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Abstract
Soda lime silicate glass produced by the float process is among thematerials with
the largest use worldwide. The manufacturing process introduces an asymmetry
in the glass sheets that causes well-known modifications in terms of properties
between the so-called “air side” and “tin side”. Nevertheless, not much is known
about the structural changes induced by the diffusing tin ions in the network.
In the present work, we show that surprisingly, the short range of the tin side is
akin to that of the bulk, while the network connectivity in the air side vicinity is
enhanced with a larger concentration of bridging oxygens. This correlates with a
partial depletion of modifiers from the air side as detected by secondary ionmass
spectrometry. On the other hand, the incorporation of tin markedly changes the
medium range. In fact, the tin side is characterized by: (i) longer correlation dis-
tances, (ii) a more homogeneous structure depicted by a more reduced splitting
of themedium frequencyRaman features intoR andRc bands, (iii) a substantially
lower amount of free volume, and (iv) a slight reduction in the average free vol-
ume size. Furthermore, the spontaneous hydration layer on the two surfaces is
studied, and its effect on the free volume is discussed. These results provide new
insight into the soda lime silicate glass structure and have various technological
implications for processes like chemical tempering or phenomena like surface
defects nucleation.

KEYWORDS
Boson peak, Float glass, Free volume,Medium range order, Positron annihilation spectroscopy,
Raman spectroscopy, Soda lime silcate glass

1 INTRODUCTION

Inorganic glasses based on silica play a crucial role in
various industries, including food and beverage, telecom-
munications, construction, and pharmaceuticals. Among
the various manufacturing techniques, the most common

method for producing glass sheets is the “float process,”
where amolten glass ribbon floats on the surface of a liquid
tin bath upon cooling to achieve the desired thickness and
width. As a result, commercial glass sheets exhibit physical
and chemical asymmetry due to different thermal histo-
ries between the top and bottom surfaces and tin diffusion
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into the glass network for several microns,1–3 with a pro-
nounced concentration gradient detectable within the first
100 nm beneath the surface.4 This allows for the identi-
fication of the “tin side” (TS) and “air side” (AS) of the
float glass. While the surface contacting the atmosphere is
generally referred to as the “air side,” it is worth empha-
sizing that float furnaces typically use a mixed N2–H2
environment to prevent massive oxidation of the molten
tin bath. The typical temperatures at which the glass
enters and exits the molten tin bath are about 1100◦C and
600◦C.5
This asymmetry affects several material properties,

including the probability of crack nucleation under Vick-
ers indentation,6 the reactivity of the glass with water,6
the crack propagation behavior,7 the ion exchange kinet-
ics during chemical tempering,8,9 the refractive index of
the surface,10 the coloration acquired during ion exchange
with silver ions,11,12 the nanomechanical properties of
the surface,13,14 the glass transition temperature (Tg) and
viscosity,15 the adhesion with organic adhesives,16 and the
wear resistance.17
Although extensive research has explored the proper-

ties of both sides of float glass, little is known about the
structural modifications induced by tin diffusion. Krohn
et al.15 demonstrated that replacing a small amount of
modifier ions with Sn increases network connectivity, with
amore pronounced effectwhen Sn4+ is present rather than
Sn2+. Surprisingly, no reports have systematically exam-
ined the structural differences between the AS and TS
through the short (coordination of Si) and medium range
(free volumes, ring structures, and correlation distances).
The identification of the ring nature in silicates is chal-

lenging. Raman spectroscopy is one of the most effective
methods for detecting polymerized Si–O–Si rings, partic-
ularly in the 200–600 cm−1 wavenumber range, where
ring breathing vibrations occur.18 While Raman spec-
troscopy is highly sensitive to three- and four-membered
rings (sometimes referred to as D2 and D1 bands), the
response from larger structures is broad and overlap-
ping, complicating their identification. On the other hand,
Raman spectroscopy provides a deep insight into the
short-range and the coordination environment of the Si-
O tetrahedra, allowing a differentiation between bridging
and non-bridging oxygens.
Synchrotron neutron diffraction offers a more power-

ful approach to determine ring sizes by identifying the
first sharp diffraction peak (FSDP) associated with “ring
spacing”. In silicate glasses, the typical d-spacing associ-
ated with FSDP ranges from 3.0 Å to 4.5 Å,19,20 this being
associated with small-sized rings (n < 6–7).20 Neutron
diffraction is actually sensitive to the medium-range order
on the few angstrom scale and starts to lose sensitivity on

a longer scale (n > 7–8).20 Molecular dynamics (MD) sim-
ulations have, however, spotted that larger rings can exist
in amorphous silica with substantial ring populations up
to n = 10.21 The same simulations have also shown that
6-fold and 7-fold rings account for more than 50% of the
ring population in amorphous SiO2 with a rather homoge-
neous distribution between the two. This is in contrastwith
neutron diffraction analysis, where the experimentally cal-
culated population of the 7-membered rings is about 1/5
of the 6-membered ones, and n larger than 8 is substan-
tially not detected.20 In addition, depolymerized silicate
networks—like in commercial soda lime glass—could con-
tain much larger rings with up to 30members22 (One shall
remind that, in such a case, the free volume is not on
the few nanometers scale as it is partially filled by the
alkali cations bonded to the non-bridging oxygens). A sec-
ond limitation of neutron diffraction resides in the fact
that it probes a large volume of material, which makes it
unsuitable for investigating changes in the glass structure
located in a micrometric-sized region (i.e., the tin or air
side).
Positron annihilation spectroscopy (PAS)23–25 offers a

valuable alternative to investigate the surface of silicate
materials and provides a comprehensive understanding
of their structure, being more sensitive to the large free
volumes not detectable in disordered systems, by neu-
tron diffraction. As an example, the positron annihilation
lifetime spectra (PALS) of amorphous SiO2 are typically
characterized by three lifetimes.26–28 The first one is
associated with bulk annihilation overlapping with the
para-positronium (p-Ps) annihilation at 125 ps; the sec-
ond ranging from about 0.36 ns to 0.73 ns is related to
the annihilation in vacancy sites and small voids (≈ 2.2
Å), respectively; the third is by far the most intense and
it is related to a long lifetime of about 1.6 ns, correspond-
ing to the ortho-positronium (o-Ps) annihilation in voids
with an average size of about 4.9 Å.28 We should remember
that PALS probes the void size and not the Si–Si distance
on the opposite side of the ring due to the electron cloud
shielding. For amorphous silica at different densification
levels under hydrostatic pressure, the shielding distance
was calculated by comparing diffraction and PALS and
resulted in about 0.6 Å. As such, we can infer that the
main ring population in SiO2 is about 5.5 Å. Such a value
well matches relatively large 6–8-fold rings in relatively
good agreement with the MD simulations.21 As an exam-
ple, 6-fold rings are in the order of 4.5 Å as detected by the
FSDP.19
The present work aims to provide a deep investigation

of the structure and chemistry differences between the air
and tin side of soda lime silicate float glass, focusing on the
short and medium-range order.
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2 MATERIALS ANDMETHODS

Commercial soda lime silicate float glass sheet with a nom-
inal thickness of 4mmwas used in the present activity. The
composition is (wt%): SiO2 71.4%, Al2O3 1.0%, Na2O 13.9%,
K2O 0.3%, MgO 4.1%, CaO 9.1%, and other 0.2%. Square
samples of about 1.5 × 1.5 cm2 were obtained with a dia-
mond cutter. The glass was then cleaned with acetone in
an ultrasonic bath (10 min).
The chemistry of the glass surface was assessed by sec-

ondary ion mass spectrometry (SIMS). The measurements
were carried out with a dynamic SIMS Cameca SC-Ultra.
Cs+ primary ions were used as a sputtering beam at 3 KeV
of impact energy, 62◦ incidence angle and 110 nA for a high
sputtering rate. The acquired secondary ion species were
positiveMCs+molecular ions, whereM indicates each ele-
ment of interest. All SIMS depth profiles were normalized
point by point to the signal of the sputtered Cs+ secondary
ions. This normalizationmethod can correct any variations
in the secondary ion yields occurring when the matrices
are changing, like for TS and AS of the glass. Possible drifts
in the secondary ion intensities induced by the charging
effects occurring on dielectric samples can also be adjusted
after normalization to Cs+. A thin gold conductive cap-
ping layer was deposited on the sample surface before the
SIMS measurements. This layer, with the aid of electron
flooding, was mandatory in order to remove the excess
of positive electric charge generated by the ion sputter-
ing. The raster size was 200 × 200 µm2, and the analyzed
area for the secondary ions acquisitionwas centeredwithin
66 × 66 µm2 to avoid crater edge effects. The crater edge
artifacts, generated by the contribution of secondary ions
sputtered near the SIMS crater borders, i.e., fromdepths far
from themeasured crater bottom, reduce the depth resolu-
tion, and they get worse by increasing crater depth. They
are certainly present for depth scales exceeding 10 µm, as
in Figure 1. The impact of the crater edge effects on the
depth resolution of the presented SIMS profiles can be
neglected, considering the bulk nature of the samples. The
depth scale was calibrated with the measurement of the
final sputtered craters, by using a mechanical profilometer
Tencor P6.
Variable–Energy PALS measurements were carried out

at the Monoenergetic Positron Source (MePS) beamline at
the ELBE (Electron Linac for beams with high Brillance
and low Emittance) at the Helmholtz-Zentrum Dresden–
Rossendorf (HZDR).29 Positron Lifetime spectra were
acquired at positron implantation energies ranging from 1
to 16 keV. Positrons are implanted with aMakovian profile,
and the implantation energy is related to themeanpositron
implantation depth through a semi-empirical formula.30
The used implantation energies, considering a density of
2.5 g/cm3, span a depth from about 16 nm to 1.35 µm.

The PALS spectrum𝐹(𝑡) is the convolution of the resolu-
tion function (𝑡) of the instrument (beam and detector)
with a sum of decaying exponential functions:

𝐹 (𝑡) =  (𝑡) ⊗
∑
𝑗

𝐼𝑗

𝜏𝑗
𝑒𝑥𝑝

(
−
𝑡

𝜏𝑗

)
+ 𝐵𝐺 (1)

where, 𝐼𝑗 and 𝜏𝑗 are the intensity and the lifetime of the
different annihilating states of the positron in thematerial,
BG being a constant background.
The details on detection and acquisition data are

reported in previous works.31,32 The lifetime spectra were
deconvoluted by PALfit program33 to extract the intensities
and the lifetimes. All the fits had a reduced chi-square of
around 1.0.
Lifetimes 𝜏 > 0.5 ns are associated with the formation of

o-Ps (lifetime of 142 ns in vacuum) whose lifetime is short-
ened by pick-off annihilations. In the pick-off process, a
positron annihilates with an electron with the opposite
spin of the void’s wall, in which oPs is formed and trapped.
There is an inverse relationship between the lifetime and
size of the voids: the longer the lifetime larger the size
of the voids. The void dimension can be evaluated by the
quantum Tao-Eldrup equation.34
Raman spectra were collected using a Horiba-Jobin

Yvon T-64000 triple-axis spectrometer in a double sub-
tractive configuration. The system was equipped with
three 1800 lines/mm holographic gratings and operated
in back-scattering geometry. A liquid nitrogen-cooled
charge-coupled device (CCD) detector (1024 × 256 pixels)
provided a spectral resolution of approximately 0.6 cm−1

per pixel. The excitation source was a Cobolt Fandango 04-
DPL solid-state laser (λ= 514.4 nm, 50 mW), with the laser
power at the sample surface set to 10 mW. Low-frequency
spectra were recorded in crossed polarization (HV). The
analysis of low-frequency Raman spectra was performed
according to the procedure outlined by Reference [35], tak-
ing into account the observed intensity (𝐼𝑜𝑏𝑠), which is
proportional to the density of states g(ω). For a Stokes pro-
cess, the frequency dependence of 𝐼𝑜𝑏𝑠 can be expressed as:

𝐼𝑜𝑏𝑠(𝜔) = 𝐶(𝜔)𝑔(𝜔)
[𝑛(𝜔,𝑇) + 1]

𝜔
(2)

where, 𝐶(𝜔) represents the coupling function between
light and vibration, which is approximated as ∼ 𝜔 in the
Boson peak (BP) range. By dividing the 𝐼𝑜𝑏𝑠 by [n(𝜔,𝑇) +
1] (where n(𝜔,𝑇) represents the Bose-Einstein factor) and
𝜔, the reduced Raman intensity 𝐼𝑟𝑒𝑑(𝜔) can be written as:

𝐼𝑟𝑒𝑑(𝜔) = 𝐶(𝜔)
𝑔(𝜔)

𝜔2
(3)

 15512916, 2026, 1, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.70488 by M
ichele C

assetta - U
niversity D

egli Studi D
i V

erona , W
iley O

nline L
ibrary on [05/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 12 RAPID COMMUNICATION

F IGURE 1 Secondary ion mass spectrometry (SIMS) counts as a function of depth for different ionic species on the AS and TS of
commercial float glass.

The BP position (𝜔𝐵𝑃) was determined by fitting the
experimental data using a log-normal function according
to Reference [36].

3 RESULTS

A substantial inclusion of 16O1H and 1H close to the sur-
face of the air and tin side of the float glass can be detected
by SIMS (Figure 1). This correlates with the presence of
a surface hydrated layer, which is thicker on the air side
(> 50 nm) than on the tin side (≈20 nm). The 120Sn pro-
file confirms the diffusion from the molten tin bath within

the glass structure, and a strong peak in the Sn concentra-
tion can be observed at a depth of about 6.3 µmbeneath the
TS. This anomaly has already been reported and generally
correlated with a change in the Sn oxidation state from 2+
(surface) to 4+ (bulk).3
The ratio between the SIMS counts for different ions and

their respective counts in the “bulk” (averaged between
17.5 and 19 µm) is reported in Figure 2. One can observe
that:

i. Besides the said highly hydrated layer on the surface,
the 16O1H counts decrease smoothly down to about
4 µm, thus signaling the presence of water or OH
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F IGURE 2 Secondary ion mass spectrometry (SIMS) counts ratio for different ionic species normalized to the counts in the bulk
(17.5–19 µm) on the AS and TS of commercial float glass as a function of the erosion depth.

groups above the average value in the bulk. Generally
thicker on the air side, this region is further charac-
terized by a small but well-detectable gradient in the
elemental composition of 28Si, 27Al, 23Na, and 40Ca.

ii. The SIMS counts for networkmodifiers likeNa andCa,
decrease more than those for Si (former) and Al (inter-
mediate) in the first micrometer beneath the surface
on the air side. The tin side shows mixed results in the
first micron: the Si data points lie between those for Ca
and Na, while the amount of Al is slightly enhanced.

iii. A small but detectable signal from 120Sn is visible also
on the air side.

The PALS spectra as a function of the positron implan-
tation energy (1–16 keV) reveal a clear evolution of the
glass structure beneath the surface (Figure 3). The shape
of the spectra strongly evolves up to 3–5 keV, with smaller
changes occurring at higher positron implantation ener-
gies. The spectra can be deconvoluted using 3 lifetimes
(Figure 4A,B). The most intense one (τ2) is related to the
direct e+—e− annihilation in the bulk or small cavities
falling below the threshold for the positronium formation.
Such a lifetime is in the order of 0.4 ns and is relatively sta-
ble regardless of the positron implantation energy or the
side of the float glass under examination. The other two
lifetimes originate from positronium-related annihilation
events: τ1 has been fixed at 0.125 ns to model the formation
of p-Ps, while τ3, coming from pick-off o-Ps annihilations,
resulted in about 0.85–1.05 ns. The latter is associated with
free volumeswith size in the order of about 3Å (Figure 4C).

The substantial differences between the air and tin sides
can be spotted by the PALS spectra and their deconvolu-
tion (Figure 4). In general, the τ3 associated with the o-Ps
annihilation events is slightly longer on the AS than on
the TS, reflecting larger free volumes (Figure 4C). While
differences in the free volume size are relatively mod-
est (≈10%), the changes in the intensities are substantial.
In particular, we can spot that I3 on the TS is smaller
than on the AS. The relative differences in terms of I3
range from about 20% in the “bulk” (16 keV of positron
implantation energy) to more than 80% on the surface.
As the positron implantation energy increases (i.e., the
probed depth increases), the lifetimes and their intensities
for the TS tend to approach those of the air side, with-
out, however, reaching the same values at 16 keV (about
1.35 µm).
In addition to the substantial absence of tin diffusion

on the air side, some evolution of the positron lifetimes
and their intensities can still be detected as a function of
the implantation energy. The free volume of the AS sur-
face is larger (longer τ3), and its concentration (smaller
I3) is lower than in the bulk. A similar effect can be
seen on the tin side, though it seems more localized and
detectable only when using 1 keV of positron implantation
energy (c.a. 20–30 nm in depth). This mimics the trend
observed in the positron annihilation Doppler broaden-
ing spectroscopy (DBS) reported in previous work on the
same glass.6 Note that the intensity I3 on the TS surface
is extremely weak, reducing the resolution in the deter-
mination of τ3; for this reason, the data points on the
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F IGURE 3 Positron annihilation lifetime spectra (PALS) obtained at different positron implantation energies on the air side and tin side
of commercial float glass.

TS collected at 1 keV of positron implantation energy are
drawn in faint red color.
The Qn (n being the number of bridging oxygens coor-

dinating silicon in a tetrahedral environment) region of
the Raman spectra in Figure 5 shows a modest evolution
as a function of depth on the tin side, while some dif-
ferences can be noticed on the air side. Specifically, the
low-frequency shoulder of the Qn peak is weaker on the
surface vicinity of the air side. The R region (Figure 5),
including the breathing of 5+ rings, is characterized by
modest evolution on the AS and TS and, in both cases, no
clear evidence of the D1 and D2 bands (3 and 4-fold rings)
can be detected.37 The broadR feature is attributed to a dis-
persion in the Si–O–Si bonding angle in large rings, similar
to what is usually observed in pure silica network.37 On
the other hand, an evolution of the Rc component (char-
acteristic of alkali-containing glasses) can be observed, Rc
being definitively weaker on the tin side surface. Although
iron was not previously discussed in the text, we note that
its concentration in this composition is below 0.2 wt%.
Therefore, even though iron can display a Raman feature
in the 950–990 cm1 region that is sensitive to its oxida-
tion state,38,39 its spectral contribution is expected to be
marginal.
The low-frequency portion of the Raman spectra is

reported in Figure 6 for the bulk, the air side, and the
tin side. The Boson Peak (BP, characteristic of amorphous
structures, can be observed in all the different portions of
the SLS, though its position and intensity vary. Specifically,
it shifts to lowerwavenumberswhenmoving from the bulk
to AS and TS.

4 DISCUSSION

The combination of Raman spectroscopy, PALS, and SIMS
provides a comprehensive insight into the chemical and
structural differences between the AS and TS of SLS float
glass, as well as between the glass surface and its bulk.
The results show that some elemental depletion can be

observed in the surface down to about 3–4 µm.As such, the
relative ratios between the various metals (Si, Ca, Na, and
Al) can vary up to 20% on the air side and up to about 10%
on the tin side (Figure 2). Such chemical differences have
various implications both on the scientific and technolog-
ical level, the surface state of the glass being important
in the ion exchange processes, chemical tempering, the
resistance to corrosion and crack nucleation.
The first micrometer beneath the AS is glass-modifier-

depleted (Na and Ca, Figure 2), leading to a slightly more
polymerized network. While the Raman spectra (Figure 5)
are relatively similar at different depths, we can recognize
a small change in the Qn region. A major band always
dominates such a region at about 1090 cm−1, which can
be attributed to Q3; however, the spectrum collected in
the first micrometer beneath the AS is characterized by a
weaker scattered intensity between 920 and 1100 cm−1. It
reflects the Q1 and Q2 units typically located in silicates at
about 950 and 990 cm−1 (inset in Figure 5).41 Hence, the
Raman spectra provide evidence of a more polymerized
structure in the air side vicinity, which is consistent with
the chemical composition (Figure 2).
Chemistry evolution is less evident on the tin side,

where the relative amount of modifiers (Na and Ca) and

 15512916, 2026, 1, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.70488 by M
ichele C

assetta - U
niversity D

egli Studi D
i V

erona , W
iley O

nline L
ibrary on [05/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



RAPID COMMUNICATION 7 of 12

(A) (B)

(C)

F IGURE 4 Deconvoluted (A) lifetimes and (B) intensities from the positron annihilation lifetime spectra (PALS) in Figure 3 as a
function of the positron implantation energy (depth) for the AS and TS of SLS glass. (C) Average free volume size as calculated from the o-ps
lifetime (τ3) using Equation 1. Given the low intensity (I3) associated with the τ3 on the tin side surface (1 keV), the resolution in terms of
lifetime and free volume size is reduced and, therefore, the datapoint is plotted in light red color. Red and blue datapoints refer to the air and
tin side, respectively.

formers/intermediates (Si and Al) changes in a mixed
way: the Si datapoints lie between Ca and Na, while there
is a slight enrichment in Al. The relative abundance of Al
increases the network connectivity as Al3+ in tetrahedral
coordination causes the formation of negative charge cen-
ters, charge-balancing the “interstitial” positive modifiers
without the formation of non-bridging oxygen (NBO). On

the other hand, the TS surface is known to be enriched
in Sn2+ till the hump42 in the SIMS profile (about 6 µm
beneath the surface, Figure 1). The impact of SnO on
the glass structure has been debated; it can primarily act
as a network modifier43 but its incorporation increases
the connectivity of the structure compared to alkalis and
alkaline earth.15 SnO could even act as an intermediate
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F IGURE 5 Medium and high-frequency regions of the Raman spectra collected on the air and tin side of SLS at different depths. The left
panel evidences the differences between the AS and TS, while the right panel points out the spectra evolution with the position. The depths
have been corrected using a refractive index of approximately 1.5, following the refraction model described by Reference [40].

F IGURE 6 Low-frequency Raman spectra evidencing the
boson peak region.

if the concentrations are high enough.15,44 These mixed
results in terms of relative concentration between mod-
ifiers and intermediates/formers cause a more stable
Raman response in the Qn region as a function of depth
on the tin side (Figure 5). In summary, besides the clear
tin incorporation, the short-range structure of the TS is
akin to that of the bulk, much more so than that of the AS.
While the short range of the TS is surprisingly sim-

ilar to the bulk, the medium range shows a different
behavior. This can be evidenced on three distinctive lev-
els: (i) the medium-frequency part of the Raman spectra
(Figure 5), (ii) the low-frequency region of theRaman spec-
tra and related BP position (Figure 6); (iii) the Positron
annihilation spectra and related deconvolution parameters
(Figures 3 and 4).

4.1 Medium frequency Raman

The Rc Raman peak shows a certain evolution on the tin
side (Figure 5), its intensity decreasing with the distance.
Rc is a relatively sharp feature, generally attributed to
localized vibrational modes (like structures that are vibra-
tionally isolated from the network).37,45 Such decoupling
is thought to take place through the formation of segre-
gated NBO structures that isolate some regions of the glass
from the rest of the network. This causes a kind of “phase
separation” at the nanoscale between silica-like (respon-
sible for the broad R band) and alkali-silicate-like regions
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(responsible for the sharp Rc band)37 which can be orga-
nized in percolative nanoscopic channels.46 The reduction
of the Rc intensity on the tin side suggests that this “phase
separation” in structurally different nano-domains is less
developed as a result of tin incorporation. This argument
is coherentwith the fact that the splitting betweenR andRc
is generally less evident in alkali silicates containing heavy
elements37,45 as the steric hindrance of largemodifiers does
not allow the structure to relax as it wishes.37 As the ionic
radius for Sn2+ is about 122 pm,47 much larger than that
of Na+ (≈102 pm),48 its presence on the TS can reduce the
intensity of Rc by suppressing the “phase separation”.

4.2 Low-frequency Raman

The low-frequency Raman spectra, dominated by the
excess of vibrational states usually calledBoson peak, show
a detectable evolution on the glass surface vicinity. The BP
position (𝜔𝐵𝑃) is related to the characteristic size of elastic
heterogeneities in the network and can be associated with
the correlation length (𝜉)49,50 as:

𝜉 = 𝑣𝑡 𝜔
−1
𝐵𝑃 (4)

where, 𝑣𝑡 is the transverse sound velocity, which can be
calculated from the shear modulus and the density. From
the shear modulus measured by the acoustic resonance
method and using a density of 2.5 g cm3, one can estimate
𝜉 as 1.8 nm in the bulk. We obtained the “true” 𝜔𝐵𝑃 by
correcting for the thermal effect as described in Reference
[51] thereby determining its position in 𝑔 (𝜔/𝜔2). Such a
value is in good agreement with the literature (1.8–2.2 nm
in Reference [52]).
The decrease of 𝜔𝐵𝑃 on the surface vicinity (Figure 6)

is expected to mirror an increase in the correlation dis-
tance. Assuming that the elastic properties do not change
and updating the density value considering the decrease
in the free volume (calculated by averaging the I3 data
in Figure 4), and assuming that the total free volume of
SLS is about 6%53 in the bulk, one can estimate a corre-
lation distance of about 2.2 and 2.5 on the AS and TS,
respectively. There is indeed a relatively large uncertainty
in these calculations related to the variation of the elastic
properties and the density; however, the changes are sub-
stantial and deserve some comments. The first is related
to the fact that 𝜉 is longer on the AS than in the bulk.
This is coherent with the observed local alkali depletion
(Figure 2), actually, silica and aluminum-silicate glasses
possess correlation distances larger than 3.3 nm.49 The 𝜉
increase moving from the bulk to the AS can be, therefore,
attributed to a transition from the standard SLS composi-
tion to a more silica-rich network. On the other hand, the

differences in 𝜉 are even stronger on the TS where the net-
work connectivity is quite similar to the bulk (see the Qn
region in Figure 5). Specifically, the correlation distance on
the TS is substantially larger than on the bulk and (likely)
AS. This can be tentatively ascribed to a more homoge-
neous and less “phase separated” network as a result of
the steric hindrance to the network re-organization by the
large Sn2+. This further corroborates the lower Rc band
intensity (Figure 5) on the TS, which is a signature of a
more homogeneous structure.

4.3 Positron annihilation lifetime
spectroscopy

Both the AS and TS are characterized by PALS spectra
clearly different from those of amorphous silica reported
in the literature. The first feature is the absence, in SLS, of
the long lifetime of 1.6 ns, which was dominant in SiO2.
Moreover, o-Ps in SLS accounts only for ≈ 30% of the
total annihilation events (I3), well below the typical val-
ues in SiO2 (> 70%). The results point out that the SLS
possess not only a smaller amount of free volume com-
pared to SiO2, a well-established argument coherent with
the larger density of SLS (2.5 g cm−3 for SLS vs. 2.2 g cm−3

for SiO2) but that the alkali and alkaline earth cations pref-
erentially sits in the larger rings, i.e., those responsible for
the 1.6 ns lifetime in silica, which cannot be detected in
SLS.
When comparing the two faces of the float SLS, one can

notice that the Sn diffusion substantially increases the den-
sity of the network, reducing the intensity I3 associated
with the o-Ps annihilation.While the effect is substantial in
terms of intensity, it is definitely less remarkable in terms
of free volume size, which is only marginally reduced on
the TS (both AS and TS possess free volumes in the order
of 3 Åwith differences below 10%). In summary, the tin dif-
fusion inside SLS glass during the manufacturing process
causes densification of the structure with tin, therefore,
likely filling interstitial voids, and acts as a glass modi-
fier. These results are consistent with the fact that the tin
side possesses substantially different properties, including
a higher probability of crack formation after Vickers inden-
tation and lower kinetics of the ion exchange process.6,8,9
Actually, the nucleation of cracks is facilitated in highly
packed glasses, which do not possess the ability to den-
sify during indentation, relaxing themechanical stresses.54
Besides ion exchange and the mechanical properties, the
chemical durability and weathering might be affected.55
For instance, the water incorporation kinetics on the tin
side in hydrothermal conditions are slower than on the
air side.6 This reflects on various properties, including the
dynamic fatigue response.56,57
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Finally, we can notice a strong evolution of PALS param-
eters on the surface vicinity (up to 3–4 keV on the air
side and up to 2.5 keV on the tin side) both in terms
of lifetimes and intensities (Figure 4). This mimics the
O16H2 signal associated with water penetration (Figure 1).
The surface is clearly denser with reduced I3 (lower total
void volume) also on the air side where the tin presence
is modest. However, the size of the free volume is gen-
erally larger close to the surface (longer τ3). Water has,
therefore, a “singular” behavior: it causes densification of
the glass surface (coherent with the fact that it is larger
than the replaced Na+) but simultaneously increases the
“void” size. Such a phenomenon cannot be explained by
a simple and rigid substitution of either Si-OH+H2O or
H3O+ for Na+ but suggests the activation of some kind
of rearrangement of the structural units even in ambient
conditions.

5 CONCLUSIONS

The air and tin sides of soda lime silicate float glass are
substantially different in terms of chemistry, short-, and
medium-range order. Surprisingly, the short-range (Qn
units and distribution of non-bridging oxygens) on the tin
side is akin to that of the bulk despite the obvious diffusion
of Sn within the glass structure, whereas larger differences
can be identified on the air side. This is attributed to a
chemical modification, depleting the modifiers in the first
micrometer beneath the air side surface. This results in a
more polymerized network on the AS.
On the other hand, the Sn intercalation causes a sub-

stantial change in the medium-range order of the TS. The
tin side is denser than the air side with a marked reduc-
tion in the amount of free volume (reduction in the o-ps
annihilation events). While the amount of free volume
is substantially different, its size changes only marginally
(variation of about 10%) and is always in the order of
3 Å. Furthermore, the typical splitting of the medium-
frequency portion of the Raman spectra in R + Rc band
is slightly less developed on the tin side, highlighting a
more homogeneous network with reduced segregation of
alkalis/non-bridging oxygens. Such observation matches
with a detectable decrease in the Boson peak frequency
(longer correlation distances) on the tin side.
Differences in the spontaneous surface hydration layer

thickness can also be pointed out on the two sides of the
glass, substantially reducing the amount of free volume in
the first tens of nanometers close to the glass surface.
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