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While radiolytic hydrogen (H,) generation is an intrinsic property of
aqueous and mineral radiolysis in nuclear waste systems, detection
of the sub-ns events leading to H, generation is challenging.
Interfacial processes involving key mineral phases in the sludge,
e.g., gibbsite (a-Al(OH)z), have been implicated, with impurities
affecting the amount of H, generated. To understand why gibbsite
synthesized from nitrate precursors produces less H, than gibbsite
from chloride precursors, we paired 2’Al multiple quantum magic
angle spinning (MQMAS) NMR spectroscopy to determine structural
heterogeneity with transverse-field muon spin rotation (TF-pSR) to
probe electron availability. MQMAS revealed greater structural
disorder in the gibbsite synthesized with nitrate (NOs-gibbsite).
Correspondingly, TF-pSR showed a larger diamagnetic fraction for
NO;z-gibbsite, indicating reduced persistence of u*-electron bound
states (muonium or other radicals) and thus fewer electrons avail-
able for reaction on the sub-ns timescale. This establishes a corre-
lation between impurity-induced disorder and electron loss. The
diamagnetic fraction serves as a signature for these sub-ns events,
as it provides a key constraint for predictive models without
currently resolving whether the electron is lost to direct chemical
scavenging or trapping at lattice defects.

The radiolytic generation of H, gas within nuclear waste tanks
and in deep geological repositories is an intrinsic property of
aqueous and mineral radiolysis. In waste tanks it requires
costly infrastructure for detection, monitoring, and venting to
mitigate the persistent risk of flammable gas accumulation."
This further complicates nuclear waste processing and long-
term nuclear waste storage strategies.” Because gibbsite
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(«-Al(OH);) is a major mineral constituent of this legacy
waste,” it provides an essential model system for understanding
the fundamental solid-state pathways of H, generation via
radiolysis." However, the earliest steps of this process, particu-
larly the fate of radiation-generated electrons, remain poorly
resolved. A predictive understanding of how the gibbsite lattice,
and any impurities within, govern this initial regime will
inform management of H, formation and mitigation strategies.

The significance of this knowledge gap is evident in the
impurity-dependent radiolysis of gibbsite. Under gamma
(y)-radiolysis, gibbsite synthesized from chloride precursors
(Cl-gibbsite) produces order-of-magnitude larger H, yields than
gibbsite synthesized from nitrate precursors (NOs;-gibbsite)
with impurities present in <1 atom% amounts.* This dramatic
difference in reactivity occurs even though bulk structural
probes like X-ray diffraction, FTIR spectroscopy, and micro-
scopy show no significant differences in the gibbsite.”® Infor-
mation regarding phenomena underlying the larger H, yields
has been obtained by electron paramagnetic resonance (EPR)
studies that identified trapped atomic hydrogen centers (H®) in
Cl-gibbsite but not in NOs-gibbsite.> Recent work has further
shown that transition-metal dopants such as Fe(m) and Cr(im)
also suppress H* formation and reduce H, yields, consistent
with electron scavenging mechanisms.” We hypothesize that
the disparity in H, yield originates from differences in the
availability or localization of precursor electrons on the sub-ns
timescale. The sub-ns events in this dynamic regime are
inaccessible to conventional static measurements, and while
pulse radiolysis with EPR is valuable for radical detection in
solutions,® it is not readily applicable to opaque solids such as
gibbsite without specialized adaptations.

To overcome these barriers, we employed a strategy that
pairs two complementary techniques. First, transverse-field
muon spin rotation (TF-uSR) provides an internal, non-optical
probe of electron availability at sub-ns timescale, with relaxa-
tion dynamics extending into the ps regime.”"> For an intro-
duction to this technique, see Hillier et al.** In this technique,
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an implanted positive muon (u') acts as a light, radioactive
isotope of hydrogen possessing spin 1 properties.'”> Implanta-
tion leads to a localized ionization track, generating a path of
electron-hole pairs in a manner analogous to the primary
interaction of a gamma photon."® The product of p* implanta-
tion can yield a diamagnetic species or, if an electron is
captured, a bound p'-electron state (muonium or other muo-
nated radicals).” Upon decay, the p* emits a positron that is
preferentially emitted along the muon spin direction. Therefore,
the relative balance between diamagnetic and paramagnetic
channels provides a signature of the survival of radiation-
generated electrons, because the relative magnitude of the
observed diamagnetic fraction indicates the availability of
radiation-generated electrons that persist before trapping or
recombination.'® This technique is paired with *’Al multiple-
quantum magic-angle spinning NMR (MQMAS) to characterize
structural heterogeneity."* By resolving the distribution of local
electric-field gradients around aluminum sites, MQMAS pro-
vides a bulk measure of impurity-driven disorder, where broader
spectral features indicate greater structural heterogeneity.'®

Here, we apply this combined MQMAS and pSR approach to
test the central hypothesis that impurity-associated lattice
disorder in gibbsite correlates directly with reduced sub-ns
electron survival. We analyze the static structural features from
NMR with the dynamic electronic information from TF-uSR, to
establish a correlation between disorder and electron fate.
These experimental results provide input for constraining pre-
dictive models of radiolysis and can be used to further develop
frameworks for understanding impurity effects in other
complex hydroxide and oxide materials relevant to nuclear
waste management and radiation science.'® Detailed experi-
mental methods are available in the SI.

To investigate whether the distinct radiolytic behavior of Cl-
gibbsite and NO,;-gibbsite corresponds to different structural
perturbations, we first evaluated the local aluminum environ-
ments using solid-state >’Al MQMAS NMR. This technique is
well-suited for this purpose, as it improves spectral resolution
by correlating the isotropic chemical shift with the second-
order quadrupolar interaction, effectively separating the broad
line shapes common to half-integer quadrupolar nuclei like
*7Al into a second spectral dimension."® In well-ordered gibb-
site, the two distinct octahedral Al environments are typically
resolvable in >’Al MQMAS spectra.’>'” As shown in Fig. 1, the
introduction of an anionic impurity perturbs this crystalline
order. Cl-gibbsite and NO;-gibbsite nanoplatelets exhibit dis-
parate and significantly broader spectra relative to literature
studies of highly crystalline gibbsite,’>'” indicating that both
impurities increase the heterogeneity and distribution of local
Al environments.

When comparing the two impurity-containing systems in
Fig. 1, the Cl-gibbsite retains relatively sharper, partially
resolved features, which is consistent with a more constrained
or regular distribution of lattice perturbations. By contrast, the
spectrum of the NOj-gibbsite is markedly broader and less
resolved. This signifies a wider distribution of electric-field
gradients and thus greater structural heterogeneity throughout
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Fig.1 2’Al MQMAS NMR measure of disorder. The (A) NOs-gibbsite and
(B) Cl-gibbsite spectra. The two peaks of gibbsite are better resolved in the
chloride analogue. Spinning sidebands are marked (SSB). The sharper site
distribution of the Cl-gibbsite sample is annotated with an arrow.

the material.'> A precise deconvolution of these overlapping

line shapes is challenging, since either Gaussian or Lorentzian
broadening of the typical site-specific parameters in gibbsite
(quadrupolar coupling constant, isotropic chemical shift, and
asymmetry parameter),"® or the introduction of Czjzek-type
distributions'® can reproduce the data. However, the qualitative
trend in Fig. 1 is unambiguous. This observation of greater
lattice disorder in NO;-gibbsite provides the structural context
for interpreting the TF-uSR results that follow, allowing us to
test whether this increased heterogeneity correlates with a
change in sub-ns electron availability.

Having established a difference in structural disorder, we
next used TF-uSR to probe the dynamics of radiation-induced
electrons for ps to sub-ns timescale. In this experiment, the
observed implanted 1" may follow one of three outcomes: (i)
appear as a long-lived diamagnetic species, (ii) form persistent
paramagnetic p'-electron states (Mu or other muoniated radi-
cals with a life time from 0.1 ps to potentially several ps), or (iii)
undergo ultrafast loss (<few ns but longer than 100 ps) of Mu
radicals " that depolarize too rapidly to be resolved. The
present data do not allow quantitative partitioning between
(ii) and (iii), but both contribute to the sub-ns asymmetry loss
distinguished from the well-defined diamagnetic fraction. The
relative abundance of these states is quantified from their
amplitude in the TF-uSR data. The amplitude of the diamag-
netic fraction (Aq;.) serves as a direct, inverse proxy for electron
availability at the muon’s stopping site. A larger Aq;, signifies
suppressed formation of (ii) and (iii) and thus reduced electron
availability.
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Fig. 2 TF-uSR diamagnetic fraction and model consistent AAg;,. (A) Data
and traditional NLLS fit (black line) and representative ensembile fits (0—10 ps)
for Cl-gibbsite (top) and NO3-gibbsite (bottom) with MC-UQ bands, showing
reliable capture of the long-lived component. (B) AAgi, for each model with
Lorentzian fits. (C) Joint posteriors for Agiz and Agia.

Our central finding is that nitrate and chloride impurities
result in disparate Ag, in gibbsite. As shown in Fig. 2A, both a
2-component model (diamagnetic oscillator + constant back-
ground, treating the ~0.1 ps asymmetry as lost) and a 3-
component model (diamagnetic + fast paramagnetic oscillator +
constant background, explicitly assigning part of the ~0.1 ps
signal to a short-lived p'-electron state) fit the long-lived
diamagnetic precession envelope in both samples, establishing
model adequacy for extracting Agi,. Fig. 2B shows that NO;-
gibbsite exhibits a larger Aq4;, than Cl-gibbsite, independent of
the inclusion of an additional component attributable to a free
radical. This result provides evidence that sub-ns electron
availability is diminished in the more disordered, NO;-
gibbsite. Reported values, such as those in Fig. 2B for the 2
and 3 component models, were primarily determined via
Monte Carlo Uncertainty Quantification (MC-UQ) as detailed
in the SI. This approach, which resamples variance-matched
synthetic datasets, accounts for non-linear parameter
correlations.?® The joint posteriors in Fig. 2C show that the
regions of solution of Ag;, and Aq;, are well constrained and
exhibit weak correlation, supporting the reliability of Ag;, as an
independent parameter not convoluted with other parameters,
unlike the poorly identifiable paramagnetic fraction (A,) para-
meters described hereafter.

To test the sensitivity of our results to model choice, we
compared a two-component fit and three-component fit at ¢t <
0.04 ps. As shown in Fig. 3A, the two-component model system-
atically underpredicts the initial asymmetry at ¢ < 0.01 ps,
indicating an unresolved fast-decaying contribution. Fourier-
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Fig. 3 TF-uSR analysis of fast components. (A) Short-time projection
(<0.08 ps) showing that the two-component model (purple) underpre-
dicts early data (< 0.01 ps). The traditional NLLS fit is shown in black, while
fixed-A fits (red, 60-20 ps™Y) overlay each other, indicating parameter
unidentifiability. (B) Fourier transform magnitude shows a weak ~80 MHz
feature assigned to a paramagnetic species in both samples. (C) Joint
posteriors for Ag and 7, (us™) confirm poor identifiability, with amplitudes
bounded to <0.05 (NO3) and <0.08 (Cl), importantly leaving the differ-
ence in Aqia (Fig. 2) unchanged.

transform inspection of the ns asymmetry (0-0.01 ps) in Fig. 3B
reveals a weak feature at ~80 MHz (&~ 60 G) in both samples,
consistent with a short-lived paramagnetic state. Incorporating
this contribution in the three-component model reduces the
residuals, but the fast-term parameters, such as 4, remain
poorly identifiable. Posterior distributions in Fig. 3C show this
weak identifiability as a ridge of solutions, bounding A4, to
<0.05 in nitrate and <0.08 in chloride. AAg;, is invariant
across both models and links the greater structural disorder
observed by NMR (Fig. 1) to suppressed electron survival on the
sub-ns timescale.

We note the minor difference in applied fields (~58.3 G vs.
56.1 G) affects the precession frequency but has a negligible
impact on Ag;, in this regime.*' Interpretation of secondary
parameters, such as the diamagnetic relaxation rate and fre-
quency, as well as the bounded properties of the short-lived
component (SI), will require future experiments varying tem-
perature and field strength. Definitive species-level assignment
of short-lived paramagnetic components will require measur-
ing the hyperfine coupling constant along with simulations,
which are not included in the present work but are planned for
follow-up studies.

Taken together, the combined MQMAS NMR and TF-uSR
measurements provide an opportunity to further constrain
mechanisms of impurity effects in gibbsite. The *’Al MQMAS
results (Fig. 1) unambiguously show that nitrate impurities

This journal is © The Royal Society of Chemistry 2026
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induce a broader dispersion of local aluminum environments
than chloride, signifying greater structural heterogeneity.
Complementing this structural observation, the TF-uSR results
(Fig. 2 and 3) reveal that this NOs-gibbsite exhibits a larger
diamagnetic fraction following p* implantation.

Part of the sub-ns asymmetry could arise from short-lived
paramagnetic p-electron states (Mu or other radicals) or from
ultrafast quenching processes. The current data likewise can-
not distinguish between direct electron scavenging by the
nitrate impurity versus trapping at a nitrate-induced lattice
defect. Specifically, two competing (and potentially synergistic)
pathways could explain our observations. The effect could be
primarily chemical, where the nitrate ion acts as a direct and
efficient scavenger for electrons. Alternatively, the effect could
be physical, where the extensive lattice disorder itself creates
structural defects that trap electrons or reduce their mobility,
thus preventing them from reaching the muon.

The order-of-magnitude disparities in final H, yields likely
also reflect downstream processes, such as defect-assisted
transport and trapping, that occur beyond the timescale probed
here. Within this context, the modest increase in the diamag-
netic fraction for NO;z-gibbsite (Adg;, = 0.03) is directionally
consistent with the absence of persistent H* centers by EPR and
the lower bulk H, yields.* While this study is limited to a point
comparison of gibbsite with trace chloride or nitrate, it is
nevertheless consistent with a reduced electron availability
for bound-state formation in the nitrate-containing material.
Our TF-uSR measurements therefore provide a sub-ns mecha-
nistic complement to these longer-timescale probes. More
broadly, quantifying impurity-induced changes in Aq;,, coupled
with future refinements in resolving the abundance and prop-
erties of the short-lived p'-electron states, offers a strategy for
interrogating how impurities modulate radiolysis across
diverse oxide and hydroxide systems.
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