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Abstract

Exogenously-added LiCl has been shown to slightly accelerate the corrosion rate of a
boroaluminosilicate glass in aqueous solutions over forward- and residual-rate regimes, while KCl
and CsCl impede. To understand the effect of exogenously added electrolytes on resulting hydrous
species and the network structure of alteration layers, infrared spectroscopy was implemented. It
was found that the fraction of molecular water over the surface-bound hydroxyl species is lower
in the KClI and CsCl conditions compared to the LiCl and pure water conditions. An approximation
for the spectral features of the thin surface films from an experimentally-obtained spectrum in
specular-reflectance infrared (SR-IR) spectroscopy was proposed; results indicate no significant
difference in the Si-O bonding network of the alteration layers formed in the presence of
exogenously added LiCl, KCI and CsCl. The observed change in rates might be linked to the
relative abundance of molecular water species in the porous network, rather than the silicate

bonding structure.
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1. Introduction

To predict long term stability of vitrified nuclear wastes in underground repository
facilities, factors affecting glass corrosion in aqueous conditions need to be fully explored.
Aqueous corrosion of glass does not proceed by a single mechanism with a fixed rate, but it occurs
through a set of multiple processes with varying rates that evolve differently over time and
manifest in a complex way depending on corrosion conditions. Under static conditions, glass
corrosion rates tend to decrease and eventually reach a steady state with a very slow residual rate
as the surrounding solution approaches saturation of certain elements, and this is often
accompanied by the formation of transport-limiting corroded surface layers.[1-5] These surface
layers, also called alteration layers, are found to be porous[6, 7] and such pores are due to
dissolution of modifier ions (Na and part of Ca) and glass network formers (mostly B) followed
by network re-organization through condensation of hydroxylated network.[8-10] The corrosion
rate observed depends on a host of factors, including the composition, thermal history, and surface
preparation of glass samples, as well as temperature and pH of the corrosion solution, the sample
surface area to solution volume (S/V) ratio, near-field materials, and so on.[4, 11-16] The presence
of exogenous electrolyte ions in the corrosion solution have also been shown to affect the glass
corrosion kinetics in both (initial) forward rate and (steady state) residual rate regimes,[9, 17-20]
but how they affect the glass corrosion behavior is not well understood. In the residual rate regime,
one possible hypothesis is that the electrolyte ions in solution can diffuse into the corroded surface
layer and eventually lead to the alteration of the network structure within the layer. This might
occur if the intruding ions alter the chemical potential of reactive species, such as the affinity of
local binding sites for water on the internal pore surfaces; disruption of the hydrogen bonding
network of water molecules within pores; and/or changes to the stability of other ions dissolved in
the structured water inside the pores, etc. Thus, the ability to analyze the network structure of
corroded glass surface layers is critically needed for better understanding of glass corrosion
mechanisms in aqueous environments, and in particular to help to address this hypothesis related

to the impact of exogeneous electrolyte ions.

The structural information of the glass network can be obtained, in theory, using X-ray or
neutron scattering, nuclear magnetic resonance (NMR), and vibrational spectroscopy.[21-31]

However, conventional scattering and NMR techniques are not highly surface sensitive;[32, 33]



thus, unless the sample size is on the same order of the corroded layer thickness, the bulk signal
will dominate over the surface signal. One way of overcoming this limitation would be to use fine
powders produced by crushing and sieving for corrosion experiments.[9] But, the corrosion
behavior under non-equilibrium conditions can be different for mechanically-fractured or crushed
surfaces with substantial subsurface damage versus thermally-produced surfaces (such as cooling

from the melt or annealing) that contain fewer subsurface structural defects.[13, 34, 35]

Compared to the scattering and NMR techniques, vibrational spectroscopy is inherently
more surface sensitive if the analysis is performed in the reflection mode, such as with specular
reflection infrared (SR-IR) spectroscopy or attenuated total reflection infrared (ATR-IR)
spectroscopy.[36, 37] These methods are readily applicable to monolithic and optically-flat glass
surfaces. Even so, the ATR-IR method does not work well for the direct analysis of silicate network
vibrations due to limitations associated with the complex refractive index (n(A1) + ik(4)) of glass
with an extremely high absorptivity ( a(1) = 4mwk(1)/A) in the wavelength (1) region
corresponding to the absorption of the Si-O network vibrations.[38] Although this high
absorptivity is problematic for ATR-IR analysis, it is substantially responsible for the good surface
sensitivity observed in SR-IR analysis. It should be noted that the SR-IR probe depth varies
drastically in the network vibration region due to the wavelength dependence of absorptivity.[38,
39] If the corrosion layer is much thicker than the effective probe depth over the entire spectral
region, the contribution from the pristine bulk would be negligible. On the contrary, if the altered
layer is thinner than the probe depth, the measured SR-IR spectrum will be a convolution of both
surface and bulk signals, with relative contributions that vary with IR wavelength. In most glass
corrosion studies conducted in environmentally-relevant aqueous conditions for nuclear waste
disposal, the corrosion layer thickness has been found as around a few microns, which is not
necessarily thick enough to safely neglect bulk contributions.[8, 40, 41] Thus, without proper
deconvolution of the bulk contribution, it is difficult to obtain accurate information on the network

structure of the corroded layer directly from SR-IR analysis.
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Figure 1. Illustration of interaction between an IR electric field and a corroded glass surface.
The IR electric field attenuates exponentially from the outermost surface and the spectrum
obtained can have contributions from both the altered layer and pristine bulk. I, is electric field
intensity at the outermost surface, d is the thickness of alteration layer, 4 is wavelength, and & is
the imaginary part of complex refractive index.

In this paper, we propose a simple mathematical algorithm as a facile approximation
method to subtract the bulk contribution in the SR-IR analysis and estimate the vibrational spectral
features of the glass network in the surface alteration layer (Figure 1). This method was then
employed for structural analysis of the altered layers formed on International Simple Glass (ISG)
after exposure to aqueous solutions containing different cations. ISG is a model
boroaluminosilicate glass containing sodium and calcium modifier ions, as well as a minor amount
of zirconium, and was proposed for round-robin studies of glass corrosion mechanisms relevant to
environmental degradation of glasses used for immobilization of radio-active nucleotides.[3] The
electrolyte condition of aqueous solutions was chosen in reference to a previous publication for
direct comparison with the solution analysis data.[9] The algorithm for deconvolution of the bulk
contribution is based on the fact that the IR intensity is exponentially attenuated by absorption
inside the sample (Figure 1). The algorithm discussed in this paper requires knowledge of the
refractive index of both the corrosion layer and the bulk glass over the IR wavelength span of
interest, as well as the thickness of the corrosion layer. The refractive index of the corrosion layer
could be obtained from infrared variable-angle spectroscopic ellipsometry (IR-VASE) analysis of
a thick alteration layer.[42, 43] The thickness of the altered layer can be determined using
spectroscopic ellipsometry (SE), secondary ion mass spectrometry (SIMS) depth profiling,

scanning electron microscopy (SEM) cross-section imaging or estimated from mass balance using
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the measured concentrations of glass components dissolved into a corrosion solution.[4, 7, 44] The
refractive index of the bulk glass can be obtained with IR-VASE or using the two-angle SR-IR
method.[45] Note that the algorithm discussed here is an approximation method with some
limitations in its validity and accuracy. Even with these limitations, it was found that the
application of this method and comparison with the IR-VASE data can provide the structural
information of the Si-O bonding network in the alteration layer formed on ISG samples. In addition,
the relative abundance of hydrous species in the alteration layer was analyzed with attenuated total
reflectance infrared (ATR-IR) spectroscopy analysis probing hydrous species. The comparison of

these analysis provides an insight into key parameters affecting the glass corrosion behavior.

2. Experimental details

2.1. Sample preparation

ISG samples (60.2 SiO2, 16.0 B2O3, 12.6 NaxO, 5.7 CaO, 3.8 AlbO3 and 1.7 ZrO; in
mol%)[3, 46] were cut into coupons (1 cm x 1 cm % 0.2 cm) from an ISG block (produced by
MoSci Corp.). One large face of each coupon was polished to an optical finish while the other
large face was left as-cut and visibly rough to mitigate the detrimental effects of backside reflection
in SE measurements.[47] The coupons were corroded under static conditions without any agitation
at 90 °C in aqueous solutions initially saturated with soluble silica species prepared following the
protocol provided in the literature.[40] The pH*”’“ of the corrosion solutions was held at 7+0.5
during the experiment. Eight coupons were immersed in 350 mL solutions in 500 mL
perfluoroalkoxy jars and the initial geometrical surface area to solution volume ratio (S/V) was 6.4
m’'. The corrosion solutions had ~5 mmol/L of soluble silicon-containing species and ~0.13
mmol/L of Li", K" and Cs" ions depending on the electrolyte condition.[7] The corrosion condition
with no added electrolytes is referred to as NAE hereafter. Prior works have shown that B, Na, and
Ca leach from ISG under these conditions, leaving a nano-porous silica-rich layer mostly made of
O, Si, Al and Zr.[40, 41, 48] This modification happens isovolumetric; the volume of formed

alteration layer is equal to the volume of initially occupied by the pristine ISG.[8]



2.2. Specular reflection infrared (SR-IR) spectroscopy

SR-IR measurements were conducted using a Bruker Hyperion 3000 FT-IR spectrometer
equipped with a 15x reflective objective, which has incident and collection angles ranging from
11.3° to 23.6° and an aperture size of 100 um % 100 um. The spectrum of a gold surface was used
as the reference. Spectra were obtained by averaging 400 scans with a resolution of 6 cm™'. The
effective penetration depth of IR can be defined as the depth at which the IR intensity is attenuated
to ¢! (i.e. attenuated by 63% compared to the intensity at the surface):[49]

(1

d,(1) = cos6

a(d)
where A is the IR wavelength, a(1) = L;—n - k(1) with k being the imaginary part of the refractive

index of corroded ISG at the wavelength A, and 8 is the incident angle from the surface normal
axis. In the calculation, an average 6 of 18° was used for the incident angle. The effective probe

depth can be defined as three times the penetration depth (= 3 x d,, (4)).

Depending on the thickness of the altered layer, the measured IR spectrum can have
contributions from both the altered layer and the underlying pristine bulk ISG. In a strict sense,
when both contributions are present, the measured SR-IR spectrum will be dictated by the
interference of IR beams reflected from multiple interfaces of all layers with different optical
constants (n, k) between the air and the pristine glass bulk. As a simple approximation, one could
assume that the SR-IR spectrum is comprised of the weighted sum of the alteration layer and bulk

contributions:

Imeasurea(@) = Iy (w) + Ipyix (W) (2)

where L 0qsureq 15 the SR-IR spectral intensity at a given wavenumber (w = 1/ 1), and I; and
Ik are the contributions from the altered layer and the pristine bulk, respectively. The Ip,;;

contribution could be estimated considering the exponential decay of IR intensity in the sample:

Apuik (W) > (3)
Ay (W) + Apyir(w)

where I, pyir (@) 1s the SR-IR intensity of the uncorroded sample measured at the wavenumber

Iy (@) = Iy ik (@) X (

w, and Ay, (w) and Ay, (w) are fractions of the IR beam attenuated in the alteration layer and

the pristine glass, respectively, as it propagates from the surface to the bulk (Figure 1). A4, (w)



and Ap,;x (w) can be calculated by integrating the IR intensities along the corresponding portions

of the attenuation curve:
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where [, is the IR intensity at the outermost surface, d is the alteration layer thickness, ay;(A)
and ap,; (4) are the absorptivity of the alteration layer and the pristine bulk, respectively. Note
that although the alteration layer was fitted with multiple sub-layers with varying solid fractions
and thicknesses in the SE analysis, one sub-layer is usually dominant.[7, 50] For that reason, the
contribution from the entire layer could be modeled with one effective a,; (1) and the total
thickness d of the alteration layer; otherwise, too many unknown variables would be involved
when the purpose of calculation is a simple approximation. After subtracting I, from Ieqsureds
the alteration layer contribution (I4;) can be baseline-corrected using the asymmetric least squares

method for further comparison.[51]

2.3. Attenuated total internal reflection infrared (ATR-IR) spectroscopy

The hydrous species (H20 and Si-OH) in the alteration layer was measured using ATR-IR
spectroscopy. The analysis was conducted using a Vertex 80 FT-IR spectrometer equipped with a
single reflection ATR accessory (DiaMaxATR, Harrick Scientific Products) which has a diamond
crystal. The incident angle of the IR beam at the crystal/sample interface was 45°. Each spectrum
comprised an average of 100 scans with a resolution of 4 cm™'. A spectrum of the crystal/air

interface was used as the reference.

2.4. Spectroscopic ellipsometry

A spectroscopic ellipsometer (Alpha-SE, J.A. Woollam Co.) equipped with a light source
covering the UV-Vis-NIR wavelength range of 381-893 nm at an incident angle of 70° was used
to determine the thickness and porosity of alteration layers on corroded ISG samples. The thickness
and porosity of the alteration layer were determined from measurements at ~50% relative humidity
(RH). At this RH condition, a previous study found that ~75% of the accessible internal pores are
filled with molecular water.[7] In the SE analysis, the alteration layer was modeled with multiple

sub-layers using the Bruggeman effective medium approximation (EMA) composed of three
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phases: solid, water, and void. The optical properties of the solid phase were assumed to be the
same as the pristine ISG due to the difficulty in independently determining the optical properties
of the solid phase of a porous solid.[ 7] In modeling the ellipsometric data, the pore-volume fraction
filled with water at ~50%RH was assumed constant at 75%, relative to the accessible internal dry

pore volume determined at 0% RH.[7]

In addition to the SE data in the UV-Vis-NIR range, spectroscopic ellipsometry data in the
mid-IR range was also collected using an IR-VASE instrument (IR-VASE, J.A. Woollam Co.)
equipped with a DTGS detector (working range 250 — 8000 cm™). The spectra of the uncorroded
and corroded ISG specimens were collected at 50° and 55° incident angles with 16 cm™ resolution.
Optical constants in the IR wavelength range for bulk ISG were determined using a generalized
oscillator (GenOsc) model comprising a host of Gaussian (G) and Gaussian-Lorentzian (G-L)
oscillators. Results were very comparable to those obtained in a previous work.[46] These optical
constants for the bulk were fixed in subsequent analysis of the alteration layer. Notably, the longer
wavelength range associated with mid-IR frequencies generally leads to the lower sensitivity to
relatively-thin, low-index-contrast surface layers in the (mostly) transparent range from 2000-6000
cm’!. As such, there were limited oscillatory features useful for independent fitting of layer
thicknesses. For that reason, the layer thickness was fixed to the value obtained from SE analysis
in the UV-Vis-NIR range where such sensitivity is improved. The absorbing region of the IR
spectra (<2000 cm™) for the alteration layer could then be modeled as a single-layer using an
independent GenOsc model with a similar set of G and G-L oscillators for the glass network
structure, along with new oscillators at higher frequencies representing bending and stretching
vibrations from H20O and OH evident in the IR-VASE spectra. Once the complex refractive index
(n(A) + ik(4)) is determined for the alteration layer and the pristine bulk, then it is possible to
theoretically calculate the SR-IR spectrum of a corroded sample with a given thickness (d) using

the Fresnel coefficients to compare with the experimentally measured spectrum, I;eqsureq (@).



3. Results and Discussion

3.1. Effects of the presence of exogenous cation in the solution on alteration layer

thickness on ISG corroded at pH 7, 90°C

The ISG samples in this study were corroded in aqueous solutions initially saturated with
respect to amorphous silica.[40] Under this condition, the formation of alteration layers is expected
mainly due to the preferential dissolution of Na and B (and Ca as well to a certain extent) from the
glass and release into the aqueous solution; at the same time, proton and water ingress into the
nano-porous alteration layer and glass network can undergo restructuring.[8, 16, 40, 52-54] The
leaching of these elements from the glass was found to follow a monotonous square-root-of-time
dependency which suggests that the release of these elements is controlled by diffusion.[9, 52, 55,
56] Thus, the evolution of the alternation layer thickness can be modeled according to Fick’s

second law.[8]
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Figure 2. (a) Thicknesses of alteration layers formed on polished ISG glass surfaces corroded
in different electrolyte conditions determined using SE. The trend lines are fits of alteration layer
thicknesses using a t'?> dependence. Inset is the data taken from the paper by Collin et al. in
which corrosion of crushed fine powders was studied and the alteration layer thickness was
estimated from the mass balance of boron (B) species measured in the solution phase.[9] (b)
Porosity of the thickest sublayer of alteration layer determined with SE. Here the porosity is the
sum of the void and water-filled fraction. The error bar from the model fit is smaller than the
size of symbols in many cases. NAE stands for ‘no added electrolyte’.



The SE-determined thicknesses of alteration layers formed on corroded ISG samples are
given in Figure 2a, as a function of corrosion time (). The v/t dependence of the alteration layer
thicknesses shown in Figure 2a suggests that under the silica saturated conditions of this study, the
release of soluble species from ISG is diffusion-controlled. This is in good agreement with the
results reported in the literature.[9] The inset displays the equivalent thickness (ET) of alteration
layers on ISG powders corroded under the same experimental conditions, as determined by the
mass balance of boron (B) species dissolved into the solution.[9] The thicknesses from two studies
are not exactly the same due to the use of different techniques in thickness calculations and the
form of samples used in the corrosion experiments (flat coupons in the current study, versus
crushed powders in the reference).[13, 34, 35] Nonetheless, the results of both studies show that
the alteration layer thickness is the highest on ISG samples corroded in solutions containing LiCl,

and is the lowest in the one containing CsCl.

The overall porosity of the alteration layers formed on ISG samples corroded in different
electrolyte conditions are given in Figure 2b. The results reveal that the alteration layers are highly
porous with a porosity range of roughly 17~27% depending on corrosion time and condition. Note
that the assumptions made in the ellipsometry analysis (detailed in section 2.4) limit the accuracy
of the total porosity estimation. It has been shown previously that, for this relatively short corrosion
time, most pores that are accessible by water molecules are less than 2 nm in diameter.[7, 8, 40]
The porosity values in the current study are comparable to those estimated from thermogravimetric
analysis (TGA) of ISG powders corroded under the same conditions.[9] The TGA results show
that, for ISG powders corroded for about 30 days in NAE, LiCI KCI, CsCl electrolyte solutions,
the porosity values of alteration layers were ~28 = 5%, 28 + 5%, 22 + 4%, and 16 £ 3%,

respectively.[9]

The diffusivity of reactants and corrosion products through the alteration layer may be
expected to be governed by the porosity; if so, one may expect to see a correlation between the
porosity and the diffusivity. The dependence of the corrosion rate of ISG on the identity of the
electrolytes present in solution was indeed previously attributed to the mismatch between the size
of the sodium ions leaching from the glass versus that of the exogenous cations diffusing into the
alteration layer, which could ostensibly affect ion exchange behavior.[9] However, the transport

behavior of these ions, as well as their hydration structures, could be also affected by the nano-
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confined geometry inside the porous network.[9] Furthermore, the pore size distribution as well as
their connectivity plays critical roles in determining the overall diffusivity. Without knowing such
details, it would be difficult to predict whether there should be a direct correlation between the

alteration layer growth kinetics and the porosity or not.

3.2. Effects of exogenous cations on hydrous species in alteration layer of ISG corroded

at pH 7, 90°C

The chemical durability of glass can be significantly affected by the presence of hydrous
species within the silicate network (H>O and Si-OH).[57] In this study, hydrous species in the
alteration layer were investigated using ATR-IR spectroscopy. The H>O bending band (~1630 cm”
1y and OH stretching band (2800 — 3800 cm™) of ISG samples corroded in NAE, LiCl and KCl
conditions for 3 days and in CsCl condition for 7 days are shown in Figure 3a. The sample corroded
in the solution containing CsCl for 7 days was chosen for comparison because its alteration layer
thickness was closer to the thicknesses of samples corroded in other conditions for 3 days (Figure
2a). The intensity of the water bending band at ~1630 cm™ must correlate with the concentration
of molecular water in the alteration layer, while the OH stretching band arises from a convolution
of both molecular water in the nano-pores (Figure 2b) and silanol groups (Si-OH) in the alteration
layer.[58] Water molecules in the porous altered layer can have hydrogen bond (HB) distributions
that are different from those in bulk liquid under equilibrium conditions.[50] Results from
molecular dynamics simulations of HBs of hydrous species in nano-porous gels of aluminosilicate
glass showed that the two most abundant types are HBs between water molecules and HBs between
the OH of silanol groups and the oxygen of water.[50] The HBs between OH of silanol and oxygen
of siloxane groups (Si-O-Si) are also probable, and may vary depending on the nanopore size. All
HB types studied have broad O---H distance distributions and their spectral bands overlap
significantly; thus, the deconvolution of the measured spectrum into contributing components is

difficult.[50, 59]
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Figure 3. (a) ATR-IR spectra of the ISG samples corroded in NAE, LiCl and KCI conditions
for 3 days and in CsCl condition for 7 days. These samples have comparable alteration layer
thicknesses (~1000 nm). (b) Integrated area ratios of the water bending band (~1630 cm™) to the
OH stretching band (~2800-3800 cm™!). The error bars show standard error of 3 measurements.

A direct comparison of the absolute intensity of the ATR-IR spectra of ISG samples
corroded in different electrolyte conditions is not possible, because the ATR-IR intensity is highly
sensitive to intimacy of the contact between the sample surface and the ATR crystal. Any air gap
between the sample surface and the ATR crystal due to surface roughness could decrease the
observed IR intensity. Nonetheless, it is still possible to compare the integrated area ratios of the
water bending and the OH stretching bands (An20/Aon) of each spectrum (Figure 3b). A higher
area value means the molecular water fraction among the hydrous species is higher compared to

the case with a lower value.

The integrated area ratios shown in Figure 3b suggest that the alteration layers formed in
the NAE and LiCl conditions have a higher fraction of molecular water compared to the samples
corroded in the KCl and CsCl conditions, and this is consistent with values reported in the
literature.[9] It is difficult to attribute this difference solely to the difference in porosity of
alteration layers among the samples due to experimental uncertainty in measuring the porosity

(Figure 2b).[9] Another possibility that must be considered is the reorganization of the Si-O-S1 and
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Si-O-Al network, which can continuously occur upon the loss of network modifiers (sodium and
calcium ions) and the network formers (boron species) during the corrosion process; such
restructuring can affect the pore connectivity within the alteration layer.[41] Current experimental
findings are not sufficient to determine the dominant mechanism that leads to the difference in the
integrated area ratios. The glass network reorganization may also affect the transport of chemical
species leaching from the alteration layer, as well as protons, exogenous cations, and water
molecules diffusing into the alteration layer. If the proton (H") diffuses as a hydronium (H30")
ion, the effective diffusivity of protons and molecular water could be similar. But, if H" diffuses
by itself (i.e., through ion exchange only with Na"), then its diffusivity could be faster than the
diffusivity of molecular water (which would require larger open spaces within the network).
Experimentally, it has been shown that the proton and water diffusion rates can differ from each
other and vary over time during the acid leaching of soda lime silicate glass.[58] In a study with
porous Vycor glass, it was reported that the co-presence of CaCly with water can significantly
reduce the local diffusion coefficient of confined water compared to pure water in the same
material.[60] If the proton and water diffusivities are affected to different extents by the presence
of exogenous ions, then it could explain (or at least partially contribute to) different relative
abundances of SiOH and H>O in the alteration layers of these samples corroded in the presence of

different electrolytes in the solution.

3.3. Vibrational spectroscopy analysis of the alteration layer network structure

Previous work on the effect of exogeneous cations on glass corrosion investigated the
alteration layer network structure by means of NMR probing the first-shell coordination (Qn
speciation) of silicon atoms.[9] The longer-range connectivity of those species consisting the entire
network could be inferred from vibrational spectroscopy analysis because vibrational spectral
features of amorphous solids are sensitive to the distribution of short- and medium-range orders
of chemical bonds.[61-65] In the case of silica glass, the IR spectrum has been shown to be
sensitive to small differences in the glass network structure[61, 62, 66] that can be correlated to
differences in properties.[67] Especially, the peak position of the Si-O network stretch mode
around 1050-1120 cm™! in IR appears to be highly sensitive to minute changes in the bond length
distribution of chemical bonds constituting the glass network.[61, 62, 68] The vibrational spectrum

of the thin alteration layer on a monolithic flat sample surface can be obtained using either IR-
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VASE or SR-IR. IR-VASE can give full spectral information,[69] but it may not be readily
available in many laboratories. SR-IR is readily available in most experimental laboratories, but
the spectrum is often convoluted with the contributions from the bulk. In this section, we discuss
the use of these two techniques and make qualitative comparison of the information that can be

obtained from the two methods.
3.3.1. Complex refractive index of the alteration layer determined with IR-VASE

IR-VASE was used to determine the complex refractive index, n + ik, of the alteration
layer formed on ISG sample corroded for 34 days in KCI condition as well as the pristine ISG
glass. The raw data of measured ellipsometric angles ¥ and A in the 254-5955 cm™! region are
shown in Figure S1 in the SI and the real and imaginary parts of the refractive index obtained from
the optical model fits are shown in Figure 4. Since the imaginary part of the refractive index is
closely related to the absorption spectrum, the discussion will be focused on this part. In the k-
spectrum of the pristine, two bands are clearly noticed. The large band centered at ~1026 cm! is
ascribed to the Si-O-(Si, Al, B) stretch mode and the small one centered at ~1400 cm™ is the B-O
stretch in the glass network.[45, 70, 71] In the k-spectrum of the alteration layer, the B-O stretch
mode is completely gone because the boron species are all leached out in the alteration layer.[8] It
is also noted that the Si-O stretch band is blue-shifted to ~1057 cm™! and its band width is narrower.
The shoulder peak at ~1200 cm™! as well two minor peaks at 780 cm™ and ~900 cm™! become more

prominent in the alteration layer spectrum.

The blue shift of the Si-O band and the growth of the 1200 c¢cm™ shoulder have
conventionally been interpreted as an indication of the transition to “more silica-like” network
structure.[62, 72, 73] This interpretation is congruent with the compositional change — the loss of
modifier ions as well boron species from the glass network. In recent MD simulation studies for
silica and sodium silicate glasses, the intensity-weighted average peak position was found to
correlate with the Si-O bond length distribution; as the bond length gets shorter by 0.01 A, the
stretch band position increases by ~45 cm™.[61, 62, 68, 74, 75] If the same is applicable to the
alteration layer spectrum, then the blue-shift by ~31 cm™! seen in Figure 4 may imply that the loss
of modifier ions and boron species is accompanied by the decrease in the average Si-O bond length
by ~0.007 A. The water content in the porous glass can shift the Si-O absorption band position by

1~2 cm™! in the SR-IR measurement due to a change in the effective refractive index;[76] but the
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observed shift in Figure 4 is much larger than the optical artifact originating from simple pore
filling. Since the Si-O bond is extremely stiff (with a force constant of ~5 mdyne/A),[74] even a
small degree of strain in the bond length distribution could add up to a large internal stress as the
alteration layer thickness increases, which could be a driving force for structural
reorganization.[77, 78] If the peak width is to reflect the distribution of the bond length, it appears
that the Si-O bond length distribution is narrower for the alteration layer than the pristine glass.
The longer bond length side of the distribution (which is the lower wavenumber side of the peak)
is significantly reduced compared to the shorter bond length side (higher wavenumber side); this
change is associated with the extraction of all sodium and part of calcium modifier ions as well as
boron from the glass network. Further details shall require advanced and systematic computational
approaches, which are beyond the scope of the current study and would be a subject for future

work.
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Figure 4. Complex refractive index, n + ik, of pristine bulk ISG (red lines) and the alteration
layer (AL, black lines) obtained from IR-VASE analysis of ISG sample corroded in the 13 mM
KCI condition for 34 days. The thickness of the alteration layer was pre-determined using the
SE data in the UV-Vis-NIR region (see text). The inset shows the effective probe depth (3xdp)
calculated using the refractive index of the alteration layer.
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3.3.2. SR-IR analysis of the alteration layer formed on ISG upon aqueous corrosion

SR-IR analysis can be carried out easily on any FT-IR instrument by adding a simple
reflection accessory and the data collection is very easy. Nonetheless, its use is quite limited due
to the difficulty of deconvoluting spectral features of the surface layer from the bulk when the
surface layer is thinner than the probe depth of SR-IR. The inset in Figure 4 plots the effective
probe depth as a function of IR wavenumber calculated using the refractive index of the alteration
layer determined with IR-VASE. At the maximum intensity position of the Si-O stretch band, the
effective probe depth is on the order of 1 um. However, in other spectral regions, it readily exceeds
10 pm, resulting in substantial contributions from the bulk glass. Moreover, aqueous corrosion
often produces layers with inhomogeneous distributions of porosity and composition along the
depth axis.[7] In this study, we propose a simple approximation model (equations 2 — 5) based on
the IR intensity attenuation inside the sample to subtract the bulk contribution and extract the
spectral features more relevant to the alteration layer. In this approximation, the difference in the
real part (n) of refractive index between the alteration layer and the bulk is assumed to be
negligible, although the IR-VASE analysis shows some differences as shown in Figure 4. Similar
to IR-VASE analysis, small degrees of compositional and porosity variations are ignored and the

entire alteration layer is assumed homogeneous for the sake of simplicity.[7]

The SR-IR spectra of ISG samples corroded in NAE, LiCl and KCl conditions for 3 days
and in CsCl condition for 7 days, which all have roughly 1 um thickness of alteration layers (Figure
2a), are shown in Figure 5a. The full data sets are provided in Figure S2 in the SI. All spectra of
the corroded samples show a blue-shift of ~33 cm! in the maximum intensity position of the Si-O
stretch band, which is consistent with the IR-VASE data found for the alteration layer formed by
corrosion in the KCI condition for 34 days (Figure 4). The ISG sample corroded in the LiCl
condition has a lower measured intensity compared to the samples corroded in other conditions;
this could be due to more scattering of the probe beam than other samples due to small variations
in surface roughness. Thus, the absolute intensity among the samples could not be compared.
Nonetheless, the peak position and shape of each spectrum can still be usefully compared if the
bulk contribution is subtracted using equations 2 — 5, with the layer thickness determined from the
SE analysis (Figure 2a), and the resulting spectra each baseline-corrected and then normalized to

the same scale.
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Figure 5. (a) SR-IR spectra of pristine ISG and ISG samples corroded in NAE, LiCl and KCI
conditions for 3 days and in CsCl condition for 7 days with comparable alteration layer
thicknesses (~1000 nm). (b) IR spectra after bulk contribution subtraction and normalization of
IR spectra in (a). The IR spectra of Vycor and silica (fused quartz) are given for comparison.

In Figure 5b, the processed spectra of the alteration layers produced in different electrolyte
conditions are compared. They are almost identical to each other. For comparison, the SR-IR
spectra of unconsolidated Vycor (used as a model system for silica-rich porous glass) and fused
quartz (used to represent pure silica) samples are also shown in Figure 5b.[79] The overall spectral
shape of the processed data are much closer to those of Vycor and fused quartz than the pristine
IGS spectrum shown in Figure 5a. The fact that the overall vibrational spectral features become
closer to more resistant silica glass could be a reason that the remaining glass network is resistant
to further hydrolysis. If so, the decrease in corrosion rate may not be totally irrelevant to this
structural transition of the network. Again, if the correlation between the Si-O stretch band and the
Si-O bond length distribution found for the silica and sodium silicate glasses is employed here,[61,
62, 68] then the large decrease in the lower wavenumber side of the Si-O stretch band upon
corrosion (as shown in Figure 5a) could mean that the longer Si-O bonds in the glass network are
more susceptible to the hydrolysis reaction; this may result in a net increase in the population of
the Si-O bond lengths closer to the chemically more stable value (which would be the length of

the Si-O bond in the silica glass produced thermally). Note that due to the non-equilibrium nature,
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the glass with the same chemical composition can adopt drastically different network structure
depending on the history of the sample.[80] In addition to the effect of glass network chemical
composition (silica-like), local conditions within the alteration layer and outermost glass surface
such as corrosion product concentration, pH, electrolytes, water structure could also contribute to

the change of glass corrosion with time.[81]

3.3.3. Comparison of experimental SR-IR spectra and theoretically calculated SR-IR spectra
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Figure 6. (a) Experimental SR-IR spectra of the ISG samples corroded in the KCI condition. (b)
SR-IR spectra calculated using an optical model consisting of air, alteration layer and pristine
ISG; the alteration layer thicknesses are the same to those of the ISG samples corroded in the
KCI condition displayed in (a).

The experimentally measured SR-IR spectra can be compared with the simulated SR-IR
spectra calculated theoretically using the thickness of the alteration layer determined from the SE
analysis (shown in Figure 2a) and assuming that the refractive index of all alteration layers is the
same as the one determined from the IR-VASE analysis of the ISG sample corroded in the KCl
condition for 34 days (shown in Figure 4). The theoretical calculation details are given in the last
section of the supporting information.[82] Again, the alteration layer can be assumed to have a

uniform effective refractive index throughout the entire thickness for the simplicity. Figure 6
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compares the experimental SR-IR spectra (Figure 6a) and the calculated spectra (Figure 6b) for
the alteration layers with varying corrosion times. Although the absolute intensities are somewhat
different, the overall peak shapes are in qualitative agreement. The discrepancy is attributed to the
over-simplification of the heterogeneous alteration layer by modeling with a single homogeneous
layer. Even with this potential error, it is noticeable that the peak shape of the main Si-O stretch
mode region (950 — 1150 cm™) is remarkably similar to each other. This is because the effective
probe depth in this spectral region is quite shallow (see the inset in Figure 4), thus the spectral
feature is mostly dominated by the alteration layer. This also supports the efficacy of the simple

approximation method used for the SR-IR data processing in Figure 5b.

It is interesting to note that the intensity of the B-O absorption band around ~1400 cm™!
decreases at the beginning of corrosion and then grows back in the 28-day spectrum in the
experimental spectra (Figure 6a). Without the theoretical calculation, one could have interpreted
it as the re-population of the boron species in the alteration layer around 28 days of corrosion. But,
from the SIMS depth profiling analysis, it is well known that all boron species are dissolved out
of the alteration layer.[40] In the theoretical calculation using the refractive index of the alteration
layer that does not have the absorption band around 1400 cm™ (Figure 4b), the same trend is
observed (Figure 6b). This means that the re-appearance of the ~1400 cm™ band in the SR-IR
spectra originates from the optical artifact of probing the B-O stretching mode of the pristine bulk
through the alteration layer with certain thickness that causes constructive interference in the

detected reflection signal.

4. Conclusions

Evidenced by the thickness of alteration layers formed, LiCl enhances, and KCl and CsCl
obstruct aqueous glass corrosion when they are exogenously-added. Hydrous species and the
network structure of alteration layers of ISG samples corroded in aqueous solutions with
exogenously-added LiCl, KCIl and CsCl were investigated with infrared spectroscopy. ATR-IR
spectroscopy revealed a lower ratio of molecular water over the surface-bound hydroxyl species
in the KCl and CsCl conditions corresponding to more passivating altered layers than those of in

LiCl and NAE conditions. A method to estimate the spectral features of the corroded glass from a
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measured SR-IR spectrum of corroded glass surfaces was proposed. Analysis of the ISG samples
corroded with the proposed method revealed no significant difference among the IR vibrational
features, suggesting presence of similar glass network structures. The difference in the relative
abundance of hydrous species in the alteration layers could be linked to the difference in the

corrosion rates.
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