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Abstract

Lithium-containing borosilicate glasses are used for the safe containment of high-level nuclear waste
in the UK. Glasses were fabricated with varying Li,O contents and irradiated to a total y-dose of 80
MGy to probe the relationship between Li,O contents and vy irradiation-induced defects. Semi-
quantitative X-band Electron Paramagnetic Resonance (EPR) measurements revealed the formation of
boron-oxygen hole centres (BOHC), electron-trap centres, Oxy radicals and hole centres (HC,) defects
after y-radiation. The results highlight the beneficial impact lithium has on the glass network against
the formation of paramagnetic defects by transforming BOs sites to [BO.]". Experimental evidence from
EPR and Nuclear Magnetic Resonance (NMR) spectroscopy indicated that the primary defects formed
in the 4-component and 7-component glasses are BOHCs on bridging oxygens of the BOs sites and Oxy
radicals linked to silicon atoms, respectively. All glass compositions reached defect saturation around
25 MGy suggesting that the number of components in the glass network or Li.O content does not
significantly influence saturation dose, however, no change in the environment or connectivity of the

boron, sodium or silicon subnetworks was observed by multinuclear NMR.
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1. Introduction

Vitrification is the process of immobilising High-Level radioactive Waste (HLW) in a durable solid
matrix where the radioactive elements are chemically bonded into the glass structure [1]. The main
sources of radiation in HLW for the first 100 years will be from fission products, such as *°Sr and **¥Cs,
which are short lived B-emitters, and subsequently from long lived a-emitting minor actinides, such as
28 Am and #Cm [2]. B-decay results in the emission of y-rays which will interact with the glass through
ionisation resulting in the formation of defects such as electron trap centres [3,4] and hole centres [5,6]
in the glass network. Conversely, damage by a-emitting minor actinides is predominantly via displacive
damage from recoil atoms and ionization from helium atoms from the a-decay. In this work, we explore

the effect of y-rays on the modifications in multicomponent borosilicate glasses.

The glass compositions used for the immaobilisation of HLW are typically alkali borosilicate glasses;
however, the optimum composition differs depending on the composition of the country’s HLW stream
[7]. In the UK, lithium-containing borosilicate glass compositions are used and termed ‘Mixture

Windscale’ (MW) a 4-oxide glass, and ‘Calcium Zinc’ (CaZn) a 7-oxide glass.

Lithium is of interest due to its broad application across many fields such as, lithium-ion batteries [8,9],
ionic glasses [10,11] and nuclear waste storage [2,12]. Lithium ions are small, highly mobile and have
a large Cation Field Strength (CFS). Lithium can have two roles in the glass network simultaneously,
i.e. as network modifier or charge compensator. The most recent study characterising the MW and CaZn
glass networks assessed the impact lithium content has on the connectivity of the two glass networks
[13]. It was found that an increase in lithium content resulted in an increase in [BO4]  sites at the expense
of BOs, depolymerisation of the silicate network and a reduction in the glass transition temperature. It
was also discovered that lithium had a greater impact on the stability of the glass network in CaZn,
compared to MW, as the CaZn network experienced a greater change in connectivity at higher lithium
contents. The use of 1B and ®Li Nuclear Magnetic Resonance (NMR) spectroscopy employing dipolar-
coupling and J-coupling Heteronuclear Multiple Quantum Correlation (D-HMQC [14] and J-HMQC
[15]) experiments enabled the authors to probe through space (D-HMQC) or through bond (J-HMQC)

correlations. The authors demonstrated that Li* ions are in close proximity to BOs sites at all lithium
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concentrations but only at higher lithium contents are Li* ions near [BO4] sites where they act as charge
compensator. !B Magic Angle Spinning (MAS) NMR spectra revealed that non-bridging oxygens
(NBO) do not exist on the BOs sites in any of the MW and CaZn glass compositions targeted. The same
glass compositions have been used in this work to assess the impact of lithium content on the formation

of y-radiation induced defects.

The effect of ionising radiation on the MW glass composition has been investigated in the past using y-
radiation doses up to 10 MGy [16-18]. These studies used Electron Paramagnetic Resonance (EPR)
spectroscopy to confirm the presence of paramagnetic defects, atoms or ions possessing at least one
unpaired electron such as Boron Oxygen Hole Centre (BOHC), Electron Trapped centres (ET and E’),
Oxy radicals and Hole Centres (HC). However, no significant structural or mechanical property changes
were observed via Raman spectroscopy or Vickers hardness testing, respectively. To the best of our
knowledge, only two y-radiation studies have been carried out on the 7-oxide CazZn glass and
uncertainty remains in the assignment of all paramagnetic species formed after y-irradiation [16,19].
This is likely because its multicomponent composition produces EPR spectra that are broad and difficult
to deconvolute making defect assignment challenging. Furthermore, despite these glasses being
intended for the storage of HLW in a Geological Disposal Facility (GDF) for over 10,000 years, the
current literature on these glass compositions only go up to 10 MGy of y-radiation doses, equivalent to
~ 10 years of storage time [18,20]. Here we detail, via semi-quantitative EPR measurements, the effect
of y-radiation on the MW and CaZn glass networks when saturated with paramagnetic defects and
identify that this occurs at a y-irradiation dose of ~ 25 MGy for all glass compositions in this work.
Additionally, the impact this defect saturation dose of ~ 25 MGy has on the !B, ?®Na and #*Si NMR
spectra is explored. It is important to understand the role that the composition has in the defect formation
as it determines where in the network the defects form. It is understood that these glass compositions
do not contain NBOs on the BOs sites therefore we strongly infer, with supporting evidence from NMR
and EPR spectroscopies, that the BOHCs formed in these glasses are all on bridging oxygens (BOS) in

the boron network.

2. Materials and Methods
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2.1 Sample preparation

The glass frit, supplied by the United Kingdom National Nuclear Laboratory (UKNNL), contains half
of the final amount of lithium as half is held back in the vitrification process in order to be re-added
with the liquid HLW feed as LiNO3z where it acts as a flux to optimise calcination [21,22]. The full
lithium glasses were prepared by adding the appropriate quantity of LioCOs (a laboratory substitute for
LiNO3) to the respective frits. The glasses are termed MW Y%Li, MW full-Li, CaZn %Li and CaZn full-
Li throughout this work. Full sample preparation details and compositional analysis are given in our
previous publication [13] and all samples were powdered prior to y-irradiation. The measured
compositions by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) and X-Ray

Fluorescence (XRF) Spectrometry are tabulated in Table 1.

Table 1: Glass compositions as measured by ICP-OES for B and Li and XRF for all remaining oxides
in oxide mol% [13]. The uncertainty noted in the measured values is for the cation. The presence of
Fe>Os in the MW full-Li glass is likely from impurities in the raw materials and is not typically present

in the MW base glass.

X Si0, B0y L0 N&O  ALO;  CaO  Zn0  FeOs
MW 6527+ 1932+ 456+ 1073¢ 013
wli 151 060 009 041 001
MW  6008% 2027+ 035+ 098+ 025¢% 015+
full-lLi 142 . 064 018 039 0.1 "~ o0l
Cazn  5329% 2035% 220+ 824+ 298 76l 532%
wli . 118 060 004 030 013 024 0.7
Cazn 4934+ 2162t 553+ 767+ 364+ 723t 497+
fall-lli - 110 065 010 028 016 023  0.26

2.2 y-irradiations

The vy-irradiations were performed using a Foss Therapy Services 812 °Co Gamma irradiator at the
Dalton Cumbrian Facility, The University of Manchester, which supplies 1.17 and 1.33 MeV energy y-
photons from three 8°Co source rods with activity evenly distributed along each rod, supplying a planar
radiation field [2,3]. Glass powders were contained in clear glass vials in a two-tiered sample holder

(Figure S1). The glass powders remained in the same position throughout the duration of the studies.
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The samples were placed the same distance from the ®°Co source and received the same rate of
irradiation. Approximately 60 g of glass powder was loaded into the glass vials initially and periodically
approximately 10 g of each powder was removed for analysis once the desired dose rate had been
reached. The powdered glasses were irradiated to total doses of 0.5, 5, 25 and 80 MGy. The absorbed
dose rates of each sample were determined using a Radcal Corporation Accu-Dose+ base unit equipped
with an ion chamber, model name 10 x 6-0.18. This base unit and ion chamber are calibrated together
annually to traceable UK and international standards. The chamber temperature increases over the first
45-60 minutes with a maximum measured temperature of 318 K with a new ®°Co source, the maximum
temperature then drops over time as the source decays and a new maximum temperature of 308 K is
reached. For NMR and EPR experiments, no further handling of the samples occurred, and data
collection was carried out within a month after the desired dose rate had been reached. The irradiated
samples remained in a secured desiccator before measurements were carried out. Additional details on

the ®°Co y-irradiator at the Dalton Cumbrian Facility, University of Manchester are given in [2,3].
2.3 Electron Paramagnetic Resonance

First derivative continuous wave EPR spectra were obtained for all glass compositions and doses at
room temperature and at the X-band frequency (~ 9.86 GHz) with a sweep width and central field of
1000 G and 3500 G, respectively, using a Bruker EMX Plus spectrometer with a 1.8 T electromagnet.
The magnetic field modulation was 100 kHz, the microwave power 1 mW, the power attenuation 23
dB and the modulation amplitude 5 G. Additional spectra using the same parameters but with a wider
sweep width of 6000 G and central field of 3000 G were acquired on a standard sample of Cu(OAc);
and unirradiated MW full-Li to fully assess the broad EPR signal due to the presence of metal ions

species in these samples.

To obtain semi-quantitative EPR results, each quartz tube was marked ~ 3 cm from the bottom and
weighed prior to filling with glass powder. The weight of glass powder used varied between
composition and dose due an inhomogeneous particle size distribution. An appropriate standard sample
of Cu(OAc); [25] was measured under the same experimental conditions. Cu(OAc), has a known
electron spin concentration (2.06 x10*° spin/cm, [25]) thus enabling the approximate quantification of

6
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its concentration in the y-irradiated glass powders relative to Cu(OAc); [26]. Conventional quantitative
EPR utilises the total intensity of the integrated absorbance spectrum and the weight of the measured
sample. The authors employed this method, which is commonly used by others [26,27]. All mentions
of the approximate electron spin concentration in the y-irradiated glasses are given as wt% of Cu(OAC)..
The error in quantifying the electron spin concentration was determined by repeating the integration
calculation three times per sample and a conservative 5 % error was applied on top of this to account
for differences in sample height in the EPR tube, small differences in the placement of the EPR tube in
the microwave cavity, the error involved in weighing the sample prior to measuring and the varying
thermal stability of the defects formed at room temperature. The relative percentage of each defect in

the full-Li compositions was estimated based on the simulation and by using the copper standard.

A strong pitch was used to calibrate the g-values. The exact g-values and other Hamiltonian parameters
for the various radicals generated were evaluated by the SimFonia program provided by Bruker using
the second derivative EPR spectra. Only the full-Li MW and Cazn 5 MGy y-irradiated EPR spectra
were used in the fitting procedure as the nature of defects formed in the glass network did not change

with y dose or lithium content.

The second derivative EPR spectra were obtained by differentiating the first derivative EPR spectra to
further elucidate the complex resonance absorption signals arising due to the superimposition of

resonances arising from different paramagnetic centres.
2.4 Nuclear Magnetic Resonance

The B MAS NMR spectra were recorded at two magnetic fields: (i) 500 MHz on a Bruker Avance
NEO spectrometer equipped with a 3.2 mm HX Bruker probe, tuned to vo= 160.46 MHz and spun at a
MAS rate of v, = 10 kHz, and (ii) 800 MHz Bruker NEO spectrometer equipped with a 1.9 mm HXY
tri gamma Bruker probe, tuned to vo = 256.71 MHz on the X channel and under an MAS rate of v, = 30
kHz. Samples were packed into either 1.9- or 3.2-mm zirconia Bruker rotors and spectra were collected
at room temperature. Quantitative spectra were obtained from a one pulse sequence with a central

transition selective pulse of duration 0.83 us (/6 flip angle on the solid) with a radio frequency (rf)
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field amplitude of 50 kHz at 500 MHz. 1D spectra at 800 MHz were acquired using rotor-synchronised
Hahn echo pulse sequence 7/6 — 1 - w/3 — t — acq with the t delay corresponding to one rotor period. A
recycle delay of 50 s (corresponding to 5 x T1, where T is the spin-lattice relaxation time) was used for
all compositions of y-irradiated samples to allow for complete longitudinal relaxation. T, was measured
via a saturation recovery pulse sequence using a saturation block of 100 7/2 pulses separated by 1 ms
and resulting data were fit using the equation I(t) = lo[1-exp(-(t/T1)] where I(t) is the magnetization at
time t, lo the initial magnetization, t the variable delay for magnetization build up, employing the same
method as our previous publication [13]. The boron background of the probe was removed by
subtracting the 1D B MAS NMR spectra of a rotor containing KBr under the exact experimental
conditions as the !B MAS NMR spectra of the glasses. The experimental B 1D MAS NMR spectra
were fit in the software DMPFit [28] using a second order quadrupolar line-shape for the BO; sites and
a Gaussian distribution for the [BO4]" sites. Spectra were fit using quadrupolar parameters which were
determined experimentally via 'B Multiple-Quantum MAS (MQMAS) experiments on the unirradiated
versions of the glass powders [13], enabling the percentage of BOs to [BO4]" sites in the glass networks

to be obtained.

ZNa MAS NMR spectra were recorded on an 800 MHz Bruker NEO spectrometer with a 1.9 mm HXY
Tri gamma Bruker probe tuned to vo = 211.65 MHz on the X channel. Samples were packed into 1.9
mm zirconia Bruker rotors and spun at a MAS rate of 30 kHz. A one pulse sequence with a short flip
angle (/6 on the solid) of duration 1.04 us and rf field amplitude of 40 kHz was used. A quantitative
recycle delay of 10 s was used as this was found to be sufficiently long for complete longitudinal
relaxation with T; being measured following the same approach as detailed above for 1B and from a

previous publication [13].

29Si MAS NMR spectra were obtained on a 400 MHz Bruker Avance |11 HD spectrometer using a 4 mm
HXY Bruker probe in double resonance mode tuned to vo = 79.50 MHz. Glass powders were packed
into 4 mm zirconia Bruker rotors and spun at a MAS rate of 8 kHz. Quantitative spectra were recorded
using a one pulse sequence with a 7/2 flip angle of duration 5 pus at a rf field amplitude of 50 kHz using

a recycle delay time equal to 5 x T1. #Si Tis were measured using the same experimental setup as !B
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detailed above and the resulting data were fit utilising the same method previously published by the
group [13] employing a stretch exponential equation I(t) = lo[1-exp(-(t/T1)*])] where a is the stretch
exponent. a values range from 0.4 to 0.6 due to a distribution of values arising from the amorphous

nature of the glasses and it is noted that y-irradiation did not impact on this parameter.

1B, 2Na and 2°Si chemical shifts were referenced externally to the NaBH, signal at -41.4 ppm, 1 M
NaCl in H,O at 0 ppm and the M site of Q8M8 at 11.5 ppm [29]. References were also used for rf field

amplitude calibrations.

3. Results

3.1 Electron Paramagnetic Resonance
3.1.1 Unirradiated glasses

Figure 1 shows the first-derivative X-band room temperature EPR spectra for unirradiated and 25 MGy
y-irradiated MW and Cazn glass powders with their full and %2Li content. A very weak EPR signal was
detected in the 330 — 370 mT for all unirradiated full-Li compositions (dashed lines in Figure 1 and
spectra in Figure S3) whilst no signal is observed for the unirradiated %Li glasses (Figure S3). EPR
signal integration of the absorbance spectra and normalisation by sample weight reveal a number of
defects in both unirradiated full-Li glasses to be equivalent to 7x10° wt% of Cu(OAc). which is

considered to be negligible.
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Figure 1. Experimental first-derivative X-band EPR spectra recorded at room temperature of (a) MW
YLi (blue), (b) MW full-Li (green), (c) Cazn YLi (orange) and (d) Cazn full-Li (purple). The solid
lines are the 25 MGy y-irradiated experimental spectra that follow the same colour scheme for each
composition throughout this work and the dashed lines are the experimental spectra of the unirradiated
glass compositions (a magnified view of the corresponding EPR spectra is available in Figure S3),

highlighting negligible defects in the latter.

3.1.2 y-irradiated glasses

The EPR absorbance spectra comparing all four glasses are shown in Figure S2 and exhibit an
asymmetrical signal around 350 mT with a small shoulder at 360 mT. The signal at 350 mT in the CaZn
glass is composed up of at least two contributions, one at ~ 350 mT and ~ 355 mT. The signal at ~ 355
mT is more intense in CaZn “4Li as opposed to the full-Li implying that this signal is influenced by the
lithium content of the glass network. Furthermore, as this ~ 355 mT signal is not observed in the MW
compositions it infers that this signal may be related to the enhanced complexity of the CaZn network
due to the additional presence of aluminium, calcium and zinc. The shoulder at 360 mT is more intense

in CaZn than MW indicating that the intensity of this signal is likely composition related.
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The differences between the MW and CaZn spectra are much more clearly observed in the first- (Figure
1) and second- (Figure S6) derivative EPR spectra. The first-derivative EPR spectra exhibit a sharp
strong EPR resonance near g ~ 2 (magnetic field range 330 — 370 mT) and as negligible defects were
present in the unirradiated versions of the glasses in this region (Figure 1), this indicates that all defects
formed in this region were created by y-rays. The line-shape of EPR spectra of the irradiated glasses
can be decomposed into a sum of several different paramagnetic defect centres as described below. In
this work any change, outside of experimental error, in the unirradiated glass network after y-irradiation

is considered a defect.

There is a small variation in the EPR resonances upon lithium addition to the glass network, the EPR
spectra of both “LLi MW and CaZn being slightly sharper and more intense than their full-Li
counterparts. Despite this small change in line-shapes, the same EPR resonances and parameters are
obtained in all EPR spectra at all y doses, and it thus can be inferred that only the relative proportion of
defects varies with lithium content whilst their nature remains the same. The defects created after y-
radiation and their corresponding three principal g-values of the g tensor were obtained from fitting the

second derivative EPR spectra (Figures 2 and S6) and are detailed as follow.

Firstly, the second derivative EPR spectra of all glass compositions (Figures 2(b) and S6) revealed a
well resolved quartet hyperfine splitting structure due to the presence of a BOHC in all glass
compositions. A BOHC is defined as a hole trapped on an oxygen atom of a BOs site [4], the quartet
arising from the interaction between the hole (unpaired electron) on oxygen with !B which has a spin
S = 3/2 and natural abundance ~ 80 %. Coupling to 1°B (natural abundance ~ 20 %) with S = 3 was not
observed in these glasses as, due to the low resolution and lower sensitivity, it is hidden in the linewidth
of the EPR signal and buried underneath the stronger EPR signal amplitude contribution from the
hyperfine coupling to B, respectively. The magnitude of the hyperfine splitting is given by the
hyperfine coupling constant A (Table 2), which depends on the nuclear moment and the size of the
interaction of the unpaired electron spin density at the boron nucleus site. The size of the hyperfine
splitting for a BOHC in these glasses is relatively small (~ 2 mT) indicating the unpaired electron is

located away from the boron [4]. The size of A is slightly larger than reported values for other BOHCs

11
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in the literature (~ 1.3-1.5 mT [4,30-32]) suggesting that in the MW and CaZn compositions the

unpaired electron is closer to the boron inducing a larger hyperfine interaction.

: - ;
345 350 355 360
11 (mT)

" J/ j IMP
[

320 330 340 350 360 370 380
Magnetic field (H) / mT

Figure 2. Room temperature experimental and simulated EPR spectra of MW full-Li irradiated to
5 MGy illustrating each defect contribution to the overall line-shape. (a) experimental (black) spectrum

and simulated (purple) spectrum decomposed into (b) BOHC (red) overlaid with the experimental

12
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spectra for comparison, (c) experimental second derivative of BOHC in MW full-Li showing the
presence of the E’ centre (black), (d) ET centre (blue) and impurity (IMP, yellow) and (e) Oxy centre
(brown) and Hole Centre (green). The BOHC g-values are a spilt into a quartet due to coupling to ''B

with S= 3/2.

Secondly, an additional defect was observable in the second derivative spectra of the BOHC (inset in
Figure 2(c)) and was assigned to an E’ centre formed by an electron trapped on a silicon atom [4,30,33].
The corresponding EPR spectrum of this E’ centre is isotropic (i.e., identical principal g values g: = g»

= g3 =2.0015) and is assigned to a defect with tetrahedral or octahedral symmetry [34].

A third defect with g-values gi= 2.0022 and g»,=gs= 2.0024 which are comparable to that of a free
electron (go = 2.0023) and is thus attributed to an electron self-trapped (ET, Figure 2(d)) on a cation

such as Na*, Li* or Ca?*[3,30,35]. This ET centre is a defect possessing axial symmetry as g1 # g2 = ga.

A fourth defect with g; = 2.0428 is present in the EPR spectra which has previously been reported to be
formed due to the breaking of a peroxy linkage (=Si-O-O-Si=) or by the capture of a O radical on Si
Q3 [32,36,37], this defect has been named an Oxy radical [30] (Figure 2(e)) and is also known as a

Peroxy radical (POR) [17].

Finally, a fifth defect with g:=2.0123 is observed in the EPR spectra and is known as a Hole Centre
(HC) [5] (Figure 2(e)). This resonance is caused by a hole trapped on one or more oxygen atoms in the

glass network. All BOHC, HC and Oxy radicals possess rhombic symmetry as g: # g» # g3 [38].

The nature of defects created in the MW and CaZn glass networks upon y-irradiation does not alter with
the change in composition, however the relative proportion of each defect is dramatically different in
both networks. The primary defects created in the MW glass are BOHCs (45%, Table 2) and HCs (20
%, Table 2) whereas in Cazn the primary defects are Oxy centres (35 %, Table 2) and BOHCs only
make up 20 % of the defects. This explains the line-shape difference between MW and CaZn where the
BOHC dominates the MW spectra and the presence of the sharp signal in the CaZn spectra is due to the

dominating Oxy centre defect in this composition.

13
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Table 2. Spin-Hamiltonian parameters obtained from fitting the second derivative experimental EPR
spectra for the different defects formed after 25 MGy y-irradiation in full-Li MW and CaZn glasses. g;
(i=1, 2, and 3) are the individual principal g-values, A; are the hyperfine coupling constants, A; are the
linewidths of the individual EPR spectra of each component and L/G is the relative Lorentzian to
Gaussian ratio, all terms were obtained from simulating the experimental EPR spectra. The percentage

refers to the relative percentage contribution from each defect in weight %.

A A A A AN MW  CazZn
Defect g1 92 @ 1) (T (mT) (T (mT) (mT) “C % %
BOHC 20346 20210 20021 15 20 21 16 06 06 05 45 25

Oxy 20428 20200 20040 - - - 15 06 05 02 15 35
HC 20123 20033 20001 - - - 10 ~04 03 02 20 15
E’ 20015 20015 20015 - - - 025 025 025 05 10 10
ET 20022 20024 20024 - - - 075 075 075 02 5 10

Impurity ~ 1.9645 1.9645 19645 - - - 045 015 015 05 5 5

The electron spin concentration of 25 MGy y-irradiated MW YL (glass sample with most defects) was
calculated to be ~ 0.1 wt% of the one in Cu(OAc). [25] which is a factor of approximately 1000 larger
than the electron spin concentration in the unirradiated glasses. More generally, the relationship
between lithium content and defect concentration is illustrated in Figure 3. As the amount of lithium in
MW and CaZn glasses is increased, the number of defects is reduced suggesting that lithium is
beneficial to the glass network against the formation of paramagnetic defects. Furthermore, since Cazn
has fewer defects than MW for all radiation doses excluding 80 MGy, we infer that the CaZn glass
network is more stable against the formation of defects. A saturation of defects appears at ~ 25 MGy
with the possible recombination and annihilation of electron-hole pairs occurring between 25-80 MGy
yielding a significant decrease in defect concentration in the full-Li samples. This large decrease is not
observed in their %4Li counterparts as any change in defect concentration between 25-80 MGy is within
experimental error, potentially indicating there is a relationship between lithium content and defect
recombination. It should be noted that the y-radiation induced defects in glass have varying thermal
stabilities [17,39,40] that will have a small impact on the electron spin quantification and the weighting

of each defect at room temperature (see the experimental section 2.3 for details on error analysis).
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The relationship between defect production and y-ray dose is however not linear inferring that one y-
ray does not result in the creation of one defect. The maximum number of defects created is ~ 10°

defects (MW 'Li) at a y-irradiation dose of 25 MGy.

Normalised integral of absorbance / a.u.

T T T 1 T

0 20 40 60 80
Dose / MGy
—— MW 1/2Li ——CaZn 1/2Li
—— MW full-Li — CaZn full-Li

Figure 3. The integral of absorbance of the X-band EPR spectra for all y-radiation doses in MW Y%L
(blue, squares), MW full-Li (green, circles), CaZn Y%L.i (orange, triangles) and Cazn full-Li (purple,
inverted triangles). Errors are estimated as 5 % of the integration value. The integral of absorbance has

been normalised by weight of the sample.

3.2 Nuclear Magnetic Resonance

The 'B MAS NMR spectra of the four glass compositions irradiated with 25 MGy y-radiation are
shown in Figure 4. In all glass compositions a y-radiation dose of 25 MGy had the largest defect
concentration (Figure 3), thus, if there is any change in the 1B MAS NMR spectra, and particularly the
BOs:[BO4] ratio due to y-radiation, this dose would likely have the most significant effect. The 'B
MAS NMR spectra of borosilicate glasses consist of two main resonance signals: a narrow resonance
centered around 0 ppm attributed to boron in tetrahedral coordination ([BO.]") and a broader resonance

centered around 15 ppm attributed to boron in trigonal coordination (BOs) [13,41]. The [BO4] peak is
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narrower due to the symmetry of this coordination resulting in a Gaussian line-shape with a small
electric field gradient and thus a small quadrupolar coupling constant (Cq) of ~ 0.3 MHz. Contrastingly,
the BO3 peak is broad with a second order quadrupolar line-shape and a large quadrupolar coupling

constant of ~ 2.8 MHz [13,42,43].

(a) MW 1/2Li (b) MW full-Li

[BO,](1B,3Si)

[BO,J(0B,4Si)

______________________________

(d) CaZn full-Li

40 30 20 10 ~0. -0 -20 40 30 20 10 0 -10 -20
'"B shift / ppm "B shift / ppm
Figure 4. Deconvolution of the quantitative !B MAS NMR spectra at 500 MHz for 25 MGy y-
irradiated (a) MW %L.i (blue), (b) MW full-Li (green), (c) CaZn %L.i (orange), and (d) Cazn full-Li
(purple) glasses based on B MQMAS of the unirradiated version of the glasses published previously
[13]. The coloured lines are the experimental spectra, the dashed black lines are the total fit using the
appropriate models specified in section 2.4 and the BOs ring and non-ring and the [BO4](0B,4Si) and
[BO4]'(1B,3Si) sites are represented by solid black lines. Only the spectra in (a) are labelled but (b-d)

follow the same labelling.

Each of the two resonances consist of contributions from two different coordinations which were

determined previously via 2D B MQMAS NMR experiments at 400 and 500 MHz [13]. The B
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MQMAS of the BO;s signal revealed two different BOj sites: one with an isotropic shift of 18 ppm and
Cq of ~ 2.6 MHz assigned to BOs units in ring structures and the second site with an isotropic shift of
15 ppm and Cq of ~ 3 MHz assigned to BO;3 units in non-ring structures [13,44-46]. The !B MQMAS
of the [BO4] species revealed at least two different sites: one with an isotropic shift of -2 ppm attributed
to [BO4] (0B,4Si) where the central boron has four silicon next nearest neighbours, and a second site
with an isotropic shift of 0 ppm assigned to [BO.]" (1B,3Si) where the central boron has three silicon

and one boron next nearest neighbours [13,46].

The !B MAS NMR spectra of the 25 MGy y-irradiated glasses and their unirradiated counterparts are
very similar (Figure 4), thus the y-irradiated spectra were fit with the same NMR parameters extracted
from the MQMAS of their unirradiated counterparts [13]. This reproduced fits in excellent agreement
with the experimental spectra enabling the percentage contribution from each boron site to be obtained.
Table 3 reports this data for each boron site in the 25 MGy vy-irradiated samples and in comparison with
the unirradiated glasses. Within experimental error, there is no significant change in the percentage
contribution from each boron site when irradiated with a dose of 25 MGy y-radiation. There appears to
be a small difference in the percentage of BO3z and [BO4]  sites in the CaZn full-Li sample after 25 MGy
y-radiation which has been tentatively attributed to the error associated with removing the boron
background as *B MAS NMR Hahn echo spectra (where the boron background is suppressed by this
experiment) at 800 MHz of the unirradiated samples. Figure S7 compares the corresponding !B MAS
NMR spectra for the unirradiated and 25 MGy y-irradiated samples highlighting identical line-shapes

and thus indicating that no detectable change in boron subnetwork connectivity has occurred.

Table 3. Percentage contribution of each boron coordination in 25 MGy y-irradiated and unirradiated
powders obtained from !B MAS NMR spectra. !B NMR parameters and the percentage contribution
of each boron site in the unirradiated versions of the glasses were obtained previously [13], the same

model and parameters provided an excellent fit for the 25 MGy y-irradiated glasses.

Relative percentage  Relative percentage in
in25 MGy (£3)/%  unirradiated (= 3)/ %
MW %L

Coordination
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BOs ring 23 20
BOs3 non-ring 22 20
[BO4] (0B,4Si) 16 18
[BO4] (1B,3Si) 39 42
MW full-Li
BOsring 19 18
BO3 non-ring 17 17
[BO4] (0B,4Si) 9 11
[BO,](1B,3Si) 55 54
CaZn %Li
BOs ring 32 31
BOs3 non-ring 32 34
[BO.](0B,4Si) 5 7
[BO4] (1B,3Si) 31 28
Cazn full-Li
BOsring 26 26
BO3 non-ring 27 31
[BO4] (0B,4Si) 3 4
[BO4](1B,3Si) 44 39

The EPR spectra of the y-irradiated glasses confirmed the presence of paramagnetic centres which can
potentially be correlated with the !B, 2Na and 2°Si NMR spectra of the y-irradiated samples. NMR
spectra of samples containing paramagnetic centres can become broadened or experience a shift of the
resonance signal due to (i) pseudo contact shift (PCS), (ii) contact shift (CS) and (iii) paramagnetic
relaxation enhancement (PRE) [47]. PCS arises from a through space, dipolar interaction between the
nucleus and the unpaired electron spin which typically broaden NMR signals [48]. Figure S7, shows
the B MAS NMR spectra of the unirradiated and 25 MGy y-irradiated samples, and illustrates the
absence of apparent broadening for all compositions after y-radiation (Figure S7) indicating that either
the hyperfine coupling between B with the unpaired electrons is not observed under the experimental
conditions used or there are insufficient paramagnetic centres in the glass samples to cause any

broadening due to PCS.

CS is due to the direct bond transfer (i.e., spin delocalisation) of the unpaired electron onto the nucleus
[47]. The CS causes the NMR resonances to shift and can be used to determine whether the unpaired
electrons are delocalised onto the nucleus, resulting in a positive shift, or whether the unpaired electrons
polarise a negative spin density at the nucleus, giving a negative shift [47,49]. Figure S8 shows a much

larger spectral width (1000 ppm — -1000 ppm) than Figure 4 for the !B MAS NMR spectra of MW
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%L unirradiated and irradiated to 25 MGy and reveals identical spinning sidebands manifold, the
absence of any additional signals outside of the isotropic resonances at ~ 15 ppm and ~ 0 ppm, and no

significant shift of these resonances.

Additionally, PRE, which is driven by unpaired electron having a magnetic moment ~ 10° times larger
than nuclear magnetic moments [50], provides more effective relaxation pathways resulting in faster
nuclear spin relaxation. The B Tis of the BOs; and [BO4]' sites are obtained independently due to being
resolved in the corresponding spectra which arise from their different coordinations and environments.
In the unirradiated glasses, the [BO.] sites have a shorter T1 than the BOs; potentially due to the
quadrupolar neighbours (¥*Na and “Li) charge balancing the anionic site which creates more relaxation
pathways resulting in enhanced signal decay. The B T;s of the BOs and [BO4] sites in the unirradiated
and 25 MGy vy-irradiated samples are compared in Table S1 and point out to the absence of reduction
in 1'B T, values induced by y-radiation, thus suggesting that PRE effects are not experimentally
observed in the borate network. This result perhaps further infers there are insufficient paramagnetic
centres in the glass samples to influence the B T1 even when the glasses reach their defect saturation

dose.

The 2Na MAS NMR spectra of the unirradiated and 25 MGy y-irradiated glass powders are compared
in Figure S9 and exhibit a single broad resonance centered around -10 ppm [51,52]. The line-shapes are
symmetric suggesting an even distribution of Na-O bond lengths and angles in all the glass
compositions. Similarly to the !B MAS NMR spectra, no broadening due to PCS is observed in the 25
MGy y-irradiated Na MAS NMR spectra, suggesting that perhaps there are insufficient paramagnetic
centres in the glass network to cause significant broadening. The Na NMR spectra of MW %sLi
comparing the unirradiated and 25 MGy with a larger spectral width (400 ppm — -400 ppm) is shown
in Figure S10 and no additional resonances or shift of the -10 ppm signal are observed. While it might
be possible that an additional resonance appears outside this the spectral width window, this result is
consistent across all nuclei, and it is thus likely that there is an insufficient number of paramagnetic

centres in the y-irradiated samples and hence no changes are observed in the 2Na NMR spectra due to
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CS. The ?®Na T values of the unirradiated and 25 MGy y- irradiated samples are also given in Table

S1 and indicate that no significant reduction in *Na T, was also observed after 25 MGy y-radiation.

The absence of any change in the !B and 2Na MAS NMR spectra caused by PCS, CS or in Ty values
induced by PRE strengthens the case that 0.1 wt% electron spin concentration (of Cu(OAc),) is

insufficient for the paramagnetic species to significantly influence the glass network.

Quantitative Si MAS NMR spectra comparing the unirradiated and 25 MGy y-irradiated versions of
the glass powders at 400 MHz are shown in Figure 5 and exhibit a single broad resonance peak centered
around -100 ppm. The spectra are broad due to the amorphous nature of the glass which results in a
large distribution of Si-O bond lengths and O-Si-O bond angles [53]. Silicon exists in tetrahedral
coordination in the glass network denoted as Q", where n ranges from 0 to 4 and denotes the number of
bridging oxygens surrounding the central silicon atom. The mean isotropic chemical shifts of Q*, Q3
and Q? are typically reported in the literature at -110, -95 and -85 ppm, respectively, and shows an
inverse relationship between the number of bridging oxygens and chemical shift [13,52-56]. Silicon is
the main network former in the MW and CazZn glass compositions therefore it will form linkages with
most of the other elements in the network such as Si-O-Si, Si-O-Al, Si-O-B and Si-O-Zn [57,58]. These
linkages all have overlapping chemical shift ranges which prevent their individual observation in the

2Si MAS NMR spectra [52-55].
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( (b) MW full-Li

(a) MW 1/2Li

(d) CaZn full-Li

(c) CaZn 1/2Li _
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unirradiated
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— 25 MGy
Figure 5. Experimental 2°Si MAS NMR spectra at 400 MHz of unirradiated (dashed) and 25 MGy y-
irradiated (solid) for (a) MW “Li, (b) MW full-Li, (c) Cazn %Li and (d) Cazn full-Li.
Comparison of the 2Si MAS NMR spectra (Figure 5) of the 25 MGy y-irradiated (solid lines) and
unirradiated glasses (dashed lines) show negligible change in the NMR line-shapes indicating no
broadening due to PCS. Additionally, the 2°Si NMR spectra do not exhibit any additional resonances or

shifts outside the isotropic resonance for Q" species at ~ -100 ppm, indicating that the 2°Si resonance

does not experience an observable CS under the experimental conditions used.

To further assess potential 2°Si NMR signal dampening and paramagnetic bleaching due to the presence

of the defect species, additional quantitative 2°Si MAS NMR spectra were collected on the unirradiated
and 25 MGy Cazn full-Li samples under the exact same experimental conditions (using the same
sample weight, number of transients and other NMR acquisition parameters, Figure S11). The NMR

signal intensity of the 25 MGy sample is ~ 5 % lower that of the unirradiated one, but on the order of
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noise level indicating that paramagnetic bleaching is very small, if any. As mentioned previously, the
maximum electron spin concentration in the glasses after 25 MGy y-radiation was determined to be ~
0.1 wt% thus suggesting that there are not enough paramagnetic species in these glasses to induce PCS,

CS or to cause any changes in the NMR line-shape or the connectivity of the silicate subnetwork.

Despite no observable changes in the connectivity of the silicate subnetwork due to 25 MGy y-radiation,
PRE effect is observed in 2°Si NMR upon y-radiation dose (Figure 6). 2°Si T values were determined
from saturation build up curves for each composition at every y-radiation dose and are given in
Figure S12. In both Y“.Li compositions, the introduction of 0.5 MGy y-radiation results in a sharp
decrease in Ty values, whereas only a small notable decrease is observed in CazZn full-Li and no change
was observed in MW full-Li. This latter glass composition contains iron contamination most likely
acquired during the preparation of the glass samples (Table 1) and thus already experiences PRE from

paramagnetic iron shortening the 2°Si T; measured.

1000

10004 »
800 j 200
w 6004
4 i
400 "
e W
0 T T T T T
0 20 40 60 80
Dose / MGy
—— MW 1/2Li —_CaZn 1/2Li
—— MW full-Li ___CaZn full-Li

Figure 6. 2°Si T, data recorded at 400 MHz for MW %L (blue, squares), MW full-Li (green, circles),
CazZn “Li (orange, triangles) and Cazn full-Li (purple, inverted triangles) at all y-radiation doses
(Figure S12) and on the unirradiated samples [13]. The insert shows a comparison of the 2°Si T, data
for the unirradiated and lowest irradiated samples. T1 values were obtained from 2°Si saturation recovery

experiments as detailed in the experimental section.
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Beyond irradiation by 0.5 MGy v, the 2°Si Tis do not vary significantly with increasing y-irradiation
dose. These results indicate that no additional paramagnetic relaxation is observed suggesting that this

dose is already high enough to drive the 2Si T relaxation pathways and introduce strong PRE.
4. Discussion
4.1 Radiation induced defects at room temperature

In the MW glass, the primary defect created upon irradiation with y-rays are BOHCs (45 %, Table 2);
the BOHC centre line-shape dominates the EPR spectra of both full and 2Li MW. It has been debated
whether the hole resides on a bridging or non-bridging oxygen on the BOs site [59-61]. However, we
have previously deduced experimentally from !B MAS NMR [13] that there are no NBOs present on
the BOs or [BO4] sites in either MW and CaZn; thus, we can infer that the hole centres formed in these
glass compositions are only on bridging oxygens in the-horon network. Additionally, as the lithium
content is increased the number of BOs sites and the total number of defects decreases. This confirms
that the BOHC are forming on the BOs sites in both MW and CaZn and that lithium helps to stabilise
the glass network against paramagnetic defects by transforming BOs;—[BOQa]". It is interesting that CaZn
possesses more BOs sites than MW yet has a smaller number of BOHCs (45 % in MW and 25 % CaZn,
Table 2). This may be due to the CaZn glass being more stable against the formation of paramagnetic
defects than MW due to the presence of additional network modifiers and formers such as Ca?" and
Zn?* which will redistribute themselves in the glass network and so balance the charges created due to
ionisation by y-rays. The large number of BOHCs in MW may also be responsible for the lower

radiation tolerance of this glass composition.

The defect assigned to a HC is a hole centre on a non-bridging oxygen bonded to silicon, known as a
HC, defect. If the oxygens here were bridging, then a hyperfine interaction involving the silicon nuclei
may potentially be observed. Furthermore, from previous work [13] it was determined from !B MAS
NMR experiments, for both %2 and full-Li MW and CaZzn, that no NBOs were present on any of the

boron sites. Thus, it can potentially be confirmed that the HC, defect is a hole trapped in a single orbital
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of a single non-bridging oxygen bonded to one silicon atom but beyond the detection limit of 2°Si MAS

NMR for observation.

The ET centre defect is likely caused by an electron becoming trapped on a cation, such as Li*, Na* or
Ca?* in these glass compositions. Upon irradiation, alkali ions in the glass network can act as electron
traps which may result in clustering and the formation of larger complexes. It was previously postulated
that the ET centre in the MW composition was due to electrons becoming trapped on Na* ions resulting
in the formation of metallic sodium [17]. This is one possibility, however, from the experimental data
presented here the electrons could also be trapped on the Li* ions. When the electrons become trapped
on alkali ions such as Na* or K*, edges are observed in the EPR spectra [3] and the g-values are
approximately half of that of a free electron (go = 2.0023); however, in this work the g-values of the ET
centre are very close to the value of a free-electron. In the experimental spectra (Figure 1) or spectral
deconvolution (Figure 2), no low field peaks are observed but a high field peak is present at ~ 360 mT
[4]. This component has been attributed to an impurity and is discussed in greater detail below. No
peaks are observed when the electron becomes trapped on the Li* ion because the s-state coupling
constant for lithium is smaller than sodium; thus, the electron resonance overlaps with the central hole
resonance, making it indistinguishable [4]. Furthermore, as it is suggested that alkali ions tend to cluster
after trapping electrons, it is expected that Li* ions will come together quickly and in large numbers due
to the small size of the Li* ions and their high mobility. The agglomeration of alkali ions may result in
trapped electrons to become spin-paired, rendering them non-paramagnetic. This is a possible
explanation for the absence of PCS or CS in the 1B, 2®Na and #*Si NMR spectra of the glasses at the
highest defect concentration. This ET centre could be due to Li* and Na* ions, however the experimental

evidence and line-shape analysis suggests it is more likely to be a Li* ion ET centre.

The presence of E’ centres after irradiation was confirmed through spectral fitting. The E’ signal
(highlighted in the inlet of Figure 2(c)) is due to an electron becoming trapped on an oxygen vacancy
on Si Q3. From 2°Si MAS NMR no change in the connectivity of the silicon network was observed thus
we can potentially postulate that the y-radiation did not result in the breaking of Si-O-Si bonds but,

instead, there was potentially already an oxygen vacancy on the Si Q2 sites resulting in an electron
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becoming trapped. It was found that the concentration of E’ centres decreases rapidly at room
temperature with the doping of alkalis [4], possibly explaining that the increased lithium content leads
to a reduction in defects in the glass compositions studied here. The 2°Si MAS NMR spectra indicate
that the CaZn network possesses more Q3 sites than MW resulting in a larger probability of E’ centres
forming. Despite this, MW and CaZn possess approximately the same percentage of E’ centres (~ 10

%).

The Oxy defect centre is related to a peroxy radical bonded to silicon or aluminium in the glass network
[62]. The main difference in the EPR line-shape of MW and CaZn is the dominance of this Oxy centre
in CaZn, seen as a sharp signal around 350 mT in Figure 1 (c) and (d), respectively, and is thus likely
due to the large number of Q? and Q2 units in CaZn compared to MW [13]. While the Oxy defect is
present in both the MW and CaZn networks, the nature of the defect and the g-value did not vary and
as there is only a small amount of aluminium present in the MW glass (Table 1), one can assume that
the Oxy defect here is associated with silicon. Furthermore, in the CaZn EPR spectra no hyperfine
splitting due to aluminium (I = 5/2 for ?’Al that is 100% naturally abundant) is observed, therefore
supporting that the Oxy defect in both MW and CaZn is not associated with aluminium and most likely

linked to silicon atoms only [32,62].

The presence of Fe** ions in the MW full-Li has an impact on the total number of paramagnetic defects
as Fe3* acts as an electron trap where Fe** + e~ — Fe?* occurs upon irradiation [63] and no known Fe?
resonance is seen at room temperature [64]. This will introduce a larger error in the number of defects
present in MW full-Li as there may be potential y-radiation induced defects not observed due to the

‘healing’ nature of Fe** in the glass network.

The possible presence of an impurity in the both the MW and CaZzn full-Li was observed from line-
shape simulation of the experimental EPR spectra that shows an isotropic g component (Figure 2 (d)).
Work published on sodium-barium-borosilicate glasses suggested that a radical with very similar g-
values [17] (1.974 reported compared to 1.965 in this work) may be a polaron centre which is formed
when an electron is trapped on a sodium cation converting it into elemental sodium. However, the
authors [17] did not observe the presence of this polaron in the lithium-sodium-borosilicate glasses also
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studied. This may suggest that this polaron centre is not restricted to barium-sodium borosilicate glasses
as suggested by the authors but possibly exists in the MW and CaZn glasses studied here. Further work

is needed to confirm whether this defect is assigned as an impurity or a possible polaron.
4.2 Defect saturation

For all glass compositions in this work, the formation of paramagnetic defects increases with dose up
to 25 MGy after which saturation occurs, and the formation of defects declines when the y-radiation
dose reaches 80 MGy. This implies that the rate of ionisation dominates in the region 0-25 MGy and
the rate of recombination/annihilation controls the 25-80 MGy region. This is consistent with trends
relating radiation dose and defect concentration for other borosilicate glasses [65,66]. It was previously
noted that for simple borosilicate glasses (containing no lithium or other elements) defects began to
saturate at a y-ray dose of around 0.1 MGy [67]. This is in sharp contrast with the work presented here
that identities a saturation occurring around 25 MGy and suggests that, due to the presence of lithium,
the saturation point of defect production occurs at a factor of approximately 100 times higher than those
glasses without lithium. One other study noted that when borosilicate glasses are irradiated with X-ray
and B-radiation the electron spin concentration of paramagnetic defects saturate at around 0.01 MGy (~
10" spin/cm®) [68]. The authors state that this saturation likely arises from the high dose rate of > 2 x
10° Gy/sec used (vs. ~ 3 Gy/sec here in this work) which may cause radiation annealing of defects and
the formation of transient defects which have a lifetime of ~ 1 ms that are also annealed under
irradiation. The lower dose rate used in this work therefore suggests that the saturation of defects
between 25-80 MGy in MW and CaZn is unlikely to be due to dose-rate dependant defect annealing.
As the defects formed after y-radiation are all either electron trap centres or hole centres, it is possible

that defect saturation and decline occurs through the recombination of electron hole pairs.

Another possible explanation for the saturation and decline of defects between 25-80 MGy may be a
result of the y-radiation inducing further oxidation, where a two-electron oxidation state is created which
would be EPR silent. However, if more defects were being created between 25-80 MGy then a change
in the line-shape or shift of the !B NMR spectra on the 80 MGy versions of the glasses might be
observed. However, as shown in the corresponding !B MAS NMR spectra (Figure S13) there is no
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significant difference between the unirradiated and 80 MGy spectra; thus, if additional defects are

formed at 80 MGy they have no impact on the boron subnetwork.

The dose rate used in this study greatly exceeds the dose rate that the ‘true’ high level nuclear waste
glass will experience. A higher dose rate was employed due to the long irradiation times involved using
available radioactive sources to cause bulk irradiation. Therefore, it is likely that the MW and CaZn
glasses containing nuclear waste will not reach this saturation point as the rate of ionisation may be
similar to the rate of recombination. This is a positive outcome as these results indicate that even when

defect saturation is reached no change in connectivity is observed.
4.3 Effect of 25 MGy y-irradiation on NMR spectra

The B, #Na and ?°Si MAS NMR spectra of the 25 MGy v-irradiated versions of MW and CaZn at
both full and Y%:Li contents indicate that the network connectivity of all glass compositions remains
largely unchanged when saturated with paramagnetic defects. The same quadrupolar parameters (Cq
and m) that were used to fit the !B spectra of the unirradiated versions of the glasses could be used to
fit the 1B spectra of the 25 MGy versions. This indicates that these parameters for the BOs sites remain
unchanged upon network saturation saturated with y-radiation induced defects. The magnitude of Cq
depends on the electric field gradient (EFG) at the nucleus which reflects the local symmetry of the site,
thus Cq enables insight into the coordination and distortion [69]. A larger Cq indicates a more distorted
site; thus, with the experimental results obtained here, it seems that BOs site distortion is not influenced
by 25 MGy y-radiation. Furthermore, the asymmetry parameter n, which influences the peak shape, also
remain unchanged after 25 MGy y-radiation. Thus, even when the glass network has been saturated
with defects (at the electron spin concentration of ~ 0.1 wt% for the y-irradiated powders determined
above) the connectivity and local environment likely remain largely similar. This is an exciting result

as these glass compositions have been formulated to vitrify the UK’s high level nuclear waste and
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indicates that 25 MGy vy-radiation will not affect the ability of the glass to immaobilise components of

the waste.
4.4 Effect of y-radiation on #Si T,

An interesting relationship between the 2°Si T;s and the y-radiation dose is obtained (Figure 6). There
is a sharp, notable decrease in the 2Si T values for the %Li compositions of both MW and CaZn glasses
with a low dose of 0.5 MGy y-radiation. This indicates that the formation of ET and Oxy centres created
in the silicate network of the %Li glasses results in an initial reduction in the #Si T, value due to
paramagnetic species being introduced. Upon further y-radiation dose, no further reduction in 2Si Tis
is observed (Table S1), suggesting that no additional paramagnetic species are created in the silicate
network, or that the PRE effect dominates. This result supports the hypothesis that the ET centres are
forming on Li* ions which may cluster together at high y-doses resulting in spin paired species. This
may also explain the absence of observable changes in the 2°Si NMR spectra of the 25 MGy y-irradiated

glasses.

It was previously observed in the unirradiated version of these glasses that an increase in lithium content
resulted in a decrease in #Si T;s (Table S1) due to a more efficient quadrupolar relaxation mechanism
between “Li (and ?*Na) with 2°Si [13]. The absence of y-radiation induced PRE in the full lithium
samples, which could suggest that defect recombination is facilitated by increased Li content further
supporting the hypothesis that lithium is acting to stabilise the glass network against the formation of
paramagnetic defects. Note that EPR signals that were present in the unirradiated full-Li glasses
suggests that PRE may have occurred prior to y-radiation due to potential iron contamination in both

samples.

As reported above the !B and 2Na Ts did not suffer from PRE unlike °Si nuclei. This is likely due to
quadrupolar nature of B and ?*Na, both with S = 3/2, which dominates the relaxation. It is likely that

the impact, if any, of y-radiation on B and #Na T; is overcast by quadrupolar relaxation of these

28



Journal Pre-proof

nuclei. As Si has S = % it does not undergo this relaxation process, thus significant reductions of T,

due to PRE can be observed, Table S1.
5. Conclusions

We have investigated the effect that lithium concentration has on the formation of paramagnetic defects
upon y-irradiation in 4- and 7-oxide glass networks. X-band EPR spectroscopy revealed that as more
lithium is added to both the MW and CaZn networks fewer paramagnetic defects are formed. This is
likely due to the transformation of BO3; — [BO.]" upon lithium addition. Since the experimental evidence
suggests that BOHC form on BQOs sites, the transformation of these sites results in a reduction in the
number of defects. By carrying out semi-quantitative EPR experiments, we have determined the y-ray
saturation dose to be ~ 25 MGy in all 4 glass compositions. No changes in the boron, sodium or silicon
subnetworks were observed from !B, 2Na and 2°Si MAS NMR imeasurements on the glass samples at
this 25 MGy defect saturation point. This is perhaps due to the small percentage of paramagnetic defects
in the glass network, determined to be ~ 0.1 wt%. Upon irradiation with 0.5 MGy, NMR experiments
measuring the 2Si Tis revealed a relationship between lithium content, T and y-ray dose for the %-Li
glasses only. It was also found that the 7-oxide (CazZn) glass was more radiation tolerant than the 4-

oxide (MW) which is attributed to the additional oxides and the lesser number of BOHCs in the former.
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