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Abstract

In contact with water, glass transforms into amorphous and porous structures called gels. A
simulation method based on classical molecular dynamics is proposed here to mimic “dry” gels
forming from initial oxide glass structures. Six glass compositions were investigated. Two behaviours
were evidenced depending on the initial glass composition, and in particular on the quantity of
elements removed. If a large quantity of soluble elements (B, Na) was removed, it induced an
increase in the average pore size within the gels, and the time needed to stabilise the gel structure
increased because more local atomic rearrangements occurred. The gel network displayed a higher
proportion of Si-Q4 at the expense of Si-Qs and a lower average ring size compared to the glass
network, irrespective of the glass composition. Surface effects were also highlighted in the dry gels,
such as the presence of 3-coordinated Al and a decrease in the average angle Si-O-Si and Al-O-Al.
These findings will be compared to both wet gels and experimental data in further studies, to help
find the best procedure to simulate such structures.

Introduction

Borosilicate glasses are of great technological interest because of their versatility and the various
properties they offerl. One of their many applications is found in the nuclear field, where they are
used to contain high-level radioactive wastes from spent nuclear fuel reprocessing. After cooling for a
few decades, the vitrified wastes will be stored in a deep geological repository?. To prepare for this,
many studies have been performed on glass durability in order to assess the safety of such a disposal
system over a geological time scale®®. It has been observed that when in contact with water, glass
dissolves firstly at an initial rate, then decreasingly through time until it reaches a rate several orders
of magnitude lower, called the residual rate?. This decrease has been attributed to the formation of a
passivating alteration layer, usually referred to as gel®’.

The gel is characterised by its porous, amorphous, and hydrated structure. Depending on its open
porosity, it can act as a diffusion barrier for aqueous species®®. The mechanisms behind the
formation of such a gel have been widely discussed, resulting in two main theories: the gel may be
defined as a “residual” glass skeleton depleted in soluble elements such as alkali and boron®°, or on
the other hand, it may be the result of the precipitation of dissolved species at the interface with the
altering solution'2, However, neither approach necessarily excludes the other.

To date, there no consensus has been reached as to the origin of the passivating effect of gels, which
thus remains an open question. Studies have suggested that it may originate from their ability to act
as a barrier to both water and reaction product diffusion, thus limiting the dissolution process by
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partially sealing diffusive canals'>!*. Another explanation, proposed by Du et al.'®, suggests an
increase in the number of small silicate rings within the gels resulting in a decrease in water mobility.

However, it appears that the passivating properties of the gel greatly rely on several factors, such as
the glass composition!*1® and the altering solution composition (pH'"!8, concentration of ions!>?2).
Consequently, it is also important to underline that the morphology of the gel also changes over time
due to a maturation process® and the incorporation of exogenous elements?®?!, making it even
harder to ascribe the passivation to one definitive mechanism. Several studies have investigated gel
morphologies. For example, it has been shown that the size of the pores depends on the pH of the
solution, as higher pH levels lead to an increasing porosity due to the higher solubility of silicon?.
Moreover, a gel morphology can display open and/or closed pores®®, as well as an uneven pore
distribution through the gel layer, which can appear to be denser at the interface with the solution?.
Many studies have been conducted on the impact of the glass composition on gel properties, by both
experimental approaches and Monte-Carlo simulations!®?>?7, While these have highlighted the role
of specific elements such as Al?, to date no global model has emerged to enable a better
understanding of the link between glass composition and gel properties. In this study we focused on
six glasses and gels of various compositions by classical molecular dynamics. This two-part study is
attempting to link both the structure and the composition of gels to various properties of the
passivating layer.

Classical molecular dynamics simulations have proven to be an invaluable tool in probing the
structure of glasses'®?%3% and gels3*? at both short and medium range order. Several methods exist
to simulate gels, from the removal of blocks of silicon atoms to simulate an ordered porosity®*3*, to
the introduction of defects using hydrogarnet defects? or modification of the simulation parameters,
for example like charge scaling, mimicking a sol-gel process®®, and volume scaling®%*’. However, it has
not yet been possible to directly reproduce the experimental mechanisms leading to the formation of
the gel with water. Classical molecular dynamics were therefore used here to study six simulated
“dry” (without water) gels. The gels were obtained from five-oxide (Si-Al-B-Na-Ca) glasses and then
depleted in soluble elements, with the exception of calcium which has already been proven to be
retained in the gel layer'®3®, The gels were annealed in order to simulate their stabilisation with time,
enabling a continuous, dynamic structural analysis. Comparisons between the gels and their
respective glasses will give an indication of the impact of the initial glass composition on the
structure and morphology of the gel. This paper details the first part of a longer study intended to
simulate wet gels by introducing water into the porous volumes of the dry gels described here. These
wet gel properties will be presented in a second article.

Methods
Composition (mol%) . . 39 3

50, | 8,05 | ALOs | a0 | Nayo S/I | SiO,/AlL03 | Density® (g/cm?) | T (K)
S$65.5 | 6550 | 9.00 | 6.84 | 6.00 | 12.66 | 0.3 9.6 2.49 3400
§57.5 5750 | 18.00 | 5.84 | 6.00 | 12.66 | 0.6 9.8 2.44 3000
§51.0 | 51.00 | 22.00 | 5.34 | 6.00 | 12.66 | 0.9 9.6 2.34 3400
§52.5 15250 (19.00| 9.84 | 6.00 | 12.66 | 0.6 5.3 2.36 3200
§57.5 5750 | 18.00 | 5.84 | 6.00 | 12.66 | 0.6 9.8 2.44 3000
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$63.0 | 63.00 | 17.00 | 1.34 | 6.00 | 12.66 | 0.6 47.0 2.48 3000

CJ]3 | 61.16 | 16.29 | 3.89 | 5.81 | 12.85 | 0.6 15.7 2.47 3200
Table 1 — Composition, soluble / insoluble ratio (S/1), SiO, /Al;Os ratio, density and maximum simulated temperature T of
the studied glasses

Six five-oxide glasses divided into two series were designed in order to assess the impact of two
particular ratios (the ratio between soluble and insoluble elements, S/I, and the SiO,/Al,Os ratio) on
the structure and properties of the resulting simulated gels. The compositions are given in Table 1. In
the first series, composed of S65.5, S57.5, and S51.0, the SiO,/Al,O3 ratio remained constant with
only the S/I ratio varying. Inversely, with a varying SiO»/Al,0s ratio and constant S/ ratio, the second
series was composed of S52.5, S63.0, and S57.5, to which was added CJ3 which has been studied
elsewhere and meets the necessary criteria®.

In order to define the soluble and insoluble elements, the following assumptions were made based
on previous studies, either by MD or experiments!®3:

- Soluble elements are B, Ca, and the quantity of Na associated with non-bridging oxygen (H1)

- Insoluble elements are Si and Al (H2)

- Four fold-coordinated Al* is compensated before four fold-coordinated B*, and firstly by Na,
then Ca (H3)

- B*is compensated by Na (H4).

For instance, using S52.5 as an example, the S/I calculation is as follows: from (H3), the Al quantity is
inferior to the Na quantity, meaning that all Al are compensated by Na. From (H4) and (H3), the
guantity of B compensated by Na is the remaining quantity of Na that does not compensate Al. The
4-fold coordinated B quantity is therefore (Na;Os - Al;Os): all Na are charge compensators and there
are no Na associated with non-bridging oxygens. Thus, from (H1), the soluble elements correspond to
the Ca and B atoms, i.e. CaO + 2*B,0s. The insoluble elements are, from (H2), the quantity of Si and
Al, i.e. SiOy + 2*Al,0s.

Glasses were prepared using the LAMMPS code*® with potentials (Coulomb - Buckingham type)
developed by Du et al® (see Supplementary Information Table S1 and Table S2) following Equation
(1), taking into account two-body potentials at short range (a repulsive exponential term and an
attractive dipolar term) and long-range Coulombic interactions:
Tij .. .d -
Vi =Aije__if—c—”6+@ (1)
rij rij
where i and j are the atoms of the i-j pair, Aj, pij and C; are the short range pair potential parameters,
ri the interatomic distance between the atoms i and j, and giand g; are the partial charges for the
atoms i and j. A repulsive term described in Equation (2) was added to overcome strong attractions
at small interatomic distances induced by the Buckingham potential:
B::
Vij(rij) = ru_lfiu + Dyjrij° (2)
where Bj, nj and D; are parameters fitted to allow continuity in the potential, the force, and the first
derivate of the force at the distance where the second derivate of the force is close to zero.

The simulated systems were composed of 100 000 randomly generated atoms, for which the box size
was determined with respect to the estimated density of each glass based on Fluegel’s work®. Long-
range interactions were computed with a Particle-Particle-Particle-Mesh (PPPM) algorithm, with a
defined accuracy of 10°. The cut-off used for the short-range interaction was 10 A. All simulations
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were performed with a 1 fs time step. A first equilibration step was performed at 1000 K for 0.1 ps in
the NVT ensemble (constant number of atoms, volume, and temperature) to remove the initial most
energetic interactions. The structure thus obtained was then heated to 3000 K < T < 3400 K for 1 ns
(NVT ensemble) in order to lose the memory of the initial configuration, and quenched at a 2 K/ps
rate to 300K in the NVT ensemble. Afterward, two successive 20 ps equilibration steps were
performed, firstly in the NVT ensemble, then in the NVE ensemble (constant number of atoms,
volume, and energy).

Gels were obtained from the simulated glass by removing all boron atoms as well as all sodium, with
the exception of two gels (S65.5 and S52.5). For these, part of the sodium was used to compensate
aluminium and thus it was left in the gel. In order to maintain the electro-neutrality of the system, it
was necessary to remove some oxygen atoms. They were selected randomly from the boron and
sodium first-neighbour environments. Once prepared, the new system was equilibrated for 0.5 ns in
the NVT at 300 K ensemble before being heated to 2400 K in the same conditions. This step was
conducted for 0.5 ns, and enabled the gel structure to be annealed and stabilised. Tests were
conducted to determine the heating temperature of the annealing and its effect on the porosity, and
the results are displayed in Supplementary Information Figure S1. The relaxation temperature was
chosen above 2000K to be in the second part of the curve (the part with the steeper slope) to ensure
sufficient relaxation to obtain pores with radii of the order of the experimental ones (around 0.5nm).
Overly hot temperatures were also avoided, to prevent the structures from melting with subsequent
pore collapse. Finally an intermediate temperature of 2400K was selected. Afterwards the system
was instantly cooled to 300 K, at which two successive NVT and NPT (isobaric) relaxations were
performed for 20 ps each.

King rings
Rings were calculated following the King’s criterion, which states that a ring is considered the
shortest path between a given atom and its nearest neighbours*.

Pore size distribution (PSD)

To estimate the pore morphology and topology of the gels, the pore size distribution can be
calculated using the method developed by Bhattacharya and Gubbins®. The pores are explored using
a spherical probe of varying size in order to find the largest sphere fitting in the pore. The PSD is
defined as the statistical distribution of the radii of these spheres.

Coordination number
The cut-off radii used to calculate the coordination numbers are given in Table 2. They correspond to
the first minimum after the first peak of the radial distribution function.

Si-0 | B-O | Al-O | Na-O | Ca-O
re (A) | 2.1 2.0 2.4 3.5 3.2

Table 2 — Cut-off radii used for the coordination number analysis

Surface atoms

To determine the quantity of surface atoms, a method based on the calculation of the local Voronoi
volumes was used. For surface atoms located at the pore surface, the local Voronoi volume is larger
than for bulk atoms. To identify surface atoms, 3 million points in the simulation box were chosen at
random. The number of points nearest to a given atom than any other atoms was calculated for each
atom of the system. Hence, the surface atoms can be identified because of a larger quantity of points
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around them compared to the bulk atoms. A threshold was determined for each gel (Table 3). An
atom is considered to be a surface atom if the number of points around it is superior to this
threshold. Each threshold was determined empirically by verifying visually that it allowed a clear
separation between the surface and the bulk atoms.

S65.

5] 563.0

CJ3

S$52.5

S57.5

S51.0

Threshold

75

90

88

86

90

105

Table 3 — Threshold used to identify the surface atoms for each gel

Results
S65.5 $63.0 cl3 S§52.5 S$57.5 S51.0
Glass Gel | Glass Gel | Glass Gel | Glass Gel | Glass Gel | Glass Gel
Si 400 400 | 400 399 | 400 4.00 | 400 4.00 | 400 400 | 4.00 3.9
Mceljn Al 401 3.81 | 402 367 | 401 3.67 | 401 3.8 | 401 3.70 | 401 3.67
Ca 6.64 567 | 703 473 | 697 508 | 6,90 587 | 6.99 524 | 7.04 5.07
NBO 7.5 3.9 6.8 8.0 5.9 5.8 3.2 5.5 4.5 4.9 3.3 6.0
(%) 0? 914 939 | 926 918 | 93.0 93.2 | 93.7 90.6 | 93.8 93.1 | 949 920
o3 1.1 2.2 0.6 0.2 1.1 1.0 3.1 3.9 1.7 2.0 1.8 2.0
Qs 81.2 912 | 829 836 | 8.8 876 | 90.8 86.6 | 8.7 89.0 | 904 86.3
. Qs 17.8 8.6 16.3 158 | 146 120 9.0 129 | 11.9 10.6 9.4 13.2
%;jl Q 1.0 0.2 0.8 0.6 0.6 0.4 0.2 0.5 0.4 0.4 0.2 0.5
Qu 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Qo 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Qs 973 979 | 980 970 | 980 975 | 988 970 | 98.7 973 | 99.0 97.2
" Qs 2.7 2.0 1.9 3.0 2.0 2.5 1.2 3.0 1.3 2.7 1.0 2.8
Okn.%s Q 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Qu 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Qo 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Si-O-Si | 151.7 151.4|151.4 150.7 | 151.4 150.7 | 152.2 150.5| 151.8 150.6 | 152.4 150.2
0-Si-O | 109.4 109.4|109.4 109.4 |109.4 109.4|109.4 109.4|109.4 109.4|109.4 1094
An(§)|e5 O-Al-O | 109.2 110.1|109.1 110.9|109.2 110.9|109.2 109.7 | 109.2 110.6 | 109.2 110.8
Si-O-Al | 144.1 142.5|143.6 143.6 | 143.5 143.2 | 1443 141.3|143.9 142.0|144.6 141.6
Al-O-Al | 128.8 119.6 | 129.3 126.3 | 130.5 121.2 | 126.7 121.4|126.5 1209 | 127.1 1225
Mean free
volume/pore 056 1.24 | 0.54 237 | 054 201|057 371 | 056 260 | 0.59 4.46
radius (A)
Mean ring size 560 525 | 570 518 | 5.66 519 | 560 511 | 564 516 | 578 5.10

Table 4 — Mean CN of Si, Al, and Ca, percentages of NBO, 02, and O3, Qn distribution of Si and Al, calculated mean angle,

mean free volume/pore radii and mean ring size in the simulated initial pristine glass and the alteration gels

Table 4 displays the mean CN of Si, Al, and Ca for the glasses and their respective gels. The Si mean
CN remains unchanged between glass and gel, which demonstrates the stability of the silicon
tetrahedron in both glass and gel. However, it can be seen that both Al and Ca mean CN significantly
decrease. For all the glasses, Al is found in tetrahedral form, consistent with experimental data on
alumino-borosilicate glasses!®*, Its mean CN value decreases to between 3.88 and 3.67 in the gels,
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which shows the presence of 3-fold coordinated Al. This drop is larger when the Al content
decreases. A decrease between the Ca mean CN in the gel compared to the glass can also be seen
(from a 6.64 — 7.04 range for the glasses to 4.73 - 5.87 for the gels). Non-bridging oxygens (NBO) and
the 2 and 3-fold coordinated oxygen percentage are given in the second part of Table 4. Globally,
they display only minor variations and no clear tendency can be deduced from the NBO %
comparison between the glasses and the gels, but the NBO % mostly increase in the gels except for
$65.5 and CJ3. Conversely, the 0% decreases in the gels compared to the glasses, with the same
exception for S65.5 and CJ3. The 0*% is less than 3%, except for S52.5. While the existence of these
species has never been confirmed experimentally, several molecular dynamics studies have shown
their existence in equilibrated glasses®*’. In our compositions, the 0®% increases with the Al %
content in the gels and a similar trend is observed for the glasses (except for S65.5 and S57.5), which
could indicate that the O3 entities play a role of charge compensator. The 03% increases in the gel
compared to the glass, except for S63.0 and CJ3.

Additionally, Si and Al*Q, species were calculated for glasses and gels alike (Table 4). It appears that
the Si Q4 percentage generally increases at the expense of Qs in the gels compared to their glasses,
except for S52.5 and S51.0 for which the percentage decreases. These two glasses have the lowest
SiO, percentages. S65.5 shows the greatest increase in Q4, from 81.2% to 91.1%, which can be
attributed to the low soluble/insoluble ratio and the higher Si percentage. Furthermore, the Si Q4
percentage is higher than that observed experimentally®. It could be related to a faster
reconstruction of the Si at the expense of the Al. Changes in the Q, population relative to Al* appear
to be negligible.

The mean angle values of different M-O-M or O-M-O (M = Si, Al) linkages in both glasses and gels can
be found in Table 4. It appears that for all the gels, the Si-O-Si, Si-O-Al (except S63.0), and Al-O-Al
angle values decrease, with a larger decrease for the latter. While the O-Si-O mean value remains
constant, ranging from 109.36 to 109.60° (standard value for the tetrahedron angle), the O-Al-O
angle slightly increases in the gels compared to the glasses. This can be explained by an increase in
the AP quantity, creating trihedra with internal angles close to 120°.
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Figure 1 — Distributions of King ring sizes in the initial glasses and in the dry gels

Figure 1 shows the King ring size distribution*? for both glasses and gels. It appears that in the glasses
the maximum ring population is centred at a value of 6, while it is centred on 5 in the gels. The ratios
of mean ring size between a gel and its parent glass were calculated. From these results, it can be
seen that the glasses with the same soluble/insoluble ratio had roughly the same values, ranging
from 0.910 to 0.918. However, the S65.5 (lowest S/I ratio) had the highest ratio with a value of 0.938,
while the S51.0 (highest S/I ratio) had the lowest value, at 0.883. Additionally, it can be noted from
Figure 2 that the mean ring value in gels decreases almost linearly (R?=0.941) with the Si % content,
which is equivalent to the (B+Al) content.
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Figure 2 — Evolution of the mean ring size of the gel with Si content (mol%) in the initial glass
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Figure 3 — Pore size distribution in the initial glasses and in the dry gels

The pore size distribution (PSD) was calculated for the dry gels and the initial glasses as a reference
for the free volume intrinsic to the glasses, using the method of Bhattachary and Gubbins®.
Hereafter are considered as ‘pores’ only the volume that enables the transport of an H,O molecule,
thus pores with a radius larger 1.25 A, which correspond to the maximum free volume visible in the
glasses. These results are presented in Figure 3. It can be seen that for all the glasses, the PSD is
roughly the same, with a maximum of distribution at around 0.5 A which slightly increases with a
decrease in density. However, the shapes of the PSD differ significantly between the gels. The pore
radius is at its maximum for the gels prepared from the glasses with the highest B content, and then
decreases as the B content in the glasses decreases.
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Figure 4 —Structural factors S(q) of the simulated alteration gels

S65.5 S63.0 cJ3 S52.5 S57.5 S51.0
n 3.165 2.824 2.870 3.169 2.906 2.853

Table 5 — Exponent n extracted from a fit of the structure factors by the power law g™ in the dry gels

The structure factors S(g) derived from the calculated SAXS spectra were obtained following the
same method as that used by Cailleteau et al.!*. The results are presented in Figure 4. While the
shape of the curve fluctuates considerably (certainly induced by the relatively small size of the
system), the exponent n can be calculated from the power law g™ regression in order to evaluate the
regularity of the pores. Between 1 and 3 the exponent is indicative of the pore structure, whereas
between 3 and 4 it is representative of the surface of the pores. In fact, an increase in the pore
regularity corresponds to an increase in the exponent from 3 to 4.The exponent values for the dry
gels can be found in Table 5. As they remain relatively close (2.82 to 3.17) despite the wide
composition range, it seems to have little effect on the pore regularity.
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244 Figure 5 — Aluminium CN in the dry gels versus time during the annealing at 2400 K

245 Figure 5 and Figure 6 display the time dependency of the mean Al CN and Ca CN, respectively, during
246  the 0.5 ns annealing stage at 2400 K. For all the gels, a major decrease can be observed immediately
247 after the beginning of the annealing relaxation due to the thermal motions (the temperature was
248 raised from 300K to 2400K for the annealing). The coordination numbers in the gel structures
249  equilibrated at 300K are given in Table 4, but this section shows how the dynamics of dry gel
250  formation occur during the annealing stage at 2400K.

251 Hereafter, a reconstruction of the Al* and Ca environments occurs, with its efficiency depending on
252 the gel. From these results, two behaviours can be deduced: gels for which the reorganisation is only
253 slight (S65.5, S63.0, CJ3), and gels for which the reorganisation is more developed (S52.5, S57.5,
254  S51.0).
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Figure 6 — Calcium CN in the dry gels versus time during the annealing at 2400 K

NBO and O3

Figure 7 — NBO and O3 percentages evolution of the dry gels versus time during the annealing at 2400 K. Empty symbols
represent the NBO and O3 percentages in the initial glasses.

Figure 7 displays the evolution of the NBO and O® percentages through the annealing at 2400K. One
can see through the comparison between the NBO percentage in the initial glass and at the
beginning of the annealing, that the removal of the B and Na induces a significant increase of NBO
percentage (except for S65.5, which shows a slight decrease). The NBO percentage then decreases by
roughly 2 % during the annealing and is stabilised quite quickly after around 0.2 ns. The comparison
between the O° percentage in the initial glass and at the beginning of the annealing displays few
modifications (except for S65.5, which shows an increase and S51.0, which shows a decrease). During
the annealing at 2400K, the O® percentage is stabilised rapidly at 0.05 ns. It can be noted that the 0*
% increases with the Al % in the glass, confirming what has been shown previously in the glass and in
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During annealing at 2400K, the NBO percentage decreases and the O3 percentage increases. It means
that there is a global increase of the polymerization level of the structures. A correlation between the
Al coordination change (Figure 5) and the polymerization level change can be noted. The
polymerization level change has been estimated by calculating the quantity %0 - %NBO (Figure 8).
Globally, the larger the increase of the polymerisation level, the larger the increase of the Al
coordination during annealing.
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Figure 8 — Evolution of 03% - NBO% of the dry gels versus time during the annealing at 2400 K
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Figure 9 — King ring size distributions in the dry gels before and after the annealing at 2400 K

The King ring size distribution just before and immediately after the annealing are compared in
Figure 9. The presence of 2-membered rings at the beginning of the annealing but no longer visible at
the end is coherent with the observation of few Si-O-Si, 0-Si-O, and Si-O-Al angles equal to 90° (not
shown here). All distributions are centred on 5-membered rings. A narrowing of the distribution is
observed for the six gels after annealing. A characteristic “reorganisation” time 1, corresponding to
the reconstruction of the network at 2400 K, can be estimated by fitting the FWHM (Full Width Half

Maximum) change with time during the annealing as FWHM = A + Be~"/t. From these values,
displayed in Table 6, it seems that a lower Si content is associated with a longer relaxation time,
which can probably be ascribed to a more flexible network (the S65.5 structure is an exception).
However, this correlation remains weak.

S65.5 563.0 CJ3 S$52.5 S57.5 S51.0

T (ns) 0.0620 0.0479 0.0467 0.0592 0.0606 0.0560

Table 6 — Characteristic “reorganisation” time t estimated from the narrowing versus time of the King ring size distribution
of the gels during the annealing at 2400 K
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Figure 10 — PSD evolution of the dry gels versus time during the annealing at 2400 K

From the PSD evolution versus time illustrated in Figure 10, the formation of pores with greater radii
can be observed for all the gels, but the increase in progressive distribution spreading strongly
depends on the composition. For §57.5, S52.5, and S51.0, a larger and faster spreading of the
distributions can be observed compared to CJ3, S63.0, and S65.5. The ratio of the final compared to
the initial mean pore radius has been calculated from values displayed in Supplementary Information
Figure S2 and evolves as S52.5 > S51.0 > S57.5 > CJ3 > S63.0 > S65.5. This confirms the two
behaviours previously identified. The gels formed from glasses with a lower Si content (552.5, S51.0,
S57.5) present a more developed reorganisation than the gels formed from glasses with a higher Si
content (565.5, $63.0, CJ3).
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Figure 11 — Evolution of the percentage of atoms remaining at the pore surfaces during different time intervals of the
annealing versus the mean pore radius of the gels
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The number of atoms on the pore surfaces was calculated for all the gels. Their evolution through
time can be found in the Supplementary Information Figure S3. It appears that the number of surface
atoms mainly increased at the beginning of the annealing for most of the gels, then remained fairly
constant (or decreased slightly for S52.5). Also, the number of surface atoms is directly linked to the
number of atoms removed initially, as shown in Supplementary Information Figure S4.

However, even if the number of surface atoms remained roughly constant, it appears (Figure 11) that
only #20% of the atoms initially present on the surface at the beginning of the annealing were still on
the pore surfaces at its end. This is indicative of a fast reorganisation during the annealing. It is
nevertheless greater at the beginning of the relaxation, as between 0.05 and 0.5 ns at least 30% of
the atoms remained on the pore surfaces for most of gels. Additionally, during the second half of the
relaxation nearly 40% of the surface atoms were stabilised on the pore surfaces, which is indicative
of a slowing down of the gel reorganisation. No clear trend between the number of surface atoms
and the pore size is recognisable.
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Figure 12 - Evolution of the percentage of atoms on the pore surfaces (relatively to the total number of atoms in the system)
versus time for the different atom species

The surface atom types were investigated (see Supplementary Information Figure S5). It appears that
some atom types are more likely to be at the pore surfaces. For all gels, the O atoms were
predominant and they represented roughly 80% of all the pore surface atoms. Then followed Na (for
S52.5), Ca with =15%, Al within the 1-4% range, and finally Si with less than 0.2%. Furthermore, when
normalised to the total quantity of atoms of a given type, it seems from Figure 12 that mobile
elements such as Na and Ca can be found in a higher proportion at the pore surface compared to O,
Al, and Si. It should be noted that at least 50% of Na atoms were present on the pore surfaces for the
two Na-containing gels. For these, 20% of the calcium atoms were surface atoms whereas on the Na-
depleted gels, their proportion increased to reach values between 30 to 40%. It is interesting to see
that Na-containing gels carry just enough Na to compensate all the Al. However, if 50% of them are
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on the pore surfaces, they are no longer available for charge-compensation. This could partially
explain the high number of 3-fold coordinated Al in the gels.
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Figure 13 — Displacement distributions of Si, O, Al, and Ca during the dry gel annealing at 2400 K.

Figure 13 shows the atomic displacement distribution of the six gels for Si, O, Al, and Ca. The mean
values of these distributions are presented in Supplementary Information Figure S6. From these
Figures it can be seen that the mobility of the different types of atoms increased as Si < O < Al < Ca.
The higher mobility of aluminium compared to oxygen is unexpected, as the opposite is generally
documented when diffusion is calculated at different temperatures in equilibrated glasses.
Moreover, the mobility of the atoms depends on the gel composition. The atomic displacements in
the S52.5, S51.0, and S57.5 gels were greater than in the $63.0, S52.5, and S65.5 gels (except for the
Ca in S65.5). The atomic displacements represent further evidence that the gels formed from glasses
with a lower Si content reorganise more during the annealing at 2400K.

Tsi (ns) To (ns) Tal (Ns) Tca (Ns)

S65.5 0.065 0.068 0.081 0.162
S$63.0 0.059 0.060 0.067 0.117
CJ3 0.062 0.065 0.069 0.132
S$52.5 0.135 0.129 0.133 0.149
S57.5 0.073 0.075 0.087 0.134
S51.0 0.087 0.086 0.094 0.137

Table 7 — “Reorganisation time” T calculated from the average displacement versus time for Si, O, Al, and Ca in the
simulated gels during the annealing relaxation at 2400 K

In Table 7 can be found the characteristic “reorganisation” time t associated with the Si, O, Al, and Ca
displacements. These values were calculated by fitting the average displacements per atom type
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versus time with S(t) = A(1 — e_t/T). For each gel, comparison of T per atom type reflects the same
trend as previously seen, following Si < O < Al < Ca. The higher the “reorganisation” time of an atom
type, the longer it moves. The Ca showed the greatest mobility, probably due to its network modifier
role, and was therefore less impacted by the polymerised network. Also, when comparing the
different gels, it can be seen that the characteristic “reorganisation” time for all the atom types
evolved as S52.5 > S51.0 > S57.5 > S65.5 > CJ3 > $63.0 (except for the Ca in S65.5, which was higher
than all the other gels), confirming the two possible behaviours of a gel depending on the Si content
in the initial glass.

Discussion

Some local order structural differences can be pointed out between the glasses and their gels. The
removal of all boron atoms seemed to trigger the formation of a more polymerised silicon network
for the majority of the gels, with the increase of Si Qa4 species at the expense of Qs. While this trend
has been suggested by NMR experimental results obtained by Collin et al. on the ISGY, it was also
noted that the decrease of the chemical shift for Si could be the result of a second-neighbour effect
and not come from a higher polymerisation degree. In the case described here, the overall increase
in Qa4 species could be the result of a surface effect, as a large proportion of the network modifiers
were present on the surface of the pores and thus not available to form NBOs. This effect may
disappear in further simulation when water is added, creating silanol groups at the pore surface.
However, the opposite phenomenon was observed for the S51.0 and S52.5 gels, for which a decrease
of Si Q4 species of around 4% was observed. These gels were prepared from the glasses with the
lowest silicon content, respectively 51% and 52.5% (and also the highest boron content). This
decrease may originate from the high number of charges to be compensated in the original glasses,
thus limiting the number of NBOs, which then increases in the gels. Conversely, the largest change in
the Q, population occurred for the S65.5, which was the glass with the highest (63%) silicon content.
Between the S65.5 glass and its gel, Si Q4 species increased by 10%. Therefore, the least destabilised
glasses seem to lead to a more reticulated gel network. It can also be noted that NBOs were more
often found attached to silicon atoms rather than aluminium atoms. Allwardt et al.*® had already
observed this experimentally. As stated earlier, an increase in the number of tricoordinate oxygens
can be observed in the gels compared to the glasses. This suggests that the stabilisation of some
four-fold coordinated aluminium in the gels is achieved by 032 entities*®, even if the theoretical total
number of charges would enable a full compensation of aluminium atoms.

The most apparent effect of the initial perturbation, namely the removal of B and Na, can be
observed on the pore size of the gels. The mean pore size as well as the global pore size distribution
increased with an increasing boron content in the initial glass, as seen in Figure 3. Across the
compositional range studied, the mean pore radius values range from 1.25A up to 4.5A.
Additionally, the variations in composition lead to different maximal pore radii, up to 12 A for $52.5.
Considering the wide range of pore sizes obtained from the various compositions, it seems
appropriate to evaluate the impact of both the size and surfaces of the pores on the structure of the
surrounding gel network.
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Several variations in coordination as well as in bond angles are attributed to surface effects, meaning
their relatively higher occurrence at the surface of pores. The increase of three-fold coordinated
aluminium as well as the decrease in calcium coordination number can be indicative of such effects.
As can be seen in Figure 14, the 3-fold coordinated Al appears to be mostly present at the surface of
the pores compared to the 4-fold coordinated Al. Moreover, the study of the surface atoms indicates
that, on average, 97% of the Al on the pore surfaces are 3-fold coordinated. The decrease in the
coordination number could also be ascribed to the global depletion in oxygen atoms, necessary to
maintain charge neutrality in the gels (see Methods), which is intrinsically linked to the pore surface.
Furthermore, a large proportion of the charge compensators were found on the pore surface, thus
not available for charge compensation in the gel network. It can also be noted that the increase in
three-fold coordinated aluminium seems to be larger when the aluminium content decreases
through the series. However, this could be the result of statistical effects as no clear correlation can
be determined.

As a result, a slight increase (up to nearly two degrees) in the mean O-Al-O angle was observed,
which is consistent with an increasing population of AP tending to reach a 120° trihedral angle.
Additionally, Si-O-Si and Si-O-Al mean angle values decreased in the gels compared to the glasses,
which is consistent with observations reported elsewhere3>3® and attributed to surface effects.
However, when compared to Rimsza et al.?%, the decrease appears to be much smaller: around 1-2°
here, compared to approximately 9° in their work. In order to better understand the origin of this
effect, it is necessary to study the dynamics of gel formation.

Figure 14 — View of a slice of the S52.5 gel. Large atoms are 3-fold coordinated Al atoms in green, 4-fold coordinated in
yellow, and 5 fold-coordinated in red. Small spheres represent: in beige, Si atoms; in red, oxygen atoms; in purple, Na atoms;
and in cyan, calcium atoms.

The dynamics of the gel reorganisation points to two distinct behaviours that seem to originate from
the initial degree of destabilisation undergone by the materials after the removal of B and Na. The
displacement distributions for the different species give the first insights into the reorganisation
within the gels. It can be seen that while calcium atoms were the most mobile cations during the
reorganisation, aluminium atoms came just after them. This may be because highly distorted
aluminium sites lead to a greater relaxation. In equilibrated glasses, it has been generally observed
that the Al atoms displace less than the O atoms. The contrary was observed here, probably because
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of the large initial perturbation associated with the B and Na removals. As a consequence, Al atoms
needed to displace more to rebuild their stable environments.

Additionally, two behaviours were clearly seen among the gels, with S65.5, $63.0, and CJ3 showing
the lowest displacements for all atom types, as opposed to S52.5, S51.0, and S57.5, which showed
the highest mobility and thus a greater reorganisation. Several other features at different range
orders support this result. On the intermediate range order, it appears from the PSD (Figure 10) and
the mean pore size (Supplementary Information) that the evolution of the pore sizes within the gels
depends on the gel composition. Pore size exhibits a larger increase for the gels (S52.5, $51.0, S57.5)
formed from the glasses with lower Si % content, and alternatively greater (B+Al) % content. The
highly disrupted shape of the PSD for these gels suggests that there might be more interconnected
pores than in the gels formed from glasses presenting a larger Si % content32,

On the short-range order, the evolution of the mean CN for both Al and Ca during the reorganisation
process validated the existence of two categories of gels with distinct relaxation degrees. Again,
S52.5, S51.0, and S57.5 showed a greater increase of these CN and thus a better reconstruction of
the local environments around these atoms compared to the S65.5, S63.0, and CJ3 gels.
Furthermore, when comparing the evolution of the Al and Ca mean CN with the mean pore radius
during the reorganisation of the different gels, the two distinct behaviours appear even more clearly.
Figures 15 and 16 display the Al CN and Ca CN, respectively, as a function of the mean pore radius
during the annealing at 2400K. In the three gels S52.5, S57.5, and S51.0, a linear evolution of the Al
and Ca CN with the mean pore size can be observed. This result is a supplementary indication that
two types of behaviours can be identified, with S52.5, S57.5, and S51.0 corresponding to the gels that
present the largest and longest reorganisation, as opposed to S65.5, $63.0, and CJ3 which show only
slight signs of reorganisation. This can be linked to the initial destabilisation of the gels. Furthermore,
for the S52.5, S57.5, and S51.0 gels, the slopes in Figures 15 and 16 are the same for Al on one part
and Ca on the other part (3 times higher for Ca than for Al). This could indicate that one elementary
change in one Al or one Ca local environment is associated with the same variation of the pore
volume, irrespective of the gel composition.
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Figure 15 — Aluminium CN evolution versus the mean pore size in the dry gels during the annealing at 2400 K
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Figure 16 — Calcium CN evolution versus the mean pore size in the dry gels during the annealing at 2400 K

The results we obtained can be considered to be at an interface between earlier work performed by
Rimsza and Du on “dry” silica gels®, and work on gels formed from multicomponent glasses3? using
different methods.

The first comparison is made with a recent work performed on hydrated gel structures®? using the
REAXFF method. The gels were obtained with two different methods: introduction of a hydrogarnet
defect on dense silica and removal of three different percentages of Si atoms, and soluble species
removal from a simplified international simple glass (sISG). In the study presented here, water was
not present. Comparison between dry and hydrated materials should provide insights into the
mechanisms by which gels form and evolve. Furthermore, the gels studied here contained Si, Al, Ca,
and some contained Na, while in Rimsza and Du’s work, the gels were formed from pure silica. Also,
our systems are two orders of magnitude larger. Similar results were nevertheless obtained for the
ring size distributions, with values centred on five-membered rings. It should be noted that for our
glasses, the ring size centred around six-membered rings, which differs from what was obtained for
the sISG (centred around five) and which is comparable to CJ3 (with 5.81% of Ca substituted for
Na20). Another difference resides in the number of Si Q, species, as we found between 81% and 91%
Q. in both glasses and gels with the rest being mainly Qs, while there was only a rather small
percentage of Qq in their system (around 10%). However, both methods present some degrees of
repolymerisation between the simulated glass and the gel, with an increase in Q4 at the expense of
Qs in our case, and an increase of Qs and Q4 at the expense of Qz; and Qs in their case. This difference
could be explained by the fact that there was no water in our systems, or because the Q4 percentage
was initially higher in our CJ3 glass. Finally, the PSD we obtained do not have the same or similar
shapes as those they obtained. This might primarily be due to a larger system which enabled bigger
pores to form in our study samples. However the S65.5 gel, despite its larger size, was the only one
that displayed a similar shape. Nevertheless considering the differences in compositions, no clear
correlation can be found.

It is also interesting to compare the work described here with Rimsza and Du’s work on dry gels3®.
The dry gels they studied were silica gels obtained using two different methods called volume scaling
(VS), for which the cell volume size is linearly increased from dense amorphous silica, and charge
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scaling (CS), which consists in simulating nanoporous silica by increasing the ionic charge for each
simulation step. For both methods they observed an increase in structural defects, mainly the
presence of three-fold coordinated Si with increasing porosity. It is interesting to note that in the
absence of other elements, defects appeared on Si (up to 6% Si® with the VS method), while in our
study the Si remained tetra coordinated and the defects concentrated around the Al local
environments. This confirms the high stability of the SiO. tetrahedron compared to the AlO,
tetrahedron. When comparing the angle distributions, in Rimsza and Du’s study the formation of a
small shoulder at 90° can be seen, indicative of the presence of two-membered rings, mainly near
the surface of the pores. This was also clearly visible in our gels. However, the shoulder disappeared
after relaxation because the two-membered rings are easily annealed. It can also be observed that
the maximum of the Si-O-Si bond angle distribution decreases when using the VS method, due to
both a variation in density as well as surface effects. This was however not observed with the CS
method. It thus appears that our method is closer to the VS method, which is more representative of
a chemical vapour deposition (CVD) process in terms of pore morphology, than to the CS (more like
sol-gel processing).

Conclusion

To sum up, this study focussed on dry gels obtained from alumino-borosilicate glasses with varying
soluble/insoluble and SiO,/Al,0; ratios in order to investigate the impact of glass compositions on gel
properties. A new method is proposed, consisting in removing the B and Na atoms from the glass and
annealing the resulting structure at high temperature.

We analysed primarily the pore size and morphology. As expected, the mean pore radius increased
with increasing boron content in the glass, but interestingly various maximal pore sizes were found
which could be indicative of interconnected pores. Most of the structural defects were found on Al,
and lead to an increase in three-fold coordinated aluminium, especially at the pore surfaces. This
surface effect was confirmed by a decrease in the Si-O-Si and Si-O-Al mean angles.

The study of the reorganisation dynamics of the different gels highlighted two distinct behaviours
which did not correspond to the hypotheses emitted when designing the compositions. The gels
formed from the glasses with the largest Si content displayed the lowest displacements for all the
atomic species, as well as the smallest pore sizes and recovery of the Al and Ca local environments,
as opposed to the gels formed from the glasses with lower Si content. This is indicative of a larger
and longer reorganisation of the gels when the initial perturbation is higher. Interestingly, it was
shown that while Ca is the most mobile cation, it was closely followed by Al, which was not expected
as Al mobility is usually less than that of O in equilibrated glasses. It is thus suggested that both their
displacements are interdependent to some extent, and considerable reorganisations occur around
the Al and Ca atoms during the gel reorganisation. This has also been pointed out by the linear
evolution of both Al and Ca mean CN with the mean pore radius for the gels that reorganize the
most.

Finally, the comparison with works performed by Rimsza and Du3%*3® enabled us to find qualitatively
similar results, with the decreased ring size in certain gels compared to glasses, as well as defects
concentrated at the pore surfaces. The next step is to add water to our systems, in order to fully
characterize more realistic gels. This may well have effects on the gel structures and pore surfaces.
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