a) uranyl cation (UO,>*/UO,") and
potential geometries—b) tetragonal, ¢) pentagonal, and d) hexagonal bipyramids—that are found in
solution and solid-state materials. Adapted from Plasil.”

The penta- and hexavalent oxidation states form the actinyl moiety (AnO,"", n=1 or 2)—a
linear dioxo cation that can accommodate additional coordinating ligands in the equatorial plane,

adopting square, pentagonal, or hexagonal bipyramidal geometries, as illustrated in Figure 6.9 It

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

is theoretically possible for the “OH to coordinate through the equatorial plane as hydrolysis
species are known in a wide range of compounds (Figure 5).”! U(VI) is known for binding strongly

to hydroxide anions (OH") and there is some evidence that ‘OH can be complexed by U(VI) within

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

peroxide clusters as reported by Lottes et al.”?> Formation of "OH in this case is likely due to the

(cc)

breakdown of peroxide and may be enhanced by the formation of the molecular cluster. However,
it is unclear if the *OH or O~ radicals can be captured within monomeric U(VI) species,
[UO,(OH)4]*> (Figure 7a). Further, it is unclear if stabilization can occur through bridging
hydroxide groups (Figure 7b and 7¢) or if weak interactions can induce the stabilization of these

reactive species in solution.
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Figure 7. Uranyl (UO,?") complexes that can exist in aqueous solutions with hydroxide anions. a)
[UO,(H,0)4]%*, b) [UO,(OH),(H,0),4]?*, and ¢) [UO,(O)(OH);(H,0),]". U, O, and H are depicted as yellow,
red, and pink spheres, respectively. Adapted from Quiles et al.”!

As the available oxidation state increases to heptavalent for Np and Pu, there are additional
considerations regarding interactions with ‘OH or O*~ beyond metal redox processes. Gamma
radiation can induce the formation of Np(VII) as evidenced when Pikaev et al.”® irradiated alkaline
solutions saturated with N,O and it can be chemically induced under basic conditions using ozone
as the oxidant. Plutonium in alkaline conditions can also form the heptavalent state in the presence
of oxidizing species, such as O*~.3” While ozonolysis can create a variety of reactive oxygen species
within the solution, a recent study by Kravchuk et al.’# utilized DFT calculations to determine that
*OH is the most favorable oxidant under these conditions. Oxidation from Np(VI) to Np(VII) again
requires a change in the coordination geometry from the initial [Np(VI)O,(OH),]*>~ species found
in basic conditions to the [Np(VII)O4(OH),]*- species observed for the heptavalent state (Figure
8). As described earlier, the reaction of the *OH radical with the actinide ion involves both H—
abstraction and electron charge transfer. Kravchuk et al.’* evaluated the energetics of the
individual steps of this reaction. The [Np(VI)O,(OH);]?>~ is more stable than the related
[Np(VI)O,(O)(OH);]*- suggesting that deprotonation may not be the first step in the reaction. Both
Np(VII) forms ([Np(VII)O4(OH),]*~ and [Np(VII)O3(OH)3]*") are predicted to be more stable than
the Np(VI) forms, indicating that the electron transfer and protonation steps may occur
simultaneously as the initial step in the process. This process is then followed by a second
deprotonation step to form the final [Np(VII)O4(OH),]>~ species. The caveat to this study is that it
does not contain additional hydrogen bonding interactions as did the work performed by Codorniu-
Hernandez and Kusalik;” thus, additional theoretical studies could yield new insights into the

electron and hydrogen transfer steps in these reactions.®
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Np Oxidation Reaction Steps

wmmmm Neptunyl
0 4 Trioxo
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Figure 8. Diagram describing the formation of a stable Np(VII) species from Np(V) oxidation under basic
conditions that was originally proposed by Kravchuk et al.”* The "OH was determined to be the most likely
oxidant and two metastable Np(VI) complexes were identified before oxidation to the Np(VII) occurs. Np,
O, and H are depicted as blue, red, and white spheres, respectively.
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4.3.4. Oxygen radicals (HO,", O,”, and O3™)
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Formation of HO," (E° = 1.44 V), O, (E° = 0.89 V), and O3>~ (E° = 1.60 V) radicals occur
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upon the radiation of oxygenated aqueous solutions, where the concentration of these species is
dependent on the incident radiation and the media. In aerated solutions, e, and H* react with
dissolved O, to form O, and HO,', respectively. 7 The yields of HO," and O,"~ from heavy ion
radiolysis are greatly increased due to intratrack reactions.”® The O,™ reacts with H,O (1.0 x10°
M s to form O,, HO,~, and OH~.”7 In the presence of proton sources (i.e., in acidic media),
O, will disproportionate to form either HO and O, or protonate to HO,’, but the lifetime of O,-
is prolonged with OH~ concentrations > 1 M. The O5* radical is said to form solely in basic media
where O~ reacts with O, but decays to form the O, radical anion with a rate coefficient of 6.0 x

108 M 571,

Due to the reactive nature of these radicals in aqueous solution, most radiation studies

mention HO,", O,"~, and O5"~ in the context of intermediates for the formation of peroxides. The
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work by Gogolev et al.’® evaluated the reactions of O, with Np(VI) and Np(VII) using pulse
radiolysis, where they found no significant impacts to the oxidation state of either actinide ion.
Both Np(VI) and Np(VII) were more susceptible to reduction by the e, rather than O,™. Similarly,
ozonolysis is widely used by the actinide chemistry community to oxidize metal ions to higher
valent states, but it is often other radical species such as “OH that are engaging in the oxidation

process in radiolysis.

While there is limited information in the radiation chemistry literature on these species,
there are a handful of studies from inorganic and physical chemists that evaluate interactions of
0O, and HO;® with actinide cations. Very little is known about interactions with the tetravalent
state, however, Meisel et al.” reported that a Th(IV)-HO;" exists in solution through use of EPR
spectroscopy. Gibson et al. have explored gas phase Pu(V) chemistry, noting the formation of a
[Pu(V)O,(0,)] complex through the decomposition of the oxalate starting material, which
spontaneously oxidizes to [Pu(VII)O4] ~.8° During this process, O, reduces into two O?>~molecules
to create the tetroxide Pu(VI) species. This suggests that in the absence of "OH radical, the O,
can also engage in metal redox processes. More recently, there is evidence that O, can be
stabilized both in solution and the solid-state when coordinated to U(VI). Scherrer et al.®! recently
demonstrated oxidation of O,?~ to O, within U(VI) triperoxide solids. They observed O,~ EPR
spectral feature two days after dissolution of potassium uranyl triperoxide. These findings were
the first known report using EPR detection of O, stabilized in water at room temperature without
the addition of a spin trapping agent. This suggests that the U(VI) cation can stabilize O,, which
may influence the ability of O, to engage in subsequent chemical reactivity. Recent work has
probed such reactivity within the solid-state,®! but additional studies are necessary to fully
understand the bonding and reactivity of actinide superoxide complexes in ionizing radiation

fields.
4.2.5. Hydrogen peroxide (H,0,, HO;")

Hydrogen peroxide (H,O,; E° = 0.88 V, pH 14) and its deprotonated form (HO,~, pKa =
11.65)%? are considered the more chemically stable species produced by the radiolysis of aqueous
solutions.?> Molecular radical species typically occur in higher yields with increasing LET, but
H,0, is produced by both y— and o~irradiation of aqueous solution.®3> A majority of the H,O, is

produced within 1 ps following irradiation and its final steady-state concentrations is governed by
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e,q~ and H' atom chemistry in the homogeneous phase of radiolysis.®* Studies with y-radiation have
found negligible changes in H,O, concentrations over a pH range of 5-9, while lower pH affords
higher H,0, yields due to the protonation of e,,~ in H'.8* With high LET systems (> 100 ¢V nm'!),
there was little-to-no change in the yield of H,O, across the pH range of 3—10.83-33

Interactions between H,O, and actinide ions can either result in oxidation or reduction of
the metal center, depending on the conditions present and a given actinide oxidation state’s redox
potential (Figure 3). While Th(IV) is unreactive towards H,O,, uranium(IILIV,V) readily
undergoes one-electron oxidation reactions with H,0,.56-8¢, These oxidations will result in the
formation of O,"; thus, the chemistry of the latter must also be considered when exploring H,O,
chemistry. Shilov et al.87 also explored the radiolysis of Np(V) in pure water and determined that
the formation of H,O, did not change its oxidation state under these conditions, but instead formed

a neptunyl peroxo-complex.

Given the stability of H;O, and HO,~, much of our knowledge on actinide redox behavior
with peroxide comes from the direct addition of H,O, to solution. Th(IV) remains stable in the
presence of H,O,, but U(IV) and U(V) will oxidize to U(VI) species. Neptunium is more complex

due to its variable redox behavior, with the resulting redox reactions being pH dependent. When

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Np(IIT) or Np(IV) are dissolved in acid and exposed to radiolysis products such as H,O,, the metal
center oxidizes through a one-step oxidation process. However, Tananev et al.3® reported that
Np(V) reduced to Np(IV) in 4.5 M HNO;, but oxidized to Np(VI) when the concentration
increased to 7.5 M. With Np(VI) and Np(VII), the presence of H,O, formed from solvent radiolysis

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.
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results in reduction to lower valent states under basic conditions in lithium hydroxide.?® Similar
complexities exist for plutonium, where Pu(IIl) in the presence of H,O, will oxidize to Pu(IV) in
strong acidic conditions, but Pu(IV) will reduce to Pu(III) under weakly acidic conditions.?® Pu(VI)
will form either Pu(V) or a mixed Pu(V)/Pu(VI) solution.”® °! Interactions of HO,~ with Am(IV)
result in either the oxidation to Am(V) in HNO3,** or Am(V) and Am(IV) peroxo-complexes in

weakly acidic aqueous solutions.?? 3

Peroxides tend to form complexes with actinide cations, but there is a limited understanding of
these species for lower valent oxidation states. Trivalent actinides do not typically form peroxide
complexes, likely due to redox instability, but Th(IV) and Pu(IV) peroxide complexes have

previously been reported.’*“¢ Only one Th(IV) peroxide coordination complex has been reported
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by Galley et al. that contains three Th(IV) cations linked through p,-peroxide bridges and capped
by 2,2°,6°,2”terpyridine and nitrate anions.** This sole complex could only be formed through
the use of 40-year-old, unpurified 2*2Th, which contained three orders of magnitude more
disintegrations per second than fresh materials, resulting in radiolysis of the solution. Pu(IV)
peroxo-complexes are postulated to form, including dimers ([Pu,(O,)(OH)]** and [Pu,(0,),]*")
(Figure 9a and 9b), but the two structurally characterized Pu(IV) peroxo-dimers were formed in
a carbonate  solution  (Kg[Puy(p-1-12-05)2(CO3)6]-12H,0)?>  and  Nag[Puy(u-no-1p-
0,)2(C0O»)6]- 12H,0 (Figure 9¢).”” These complexes contain two Pu(IV) cations bridged through
w:n?-0, ligands and further bonded to six bidentate carbonate ligands.”> A tetrameric
[Puy(0,)s(0)(H,0)1,],2" species (Figure 9d) has also been suggested based upon spectroscopic
evidence, but has yet to be structurally characterized using X-ray diffraction techniques.’® Pu(IV)
peroxide complexes have previously been noted to form within irradiation experiments and are

important within the nuclear fuel cycle, so additional efforts are needed to understand these phases.

Mg[(CO;)3Pul,(M-n,-n2-05,), - 12H,0 [Puy(0,)s(O)(H,0)4,],2

Figure 9. Pu(IV) peroxo-complexes such as a) [Pu,(O,)(OH)]>*, b) [Puy(0,),]*, €) Mg[(CO;)sPul,(pu-no-na-
0,),"12H,0) (where M = K or Na), and d) [Puy(0,)s(O)(H,0);,],2". Pu, O, C, and H are represented as
purple, red, grey, and pink spheres, respectively. Hydrogens on aqua ligands, outer sphere waters molecules,
and counter cations were omitted for clarity.*>7
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U(VI) peroxide chemistry is the most well-studied of the actinides outside of the radiation
chemistry field and there are a range of complexes that can be formed depending on the pH. We
refer the reader to review articles on U(VI) peroxides for a complete understanding of these
complexes, % % but highlight several important species herein. Upon a-radiolysis of water, the
formation of uranyl peroxide complexes readily occur'® and eventually lead to the precipitation
of [(UO,)(0,)(H,0),]-2H,0 (studtite) under acidic conditions.!?! Using the direct addition of 30%
H,0, has led to a large range of structural topologies, including the formation of uranyl peroxide
coordination complexes,!0>104 sheets,!%> crowns,!% bowls,!% and spherical clusters.”®. 107, 108
Transformation from the monomeric coordination complexes [(UO,)(0,);]* to the larger spherical
clusters containing twenty-four U(VI) cations in [((UO;)(0;)(OH)),4]** can occur through both
the use of a transition metal catalyst (e.g., Cu(Il)) or with exposure to y-radiation.!% This alteration
suggests that the mechanism is the degradation of bound peroxide into hydroxide anions but

warrants additional investigation.

Neptunyl peroxide complexes are also expected to occur for the pentavalent and hexavalent
states, but their exact speciation is complicated because H,O, can oxidize or reduce Np depending
on the chemical conditions.!!%-!'2 In both oxidation states, Np has been reported to form complexes

with the peroxide ligand. For Np(V), there is some controversy over where stable peroxo-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

complexes form as it was originally postulated that the peroxo phase forms as a yellow-brown

solution at high y doses, but the exact oxidation state has not been definitively proven using

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

spectroscopic techniques. Under acidic conditions, a fine precipitate forms but this has also not

(cc)

been conclusively linked to Np(V).3? A mixed phase Np(V)/Np(VI) peroxide cluster has been
reported, with the Np(V) potentially inhabiting the central position inside the spherical molecular
cluster, but that again has not been supported spectroscopically.!'> A [Np(VI)O,(0,);]* species
has been crystallized in the presence of Ca(II) anions under highly basic conditions.!!° This species
is isostructural to the U(VI) triperoxide phases, suggesting that the broad structural topology
observed for U(VI) may also be observed for Np(VI) peroxide phases.

Higher valent plutonyl peroxides may also have importance although there is limited
information about these species in solution. Reduction of Pu(VI) to Pu(IV) occurs quite readily
under acidic conditions, but the reaction is influenced by acidity and temperature.'!'% 15 In this
case, H,O, causes the reduction of Pu(VI) to Pu(V) and the acidity determines the rate of

disproportionation to form the Pu(IV) species. There is no evidence of a Pu(V) peroxide phase,
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but this may be due to instability of the complex in acidic media and needs further study. Nash et
al."'® noted the formation of a transient reddish-brown color when they added H,O, to a 0.6 mM
Pu(VI) stock under basic conditions, which they assumed to be a transient Pu(VI) peroxide phase
based upon an absorption at 480 nm observed in the UV-Vis spectrum. They noted that the species
undergoes reduction to Pu(V) over longer periods of time and that mixed valent Pu(V)/Pu(VI)

peroxo-complexes may form upon aging.'!”
4.3.6 Impacts of co-solutes on the radiolysis of actinide cations

Aqueous solutions of actinides are often accompanied by co-solutes that can influence the
range of radiolysis products available for reaction. These additional solutes or their radiation
products can play a significant role in the overall chemistry of an irradiated actinide solution. The
extent of co-solutes affecting the chemistry is dependent on competition kinetics; that is, the
relative reactivity of the actinide or the co-solute with water radiolysis products. We will focus on
co-solutes commonly used in the manipulation of actinide cations in solution, specifically NO;-,

nitrite (NO,"), carbonate (CO;?"), sulfate (SO,>"), and halogen (X~) anions.
4.3.6.1. Nitrate and Nitrite

Actinide nitrates are widely used as precursors in basic science research and are ubiquitous
in the reprocessing of UNF and the management of legacy waste.!!® The direct radiolysis of NO3~
/HNOj solutions (reaction 6) leads to formation of additional NO,/HNO, and NOs'.!!° The nitrate
anion (NOj3") is an effective scavenger of the e, (reaction 7), as well as the H' atom to a lesser

extent.!20
NO37 > NO3' + Caq (6)
NO37 + Caqg — NO3'27 (7)

As a result, in the presence of NO;™, the reducing species from water radiolysis are transformed
through a series of reactions (reactions 8—14) into nitrogen dioxide (NO;"), nitrite (NO;"), and

nitrous acid (HNO,):3¢- 121, 122

NO; + H" — NO," + OH~ (8)
HNO;~ — NO," + OH~ 9)
NO_?,' +'OH — NOQ. + HOQ. (10)
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NO3'27 + H20 — NOz' +20H" (1 1)
2NO," 2 N,0, (12)
N204 + HzO — HNO3 + HN02 (13)

NO," +*H — HNO, (14)

Although less reducing than their precursors, these indirect NO;3~ radiolysis products
participate in redox reactions with most actinide oxidation states.'?3-123 For instance, HNO, has
been shown to play a critical role in the radiation-induced redox chemistry of Np(VI), Pu(VI), and
Am(VI) in concentrated HNO; solutions.!?*126 In concentrated HNOj5 solutions, there is a non-

negligible amount of undissociated HNO; that can react with *OH to produce the similarly

oxidizing nitrate radical NO5", E° = 2.30-2.60 V'?7 (reaction 15):128
HNO3 +‘OH — NO3' + HQO (15)

The NOjs' radical has been demonstrated to be an integral part of the radiation-induced redox

cycling of actinide oxidation states.

Though regarded as an oxidizer, neither Th(IV) nor U(VI) are reactive with NOs®, but there
is a model study that suggests U(IV) can be oxidized to U(V) in the presence of this species.!?’

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Although not directly impacting the actinide itself, a study by Boyle et al.!3° aimed to explore the

role of the e,q reducing an actinide cation but quickly discovered that the presence of minimal

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

HNOs in solution in addition to that coordinated to the Th(IV) center impacted this chemistry. The
radiolysis of Th(IV) nitrate solutions produced O,, H,, N», N,O, and NO,/N,0,.13% However, no

(cc)

changes in the oxidation state distribution of thorium were reported, so the stability of the Th(IV)
cation under these conditions remains unclear in terms of the e,q~. If the Th(IV) cation is stable in
this scenario, it may be due to the presence of the NO;™ that can more readily capture the e,q~ to
form NO3*>-, which decomposes into NO,~ species, creating oxidizing conditions. Previous work
by Cook et al.® indicates that the strongly reducing NO;2~ (E° = -1.1 V) persists in solution for
no more than ~20 ps before converting into the oxidizing NO;'. Therefore, the NO;- ligands
coordinated to Th(IV) and in the solvation sphere may provide a shielding effect for the Th(IV)
cation, but further research is needed to confirm this hypothesis. Therefore, coordination

complexes used to enhance actinide solubility create a more complex environment where not only
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must one consider the effects of water radiolysis on the actinide, but also the additional formation

of reactive species from the coordinated ligands which can behave as a co-solute.

Though the early actinides have yet to be shown to be directly impacted by NOs',
transuranic species have been experimentally reported to react with NO;*. For a mixed
Np(V)/Np(VI) system, Mincher et al.#! and Shilov et al.'3! indicated that the oxidation of Np(V)
to Np(VI) is due to NOj3'. In media containing HNO3 or NO;5~, Pu(Ill) was reported to oxidize to
Pu(IV) regardless of aeration, doping with various gases, or left under ambient conditions.!3>134
HNOj solutions of Am(III) have been reported to oxidize to a mixture of Am(IV) and Am(V).!3>
136 Asprey et al.'37- 138 reported the oxidation of Am(III) to Am(VI). This oxidation likely occurs
due to the interaction of NO;" with Am cations. In the case of Cm(III), a one-electron oxidation

occurred in the presence of NOs',* which was also observed for Cf(III) in 6.0 M HNO3.%3

One of the challenges in understanding the redox behavior of these systems is the ingrowth
of the NO, species and how that may impact the resulting actinide redox behavior. This
complexity is exemplified in the mixed Np(V)/Np(VI) system explored by Mincher et al.,*' where
after the initial oxidation to Np(VI), there was subsequent reduction to Np(V) at higher radiation
doses. This reduction was linked to the formation of HNO, that influenced the overall redox
distribution of the metal. This effect may also explain the behavior observed by Frolova et al.'>°
where a-irradiation of Np(IV) at HNO; concentrations < 1 M formed Np(V) while concentrations
> 1 M resulted in a mixture of oxidation states including (IV), (V), and (VI). Garaix et al.,'** noted
that the yields of HNO, increase with NO3~ concentration until it reaches a plateau at HNO;
concentration > 2 M. Reduction has also been observed for Pu(VI)!#! and depends on the exact
chemical conditions.** 42 Interestingly, when the reactive species was NO,", the resulting optical
spectra observed the formation of a mixture of both Pu(Ill) and Pu(V),'* likely from the

disproportionation of intermediate oxidation states.

Both NO;~ and NO,™ ligands can coordinate to actinide cations in solution, which has
implications on the interactions with the corresponding radical species. There is some evidence
that a weak inner-sphere Th(NO;)*" complex exists in 1 M NO;~ solutions'* but for others it
requires concentrations of 6 M NOs~ or higher.'* There are no experimental studies reporting
Th(IV)-NO, molecular species,'4® but there are suggestions that the NO,~ complexes should be

stronger than the corresponding NOs5~ species given that the nitrite is a stronger base. A
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Np(V)O,:NO,y(,q) species may exist, but the results were challenging as the log;of was determined
to be -0.05 + 0.05.'% Similarly, plutonium species are assumed to be negligible. This speciation
data suggests that direct inner sphere interactions between actinide cations and NO;* or NO,* will
be relatively insignificant, except when the actinide cations are in high acid concentrations. Thus,

additional work in this area is needed to fully understand these interactions.

Vladimirova et al.'%”- 148 reported that the irradiation of Pu(VI) can form the intermediate
excited-state Pu(VI)* species, which dimerizes with ground-state Pu(VI). These Pu(VI)*/Pu(VI)
dimers are then reduced to Pu(V) in concentrated (> 8 M) HNO;. Plutonyl-NO;~ complexes are
understudied as there are only a handful of reports containing structural or spectroscopic
characterization, but no dimeric species have been identified. Reilly et al.'* isolated a hydrolyzed
Pu(VI) dimer under basic conditions (Figure 10) suggesting the potential speciation present in
nitrate system. In this case, the two Pu(VI)O,?" cations are connected through p,-OH bridges and
surrounded by additional aqua ligands in the equatorial plane and may be similar to the species
that could exist in the nitrate system. Maurice et al.'>° utilized DFT calculations to explore the
nature of Pu(V/VI)-NO;~ complexes created from electrospray ionization and noted that
[Pu(V)O,(NOs),]~ and [Pu(VI)O,(NOs;);] ~ can be formed under these conditions. They also noted
the formation of a [Pu(VI)O,(NO;),(O)] ~ can be created from the release of NO,® and is more

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

favored than oxidation to a Pu(VII) phase.
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1,07 ||\<H)/ ||\OH2
0 0

Figure 10. Pu(VI) dimer [Pu,0,(OH),(H,0)s]* observed experimentally in solution under basic conditions
by Reilly et a/'* and are displayed as line (left) and ball and stick models (right). Hydrogens on aqua ligands
were removed for clarity. H, O, and Pu atoms are depicted as pink, red, and purple spheres, respectively.

Alpha particle irradiation of plutonium in HNO; has also been explored under a range of
concentrations. Pu(IIl) can be stabilized in a solution that contains mixtures of HNO3;/HNO,/NO,,
oxidized to Pu(IV) in 1 M HNOj; or HNO,, and form Pu(IV) peroxo-complexes or Pu(VI) in dilute
(0.12 M) HNOs (Scheme 2). Andreichuk ez al.'>!- 152 observed stabilization of Pu(IV) if the o—

particle flux was kept below 0.3 Gy s'! for several years; however, exceeding this dose rate
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resulted in a mixture of Pu(IV) and Pu(VI). They indicated that this oxidation at higher doses was
due to the formation of “OH and NO," species, and that the presence of H,O, would reduce any
higher-valent species in the system, resulting in mixed valence states.!>!- 132 If the dose rate
remained below 4.6 Gy s~! in 6 M HNOs, the only product was Pu(VI), but once this concentration

was exceeded Pu(IV)-NO;~ complexes were observed in the solution.
Pu(IV) in HNO,

)
LCO@ le M N9,

"OH + NO3 "OH + NO> NO3
| .
Pu(V) + Pu(IV) Pu(V) Pu(IV)(NOg),**
H202 l H202
\
Pu(IV) + Pu(VI) Pu(V1)

Scheme 2. Concentration dependence of a—particle irradiated HNO; solutions leads to the formation of
Pu(IV), Pu(V), and/or Pu(VI). Adapted from Andreichuk et al.!3!- 132

An additional study by Vladimirova et al.'#’> 153 explored y-ray irradiation of a mixed
Pu(VI) and Np(VI) stock in HNO;. Under all irradiation scenarios, Np(VI) was reduced to Np(V),
but a dose > 320 Gy was necessary for Pu(VI) to reduce to Pu(V). Vladimirova et al.>* suggested
the easier reduction of neptunium was due to Np(VI) having higher reduction rate coefficients with
radiolysis products, allowing for the reduction of Np(VI) to Np(V) prior to the reduction of the
Pu(VI) species. Initial stages were confirmed via kinetic modeling to support the reduction of
Np(VI), but the model could not account for the reduction rates of Pu(VI), other than that the

dependence of Pu(VI) retention relies on the concentration of Np(VI) and Pu(VI).
4.3.6.2. Carbonate

The carbonate radical (COs~, E° = 1.78 V) is formed upon radiolysis of solutions
containing carbonate (CO;>) or hydrogen carbonate (HCO;"). Direct ionization of CO;>~ and

interactions with *OH are described in reactions 16-18;153: 156
COs2 - CO5™ + ey (16)

CO52 + *OH — CO;~ + OH- (17)
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HCO; + *OH — CO;™ + H,0 (18)

The formation of CO;*~ through interactions with O*~ has been postulated, yet there is lack of
experimental evidence that provides characteristic spectroscopic signatures associated with this
species; therefore, a reaction scheme has yet to be reported involving O*~. Oxidation of actinide
cations is predicted to occur upon interacting with CO;* as it is known for being a strong one-
electron oxidant, but the formation of e,,~ may cause additional complexities in the redox behavior

of the system.

The challenges with understanding the redox behavior of actinides in the presence of
irradiated carbonate solutions is highlighted by studies with the neptunyl cation. Pikaev et al.'>’
specifically noted oxidation of Np(V) to Np(VI) in NaHCOj after irradiation, but Np(V) in a
Na,COs; solution does not change valence states. In the case of Np(VI), reduction to Np(V) occurs
in Na,CO; but it remains stable in NaHCOs. It has been suggested that the redox stability is related
to the metal center being protected by the ligated carbonate anions in the molecular complex.
Carbonate does form strong complexes with both Np(V) and Np(VI) where [Np(V/VI)O,(CO3)] -
0, [Np(V/VD)Oy(COs),]>7*, and [Np(VI)O,(CO;);]* are all possible, depending on pH and
carbonate concentration.!%¥-1%6 However, the exact carbonate speciation has yet to be determined

in these systems.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Similar redox behavior has been observed for interactions between CO5™~ and plutonium.
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Gogolev et al.'®7- 168 reported both the reduction and oxidation of a Pu(IV)-CO;%~ complex to

Pu(IlI) and Pu(V), but do not comment on the outcome. For low-valent species like Pu(Ill) and

(cc)

Pu(IV), the metal cations undergo a one-electron oxidation when exposed to CO53*~.>3 19 Pu(IV) is
predicted to form [Pu(COs)]*",'7° but Pu(IV) carbonatohydroxo complexes (reactions 19 and 20)

can also form because hydroxide is a competitive ligand in these systems:
[PuO,(H0),] + 2HCO5~ — [Pu(OH)»(CO3),J* +xH, 0 (19)
[PuO,(H,0)s] +2CO5~ — [Pu(OH)4(CO3),* + (x-2)H,0  (20)
2[Pu0,(CO;);]°~ + 2C0O, = [PuOy(CO3)3]* + [Pu(CO3)s]% (21)

Pu(V) was noted to be stable within irradiated carbonate solution.!”! The stability of the Pu(V)

state is interesting because [Pu(V)(COs);]>~ generally occurs in equilibrium with its
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disproportionation species (reaction 21).!72 This result suggests that potentially another Pu(V)

carbonate species is responsible for the redox stability under these conditions.
4.3.6.3. Sulfate

Sulfate (SO4™) radical ions (SO4™, E° = 2.43 V)!73 are formed through the direct ionization
of SO4* (reaction 22) or indirect interactions between HSO,7/SO4* with *OH, “H, or HO,'
(reactions 23-26).174 In acidic media, the predominant species is HSOy4, yet in weakly acidic (pKa
= 1.9) or neutral conditions, the primary form present is SO4>". There is, therefore, a concentration
dependence for the formation of SO,™, where the starting reactant will lead to varying secondary

radical species.!”

SO w» SO4" + €4 (22)
HSO,~ - HSO4 + €4~ (23)
H,S0,4 — HySO4™ + €4~ (24)
SO, + H" — SO4 + H (25)
SO, + H — HSO4 + 0, (26)

The presence of SO, in most systems will lead to oxidation of the actinide cation. For
example, SO, reacts with U(IV)!76 and U(V)!”” to induce a one-step oxidation. Similarly, Np(III),
Np(IV) and Np(V) are all readily oxidized by SO4.157- 169, 178181 Ty H,SQ,, the generated SO4™~
has been shown to oxidize both Pu(Ill) and Pu(IV) to Pu(IV) and Pu(V), respectively.'3% 169
Similarly, Am(IIT) and Cf(IIT) react with SO4™, to form their respective tetravalent species.’’ These
experimental results were collected by pulse radiolysis studies and the steady-state species were
not reported. It is important to evaluate the longer timescales consequences of SO, chemistry
(i.e., steady-state conditions) to provide additional information regarding the persistence of non-
equilibrium actinide species and complexes in radiation environments, such as monomeric cations,

hydrolyzed species, or sulfate complexes.

Sulfate radicals may play a secondary role in the redox behavior of the actinides when other
radicals are present in the system. While o—particle irradiation of U(IV) in neat H,SO, results in a
one-electron oxidation, U(IV) is stabilized in a mixed H,SO4/HCI1Oy4 solution.3?>® The importance

of HC1O, in the mixture was not discussed, but reactive species formed from HCIO4 may interact
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with water radiolysis products or SO,™, preventing further oxidation from taking place. In addition,
the presence of O, in the solution may also drive the redox chemistry in irradiated sulfate solutions.
Boyle et al.,'® determined that in O, saturated systems, U(IV) is oxidized but subsequently
undergoes a one-electron reduction step. The valence state remained unchanged in deaerated
systems, suggesting the oxidation of U(IV) to U(VI) may be driven by "OH and HO,", and at a later
stage U(VI) is reduced back to U(IV) by the e,,~. More systematic studies are necessary to elucidate
the mechanisms that prohibit or enhance radical formation and what controls the metal redox

behavior in SO,4>~ containing actinide solutions.

With more redox active actinide cations, like plutonium, irradiation of SO42~ containing
solutions leads to complex behavior. When a mixture of Pu(V) and Pu(VI) or pure Pu(VI) was
irradiated in H,SQy, it resulted in the reduction of both species to Pu(IV).!#! Molecular complexes
have been identified by Wilson et al. including [Pu(SO4H)]*", [Pu(SO4)]**, and [Pu(S0Oy4),],'%* and
it was determined that bidentate coordination of the sulfate to Pu(IV) is more thermodynamically

favorable than the monodentate form.!83
4.3.6.4. Halogens

Dihalogen radical anions (X,*) are well-known oxidants that can be formed by irradiating

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

halide-containing solutions, although they are typically less oxidizing than SO,~. Monoatomic

halide radicals (X) are also formed upon radiolysis of halogen-containing solutions,'3* but nothing

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

has been reported on their interaction with actinide cations. When HClOy is present in solution,

both C10," and Cl0O5" radicals can be formed (reaction 27):!8

(cc)

ClO4 = ey, ClOy, ClOs-, ClO7, O™, OCP) 27)
in addition to other reactive species such as e,q~, O*-, and O". 1%

The interactions between X, —specifically Cl,~, Br,~, and I,—and actinide cations have
been investigated in acidic media using pulse radiolysis. In HCIO,4, X, species oxidized U(III) to
U(IV), while Cl,~ generated from irradiated NaCl and HCI led to the one-electron oxidation of
U(V) to U(VI).138 181 U(IIT) and U(IV) irradiated in both aerated and deaerated HCI resulted in the
oxidation of each species,?? likely due to the formation of Cl,*~ from the media. One-electron X,
mediated oxidations have also been reported for Np(Ill), Np(V), Pu(Ill), Am(II), and
CH(IIT).32.128.181
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Both reduction and oxidation of the actinide cations can be observed in HCIO,4 solutions
depending on experimental conditions. In dilute HC104 (< 1 M), Np(IV) oxidizes to Np(V)!87 with
a—particles and at higher concentrations (> 1 M), Np(IV) can be converted to Np(VI). In solutions
containing both Pu(IIT) and Pu(IV) in HCIO,, the product contained only Pu(II);!#! thus, the
Pu(IV) was reduced under these conditions. In samples containing Pu(IV) in concentrated HCIO,,
both Pu(Ill) and Pu(VI) was observed and the formation of Pu(VI) peroxo-complexes were
suggested to form in solution.'*! When Pu(V) in LiClO4 was irradiated with a-particles, Pu(V)
disproportionated into Pu(IV) and Pu(VI) and led to the formation of insoluble Pu(IV) colloids
formed from Pu(IV) hydrolysis.!®® Frolov et al.'®® observed similar behavior when Am(III) and
Cm(III) were placed in a saturated solution of NaClO, where Am(V), Am(III) hydroxides, and
Cm(II) hydroxides formed upon a—particle radiolysis. The only clean reduction reaction reported
in halogen systems is that by Zielen et al.,'°° where o—particle radiolysis of Np(VI) in HCIO,4 of

varying concentrations reduced to Np(V).

In general, halogens form weak interactions with the actinide elements, with the F- anion
being the exception.!8% 1°1 Actinide speciation in HC1O, media is dominated by aqua complexes
because of weak interactions with the ClO4~ anion, meaning that the previously reported studies
are representative of those complexes.!'® This result is likely why the Pu(V) reduction to Pu(IV)
in LiC10,'*! and studies on Am(III) and Cm(III) in NaClO,4!3° enabled hydrolysis and formation
of colloidal particles.'® Similarly, in HC1, HBr, and HI, the X~ concentrations reach several molar
before the halogen anions can complex with the actinide cation.!? Fluoride is the only halogen
that binds strongly to the actinide and forms stable complexes under dilute solutions; however,

there are no studies exploring the irradiation of these solutions in the current literature.!?
5. Solid-State Chemistry

Irradiation of compounds in the solid-state provides atomistic-level perspectives on defects
and changes in materials when exposed to radiation. Diffusion is hindered in the solid state, so
irradiation of these materials gives an understanding of their initial decomposition due to direct
radiation effects. Moreover, a thorough understanding the behavior of actinides in ionizing
radiation fields relevant to nuclear fuel is a high priority for their safe and effective storage. Solid
nuclear fuel materials are subjected to extreme conditions® such as high radiation, high

temperatures and aggressive media like strong acids that promote corrosion processes. Corrosion
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of UNF presents significant long-term risks for their storage and sequestration from the
environment. !4 195 While the development of radiation-resistant solid materials remains of interest
for the disposal of UNF, it is crucial to determine what risks may be present following irradiation
of the actinides to mitigate the release of potentially harmful radioactive materials in the
environment.!°® Therefore, understanding the behavior of solid-state actinides, specifically in
terms of the metal center and complexes formed, following exposure to ionizing radiation is crucial

in determining what risks may arise after a breach of UNF containment vessels.

Herein, we highlight the current state of radiation research on solid-state materials and
discuss the impact of radiation fields on redox behavior, metal complexation, and changes to the
crystalline lattice. The solid-state chemistry covered in this review will be limited to inorganic
crystalline materials and MOFs, which have previously reported structural characterization or
detailed atomistic-level understanding. Glasses and ceramics will only be briefly summarized, as
there are several high-quality reviews dedicated to these materials in the literature.!%- 11, 197-199
Again, we provide a summary of the studies that explored the irradiation of actinide-bearing solid

materials in the Supporting Information Section, Tables S23-S26.

5.1. Brief summary of glasses and ceramics

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Glasses remain a high priority for the long-term disposal of actinide-bearing nuclear

materials where the elements of concern have half-lives in the thousands to millions of years.!!

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

Transforming liquid waste into a glass product is termed vitrification and this process has the

potential to immobilize problematic radionuclides, while minimizing the space required for storage

(cc)

relative to liquid waste forms. However, studies have unveiled that both intense short-term and
prolonged radiation exposure lead to decomposition of the glass and induce bubble formations
from ionization-driven radiolytic processes.!® Additionally, microfracturing can take place
(viewable by optical microscopy) after prolonged radiation exposure and decay events within
glasses,'? which is problematic because it increases the surface area within the material and results
in leaching of the radionuclide from the wasteform.?% For a more in-depth assessment of glasses,
we refer readers to Gin et al.'%8, who has provided an extensive review discussing factors that can

be considered to rationally design durable materials for long-term nuclear waste storage.

Ceramics have been investigated as host materials to immobilize actinides in high-level

nuclear waste due to their ability to withstand significant radiation damage, but there are notable
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defects that occur within this group of solids. In ceramics (e.g., apatite, perovskite,
pyrochlore/fluorite, zircon, and zirconolite structure types),?°! the most typical defects resulting
from irradiation of solid-state materials is an anion vacancy or F-center (also called a color center),
which is caused by a free electron inhabiting a void space in the lattice (Figure 11).2°2 Formation
of F-centers result in a color change due to band gap filling; thus, optical spectroscopy is an
excellent tool for this subset of materials.?® Within metal-oxide crystals it is typical to observe Fi-
centers (F-centers isolated on the surface), which have smaller transition energies than a traditional
F-center and usually form on the surface of the material.?** These defects can quickly deteriorate
under ambient conditions via the adsorption of oxygen or by thermal induced escape of the electron
from the trapped site. The other class of defects that are common among radiation studies are
Frenkel defects, where the smaller ion, typically the cation, leaves its position in the crystalline
lattice, thus creating a vacancy, then relocates in a nearby site becoming an interstitial cation. The
formation of both the vacancy and interstitial cation is often denoted as a Frenkel pair.?% Some
defects produced from ionizing radiation exposure can be annealed, ultimately reversing the
observed radical formation and damage. One study by Griffith er al.>% reported that additional
impurities imbedded within the material can lead to a variety of defects and those impurities (i.e.,

Pb), observed oxidation state changes that further perturb the equilibrium in the lattice.

F-center Defect Frenkel Defect
Q200200
°2Qo J J

.......

Figure 11. Model of F-center defects (left) and Frenkel defects (right) in the solid-state. Cation and anions
are represented by pink and green spheres, respectively, whereas the dashed circle represents a vacancy
site. Adapted from Leitner et al.>*

While ceramics, like many insulators, are considered relatively impervious to radiation
damage, the crystalline materials eventually become amorphous upon radiation exposure (whether

externally or internally generated). Amorphization is typically accompanied by swelling (increased
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material volume), increase in tensile strength, and higher levels of leachability for the actinide
immobilized within the ceramic (rates on average increase by factors of 10—-100).27 For a more
detailed review regarding physical changes in ceramics upon irradiation, comprehensive reviews

have been provided by Weber et al.,?’® Thomé et al.,'*® and Tracy et al.??®

Though previous literature provides insightful findings regarding macroscopic effects and
lattice expansion, few studies report atomistic-level details such as vibrational mode changes or
radical formation from experimental spectra. Thus, the next sections focus on atomistic-level
details—those beyond physical changes discussed vide supra—to understand the chemistry

associated with changes upon irradiation.
5.2 Metallic and Intermetallic materials

Metals exhibit varying degrees of radiation resistance, influenced by their atomic structure,
alloy composition, and microstructural characteristics. In general exposure to ionizing radiation
can harden a metal as atoms are moved from their original site within the crystallographic lattice,
forming defects and dislocations. This hardening process strengthens the material at the same time
it embrittles it, resulting in a loss of ductility. Within intermetallic or alloys, exposure to radiation

can lead to atom diffusion and segregation, creating phase separations and voids. The formation

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of defects and voids can also impact the behavior of electrons and phonons in the system,

increasing electrical resistivity and thermal conductivity. Similarly, semiconducting materials can

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

display both transient and permanent changes upon exposure to ionizing radiation due to the

formation of charge carriers.?!? These charge carriers can temporarily increase the conductivity

(cc)

but will lead to permanent failure of the semiconducting material when they are accumulated or

trapped within defects or vacancies.

Irradiation of metallic and intermetallic phases have only been studied for Pu-based
compounds. This compilation includes pure y—Pu and group 13 intermetallics (PuAl,, PuGas,
PuCoGas,PuColns, PuPtyIn;, and Pu,PtGag).?!! As an a—emitter, Pu decay creates radiation-
induced swelling in materials where the recoil energy and ballistic effects from the daughter
products and the emitted o—particles cause damage to the lattice. These energetic events cause
displacement of the atoms and ultimately lead to the formation of Frenkel pairs, vacancies, and

self-interstitials (Figure 12). These 0-D defects can then lead to 1-D defects, such as grain
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boundaries and lattice dislocations, resulting in macroscopic swelling and formation of voids.?!?-

214
O O
o 0°©
@)
® 9 O
86 keV 5 MeV @)
ON® y — ——
O @) @) 265 Frenkel pairs
e o Co
O o Frenkel Pair:
O Vacancy
2290 Frenkel pairs
Q Self-interstitial
Figure 12. Representation of Frenkel defect formation in 3-Pu. Adapted from Wolfer.?!2
5.3. Oxides

Radiation effects in oxide materials are the most well studied due to the importance of these
compounds for the nuclear fuel cycle. More specifically, the major focus is on the AnO, fcc-
fluorite structure due to the use of UO; in light water power reactors and the impacts of y—rays, o—
particles, and heavy-ion bombardment.?!3- 216 However, the total number of studies for this group
of compounds is quite limited, indicating that there are significant areas for continued discovery

and advancement.

Several studies have explored the optical spectroscopy associated with ThO, to better
understand the nature of swelling that occurs upon irradiation. Upon y-rays and ion beam
irradiation, the starting material mainly remains intact; however, F-centers are created upon the
formation of oxygen vacancies (Vg).?!» 217220 The presence of Vg sites can further perturb the
lattice, creating dislocation loops and Frenkel defects from the Th(IV) cation shifting into an
interstitial position and leaving behind a second lattice vacancy (Figure 13).22!> 222 These shifts
from equilibrium positions in the lattice can then lead to volume expansions, thus explaining the
swelling observed in ThO,. Dennett et al.?>3 further characterized this process for H—irradiation

using spectroscopic techniques, observing the formation of ThO,y, ThO,.s, and ThyOg on the
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surface of ThO,, further emphasizing the necessity to use both surface and bulk characterization

techniques to understand the full effects of radiation exposure.

Pristine ThO, O vacancy Th vacancy Th/O vacancy

£% O Vacancy :" Th Vacancy . o ‘Th

Figure 13. Modified figure from Park et al.,>* shows the various defects in the ThO, unit cell.

UO, has been investigated with a multitude of techniques, such as PXRD and Raman
spectroscopy, which provide additional information into the formation of point defects that then
grow into dislocation loops and lines upon dual ion beam irradiation.?*> Formation of dislocation
loops and lines are further supported by Beauvy et al.?*® using UV-Vis-NIR spectroscopy they
demonstrated that these defects are due to the oxidation of U(IV) to U(V) and the formation of Vo

sites within the lattice. These point defects perturb the lattice and eventually lead to higher-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

dimensional defects. Guimbretiere et al.>?” explored the effects of He?" ion beam and internal o—

particle irradiation using 2*°Pu on UO, using Raman spectroscopy, where they observed a blue

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

shift in the original T,, peak and the ingrowth of additional peaks at higher wavenumbers

(cc)

associated with UO,, and U4O,. The presence of these phases supports the formation of V sites

within the lattice and the oxidation of the U(VI) cation within these materials.

When Am(III) was incorporated as the internal o—particle source in UO,, partial oxidation
of both U and Am to U(V) and Am(IV) was observed regardless of the atmospheric conditions.??®
229 The use of an internal source provides critical evaluation of materials that undergo constant
irradiation by showing the long-term effects of prolonged exposure. As such, U(IV) typically
oxidizes to U(VI), however, the incorporation of Am(IIl) into UO, results in the formation of
U(V). It is also noted by Prieur et al.??® that when U(V) is present in a mixed oxide with Am(III),
the local environment around the U cation is perturbed, establishing new lattice equilibria to
accommodate for the change in cation size, and suggests that U(V) becomes the preferred

oxidation state in the material.
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While oxidation of U(IV) is widely reported, only one study indicated that U(VI)
oxides/oxyhydroxide phases are reduced to the tetravalent state. Tracy et al.?! indicated that heavy-
ion bombardment of y-UQO; and a mixed oxyhydroxide, metaschoepite (88% a-uranyl hydroxide,
12% [(UO,)3(0,)(OH);,]-10H,0), under vacuum led to the formation of nanocrystalline UO,..
This reduction was suggested to occur through electronic excitation, followed by expulsion of
oxygen along ion track cores. Tracy et al.?! also indicates that uranium oxides, which can readily
undergo metal redox reactions, exhibit radiation damage accumulation behavior different than that
of oxides with stable metal centers like ThO,. This study provides an intriguing mechanism for the
reduction processes that may occur for U(VI) materials in the absence of O, but may not represent
the final product in an aerobic environment. Benjamin et al?3° noted that irradiation of
metaschoepite by a He?*" ion beam did not result in the formation of U(IV),instead observing

dehydration to y—UQOj; followed by post-radiation transformation into studtite.

Redox changes of the actinide cation are not the only way that oxide materials are impacted
by radiation. Mosley et al.?3! reported on the self-radiation of several Cm(III) oxides where the
swelling of the lattice varied depending on the overall symmetry of the material. They observed
that swelling of fcc-CmO, was twice that of bcc-Cm;,0s, and furthermore, no swelling was noted
for the monoclinic Cm,05 phase. Mosley et al.?3! also reported the stabilization of bcc-Cm,03, a
high temperature metastable form, under ambient conditions. This observation indicates that
radiolysis of solids may induce the formation of metastable phases not predicted to occur under

standard conditions.
5.4. Peroxides

Peroxide materials have relevance in the nuclear fuel cycle and have been identified as
secondary alteration phases on surfaces at waste sites, such as the corium lava at Chernobyl.23?
Multiple studies have been performed at the University of Notre Dame to investigate changes in
peroxo-bearing U(VI) materials, including U(VI) triperoxide coordination complexes, large
molecular U(VI) peroxide clusters, and studtite.!0% 230, 233-235 For both y—particle and a—particle
irradiation, the materials exhibited structural changes through the formation of hydroxide anions
or formation of the amorphous U,O- phase and weakening of the uranyl bond.?*¢ Interestingly,
upon irradiation of the monomeric material Li;[UO,(O,);]-10H,O (LiUT), formation of the
Lip[UO,0,(OH)]o4 (LiUy4) cluster was observed, which at high radiation doses (400 kGy)
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degrades into Li;[(UO,);0,(OH)3],-7H,0.1%° Fairley et al.,?*> noted a red shift for the symmetric
UO,?* stretch (vq) in the Raman spectra for the molecular clusters and studtite after irradiation by
y-rays; however, degradation of studtite and the Ug, cluster to form amorphous U,O; occurred
upon He?" ion irradiation. Uranyl peroxide clusters containing pyrophosphates also observed

reduction of the metal cation into mixed oxidation states of U(IV), U(V), and U(VI).

Additional efforts by Emory et al.?3? noted that exposure of Liyg[(UO,)23(05)42] (LiUsg) to
He?* ion radiation leads to decomposition of the cluster at high doses and eventually direct air
capture of CO,. Fairley ef al.?** also reported the transformation of uranyl peroxide materials to
uranyl tricarbonates upon radiation exposure under ambient conditions (Figure 14), ultimately
capturing CO, from the atmosphere. This work highlights potential formation mechanisms of
secondary mineral phases containing uranyl triperoxides and their transformations into other

mineral phases.

It is worth noting that the radical forms of the hydroxide and peroxide ligands ("OH and
0,") could be present within the irradiated peroxide materials. This aspect was not evaluated in
the previous studies and thus no conclusions can be made on their formation from direct irradiation.

However, research by Kravchuk et al.'% and Scherrer et al.®'- 237 have previously identified the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

presence of O," within uranyl peroxide materials without exposure to external ionizing radiation,
suggesting that superoxide species can exist within these materials. Two of these studies reported

that uranyl triperoxides form uranyl peroxo-superoxide species over the course of a few weeks

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

under inert conditions and that these uranyl peroxo-superoxide complexes will undergo direct air
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carbon capture under ambient conditions.?!> 1% Thus, the formation of the uranyl superoxide has
been linked to the first step in CO, capture, but more research into the radical formation is

necessary to elucidate the associated mechanism taking place under irradiation.

Figure 14. Direct CO, capture by a uranyl triperoxide moiety upon exposure to a-radiation, resulting in the
formation of a uranyl tricarbonates species. Adapted from Fairley et al.?3*
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5.5. Halogen containing materials

Actinide fluorides are important intermediate compounds in the formation of metallic
actinide phases and are also used in the preparation of targets; thus, their behavior in high radiation
fields is of interest. Steindler et al.>3® evaluated the behavior of PuFg upon y-ray irradiation,
observing reduction to PuF,. Investigations by Stacy et al.??° evaluated CaF, doped with An(III)
(where An = U, Np, Pu, Am, or Cm). Upon y-ray irradiation under ambient conditions, the
majority of the An(Ill) readily oxidized to An(IV) within CaF,, as evidenced with optical
spectroscopy. The one exception is the Am(III) doped materials where Stacy et al.?*° and Edelstein
et al.*® both observed reduction of Am(III) to Am(II) concomitant with F-center formation,
although it is not readily clear why the reduction occurs for just this one dopant. Due to valence
state changes, multiple studies report a rearrangement of symmetry for the CaF, due to formation

of defect sites, increase of interatomic distances, and structural disorder.

The only solid-state berkelium study was reported by Silver et al.>*! on the effects of self-
irradiation on a mixture of Bk(IIT)/Bk(VI) iodates. They noted that Bk(10;); converted to Bk(10;),4
from the oxidation of Bk(III) to Bk(IV). This process occurs due to the high self-activity of 24°Bk
where these materials preferentially oxidize to Bk(IV). More insight is necessary to understand the
impact of the iodate ligands present on the material since Bk is a low-energy —particle emitter
that could potentially induce radical formation within the lattice itself, perturbing the metal-ligand

coordination over time.
5.6. Nitrates

As discussed in Section 4.3.6.1, actinide nitrates are ubiquitous in UNF separations
processes, and their corresponding solid-state materials can help understand their atomistic-level
decomposition and behavior due to direct radiation effects that will occur at high concentrations.
Rao et al. investigated the y—ray radiation induced formation of radicals in [K(UO,)(NO;)s],
[K»(UO,)(NO3)4], and [(NH4)(UO,)(NOs);] solids using EPR.?4? They observed the formation of
two different signatures in their EPR spectra after irradiation but could not definitively assign these
features to specific radical species. More recently, Kruse et al.?? reported y—ray radiation-induced
changes in [M(UO,)(NOs)3] complexes, where M = Na*, K*, Rb", and observed similar signatures
as those reported by Rao et al.?** Additional DFT calculations and predicted EPR signatures

performed on model complexes, including the second sphere coordination environment,
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demonstrated that the bidentate nitrate anion in uranyl trinitrate becomes monodentate following
radiation exposure due to the formation of the NO5', as illustrated in Figure 15. The use of solid-
state materials provides insight into atomistic-level changes with control over the coordination

environment and second-sphere interactions that can elucidate small changes upon irradiation.

g Although solid-state materials are traditionally regarded as immobile, the formation of molecular
@
3 defects highlights the small but significant changes to the solid that can cascade into further
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Figure 15. a) DFT calculation of uranyl trinitrate models without considering interactions of alkali metal
counter cations. b) DFT calculation of uranyl trinitrate where alkali metal counter cations are integrated
into the calculation. Adapted from Kruse et al.>*

5.7. Phosphorus-based materials

Phosphate materials, including monazite-based ceramics, are important materials that have
been evaluated for the long-term storage of nuclear materials, but there are additional actinide
phosphate phases that have also been evaluated at the atomistic level. EPR, thermoluminescence,
and X-ray photoluminescence spectroscopy were used to evaluate the formation of radicals within

y— and heavy-ion irradiated Thy(PO,),P,0,.2* Both phosphate- and diphosphate-based radicals
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were identified, which can behave as oxidizing agents and form additional species.>** Additional
degradation products were observed from heavy-ion irradiation of Thy(PO,4)4P,05, including ThO,,
(ThO)3(PO3),, and P40 on the surface of the starting material,>** additional studies are necessary

to determine the extent of degradation product formation throughout the bulk material.

Self-irradiation of phosphates has also been explored for AnPO4 (An = Am(III), Pu(IIl))
and in both cases the crystalline starting material underwent rapid amorphization. Powder X-ray
diffraction was used to evaluate crystallinity, and the lack of any discernable peaks occurred at 2.2
x 108 Bq g and 0.55 x 10'8 Bq g! for AmPO,4 and PuPOy,, respectively. However, Dacheux et
al *» noted that 2-billion-year-old (U,Th)PO, monazite samples were found to be well-crystallized
even with observable radiation damage. These samples contain small nanodomains of lattice
distortions and Seydoux-Guillaume et al.?*¢ suggested that the structure itself can undergo self-
annealing to remove defects caused by irradiation. Nanodomains within the self-irradiated AmPO,4
sample were observed using transmission electron microscopy imaging and the 3'P nuclear
magnetic resonance spectroscopy indicated no change in the local coordination environment.?4’
This result suggests that over time there could be some annealing effect, but the exact mechanism

is unclear.
5.8. Metal-organic Frameworks (MOFs)

As a newer class of materials, MOFs are promising candidates for a range of applications
(i.e., asymmetric catalysis, gas storage/separation, nonlinear optics, chemical sensing) because of
their unique properties, and are also being evaluated for their use in the nuclear fuel cycle.?48-23
While there are several studies that focus on transition metal and main-group MOFs for capture of
fission products or other radionuclides important to the waste stream, this section will specifically

focus on actinide-containing MOF materials.

Most studies in the literature on MOFs focus on the durability of the material upon
irradiation and highlighted the importance of the organic linker?!-23 and the metal node.?34-23¢
Hastings et al.>>> reported the importance of the identity of the metal nodes within the MOF for
obtaining increased structural stability, where thorium was found to enhance the stability of a UiO-
66 MOF compared to plutonium. They also noted that the strength of the metal-ligand
complexation is positively correlated with MOF structural stability upon irradiation and that self-

irradiation within the Pu-U10-66 MOF results in additional recoil effects that degrade the structural
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integrity of the material more readily. A Th-based MOF reported by Gilson et al.>>* reported the
highest radiation stability of a MOF to date, which completely amorphized by 25 MGy of o—
particle radiolysis. This study indicated that properties beyond absorption of energy by the metal
node affect the radiation resistance of MOFs, such that the framework as a whole must be evaluated
to holistically understand these properties. Zhang et al.>>7 explored Pu(IV) and Am(II1) MOFs (Pu-
TPO and Am-TPO where TPO = tris(4-carboxyphenyl)-phosphineoxide) and demonstrated self-
radiation resistance as no degradation of the material was initially noted for Pu-TPO and Am-TPO.
However, o—particle radiation induced swelling was observed over the course of a few months for
Pu-TPO. The authors suggested that the organic linker contributes to this stabilization due to the
presence of extended m-systems where the delocalization of electrons can occur upon irradiation.
However, a—particle and recoil energy within self-irradiated materials generally contribute to the
amorphization of crystalline materials, so it is unclear how this material is more resistant to these
types of forces. Further systematic work with both the metal and organic linkers are necessary to

elucidate the rational design of MOFs with high structural stability towards radiation damage.

Gilson et al.?*® provided additional insights into how MOFs may degrade under y—ray
irradiation by utilizing vibrational spectroscopy. They reported the formation of a Np(V) MOF
containing 4°,4°°.4°”° 4>°’—methanetetrayltetrabiphenyl-4-carboxylic acid that displayed

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

structural stability until 3 MGy of y—ray radiolysis at which point the amorphization of the material

occurred. However, most of the spectroscopic signatures of the material remained unchanged up

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

to 6 MGy of y—ray irradiation. Only subtle changes in the vibrational spectroscopy are noted and

(cc)

are linked to carboxylate vibrational modes. This observation suggests it is the metal-ligand
coordination that is most readily impacted following irradiation although the exact nature is still
unknown. The stability of the material to y-rays may be associated with the aromaticity of the
tetracarboxylate ligand. However, it is interesting to note the redox activity of neptunium and the
presence of actinyl-actinyl interactions that may also enhance disproportionation reactions.
Reduction to Np(IV) would not be readily observed in the vibrational spectra and there are
differences in the UV-Vis-NIR spectra reported by Gilson et al.?3® that may be indicative of redox

changes.

One of the key properties of MOFs is their ability to have cavities or be porous in nature;

thus, additional studies evaluated changes in porosity and uptake of guest molecules with exposure
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to ionizing radiation. Ionizing radiation exposure has been reported to enhance the sorption
properties within main-group and transition metal MOFs,>°-262 but has not been evaluated for
actinide-bearing materials. Li et al.>>° explored the structural radiation-resistance of two Th-MOFs
built from aromatic dicarboxylate linkers where structural stability was maintained up to 0.2 MGy.
The authors explored the capability of the two MOFs to capture the fission product I,, which is
important in the proper disposal of nuclear waste, and both systems showed efficient I, adsorption
(258-473 mg g!). However, these adsorption studies were only conducted pre-irradiation so the
impact of irradiation on the I, uptake is unclear. It is important to expand these studies to
understand not only the structural stability, but also the porous nature of the MOF upon ionizing
radiation exposure, which can lead to changes in sorption capacity. This concern is demonstrated
by Volkringer et al.?®' who completed a comprehensive study of various MOFs pre- and post-
irradiation to understand changes in efficacy of N, sorption via BET analyses. Although this study
does not include actinide-based MOFs, it represents an example of how the nature of the pores and

impacts of irradiation on MOF materials can go beyond structural stability.

Lastly, it is important to note that MOFs are also being explored in radiomedicinal
applications to assist in diagnostics, therapeutics, and a combination of both (theranostics).
Mezenov et al.?® reported a more in-depth analysis of MOFs, including non-actinide MOFs, and
their changes to external stimuli such as radiation. Some MOFs, specifically a Th-MOF reported
by Andreo et al.,”* are also being explored as radiation detectors for imaging where
autoluminescent properties from the decay of the actinide can aid as a sensor. Most studies in this
area utilize MOFs without actinides; however, actinides can be promising candidates to advance
this area of research due to their inherent radioactive decay which can be implemented in either

detection and/or treatment.

6. Intersection of solution and solid-state: Radiolysis effects of corrosion and environmental

systems

While the last two sections of this review article focused on either aqueous solutions or
solid-state materials, many chemical systems of interest are more complex. It is the intersection of
these two-phase boundaries that can lead to important chemical reactivity. Chemistry occurring at
surfaces and grain boundaries plays a significant role in the behavior of UNF in storage facilities,

the evolution of nuclear materials over time, and the transport of actinides in environmental
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systems.?%% 266 With this in mind, the current section focuses on exploring the impacts of water

radiolysis on solid-state actinide materials.

Overwhelmingly, studies have shown that the y-radiolysis of adsorbed water significantly
affects the behavior of UO, fuel. This process enhances the oxidation of U(IV) to U(VI)?$!- 262 by
reacting with H,O, or "OH from water radiolysis or through secondary species like CO;32/CO5™-
derived from dissolved CO,.2? These radiation-induced redox reactions produce secondary U(VI)
alteration phases (UO, 33) and significantly increase the dissolution rate of UQ,.261-264-266 The rate
of oxidation is dependent on the one-electron transfer by the oxidant. Ekeroth and Jonsson indicate
that reactions with "“OH or CO5*~ are diffusion controlled, but the reaction between UO, and H,0,
may be associated with a Fenton-like mechanism.?%% 273 Christensen and Sunder also note that
diffusion is not a major contributor to UO, oxidation; thus, only a thin layer of water (< 100 pm)?>74

is needed for this process to take place.?¢7-270. 271

Sunder et al.?®7 also report that oxidation of UO, fuel is dependent on the flux of the o~
particle radiation.?®” These studies were conducted using an internal o—particle radiation source
(**'Am) and they observed that a dose equivalent to 5 uCi will convert UO, to UO, 33, but a dose

> 250 uCi oxidizes the fuel to U;0;—a result dependent on accumulated dose. Additional studies

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

using high energy He?" ions (10'°-10'! He?** cm2s7!) supplied by a cyclotron found that UO, in
the presence of water will alter to a hydrated uranyl peroxide upon irradiation.?’>2” Chemical

experiments that introduced H,O, to the solution also produced this hydrated U(VI) peroxide

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

phase, but Corbel et al.?” noted that the behavior of UO, dissolution is different between these

(cc)

two types of experiments. When H,0, is produced by irradiation, the rate of uranium release from
the interface is much higher than with simple H,O, addition. This observation is consistent with
H,0; dissolution studies performed by Hickman et al.,?%° suggesting that it is not just H,O, alone

that enhances UO, dissolution in high radiation fields.

While the importance of H,O, in the oxidation of UO; has been clearly demonstrated, there
are some differences regarding the production of this molecular species between the specific type
of incident radiation (y—rays and o—particle irradiation). Jegou ef al.??! identified that the presence
of gaseous O, enhances the production of H,O, in y-ray radiolysis and Sarrasin et al.?%?
demonstrated using in-situ Raman spectroscopy and 30 labeled water that the peroxide bond

contained a significant amount of 0. This observation indicates that the formation of H,O,
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involved the dissolved '°0, and related radical species (i.e., HO,", O,"). However, Perrot et al.?®3
utilized the same approach for a—particles and found that the peroxide bond contains mostly 20,
demonstrating that the formation of H,0O, in this case occurred through the recombination of “OH
produced from water radiolysis. These results align with expected LET effects and the typical

yields for water radiolysis for the two types of radiation.

Uo,2 H,0,

Uranium Dioxide

Figure 16. Diagram of the formation of studtite from the oxidative dissolution of UO, from water radiolysis
including both y- and a- incident radiation pathways. Adapted from Perrot et al.?®3

Formation of peroxide alteration phases has been further explored and found to be
somewhat dependent on the chemical environment. The hydrated peroxide phase studtite and
dehydrated phase metastudtite [UO»(O,)(H,0),] consume H,0; in a reaction with UO,?", leading
to their formation as a solid layer for both y—rays and o—particles (Figure 16). Further a—particle
radiolysis of studtite led to the formation of a reactive species and its conversion to metaschoepite,
[(UO,)s(0,)(OH)2]- 10H,0, in the presence of water. Additional UQ, alteration experiments also
noted the formation of schoepite [(UO,)s(0,)(OH),]-12H,0.278 These studies were performed
with de-ionized water, but if UO, was exposed to environmentally relevant conditions, such as
ground water, then the products and chemistry could be altered. Ground water contains various
solutes that can act as radical scavengers that, when paired with neat water radiolysis, diminish the

already low concentrations of H,O, resulting in decreased schoepite formation. With a high initial
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H,0, concentration that exceeds the scavenger concentration, studtite and/or metastudtite is most

favorable.?84

Although these studies have provided foundational information for the effects of water
radiolysis on UO, species, other studies have also explored the behavior of real UNF for extended
periods of time. Hanson ef al.'* exposed commercial UNF (c-UNF) to water without any external
radiation source and observed the corrosion phases present on the surface of the fuel. Crystallites
of metaschoepite were observed at short times on hydrated c-UNF particles; however, over two
years of water contact, metaschoepite was no longer present and the c-UNF was instead coated
with studtite and metastudtite. Thus, c-UNF under long-term storage conditions likely undergoes
radiation-induced oxidative corrosion and the relationships between schoepite and studtite phases

should be further explored to understand the nature of the reactive alteration phases.?’?

It is also important to highlight work by Jégou et al.2%* and Biippelmann et al.286 that
explored the impacts of radiation on transuranic oxide materials in aqueous solutions. Jégou et
al.®® investigated the impacts of y-ray radiolysis on MOX-47, [Pu,U)O,], material in water,
resulting in the oxidation of Pu(IV) to Pu(V), and U(IV) to U(VI). Pu(IV) was found to be more

stable over time than the U(IV) oxide materials, and soluble Pu(V) complexes were found to form

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Pu(OH), colloids from hydrolysis upon aging.28% Biippelmann et al.286 explored the redox behavior
of a—particle irradiated PuO, and Am(IV)(OH), in high ionic strength (< 5 M NaCl) solutions.
With irradiation of the high-ionic strength solution in both air and Ar, Pu(IV) oxidized to Pu(VT).28¢

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

Am(III) can also be oxidized to Am(V) under irradiation in air but remains stable in argon and 0.6

(cc)

M NaCl. As the pH increased to 8 and the NaCl concentration increased to 3 M, oxidation of
Am(IIT) to Am(V) was noted, indicating that pH and ionic strength play a role in the chemical

species.

Increasing the complexity of the solution is important for understanding environmental
transport; thus, Vladimirova et al.?®’ explored the behavior of PuO, in ground water exposed to y—
rays. They observed reduction of PuO, to a more soluble Pu(IIl) form by the reaction with H,O,.
The amount of Pu in solution can be linked to organic acids in ground water, particularly fulvic
and mellitic acids, that form soluble complexes. Further dose accumulation studies noted that high
doses such as 35 kGy result in the complete reduction of Pu(IV), whereas lower doses result in

only 35% solubilized plutonium in ground water. This difference is due to disproportionation

Page 49 of 74


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi00975h

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

Page 50 of 75

View Article Online
DOI: 10.1039/D5QI00975H

reactions where Pu(IV) interacts with water radiolysis products to produce Pu(Ill) and Pu(V), and
H,0, further reduces the remaining Pu(IV) to Pu(Ill). Thus, the direct interface of PuO, with
ground water will generate radiolysis products to reduce Pu(IV) to Pu(Ill), increasing material

solubility, leading to environmental contamination.

Although most studies in the literature focused on the oxidative dissolution of actinide
oxides, some experiments observe the reduction and precipitation of oxide materials. Rath et al.?88
reported the electron beam of U(VI) nitrate hexahydrate dissolved in N,-purged aqueous solutions
containing 10 wt% propan-2-ol resulted in the formation of UO, nanoparticles. The particles were
unstable in the presence of O,, resulting in reoxidation to U(VI). However, if the solution was
purged with N, and irradiated a second time, the UO, nanoparticles reformed. This study
demonstrates that the irradiation of U(VI) bearing solutions, particularly in complex waste streams
that contain organic solvents, can lead to the unanticipated formation of colloidal materials and

particulates. Additional studies are needed to fully understand these processes.
7. Challenges, Opportunities, and Visions

This review has summarized most of the work completed thus far for the irradiation of both
aqueous solution and solid-state actinide-containing systems. These ranged from cutting—edge
experiments to explore the pico-second evolution of radical species in solution and changes to
metal oxidation state, to focusing on the identification of radiolysis products and other long-lasting
changes to actinide materials. Bridging the gap between pulse radiolysis and longer time scale
dose accumulation studies can lead to a better mechanistic understanding of the behavior of
actinides in these reactive environments that have important implications in the nuclear fuel cycle.
In the following sections we highlight opportunities to enhance our understanding of actinides in

high radiation fields through a variety of chemical approaches.

One of the main challenges with both actinide and radiation chemistry is that each require
specialized facilities and licensing to complete the work. However, the infrastructure needed to
irradiate materials and work with radioactive samples are quite different, so there are only a
handful of facilities globally that can handle both. This limitation leads to challenges in developing
this important chemistry more fully; thus, it is important to continue investments in these two

areas. In addition, much of the infrastructure and workforce in actinide and radiation chemistry is
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aging, thus an influx of funds to support upgrades and educate the next generation is necessary to

continue developing the field.

It is also important to continue expanding the chemical systems that are evaluated by
irradiation experiments. While there have been significant and important efforts in some systems
(i.e., water, nitrate solutions, and oxide solids), it is somewhat surprising how few co-solutes and
solid-state material classes have been explored to date. Additionally, studies on the radiolysis of
organic solvents with actinides are needed because there is limited information regarding the
actinide chemistry in these systems. Preliminary studies have been conducted on solely the organic
solvent,?8% 2% but the impact of radiolysis products in conjunction with actinides remains
underexplored. With the development of next generation reactors and advanced reprocessing
strategies for complex waste streams, it is important to increase our understanding of radiolytic

effects on a broader spectrum of chemical environments.

Common analytical techniques utilized by inorganic chemists were listed in Figure 2.
These techniques fit within the toolbox of the inorganic chemist and can provide information on
bonding and speciation that are crucial to developing a complete picture of actinide behavior within

these systems. Some of these techniques are not routinely utilized in radiation chemistry, but the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

further development of these and other advanced methods to achieve shorter timescales can
provide additional signatures to enhance our understanding of the chemical timescales for the

metal species.

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

Continuing to explore and expand the time scales of actinide radiation chemistry
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experiments will lead to additional insights into the long-term behavior of these materials. Several
studies have reported radiation-induced reaction kinetics and changes in actinide oxidation states,
but few studies have reported steady-state dose accumulation products. Further, pulse radiolysis
experiments provide important insight into the mechanistic details and yields of products upon
radiolysis; however, few report the resulting complexes with the actinides present in solution.
Bridging the physicochemical stages with the non-homogenous and homogenous stages would
provide insights into the broader chemical system. Many actinide elements typically persist for
tens to thousands of years due to the radioactive lifetime of species present;**! therefore, long-term
dose accumulation studies (e.g., days, weeks, years) need to be conducted to fully understand the

impacts of radiolysis on reprocessing and the storage of nuclear waste.?*>2%3 Since these timescales
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are difficult to achieve at irradiation facilities, continued work on internal radiation experiments

are necessary to provide additional data for modeling chemical behavior.

One of the challenges with spectroscopic approaches is the deconvolution and
interpretation of the resulting spectra. This effort can be particularly challenging in the case of
actinides as the 5f~orbitals have complex electronic transitions, speciation, and redox behavior.
Therefore, additional efforts must be put forward by inorganic chemists to provide a fundamental
understanding of the chemical signatures for these actinide species. This advancement can occur
by aqueous phase or solid-state model complexes and with the development of chemical surrogates
(i.e., chemical radical initiators, peroxide generators) to mimic specific radicals produced during
radiolysis. Enhancements in the detection of low concentrations at fast time frames will enhance
our understanding of actinide speciation in the presence of reactive species formed through

radiolysis.

Additional efforts in developing existing and novel computational methods in the physical,
physicochemical, and chemical stages could also enhance our understanding of actinides in high
radiation fields. Much of the computational efforts in radiation chemistry track structure utilizes
Monte Carlo simulations and deterministic methods, which enables important information on
generation of radical species and their respective yields and kinetics.??42°7 These calculations are
essential for pulse radiolysis experiments to account for the fast kinetics (~ 10712 s), and can extend
to longer timescales as well to model the chemical speciation (i.e., H;O,, H,) of interest to
inorganic chemists.?*8-300 One of the challenges with these methodologies is that all equilibrium
reactions must be accounted for and setting up these calculations can be time consuming, requiring
~ 90 reactions for neat water radiolysis alone.?”® The models described above only partially
account for changes in actinide speciation and have focused solely on the solution, therefore the

development of models for actinide speciation is necessary.

Some studies have explored aqueous solutions on the surface of UNF to understand the
radiation-induced dissolution process.’?!-3%4 These simulations are reported to be fairly accurate
when homogeneous rate constants are used. Importantly, Eriksen et al.3% notes spatial dose rate
coefficients are needed for calculating the irradiation of materials at short times (< 107 s) but are
less important at longer times (> 1 s). In general, these calculations are time consuming, therefore,

the use of spatial distribution will make calculations more expensive. The tradeoff is that without
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employing spatial distribution, the results are less accurate. For calculations over longer periods,
a steady-state approach is fairly accurate; however, reaction mechanisms and kinetics cannot be
reliably determined using this method. Thus, the user must recognize these models may assume
poorly fitting rate coefficients and unrealistic mechanisms, even though the results may still match
experimental yields. Therefore, reaction rate coefficients must be determined experimentally and
used in the model. Additionally, mechanisms must be verified by the user to ensure they are
chemically sound. A more in-depth review has been provided by Eriksen et al.3% in regard to this

predictive modelling approach for radiation-induced dissolution of actinide solids.

DFT methods are now commonly utilized by inorganic actinide chemists to understand
speciation, determine energetics, predict spectral signatures, explain trends in bonding, and explore
electronic structure within molecules and extended solids.??® Recent solid-state irradiation
studies’® have implemented various DFT calculations, specifically for aid in radical
characterization,?* including the use of programs like ORCA3% which can be used to calculate g-
factors identified in EPR spectroscopy and are becoming quite accurate with the inclusion of
relativistic effects (i.e., ZORA),3073% necessary for actinides. Spin densities can be visualized
using Chemcraft®!? programs as well, to provide important insights into the interaction between

the metal cation and the radical species. To gain highly-accurate calculations, Complete Active

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Space Self-Consistent Field (CASSCF),3!- 312 dynamic electron correlation N-Electron Valence

state Perturbation Theory 2 (NEVPT2),’13 and spin orbit coupling using Quasi Degenerate

Open Access Article. Published on 10 July 2025. Downloaded on 7/19/2025 11:31:12 AM.

Perturbation Theory (QDPT)3!'4.315 are being developed for these complex systems.3'® For g-factor
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calculations, a matrix can be calculated after employing CASSCF methods through Effective

Hamiltonian,3!” which may enable more accurate predictions for irradiated materials.?'®

There are benefits and challenges associated with standard DFT that can arise within
radiation chemistry; therefore, understanding its limitations is crucial. Benefits of DFT include
geometry predictions, determination of bonding networks including bond orders, bond lengths,
and bond angles, calculating dispersion forces—all of which have had great success in many
computational studies.??® 31 However, the use of DFT requires the user to screen various basis
sets and functionals to test which works best for each system.3?? Without proper screening of basis
sets and functionals, large errors can easily arise. Benchmarking is essential for any set of
calculations involving different actinide structures because a single basis set may not be

universally accurate for all systems. Additional considerations include the treatment of the actinide
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and its 5f~orbitals. Different corrections can be made to treat the electrons in the f~orbitals as either
localized or delocalized, which can also impact the results for actinide-ligand interactions,
especially when determining radical signatures associated with the actinide complexes.32!-324
Overall, DFT typically does a poor job for calculating bulk solution chemistry.3>> However, when
investigating the effects of a single outer-sphere shell of water or discrete network of water and an
actinide moiety, DFT can still be used.3?%-3?7 The dynamics in which electrons move throughout a
system are important, and some solvation calculations have reported surface hopping dynamics of
electrons;3?8-330 however, gaining accuracy in these systems pushes towards gas- or condensed-
phase calculations that may not accurately represent the behavior of the system.?3! Gas- and
condensed-phase calculations typically represent ideal behavior of complex interactions.
Ultimately, the environment chosen for the calculation is crucial and can easily complicate

computational methods.

Additionally, DFT calculations use many approximations, such that typical calculations
are usually ground-state calculations.’*? In terms of materials exposed to ionizing radiation, it is
likely that both ground- and excited-states can arise. Thus, the use of a multireference methods
such as CASSCF would be more favorable to account for excited-states. That said, there are also
challenges with multireference methods, including the choice of chemical space—a common
challenge in general when using DFT—and selecting specific orbitals and symmetries to calculate.
Therefore, possessing chemical knowledge of the system can aid in determining the relevant
chemical space and limiting the number of calculations to be run to a reasonable number to save
computation time. Additionally, one can choose to make one part of their system multireference
while the rest can be treated as periodic DFT, leaving many choices for the user to make. For a
more comprehensive review of advantages and disadvantages with using DFT, we recommend a

review written by Cohen et al.3*? and a perspective by Burke.???

In summary, continued development of instrumentation and data analysis procedures by
inorganic and radiation chemists will lead to broader improvements in the identification and
fundamental understanding of actinide species in both solution and solid-state chemistry. Inorganic
chemists and their perspectives can provide critical insight into this realm of research, creating a
unique perspective for the radiation chemistry of actinide-containing materials. However,
collaborations between inorganic and radiation chemists are imperative so that experiments are

performed safely and interpreted correctly. These collaborations provide valuable insights into the
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behavior of actinides in high radiation fields, which will ultimately drive progress in the safe
handling and storage of nuclear materials, improved strategies for UNF reprocessing, and aid in

the remediation of environmental contamination.
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